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Abstract

Drug-induced testicular injury (DITI) is one of the often-observed and challenging safety issues seen during drug develop-
ment. Semen analysis and circulating hormones currently utilized have significant gaps in their ability to detect testicular
damage accurately. In addition, no biomarkers enable a mechanistic understanding of the damage to the different regions of
the testis, such as seminiferous tubules, Sertoli, and Leydig cells. MicroRNAs (miRNAs) are a class of non-coding RNAs
that modulate gene expression post-transcriptionally and have been indicated to regulate a wide range of biological pathways.
Circulating miRNAs can be measured in the body fluids due to tissue-specific cell injury/damage or toxicant exposure. There-
fore, these circulating miRNAs have become attractive and promising non-invasive biomarkers for assessing drug-induced
testicular injury, with several reports on their use as safety biomarkers for monitoring testicular damage in preclinical spe-
cies. Leveraging emerging tools such as ‘organs-on-chips’ that can emulate the human organ’s physiological environment
and function is starting to enable biomarker discovery, validation, and clinical translation for regulatory qualification and
implementation in drug development.
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Introduction in animal studies with better safety profiles and to predict

the onset and progression of testicular injury in humans.

The testis is a common target organ identified in standard
nonclinical toxicity studies conducted during drug develop-
ment. Depending on the safety margins of the testicular find-
ing, indication, and patient population, testicular injury can
lead to the termination of the drug development program or
may advance with the addition of clinical monitoring (such
as semen analysis). Therefore, reliable biomarkers can ben-
efit early in the discovery program to screen compounds
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The 2018 U.S. Food and Drug Administration (FDA) ‘Tes-
ticular Toxicity Evaluation’ guidance describes that semen
analysis and circulating hormones such as testosterone,
follicle-stimulating hormone (FSH), and luteinizing (LH)
can be utilized for monitoring testis damage during clinical
trials (FDA 2018). However, the traditional methods, such
as sperm count, motility, morphology analysis, and testos-
terone hormone measurement in biological fluids, cannot
accurately and specifically indicate testicular injury severity
and progression (Dere et al. 2013). This is due to their high
variability and the fact that there is often a delay between the
initial testicular injury and detection of a change in sperm
endpoints, which are typically more of an “end-stage” effect.
In addition, evaluation of hormone levels is only helpful for
compounds for which the primary mechanism of toxicity
is disruption of hormone production or signaling. Serum
protein biomarkers such as inhibin B in combination with
FSH have also been considered biomarkers for testicu-
lar injury (von Eckardstein et al. 1999). Other literature-
reported potential protein biomarkers for testicular injury
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Table 1 Literature-reported protein biomarkers for evaluation of testicular injury

Biomarkers Pros

Cons References

Androgen binding protein (ABP)  Easy to measure in serum/plasma;
Correlated with sperm concen-

tration

Anti-Mullerian hormone (AMH)  Easy to measure in serum/plasma

Creatine

Easy to measure in urine

Inhibin B in combination with
Follicle-stimulating hormone

Easy to measure in serum; Associ-
ated with Sertoli cell function

(FSH)
Lactate dehydrogenase-C4 (LDH-  Easy to measure in serum/plasma;
C4) Correlated with sperm count,
motility
SP22 Highly conserved protein across
the species
Testosterone Easy to measure in serum

Reader et al. (Reader et al. 1991),
Rehnberg et al. (Rehnberg et al.
1989)

Pozor et al. (Pozor et al. 2018),

Levi et al. (Levi et al. 2015)

Lack of sensitivity; Nonspecific;
Not reflect Sertoli cell damage

They are only reported in pre-
clinical studies, e.g., rodents
and horses, Insensitive to mild/
moderate testicular injury

Moore et al. (Moore et al. 1992,
1998), Butterworth et al. (But-
terworth et al. 1995), Timbrell
et al. (Timbrell 2000)

Von Eckardstein et al. (von Eck-
ardstein et al. 1999), Coulson
et al. (Coulson et al. 2013)

Draper et al. (Draper et al. 1996),
Reader et al. (Reader et al. 1991)

Associated with another tissue
injury, e.g., liver, heart, and
muscle; Lack of sensitivity;
High variation in humans

Lack of sensitivity; Not sensitive
as histopathology

Associated with lung cancer; Lack
of sensitivity

Low abundant in serum; Chal- Klinefelter et al. (Klinefelter et al.

lenge in assay development 1999, 1997)
Insensitive to mild/moderate Rehnberg et al. (Rehnberg et al.
testicular injury 1989)

are summarized in Table 1. However, due to the insensitivity
and non-specificity of these protein biomarkers, it is chal-
lenging to accurately utilize these biomarkers in toxicology
studies to select compounds devoid of testicular injury. Tes-
tis histopathology remains the “gold standard” for identi-
fying and characterizing testicular injury. Given that this
method is invasive, time-consuming, costly, and unable to be
utilized as a translatable biomarker (McDuffie et al. 2016), it
is imperative to develop reliable, sensitive, noninvasive, and
easily attainable biomarkers of testicular injury that would
serve as an indicator of testicular injury to de-risk testicular
toxicities in animals and also potentially serve as improved
monitorable clinical biomarkers.

In addition to the testicular biomarker gap, there are no
biomarkers that can guide mechanistic understanding of the
damage to different testicular compartments. Briefly, the
testis has two functional compartments: highly convoluted
seminiferous tubules and the interstitial space comprised
mainly of Leydig cells responsible for testosterone produc-
tion. Seminiferous tubules have a uniform structure and are
the site of spermatogenesis, where germ cells develop into
spermatozoa in close interaction with Sertoli cells (Mruk
and Cheng 2004). It is hypothesized that proteins/miRNAs
can leak from seminiferous tubules into testicular intersti-
tial fluid and subsequently into the blood due to either loss
of blood-testis barrier (BTB) integrity or germ cell-specific
damage as a result of drug or toxicant exposure (McDuffie
et al. 2016). miRNAs, a class of small non-coding RNAs
with 18 to 24 nucleotides, play critical regulatory roles in
many cellular processes and are highly stable in body fluids
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such as blood, urine, saliva, milk, and cerebrospinal fluid
(CSF) (O’Brien et al. 2018; Schofield et al. 2021). miRNA
has high tissue or cell-type specificity and much lower
complexity than proteins. Moreover, miRNA sequences are
highly conserved across species; therefore, miRNAs have
become attractive, novel accessible biomarker candidates
(O'Brien et al. 2018).

Extensive research in recent years has suggested that
miRNAs can detect and predict drug toxicity and enhance
drug safety assessment (Bailey and Glaab 2018; Marrone
et al. 2015; Schofield et al. 2021). miR-122, one of the most
demonstrated miRNA biomarkers, is a crucial regulator of
liver physiology and disease biology and has been reported
as a predictive biomarker for drug-induced liver toxicity
(DILI) (Howell et al. 2018; Llewellyn et al. 2021; Wang
et al. 2009). Similarly, miRNAs monitorable in biofluids and
specific to cardiotoxicity, kidney toxicity, neurotoxicity, pan-
creas toxicity, skeletal muscle toxicity, and dermal toxicity
have been comprehensively reviewed (Koturbash et al. 2015;
Marrone et al. 2015; Schofield et al. 2021). More specifi-
cally, miR-122, miR-133a, miR-124 and miR-217 have been
established as novel biomarkers for early detection of drug
induced injuries in liver, muscle, central nervous system,
and pancreas, respectively (Schofield et al. 2021). However,
drug-induced testicular injury or drug-induced testicular
injury-related miRNAs have received limited to no attention.

Testicular-specific miRNAs were discovered and
have been demonstrated to be differentially expressed
in testicular cell types during testis development and
are responsible for the normal function of testis and
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spermatogenesis (Kamalidehghan et al. 2020; Kasiman-
ickam and Kasimanickam 2015; Kotaja 2014; Mobasheri
and Babatunde 2019). In this review, we have summarized
and discussed current knowledge on testicular-specific/
enriched miRNAs, emerging methods for miRNA pro-
filing, and the application of circulating miRNA as a
potential biomarker for toxicant-induced testicular injury
(Bouhallier et al. 2010; Goldstein et al. 2022; Matthews
et al. 2020).

Current methodologies for circulating
miRNAs profiling

Several methods can be used to identify and quantify
circulating miRNAs, including qRT-PCR, droplet digi-
tal PCR (ddPCR), microarray, NanoString nCounter, and
sRNA-Seq (Moldovan et al. 2014; Pritchard et al. 2012).
Each method has advantages and limitations regarding its
sensitivity and throughput (Fig. 1). Following sections
will describe briefly targeted and discovery or hypothesis
generation-based approaches.

Targeted approach

First, there is no technically standardized miRNA method
from the total RNA isolation to miRNA expression anal-
ysis. The results could vary by researchers, assay plat-
forms, and normalization methods, making it difficult
to compare the data/results from study to study directly.
Using this method, candidate miRNA’s can be easily

validated and tested in suitable matrix and fold changes
can be interpreted in animal studies or humans. It is also
possible that this approach can be used after suitable miR-
NAs are discovered and prioritized from discovery-based
platforms (see below).

Quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR)

The most established method to identify and quantify cir-
culating miRNAs is conventional qRT-PCR. qRT-PCR is a
promising technique for spreading miRNA identification,
which can quantify the number of miRNA copies using a
standard curve or relatively quantify the level of miRNA
expression using the ratio of cycle threshold (Ct) value of
miRNA to endogenous controls. However, traditional qRT-
PCR lacks uniformity and reproducibility in the criteria for
measuring the circulating miRNAs (Pritchard et al. 2012).

Droplet digital polymerase chain reaction (ddPCR)

The ddPCR technique, an automated droplet flow-cytometer-
based platform, is increasingly considered one of the most
robust methods for quantifying circulating miRNAs (Hind-
son et al. 2011). ddPCR has been shown to have superior
precision and sensitivity and is less affected by PCR inhibi-
tors. ddPCR is particularly useful for detecting low-abun-
dance miRNAs and acquiring the absolute quantification of
specific circulating miRNAs (Ferracin and Negrini 2018).
Despite the sensitivity of qRT-PCR/ddPCR and the avail-
ability of methods for measuring miRNA expression, PCR-
based platforms are considered low to moderate throughput
technologies for quantifying circulating miRNAs.
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Fig. 1 Methodologies for circulating miRNA profiling. miRNAs are
extracted from various body fluids samples such as plasma/serum,
urine, saliva, milk, and cerebrospinal fluid (CSF) and can be profiled
by several listed methods with different sensitivity and throughput.

miRNAs

qRT-PCR: quantitative real-time polymerase chain reaction; ddPCR
droplet digital polymerase chain reaction; sRNA-Seq small RNA
sequencing
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Although targeted techniques used for miRNA workflows
are non-GLP, a qRT-PCR method has been validated for
extracellular miRNA quantification in blood samples (Fauth
et al. 2019). The combination of external control spike-in
cel-miR-39 and internal reference miRNA control such as
miR-103 could be a good choice for normalization. Sec-
ond, the testicular-specific and enriched miRNAs must be
resealed into the circulating biofluids to be detected in the
samples during the testicular injury. Whether mild-to-mod-
erate testicular damage can cause reproducible miRNA leak-
age from testicular cells. If miRNA leakage/release occurs
only after more severe testis damage, this could impact the
sensitivity of miRNAs as biomarkers. Third, although some
of the miRNAs are highly expressed in the testis, they may
not specifically be indicative of testicular injury and may
be associated with other organ toxicities. (Cummings and
Kinney 2022; Hendrix et al. 2021; Stephenson et al. 2019).

Discovery-based approaches

Leverages newer sequencing technologies to discover novel
candidates and utilize bioinformatics to identify uniquely
altered miRNAs in target tissues. Which can then be prior-
itized for targeted approaches.

Microarrays

Microarrays are a widely used, high-throughput hybridiza-
tion-based technology capable of simultaneously detecting
the expression of thousands of miRNAs within samples (Liu
et al. 2008). However, microarrays cannot be used as an
absolute quantification method for miRNAs and have lower
sensitivity and specificity than qRT-PCR (Gant 2007). A
short length and similar sequence among clusters of miR-
NAs also influence microarrays. This platform requires
a pre-amplification process, which could ameliorate the
miRNA level of low-expressed transcripts (Pradervand et al.
2010).

NanoString next generation counter (nanostring
nCounter)

NanoString nCounter, a gene expression profiling platform,
is based on direct molecular barcoding and digital detection
of target molecules using unique color-coded probe pairs
for each target of interest. nCounter does not utilize printed
chips or rely on enzymes for reverse transcription or amplifi-
cation, and it is becoming another powerful high-throughput
tool for circulating miRNA profiling (Moldovan et al. 2014).
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Small ribonucleic acid sequencing (sRNA-Seq)

sRNA-Seq technology is another recently developed tool
for detecting novel high-throughput and extremely sensi-
tive miRNAs. It is increasingly used to profile circulating
miRNAs (Coenen-Stass et al. 2018). However, SRNA-Seq
is a high-cost technology and often requires bioinformatics
support to analyze the data. In recent years, costs are drasti-
cally reduced, and bioinformatics pipelines are well utilized.
The significantly higher data output outweighs the cost from
this technology. Moreover, it has been reported that miRNA
sequences could vary from the microRNA database (miR-
Base) reference sequence due to RNA editing, which can
influence comparison to the validated effect miRBase (Mol-
dovan et al. 2014).

Despite the high cost and potential database variation,
these RNA-sequencing technologies offering high-sensitive
full panel miRNAs profiling and allowing for novel miRNAs
identification, rather than a target QPCR-based assays, have
made it possible to accelerate the discovery of circulating
miRNAs that could be developed as biomarkers for nonclini-
cal and clinical use. Indeed, combining discovery sequenc-
ing platforms and target assay tools could further enhance
the future miRNAs biomarker discovery and application.

Species specific testicular miRNAs

The roles of testicular-specific miRNAs in regulating sper-
matogenesis are well-documented in rodents, monkeys, and
men (Kotaja 2014). Several miRNA expression profiling
studies using small RNA sequencing (sSRNA-Seq), micro-
arrays, and quantitative real-time PCR (qRT-PCR) have
identified several miRNAs that are exclusively or highly
expressed in several cell types within the testis (Fig. 2).
These testicular-specific/enriched miRNAs are involved in
spermatogenesis, particularly in spermatogonia stem cell
renewal, regulating spermatocyte meiosis, and Sertoli cell
and germ cell development. The following sections will
summarize specific miRNAs relevant to preclinical toxicol-
ogy species and human.

Rats

Three miRNAs (miR-320, miR-134, and miR-188) were
confirmed in rat testes by miRNA microarray technology
in combination with qRT-PCR (Fukushima et al. 2011).
These three miRNAs were increased tenfold with the treat-
ment of testicular toxicant ethylene glycol monomethyl ether
(EGME), suggesting that these miRNAs have an essential
role in testicular function. Male Sprague Dawley rat plasma
samples collected, as detailed in Breslin et al. (Breslin
et al. 2013), following a short-term repeat administration
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of carbendazim (CBZ), 1,3-dinitrobenzene (DNB), and
mono(2-Ethylhexyl) phthalate (MEHP) (a metabolite of di-
(2ethylhexyl) phthalate (DEHP)) were analyzed, in parallel,
using RT-qPCR methodologies, by five Predictive Safety
Testing Consortium (PSTC) member pharmaceutical com-
panies (Goldstein et al. 2022). Over 20 circulating candidate
miRNAs identified by Smith et al. (2016) were evaluated,
and miR-202-5p was identified as a sensitive biomarker of
testicular injury (Goldstein et al. 2022). Following treatment
of Wistar male rats with Kaempferia parviflora (KP) (aka
black ginger or Thai ginseng), in vitro, antioxidant activity,
sperm functional analysis, serum testosterone, and circulat-
ing levels of miRNAs were evaluated respectively using col-
orimetry, ELISA, and real-time RT-PCR analysis (Al-Rawaf
et al. 2021). Compared to nontreated rats, in KP-treated rats,
circulating levels of miR-328 and miR-19b significantly
decreased, and miR-34 increased considerably.

Mice

Eleven putative novel pubertal testicular miRNAs, includ-
ing miR-149, miR-139, miR-19, miR-190, and miR-196,
were identified in C57B6 mice testes by SRNA-seq and have
been proposed to be involved in early germ cell development
(Buchold et al. 2010a, 2010b). Similarly, 37 abundantly
expressed miRNAs have been identified by northern blot
analysis in mouse testes, associated explicitly with sper-
matocyte and spermatogonia (Marcon et al. 2008). Various

mouse tissues with the expression of miR-34c were exam-
ined (Bouhallier et al. 2010) using the methods detailed by
Raymond et al. (Raymond et al. 2005) and documented a
high miR-34c expression in pachytene spermatocytes and
round spermatids. Only a weak expression of miR-34c was
found in Sertoli cells, which led to the conclusion that miR-
34c was highly expressed in germ cells and only very weakly
present in somatic testis cells.

Dogs

A serum-based qRT-PCR panel of tissue specific miRNAs
for Beagle dogs and Sprague Dawley rats were reported
in 2016 (Koenig et al. 2016). As part of this publication,
authors reported the first Beagle dog miRNA tissue atlas
(Koenig et al. 2016) and catalogued 15 tissue enriched miR-
NAs specific to liver, heart, skeletal muscle, pancreas, tes-
tes, and brain. Among the miRNAs, highly testis enriched
miRNAs included miR-202, miR-34b, miR34c, miR-449a,
miR-506, miR-507b, miR-508a, miR-508b, miR-8831,
miR-8908a-3p, miR-8908a-5p, miR-8908b, miR-8908c,
miR-34b, miR-34c, and miR-449b. Other moderate testes
enriched miRNAs but not exclusive to tastes tissue included
miR-106a, miR-205, miR-146b, miR-335, and miR-873. Of
the 16 testes enriched miRNAs, 10 were also expressed in
other tissues, including miR-202 and miR-508b. Apart from
miR-34b/c, which has been reported to be involved in the
late steps of spermatogenesis (Bouhallier et al. 2010), thus
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far, other miRNAs have not been reported to be associated
with testes. However, to consider miR34b/c as a candidate
biomarker specific to dog testes, carefully designed studies
with castrated and non-castrated dogs will be required.

A recent study profiling miRNAs from Beagle dog serum
samples indicated that miR-146b could be a potential bio-
marker candidate for drug-induced testicular injury (Shing
et al. 2021). In this study, 2-3-year-old male beagle dogs
were dosed daily with ethylene glycol monomethyl ether
(EGME) at 50 mg/kg for 14 to 28 days. The compound
induced seminiferous tubular degeneration/atrophy and
loss of germ cells, including spermatocytes, spermatogo-
nia, and Sertoli cells. The authors used sRNA-seq to pro-
file the serum miRNAs and identified 13 elevated and 14
depleted miRNAs in dogs dosed with EGME. miR-146b
was elevated ~ eightfold over baseline after 1-week EGME
treatment. Interestingly, the serum level was unchanged in
EGME-treated castrated dogs, suggesting that miR-146b is
related explicitly to toxicant-induced testicular injury (Shing
et al. 2021).

Monkeys

In rhesus monkeys, differential expression of miRNAs from
immature and mature rhesus monkey testis was evaluated
by miRNAs microarray profiling. Four miRNAs, miR-154,
miR-181c, miR-181d, and miR-487b, had higher expres-
sion in immature primate testis than in mature primate tes-
tes (Yan et al. 2009). In addition, eleven miRNAs showed
higher expression in mature primate testis, including miR-
34b, miR-34c, and miR-449a. Many of these differentially
expressed miRNAs are highly expressed in Sertoli cells and
regulate germ cell differentiation and spermatogenesis by
targeting cell survival/differentiation-related genes such as
NOTCH]I (Yan et al. 2009), which is regulated by miR-34b,
miR-34¢, and miR-449a.

Following testicular hyperthermia (TH) treatment of
cynomolgus monkeys, testicular injury miRNAs were pro-
filed using next-generation sequencing (NGS), microarray,
and reverse transcription-quantitative real-time-PCR (RT-
gPCR). Results showed miR-34¢c-5p, miR-202-5p, miR-449a
and miR-508-3p to be testicular specific and modulated fol-
lowing TH treatment (Sakurai et al. 2016). The same group,
using the same technology, also studied EGME-induced
testicular toxicity model in cynomolgus monkeys (Sakurai
et al. 2015). Results showed down regulation of miR-34b-5p
and miR-449a specific to pachytene spermatocytes.

Pigs/Minipigs
Both pigs and minipigs have been used in surgical and

physiological research due to their similarities to humans
in metabolism, their digestive tract, and their genetics
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(Svendsen 2006). Experimental monkey shortage gener-
ated by the COVID-19 lockdown and the commercial air-
lines not transporting monkeys from China has resulted in
research organization resorting to minipigs (Feyen et al.
2016; Tian 2021). Data on miRNA in relation to testicular
toxicity in minipigs are very limited or absent. However,
in pigs, miRNA expression profiles from Sertoli cells have
been assessed by sSRNA-seq (Chen et al. 2020). Mature Ser-
toli cells were isolated from 5-month-old pigs, and the Ser-
toli cell RNA was further analyzed by sSRNA-seq. Eighteen
miRNAs were reported to be highly expressed in Sertoli
cells, such as miR-7173, miR-217, miR-362, miR-202, and
miR-149, which participate in cell proliferation, cell cycle
signaling, and apoptosis. Accordingly, the miRNA profiling
from pig germ cells was also assessed. The study demon-
strated that miR-10a, miR-125b, let-7f, and miR-186 were
highly expressed in pig germ cells, including spermatogonia,
pachytene spermatocytes, round spermatids, and spermato-
zoa, which were purified using STA-PUT apparatus before
sequencing (Chen et al. 2017b).

Human

A review of over 30 publications focusing on miRNA perfor-
mance and their role in testicular germ cell tumors showed
that levels of miR-371a-3p correlated with primary tumor
mass and the clinical stage of the tumors (Leao et al. 2021).
A similar conclusion was reported by Chavarriaga and
Hamilton (Chavarriaga and Hamilton 2022) as a biomarker
of choice for clinicians caring for patients with testicular
germ cell tumor. A miRNA profiling analysis study from
formalin-fixed paraffin-embedded (FFPE) testis tissue in
azoospermic men used microarray and qRT-PCR to iden-
tify four miRNAs (miR-34b, miR-34c, miR-449a, and miR-
449b) involved in the spermatogenesis process (Abu-Halima
et al. 2014). These four miRNAs were downregulated in the
testicular tissue of infertile men, suggesting that alteration
of their expression contributes to azoospermia. Similarly,
174 miRNAs were reported to be distinctly expressed in
Sertoli cells between Sertoli-cell-only syndrome patients
and obstructive azoospermia patients with normal sper-
matogenesis (Yao et al. 2016). Among these 174 miRNAs,
miR-133b was statistically upregulated in the Sertoli cell of
Sertoli-cell-only syndrome patients and has been suggested
as a mechanism of enhanced human Sertoli cell proliferation
by targeting GLI3 and activating Cyclin B1 and D1 (Yao
et al. 2016). Combination of miR-10b-3p and miR-34b-5p
was identified as predictive biomarkers of azoospermia in
humans (Zhang et al. 2020). Indeed, the investigation of
testicular-specific/enriched miRNAs in nonclinical species
and humans increases our understanding of the role of miR-
NAs in testicular function and provides excellent value for
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evaluating the translational circulating miRNA biomarkers
for testicular injury in humans.

Toxicant-induced testicular injury

Testicular toxicants can be important tool compounds for
miRNA biomarker discovery and validation including under-
standing the mechanistic basis of testicular injury. Testicular
toxicants act via various mechanisms on different cell types
within the testis to induce testis damage/injury that manifests
as seminiferous tubule degeneration, Sertoli cell vacuola-
tion, Leydig cell necrosis, and germ cell degeneration and
depletion (Creasy and Chapin 2013). The cell targets and
mechanism of action of some classical testis toxicants are
summarized in Table 2.

Sertoli cells are essential for spermatogenesis by con-
trolling the environment within the seminiferous tubules,
supporting the germ cell progenitor cells, and transferring
nutrients from nearby capillaries (Griswold 1998). Damage
to Sertoli cells disrupts their support of germ cells and can
result in secondary germ cell degeneration and loss. Toxi-
cants may also disrupt Leydig cells, the interstitial cells in
the testis that produce testosterone in response to the lute-
inizing hormone (Vasta et al. 2006). In addition, toxicants
may directly target germ cells. However, it can be challeng-
ing to determine the primary cell target of a testis toxicant
since the appearance of the lesion may not necessarily reflect
the primary cell target. The challenge to understanding the

Table 2 Summary of testis toxicants and mechanism of action

mechanism of testicular injury is to distinguish whether
germ cell injury is caused directly by the toxicant or as a
consequence of Sertoli cell or Leydig cell injury (Murphy
and Richburg 2014). Since it can be challenging to delin-
eate the specific mechanism of testis injury, monitorable
biomarkers of testis injury is generally sensitivity to detect
injury irrespective of the mechanism of testicular damage.
In such a scenario, a panel of multiple biomarkers may be
needed to identify injury caused by different mechanisms,
mainly when the intention is to utilize the biomarkers in
cases when the agent and primary cell target may not be
known.

Circulating candidate miRNAs as potential
biomarkers of testicular injury

miRNAs can be passively released from tissue-specific cells
following different types of injury, secreted into the extracel-
lular fluids, and transported to target cells via vesicles such
as exosomes (O’Brien et al. 2018). Therefore, testicular-spe-
cific miRNAs could be secreted into the circulation follow-
ing toxicant-induced testicular injury. Many recent studies
have demonstrated that miRNA in biofluids can be specific
and sensitive biomarkers of testicular injury in non-clinical
species. A summary of the potential circulating miRNAs
(and their human homologs) that could serve as indicators
of testicular injury is provided in Table 3 and is further dis-
cussed in this section.

Toxicants Target cell types

Mechanism of action (MOA)

References

Ethane dimethanesulfonate (EDS) Leydig cell

Leydig cell apoptosis/necrosis with
secondary germ cell death

Morris et al. (Morris et al. 1997, 1986,
Morris 1985), Kelce et al. (Kelce and
Zirkin 1993)

Cadmium chloride

Ethylene glycol monomethyl ether
(EGME)

1,3-dinitrobenzene (1,3-DNB)
2,5-hexanedione (2,5-HD)

Carbendazim (CBZ)

Methoxyacetic acid (MAA)

Sertoli cell, Leydig
cell, Germ cell

Germ cell
Sertoli cell

Sertoli cell,
Sertoli cell, Germ cell

Sertoli cell, Germ cell

Germ cell

Induce DNA damage, Disrupt the
tight junctions in BTB, Cause dam-
age to the seminiferous tubules, Loss
of sperm

Disruption of sperm synthesis, Vacu-
olations in seminiferous tubules

Sertoli cell vacuolation/apoptosis

Germ cell loss, Sertoli cell vacuola-
tions

Germ cell apoptosis, Seminiferous
tubules vacuolations

Spermatocyte apoptosis

Siu et al. (Siu et al. 2009), Zhe et al.
(Zhu et al. 2020), Ren et al. (Ren
et al. 2019)

Somade et al. (Somade et al. 2020),
Fukushima et al. (Fukushima et al.
2011), Sakurai et al. (Sakurai et al.
2016), Matsuyama et al. (Matsuyama
et al. 2018)

Brown et al. (Brown et al. 1997)

Boekelheide et al. (Boekelheide et al.
2003), Blanchard et al. (Blanchard
et al. 1996)

Moffit et al. (Moffit et al. 2007)

Bagchi and Waxman(Bagchi and Wax-
man 2008)
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miR-146b

miR-146b is enriched in the testis and involved in testicular
development and spermatogenesis by regulating the SMAD
family member four protein and spermatid perinuclear
RNA-binding protein (Kasimanickam and Kasimanickam
2015). It has been reported that overexpression of miR-146b
inhibited the proliferation and promoted the apoptosis of
bovine spermatogonia stem cells (SSCs) (Gao et al. 2020).
Furthermore, exogenous miR-146b decreased the expression
of cell cycle-related genes such as PCNA, CDK?2, CyclinD1,
and p21 during the bovine SSC’s growth stage (Gao et al.
2020), indicating a critical role in spermatogenesis.

miR-202

miR-202 is a conserved miRNA highly expressed in embry-
onic gonads across animal species and maintains mouse
SSCs by inhibiting cell cycle regulators and RNA binding
Fox protein 2 (RBFOX2) (Chen et al. 2017a; Wainwright
et al. 2013). Recently it has been shown that miR-202 pre-
vents spermatogonia differentiation and inhibits meiosis dur-
ing mouse spermatogenesis. In miR-202 knockout mice, loss
of miR-202 results in premature expression of STRA8 and
DMRT6, two essential genes regulating cell differentiation
and meiosis (Chen et al. 2021). Furthermore, overexpression
of miR-202 marks mouse gonad differentiation and functions
downstream of testis-determining factor SOX9 (Wainwright
et al. 2013). Interestingly, the elevated circulating miR-202
has been observed in a rat study with testicular toxicants1,3-
DNB and CBZ (Dere et al. 2013). With an improved RT-
gPCR sensitivity and a standardized rat plasma assay proto-
col, five pharmaceutical companies (AbbVie, Bristol-Myers
Squibb, Eli Lilly, GlaxoSmithKline, and Pfizer) worked col-
laboratively with Critical Path Institute’s (C-Path) Predictive
Safety Testing Consortium (PSTC) scientists and established
miR-202-5p as a sensitive biomarker for early detection of
drug-induced testicular injuries in rats (Goldstein et al.
2022).

Additionally, miR-202 is involved in mediating the pro-
liferation, apoptosis, and synthesis of human Sertoli cells
by mediating LRP6 and Cyclin D1 of the Wnt/p-Catenin
Signaling pathway (Yang et al. 2019). Overexpression of
miR-202 in human Sertoli cells suppressed cell prolifera-
tion and increased apoptosis, whereas inhibition of miR-202
promoted proliferation and reduced Sertoli cell apoptosis.
These data further suggest that miR-202 is involved in tes-
ticular cell function.

miR-34b/c and miR-449a

miR-34b/c and miR-449a are preferentially expressed in the
testis of mice and are essential for spermatogenesis (Wu

et al. 2014). miR-449a structurally resembles the miR-34
family and can regulate cell proliferation and cell cycle pro-
gression by reducing Cyclin-Dependent Kinase 6 (CDK6)
expression (Lize et al. 2010). Sakurai and colleagues per-
formed miRNA microarray analysis with plasma and testis
samples. They reported that testicular-specific miR-34b and
miR-449a were significantly downregulated in the testis and
plasma of monkeys administered 300 mg/kg/d EGME for
four days resulting in the depletion of pachytene spermato-
cytes and round spermatids in testis (Sakurai et al. 2015).
The decreased expression of testicular miR-34b and miR-
449a resulting from EGME administration was confirmed
by qRT-PCR. It was reported that both miR-34b/c and miR-
449a could activate the p53 signaling pathway through sir-
tuin 1 (SIRT1) (Lee and Kemper 2010), and double knock-
out of miR-34b/c and miR-449a can disrupt spermatogenesis
in mice (Wu et al. 2014). The downregulation of miR-34b/c
and miR-449a in the testis could repress p53, which leads to
decreased cell proliferation and spermatogenesis.

Furthermore, in the testicular hyperthermia (TH)-induced
testicular injury monkey model, miR-34c and miR-449a
were also enriched in the testis and downregulated in TH-
treated testes (Sakurai et al. 2016). However, the plasma
level of miR-34c remained unchanged in the TH-treated
group compared to control groups, suggesting that leakage
of miR-34¢ from damaged testis did not occur or had little
impact on circulating levels.

miR-128 and miR-423

Exosomes, abundant in body fluids, contain proteins, lipids,
and miRNAs responsible for delivering signaling molecules
between specific cells. In a recent study, miR-128 and miR-
423 were identified from serum exosomes in rats as poten-
tial biomarkers for testicular injury (Kawata et al. 2020).
In this study, rats were treated with the testicular toxicants
EGME and CBZ, which induce spermatocyte degeneration,
Sertoli cell vacuolation, and seminiferous tubule dilation
in the testes. The exosomes were isolated from serum, and
exosomal small RNAs were sequenced by sSRNA-seq. 51
and 22 differentially expressed miRNAs were identified in
EGME and CBZ-treated rats; miR-128 and miR-423 were
the most increased with these two toxicants (Kawata et al.
2020). miR-128 and miR-423, highly expressed in mouse
testis, were negatively correlated with germ cell apoptosis
(Rao et al. 2017). However, the serum level of miR-128 and
miR-423 remained unchanged with EGME and CBZ in rats
(Kawata et al. 2020), suggesting that exosomal miRNAs are
more sensitive biomarkers than serum biomarkers for tes-
ticular injury. Despite the excellent advantages, low through-
put and large sample volume requirements for exosome iso-
lation are the most significant challenges to using exosomal
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miRNAs as biomarkers. Furthermore, the techniques of exo-
some isolation are complicated and time-consuming.

miR-200¢, miR-486, and miR-1892

Sperm miRNAs have been reported to be involved in sper-
matogenesis and sperm maturation. Therefore, their expres-
sion profile can serve as sensitive and non-invasive biomark-
ers for testicular function, including drug-induced testicular
injury. Recently, an sSRNA-seq analysis of sperm from dox-
orubicin-treated mice has indicated that the expression of
small non-coding RNA, including miRNA, was deregulated
under the condition of doxorubicin-induced testicular injury
(Sakai et al. 2021). Three miRNAs, including miR-200c,
miR-486, and miR-1892, have been consistently reported to
be significantly altered in a spermatogonia cell line (GC1)
treated with doxorubicin (Akinjo et al. 2018), which is con-
sistent with in vivo doxorubicin-induced miRNAs changes
(Akinjo et al. 2016). These data suggest a critical role of
sperm miRNA in maintaining testis function.

Translation from preclinical species
to humans

The miRNA sequence homology is approximately 90%
conserved among humans and rodents in general (McCal-
lie et al. 2010), indicating that miRNA profiling data from
rodents would help investigate the mechanism of toxicant-
induced testicular injury and potential translational testicular
biomarkers in humans. Considering the physiological simi-
larity between nonhuman primates and humans, these miR-
NAs identified in monkeys could provide valuable insight
into the mechanism of testicular toxicity in humans. Con-
sidering the patient safety in clinical trials, when pre-clinical
evidence of testicular toxicity is present in pre-clinical spe-
cies, male subjects are minimized, or restricted and female
subjects are enrolled in first-in-human (FIH) studies (FDA
2018). Alternatively, male subjects completed family plan-
ning and undergone vasectomy could be enrolled in the FIH
studies (FDA 2018). However, a few studies have profiled
human testicular miRNAs linked to testicular tumors to

Fig.3 Translation of circulating
miRNA as a testicular safety
biomarker ]
miR-202
iR-128

423 Preclinical

iR-200c Species
miR-486
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possibly translate to drug-induced testicular toxicity (Leao
et al. 2021; Song et al. 2022; Zhang et al. 2020).

So far, the utilization of circulating miRNAs as testicu-
lar injury biomarkers has only been demonstrated in non-
clinical studies. However, the sequence of these circulat-
ing miRNAs discussed above is conserved from preclinical
species to humans (Table 3), suggesting that these miRNAs
could be potentially applied in clinical studies to monitor
testicular injury in patients. In rodents and pigs, miR-202
has been established as a sensitive biomarker for early detec-
tion of drug-induced testicular injuries (Dere et al. 2013;
Goldstein et al. 2022; Sun et al. 2021). The miR-34b/c and
miR-449a identified from the nonhuman primate studies
might be excellent miRNA biomarkers for evaluating tes-
ticular damage in humans due to the physiological similarity
between monkeys and humans (Sakurai et al. 2015, 2016).
Further investigation will be needed to assess the association
between these circulating miRNA levels and the severity
of the testicular injury, especially in human trials (Fig. 3).

Current regulatory framework around DITI

International conferences and publications have facilitated
various drug development procedures to be harmonized and
resulted in various DITI guidance documents for pharma-
ceutical industry, including those from U. S. Food and Drug
Administration (FDA) (FDA 2018) as well as the European
Medicines Agency (EMA) (EMA 2020) and International
Conference on Harmonization (ICH). The EMA/ICH guid-
ance document provide little information about DITI and
guidance on how to handle toxicity related to DITL.
Among them, FDA’s 2018 guidance document titled
“Testicular Toxicity: Evaluation During Drug Develop-
ment” provides a clear framework to evaluate clinical stage
testicular injury by semen analysis, serum testosterone and
serum gonadotropin concentrations (FDA 2018). For pre-
clinical evaluations of DITI, the same document provides
the guidance to complete histopathological evaluations of
the testes, seminal vesicle, epididymis, and prostate with
appropriate fixation and staining of the testes. Detecting

o Sequence conserved across species
o Stable in various bodily fluids
o Lower complexity than proteins @

miR-34b/c
Ic Translational miR-449
a miR-202
Human
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DITI in humans in real time is nearly impossible because of
the lapse between an injury and the time when that injury
can be detected using semen analysis. miRNA biomarkers
discussed in this review can provide early reading related to
DITT and likely eliminate the dependency on semen analy-
sis and very late detection of DITI. Clearly guidance does
not reflect the incorporation of newer biomarkers into the
safety mitigation and further justifies the need for miRNA
as biomarker tool for incorporation into early discovery
toxicology studies and clinical monitoring settings. In this
context, substantial scientific knowledge, regulatory prec-
edence, and years of collaboration are required for revisions
of these guidance documents and to include novel biomark-
ers to facilitate DITI detection early in preclinical or clinical
studies.

Consortia impact on DITI regulatory
framework and standardization

Regulatory guidance documents are available for preclini-
cal risk assessment before bringing a potential testicular
toxicant into the clinic and guidelines to monitor DITT in
patients to assure safety. Several international consortia have
been established to provide a forum for regulators, academic
researchers, pharmaceutical scientists, clinicians and CRO
colleagues to qualify, validate and utilize novel biomarkers
of safety (Fader et al. 2021; Gerlach et al. 2018; Schomaker
et al. 2019). Among the global consortia, (1) the Predictive
Safety Testing Consortium (PSTC) and (2) the Translational
Safety Biomarker Pipeline (TransBioLine) consortium are
very active in conducting preclinical and clinical studies,
qualifying novel biomarkers and implementing in preclinical
and clinical studies to assure safety.

(1) The Critical Path Institute (C-Path) was identified as
the coordinating organization, and the formation PSTC
was announced by C-Path and the FDA in March 2006
(Dieterle et al. 2010; Goodsaid et al. 2007; Mattes and
Walker 2009; Stephenson and Sauer 2014). Over the
years, C-Path and PSTC have developed the frame-
work for data sharing between participating pharma-
ceutical companies and the regulatory agencies. In a
collaboration with participating companies and regula-
tory agencies, PSTC has completed several biomarker
qualification efforts, including serum glutamate dehy-
drogenase (GLDH) as a specific biomarker for hepa-
tocellular injury (Schomaker et al. 2020) and multiple
kidney safety biomarkers present in urine (Tengstrand
et al. 2019). In search of better biomarkers for testicular
toxicity that can translate from preclinical to clinical
space, PSTC partnered with AbbVie, Bristol-Myers
Squibb, Eli Lilly, GlaxoSmithKline, and Pfizer to

scout for over 22 rat testis specific biomarkers reported
previously (Smith et al. 2016). About 100 X improved
qRT-PCR sensitivity for miRNAs and a standardized
rat plasma assay protocol paved the way for re-analysis
of rat plasma samples collected following administra-
tion of known toxicants, CBZ, DNB, and MEHP (Bres-
lin et al. 2013). PSTC and the participating scientists
established miR-202-5p as a sensitive biomarker for
early detection of drug-induced testicular injuries in
rats (Goldstein et al. 2022). Overall, PSTC, member
pharmaceutical companies, and regulators have made
progress in several fronts in the development and quali-
fication of novel biomarkers but there still is a great
amount work to be done to discover, qualify, and vali-
date novel biomarkers of DITI.

(2) Translational Safety Biomarker Pipeline (Trans-
BioLine) consortium was funded by the Innovative
Medicines Initiative (IMI) to bring together global
regulators, pharmaceutical scientists and European
Federation of Pharmaceutical Industries and Associa-
tions (EFPIA). The goal of this consortium is to dis-
cover, qualify and validate novel biomarkers for five
organ systems: kidney, liver, pancreas, vascular, and
central nervous system (Huehnchen et al. 2022). Evalu-
ation and qualification of miRNAs in liquid biopsies
is also part of the effort through the consortia, which
has helped to improve the knowledge of the ‘trans-
lational gap’ of miRNAs biomarkers in drug safety
assessment and increased the confidence in utilizing
miRNAs as safety biomarkers in the clinical setting.
Another goal of this consortium is to establish inter-
and intra-individual variability of circulating miRNAs
among healthy volunteers. To achieve this goal, a
detailed protocol has been developed by TransBioLine
for plasma sample collection for the purpose of miRNA
analysis (Schofield et al. 2021). In addition, TransBio-
Line members have established robust assays for iden-
tification and quantification of miRNAs (Khamina et al.
2022). Although testicular toxicity is not in the scope of
this project, the learnings will enable advancement of
miRNA work in other areas such as testicular toxicity.

Conclusions and perspectives

Under the 21st Century Cures Act, the FDA will now rely
more on biomarkers to accelerate regulatory decisions. Bio-
marker-related collaborative research and regulatory interac-
tions have expanded in recent years based on publications
and consortium related engagements. Under this ecosys-
tem, there is the opportunity to expedite the development
of reliable biomarker (s) that can accurately predict testicu-
lar injury in preclinical/clinical settings due to the multiple
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potential cell targets and mechanisms of testicular injury.
While we advance miRNA biomarker research, it is critical
to access the relevant and appropriate biofluids and technol-
ogy in addition to developing an objective replication and
data analysis approaches to obtain reproducible biomarker
results. This will need significant investments and can be
accomplished by strong partnerships between industries,
academia, and regulators as part of a precompetitive con-
sortia to advance biomarkers from discovery to regulatory
qualification. From a translation standpoint, although most
miRNA biomarkers thus far are identified from nonclini-
cal species, identifying, and replicating biomarker datasets
from well annotated clinical samples will provide insights
into translation considering that the translation of miRNA
biomarkers from preclinical findings to human clinical stud-
ies remains unclear. One of the challenges for difficulty in
preclinical to clinical translation of testicular toxicity can
be attributed to the physiological and metabolic differences
between the species. With the cutting-edge technologies
such as ‘organs-on-chips’ (Zommiti et al. 2022) that can
emulate the human organ’s physiological environment and
function, there is potential to enhance our understanding of
the translatability of biomarker miRNAs from nonclinical to
clinical settings (Akinjo et al. 2018; Park et al. 2022). Lever-
aging such emerging tools will enable biomarker discovery,
validation and clinical translation for regulatory qualifica-
tion and implementation for a specific context of use in drug
development.
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