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Systemic LPS induces toll-like receptor 3 (TLR3) expression
and apoptosis in testicular mouse tissue
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Abstract
It is well known that sepsis and inflammation reduce male fertility. Within the testis, toll-like receptor 3 (TLR3) is constitutively
expressed and recognizes double-stranded RNA (dsRNA) from viruses, degraded bacteria, damaged tissues and necrotic cells. To
characterize the potential role of TLR3 in response to testicular infections, its expression and downstream signaling were
investigated upon challenge with lipopolysaccharides (LPS) in two mouse strains that differ in their immuno-competence
regarding T cell-regulated immunity. Thereto, Balb/c and Foxn1nu mice were randomized into six interventional groups treated
with either i.v. application of saline or LPS followed by 20 min, 5 h 30 min and 18 h of observation and two sham-treated control
groups. LPS administration induced a significant stress response; the amplification was manifested for TLR3 and interleukin 6
(IL6) mRNA in the impaired testis 5 h 30 min after LPS injection. TLR3 immunostaining revealed that TLR3 was primarily
localized in spermatocytes. The TLR3 expression displayed different temporal dynamics between both mouse strains. However,
immunofluorescence staining indicated only punctual interferon regulatory factor 3 (IRF3) expression upon LPS treatment along
with minor alterations in interferon β (IFNβ) mRNA expression. Induction of acute inflammation was closely followed by a
significant shift of the Bax/Bcl2 ratio to pro-apoptotic signaling accompanied by augmented TUNEL-positive cells 18 h after
LPS injection with again differing patterns in both mouse strains. In conclusion, this study shows the involvement of TLR3 in
response to LPS-induced testicular inflammation in immuno-competent and -incompetent mice, yet lacking transmission into its
signaling pathway.
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Introduction

Sepsis is a systemic inflammatory state caused by the immune
system’s response to serious infection. While it is well known
that serious illness and inflammation reduce male fertility, the
inflammatory pathways are not well understood. In this re-
gard, lipopolysaccharides (LPS) were shown to compromise
testicular function at multiple levels in vivo, notably transient
testicular dysfunction accompanied by apoptosis of testicular
germ cells (Kajihara et al. 2006).

Pathophysiologic mechanisms of sepsis are highly com-
plex as there can be infectious and sterile triggers (Akira
et al. 2006). It is known that either microbial components from
infectious agents can initiate innate response through interac-
tion with toll-like-receptors (TLRs) (Ward 2012), or in the
case of sterile infection, endogenous factors such as nucleic
acid, histones and heat shock proteins (Chen and Nunez
2010). During innate immune response, TLR3 plays an
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important role. It recognizes double-stranded RNA (dsRNA)
from viruses, degraded bacteria, damaged tissues and necrotic
cells (Alexopoulou et al. 2001). Moreover, TLR3 serves as an
endogenous sensor of tissue necrosis independent of viral ac-
tivation (Cavassani et al. 2008) and is able to trigger apoptosis
(Glavan and Pavelic 2014). Presumably dsRNA induce apo-
ptosis through a complex associating TLR3 to caspase-8
(Estornes et al. 2012).

The mammalian testis is an immuno-privileged organ with
regard to its ability to tolerate both, allo- and auto-antigens
(Fijak et al. 2011; Head and Billingham 1985). Particularly,
Sertoli cells and testicular macrophages are decisive in main-
taining the immuno-privileged status of the testis (Head et al.
1983). Still, abundant expressions of TLR1-TLR9 mRNAs
have been reported in rat testis (Bhushan et al. 2008;
Palladino et al. 2007). Focusing on the mouse testis, expres-
sions of TLR2-TLR6 have been described in Sertoli cells,
which also can be activated by their agonists and initiate tes-
ticular innate immune response (Riccioli et al. 2006; Starace
et al. 2008; Wu et al. 2008). Besides Sertoli cells, constitutive
TLR3 gene expression was detected in murine primary isolat-
ed Leydig cells (C57BL/6) (Shang et al. 2011) and primary
isolated germ cells (C57BL/6) (Wang et al. 2012). Also in
these testicular cells, TLR3 can be activated by a synthetic
double-stranded RNA analogue (Shang et al. 2011; Wang
et al. 2012).

Understanding of the molecular components of stress
leading to apoptosis during infection-induced damage is an
essential step towards the development of novel therapeutic
strategies to control testicular injury during sepsis.
Therefore, in the present study, the role of TLR3 in testicular
stress response is evaluated during LPS-induced sepsis in
two mouse strains that differ in their immuno-competence.
The Balb/c strain disposes of an intact innate and acquired
immune response, making it suitable for immunological re-
search while the athymic Foxn1nu strain possesses a dys-
functional rudimentary thymus due to spontaneous deletion
in the FOXN1 gene, consequently lacking T cell-mediated
immunity. Yet, the cytotoxic cell-mediated response, initiat-
ed by natural killer (NK) and cytotoxic T lymphocytes
(CTL), is central to eliminating virally infected and trans-
formed cells by the immune system (Barry and Bleackley
2002). Given that TLR3 is also involved in viral defense via
recognition of double-stranded RNA (dsRNA) (Alexopoulou
et al. 2001), we aim at investigating whether this immuno-
regulative deficit exerts a direct effect on testicular damage
upon LPS challenge. Therefore, both mouse strains were
subjected to systemic LPS as an important structural com-
ponent of the outer membrane of gram-negative bacteria
(Raetz and Whitfield 2002), which is one of the best studied
immuno-stimulatory components of bacteria and reliably in-
duces severe systemic inflammation and sepsis (Beutler and
Rietschel 2003).

Materials and methods

Animals

Male Balb/c (OlaHsd) and athymic nude-Foxn1nu mice
(Harlan), 3–5 weeks old, were kept in approved plastic cages,
with water and food ad libitum and were housed in rooms
equipped with a 12-h light cycle. All procedures involving
animals were approved by the Animal Care and Use
Committee of the state of Hesse in Germany (V54-19 c 20/
15-FK/1037). Surgery and animal care were performed in
accordance with the BGuide for the care and use of laboratory
animals^ (National Institutes of Health, volume 25, no. 28,
revised 1996), EU Directive 86/609 EEC and German
Protection of Animals Act.

Interventional groups and surgical procedure

Balb/c and Foxn1nu mice were randomized into six interven-
tional groups (n = 8): three control groups with i.v. application
of saline followed by 20 min, 5 h 30 min and 18 h of obser-
vation (designated as NaCl 20min, NaCl 5 h 30min and NaCl
18 h, respectively) as well as three groups with i.v. application
of LPS followed by 20 min, 5 h 30 min and 18 h of observa-
tion (designated as LPS 20min, LPS 5 h 30min and LPS 18 h,
respectively). Mice were anesthetized with an isoflurane-/O2

mixture (0.5 l O2/min and 2 vol% isofluran) in an induction
box. Hereafter, 100 μl sterile saline versus 100 μl LPS solu-
tion (E. coli, serotype 0111:B4, L2630, Sigma Aldrich) at a
dosage of 10 mg/kg body weight dissolved in 100 μl sterile
saline was administered intravenously retrobulbary. Upon
completion of the respective observation periods, animals
were sacrificed and both testes of each animal were carefully
removed. One was fixed in 4% paraformaldehyde overnight,
the other was stored at − 80 °C until further processing. One
testicle was consistently used for all qRT-PCR analyses
and the contra-lateral testicle for immunofluorescence
staining immunohistochemical staining, and TUNEL as-
say. Furthermore, one sham group of each mouse strain
without any treatment (n = 6) was used as additional
control.

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

Total RNA was isolated from homogenized testis samples
(interventional groups n = 8, sham groups n = 6) using
peqGOLD TriFast™ (VWR), according to the manufacturer’s
protocol. Next, cDNA was synthesized using a cDNA
Synthesis Kit (5x Reaction Mix, no. R1362, Thermo
Scientific). Gene expression profiles were assessed by qRT-
PCR using a Peltier Thermo Cycler 200 IQ5 Multicolour RT-
PCR-Detection System (Bio-Rad). Briefly, after a
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denaturation phase at 94 °C, followed by an annealing phase
between 50 and 60 °C, a synthesis step at 74 °C was per-
formed. Specificity was established by adding a melting curve
analysis. Primer sequences are listed in Table 1. Relative
changes in mRNA expression were calculated by normalizing
the values to their corresponding β-actin expression using the
2-dCt method (Livak and Schmittgen 2001).

Immunofluorescence staining

Paraformaldehyde-fixed (4%) and paraffin-embedded
testicles were sectioned at 5 μm of thickness. Sections (n = 4
per group) were deparaffinized overnight in xylene. The sec-
tions were rehydrated; antigens were retrieved in TEG buffer
(10 mMTris, 0.5 mMEGTA, pH 9) and aldehyde groups were
quenched in 50 mM NH4Cl in PBS. The sections were incu-
bated overnight at 4 °C with primary antibodies directed
against TLR3 (rabbit anti-mouse ab62566, Abcam, dilution
1:200) or interferon regulatory factor 3 (IRF3) (rabbit anti-
mouse PA5–20086, Thermo Fisher Scientific, dilution
1:200). The following day, the sections were rinsed and incu-
bated for 30 min at room temperature with secondary donkey
anti-rabbit-649 antibody (DyLight™ , no. 406406,
BioLegend, dilution 1:400) and Hoechst (no. 33342,
Invitrogen, 2 μg/mL), followed by mounting of coverslips
using glycergel mounting medium (Dako/Agilent C0563) +
2.5 w/v% antifade (1,4-Diazabicyclo[2.2.2]octane
(DABCO)). Imaging was performed using a Nikon
EclipseTi-E system equipped with a × 40 air objective, a
Perfect Focus 3 system and a Zyla sCMOS5.5 Megapixel
camera (Andor) controlled by NIS Elements software from
Nikon. The fluorescence illumination system was Cool
LED-pE-300 white. Fluorescence filter sets were standard
DAPI and Cy5. For imaging, 4 × 4 images were acquired
and stitched using the NIS software. For each antibody stain
and mouse strain exposure, time and light intensity were ad-
justed according to the brightest condition and the settings
were kept constant for the acquisition of the remainder slides
as Foxn1nu mice exhibited a slightly higher constitutive ex-
pression of TLR3 (Supplemental Fig. 1a, equal exposure). A
positive and negative staining control for TLR3 specific

expression was performed on sections from a murine kidney
(C57BL/6 mice) 24 h after ischemia and reperfusion injury
(Supplemental Fig. 1b) as previously published (Paulus et al.
2014). Image analysis was performed with Fiji Image J soft-
ware (Schindelin et al. 2012).

Immunohistochemical staining

Immunohistochemistry was performed on paraffin-embedded
sequential testicle sections at 5 μm of thickness in order to
localize TLR3 expression within the testis (n = 2 per interven-
tional group and control groups). For specific staining, slides
were incubated with a primary germ cell-specific antigen an-
tibody (TRA98) (rat anti-mouse ab82527, Abcam, dilution
1:100) and anti-TLR3 antibody (rabbit anti-mouse ab62566,
Abcam, dilution 1:20) overnight at 4 °C. For signal develop-
ment, slides were incubated with the respective horseradish
peroxidase-conjugated secondary rabbit anti-rat (P0162,
Dako, dilution 1:200) or goat anti-rabbit (P448,Dako, dilution
1:200) antibodies for 1 h at room temperature followed by
DAB incubation and counterstaining with Mayer’s hematox-
ylin. Sections were examined with a Leica DMR microscope
equipped with a Leica DFC320 camera. Images were trans-
ferred by a Leica TFC Twain 6.1.0 program and processed
using Adobe Photoshop 8.0.

TUNEL assay

TUNEL-staining was performed according to the manufac-
turer’s protocol (ApopTag® Peroxidase In Situ Apoptosis
Detection Kit, S7100, Milipore). Counterstaining was carried
out with hematoxylin. Analysis of the slides was performed in
a blinded fashion. At × 200 total magnification, all tubules of
one testicle cross-section were analyzed by counting the total
number of tubules as well as the total number of tubules with
at least one TUNEL-positive nucleus. Results are presented as
percentage (positive tubules/all tubules × 100) (n = 4–5 per
interventional group, n = 2–3 for control groups). In order to
evaluate the distribution of TUNEL-positive cells, the density
in each TUNEL-positive tubule was evaluated by counting the
number of TUNEL positive cells within each affected tubule

Table 1 Real-time PCR primers used for the quantification of mRNA expression levels

Genes Forward(5′-3′) Reverse (5′-3′) Product length (bp) NCBI reference sequence

β-actin CCACCATGTACCCAGGCATT AGGGTGTAAAACGCAGCTCA 253 NM_007393.5

IL6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA 141 NM_031168.2

TLR3 ATATGCGCTTCAATCCGTTC CAGGAGCATACTGGTGCTGA 221 NM_126166.5

TLR4 GCTTTCACCTCTGCCTTCAC AGGCGATACAATTCCACCTG 259 NM_021297.3

IFNβ CCAGCTCCAAGAAAGGACGA GTCTCATTCCACCCAGTGCT 216 NM_010510.1

Bcl2 GTGGTGGAGGAACTCTTCA GTTCCACAAAGGCATCCCA 205 NM_009741.5

Bax AGCAAACTGGTGCTCAAGGC CCACAAAGATGGTCACTGTC 181 NM_007527.3
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(with at least one TUNEL-positive nucleus). Ten randomly
chosen positive tubules per cross-section were analyzed and
an average value was calculated for each cross-section of one
animal (n = 4–5 per interventional group, n = 2–3 for control
groups). Sections were examined with a Leica DM750 micro-
scope equipped with a Leica ICC50 HD camera. Images were
analyzed using Leica Application Suite EZ, Version 3.0.0.

Statistical analysis

Statistical analysis was performed applying GraphPadPrism®
5.02 software (GraphPad Software, La Jolla, CA, USA). The
distribution of variables was tested for normality using the
Kolmogorov-Smirnov test. Accordingly, statistical signifi-
cance was calculated using either one-way ANOVA followed
by Tukey’s multiple comparison test or Kruskal-Wallis test
followed by Dunn’s posthoc test, where applicable.
Significance of correlations was determined by Pearson’s test
including all investigated groups. p values ≤ 0.05 were con-
sidered as statistically significant. In the figures, horizontal
lines within the boxes represent the medians, boxes represent
the interquartile range. Whiskers above and below the box
indicate the 1.5 IQR. The individual points that are plotted
beyond the whiskers represent outliers, which were included
in the statistical analysis.

Results

Differing body and testicular weights between Balb/c
and Foxn1nu mouse strains but unaltered
constitutive IL6 and TLR3 mRNA expression

Balb/c mice mean body weight was insignificantly lower than
the body weight of the Foxn1nu mice (18.98 g ± 0.71 vs.
20.35 g ± 0.48) (Fig. 1a). In contrast, the testicle weight of
Balb/c mice displayed a significantly higher mean weight than
those of Foxn1nu mice (67.79 mg ± 3.74 vs. 43.37 mg ± 1.64)
(Fig. 1a′). Neither the constitutive testicular expression of IL6
nor TLR3 mRNA displayed significant differences between
the mouse strains (ns) (Fig. 1b, b′).

Increased inflammatory response in testicular tissue
upon LPS challenge

First, we examined the IL6 gene expression, a typical
marker of inflammatory response after systemic LPS in-
jection (Fig. 2a, a′, a″). We detected a significant in-
crease in testicular IL6 mRNA expression in both mouse
strains 5 h 30 min after LPS injection in comparison to
the corresponding saline-treated mice (p < 0.001) and the
20 min LPS-treated mice (p < 0.001). This marked in-
crease was abolished 18 h after LPS injection (Fig. 2a,

a ′). Comparing both mouse strains, Balb/c mice
displayed a significantly higher IL6 mRNA expression
level than Foxn1nu mice at 5 h 30 min (p < 0.001)
(Fig. 2a″).

Systemic LPS increased testicular TLR3 but not TLR4
mRNA expression in both mouse strains

In both mouse strains, TLR3 mRNA expression displayed a
similar trajectory as IL6 mRNA including a significant in-
crease at 5 h 30 min after LPS injection in comparison to the
corresponding saline-treated mice (p < 0.001) and 20 min
LPS-treated mice (p < 0.001) (Fig. 2b, b′). While no signifi-
cant difference between mouse strains with regard to their
TLR3 mRNA expression levels could be detected (ns) (Fig.
2b″), we observed a positive correlation between testicular
IL6 and TLR3 mRNA expression in Balb/c (Pearson r =
0.742; p < 0.001), as well as in Foxn1nu (Pearson r = 0.743;
p < 0.001) mice potentially indicating a linkage between
TLR3 and inflammatory signaling (Fig. 2c, c′). Furthermore,
we analyzed TLR4 mRNA expression, as the receptor recog-
nizes LPS and binding of LPS to TLR4 is well known to result
in a pro-inflammatory response (Poltorak et al. 1998; Qureshi
et al. 1999). However, in contrast to TLR3, TLR4 mRNA
expression did not increase upon LPS treatment. TLR4
mRNA remained unaltered in Balb/c mice but decreased tran-
siently 5 h 30 min after LPS exposure in Foxn1nu mice (Fig.
2d, d′).

TLR3 expression is constitutively expressed
within spermatocytes of both mouse strains
and induced upon LPS treatment

Consistent with the TLR3 mRNA expression analysis,
constitutive (Fig. 3a–d″′) and induced (Fig. 4a–h″)
TLR3 expression upon LPS treatment was explored in
testicular tissue sections. To further localize TLR3 ex-
pression, we performed immunohistochemical investiga-
tions using a TLR3 and a specific germ cell marker
(TRA98) antibody on sequential sections. As a result,
sickle-shaped TLR3 expression was observed within the
tubules and more precisely within spermatocytes in both
mouse strains (Fig. 3a–d″′). In order to analyze TLR3
expression and distribution in comparison to LPS chal-
lenge, we performed immunofluorescence analyses.
Representative pictures are shown in Fig. 4. As a result,
Balb/c mice exhibited a relatively low and only focal
TLR3 expression within the tubules in saline-treated
mice and upon LPS treatment after 5 h 30 min.
However, we detected a marked increase in expression
18 h after LPS treatment (Fig. 4a–d″). In contrast,
Foxn1nu mice exhibited a higher constitutive expression
of TLR3 equally within the tubules but there seemed to
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occur an acute decreased expression 5 h 30 min after
LPS treatment reflected by only focal TLR3 expression.
Yet, after 18 h of LPS exposure, the TLR3 expression
regained similar intensity as observed in the control
group (Fig. 4e–h″). Thus, in Foxn1nu mice, an increased
expression of TLR3 after LPS administration, as ob-
served in Balb/c mice, could not be detected. However,
in both mouse strains, we found tubules with very inten-
sive TLR3 expression, as well as with low and focal
TLR3 expression. This corresponds to the observations
made in the previous immunohistochemical microscopy
(Fig. 3a–d″′).

Systemic LPS induced TLR3 expression in testicular
mouse tissue but not its downstream pathway

To test whether TLR3 upregulation correlates with initiation
of the subsequent signaling pathway, we examined IRF3 by
immunohistochemistry and IFNβ as readout gene via qRT-
PCR analyses (Fig. 5). IRF3 expression could not be detected
5 h 30 min after LPS administration (pictures not shown);
however, 18 h after LPS injection, a weak punctual expression
was observedwithin tubules in both Balb/c and Foxn1numice
(Fig. 5a–d′). Regarding IFNβ, an elevated expression in Balb/
c mice was seen but none in Foxn1numice (Fig. 5e, e″), which
is in line with increased IRF expression in Balb/c mice (Fig.
5c–c″). In summary, only marginal activation of the subse-
quent signaling pathway can be assumed.

Systemic LPS treatment favored apoptosis
in testicular tissue

Bax (Bcl2-associated X protein) represents a pro-apoptotic,
whereas Bcl2 (B cell lymphoma 2), an anti-apoptotic key
molecule, however, both acting together as regulators of cell
apoptosis (Adams and Cory 1998). Therefore, we measured
Bax and Bcl2 mRNA expression and calculated the Bax/Bcl2
ratio in testes homogenates of both mouse strains treated with
LPS and corresponding controls. The Bax/Bcl2 mRNA ratio
marginally increased 5 h 30 min after LPS injection in Balb/c
mice and hereafter decreased significantly 18 h after LPS in-
jection (p < 0.05) (Fig. 6a). In contrast, in Foxn1nu mice, an
increase occurred temporarily delayed, lacking any alteration
at 5 h 30min but showing a significant increase in LPS-treated
mice 18 h after LPS treatment in comparison to the corre-
sponding saline-treated mice (p < 0.01) as well as to LPS-
treated mice after 5 h 30 min (p < 0.01) (Fig. 6a′). This also
resulted in a clear difference when comparing both mouse
strains upon LPS injection: After 18 h, Foxn1nu mice
displayed a significantly higher testicular Bax/Bcl2 mRNA
ratio than Balb/c mice (p < 0.01) (Fig. 6a″), indicating en-
hanced apoptotic signaling. Consequently, we morphological-
ly quantified apoptosis by TUNEL-staining (Fig. 6b–b″′, c–d″
″). Animals that received LPS exhibited no altered apoptosis
rates compared to saline-treated mice at 5 h 30 min (ns). In
contrast, after 18 h, LPS-treated mice of both strains demon-
strated a significantly increased apoptosis rate in testes in

Figure 1 Constitutional levels.
To analyze relevant baseline
levels of both mouse strains Balb/
c and Fonxn1nu (n = 6 per group),
we determined the average body
(a) and testicular weight (a′).
Furthermore, the basal IL6 and
TLR3 mRNA expression relative
to β-actin was analyzed in testic-
ular tissue homogenates of sham
animals (b, b′). ***p < 0.001
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comparison to the corresponding saline-treated mice
(p < 0.001) as well as to LPS-treated mice after 5 h 30 min
(Balb/c, p < 0.01; Foxn1nu, p < 0.001). Notably, the density of
TUNEL positive cells within TUNEL positive tubules (with at

least one TUNEL positive nucleus) was strikingly different
between both mouse strains 18 h after LPS injection
(p < 0.001) (Fig. 6b″′). In this respect, Foxn1nu mice
displayed a significantly higher density of TUNEL positive

Fig. 2 Increased inflammatory response and TLR3 mRNA expression in
testicular tissue upon LPS injection. To analyze IL6 (a–a″), TLR3mRNA
expression (b–b″) as well as TLR4 (d–d′) after LPS injection, we
performed qRT-PCR analyses of their mRNA expression relative to β-
actin in testicular homogenates (n = 8 per group). Corresponding

correlations (Pearson’s test) (c–c′). *Significant difference between LPS
and saline-treated mice at one point in time; ƒ, significant difference in the
time course within LPS or saline-treated mice; x, significant difference
between Balb/c and Foxn1nu mice. *p < 0.05, ***/xxx/ƒƒƒ p < 0.001
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cells in affected tubules, whereas in Balb/c mice, the distribu-
tion of apoptotic cells appeared less dense (Fig. 6c″″, d″″).

Discussion

Growing evidence suggests that TLRs exert a prominent role
in the response to infectious events. In the present study, we
focused on the role of TLR3 as a potential mediator of testic-
ular injury during sepsis, which initially has been character-
ized for its response to double-stranded RNA (Alexopoulou
et al. 2001) and subsequently for its response to endogenous
nucleic acids from necrotic cells (Baiersdorfer et al. 2010;
Brentano et al. 2005; Kariko et al. 2004).

First, we characterized basal testicular TLR3 and pro-
inflammatory IL6 mRNA in both employed Balb/c and
Foxn1nu mouse strains regarding their anatomic precondi-
tions and base line expression. Even though the body weight
of both strains was almost equal, the mean testicular weight of
Balb/c mice was significantly higher than in Foxn1nu mice.

However, the constitutive expression of IL6 or TLR3 mRNA
in the testis homogenates was virtually equal.

As expected, IL6 displayed a significant peak after 5 h
30 min after LPS injection and decreased to nearly basal level
18 h after LPS injection. This is in accordance with previous
findings in rats where IL6 mRNA levels equally reached a
maximum expression 6 h after LPS stimulation (O’Bryan
et al. 2005; Winnall et al. 2011). This response was also re-
producible in vitro, given that cultured mouse Sertoli cells
(Riccioli et al. 1995) as well as rat Sertoli cells (Stephan
et al. 1997) produced a marked IL6 production upon LPS
stimulation. Also, LPS stimulation of cultured Leydig cells
demonstrated a strong induction of major pro-inflammatory
cytokines such as IL6 mRNA (Boockfor et al. 1994; Shang
et al. 2011). Thus, the latter findings indicate that the applied
LPS-treatment effectively provoked sepsis in our mouse
model.

In comparison to other TLRs, TLR3 mRNA is frequently
higher and moreover expressed in nearly all primary isolated
rat testicular cell types (Bhushan et al. 2008). Bacterial LPS

Fig. 3 Immunohistochemical localization of TLR3. To localize TLR3
expression, we performed immunohistochemical staining using a TLR3
and a specific germ cell (TRA98) antibody on sequential testicular tissue
sections (n = 2 per group). Representative juxtaposed micrographs of

Balb/c (a–b″′) as well as Foxn1nu (c–d″′) mice 18 h after injection of
NaCl are displayed. TLR3 (vertical ←), spermatocytes (horizontal ←),
Sertoli cells (black asterisk), spermatogonia (white asterisk)
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generally exerts its effects through the TLR4 receptor com-
plex (Poltorak et al. 1998; Qureshi et al. 1999), resulting in a
pro-inflammatory state characterized by the expression of
TLR-response genes such as IL6. In this regard, recent studies
revealed that Sertoli cells express TLR4mRNA and protein in
mouse and rat testis (Bhushan et al. 2008; Riccioli et al. 2006;
Wu et al. 2008). Besides, Leydig cells, testicular macrophages
(Winnall et al. 2011) as well as spermatocytes (Bhushan et al.
2008) seem to express TLR4 at basal levels in rat testis.
Surprisingly, in an earlier study, testicular TLR4 was not
acutely inducible by LPS (Winnall et al. 2011). Comparably,
an increase in TLR4 mRNA upon LPS treatment did not be-
come apparent in this present study neither, although the typ-
ical response gene IL6 was increased in testis homogenates in
both mouse strains. These findings suggest that TLR4 mRNA
expression may not be involved in testicular immune

response, although known to function in LPS-TLR4 signaling
during the innate immune response to LPS.

On the other hand, TLR3 mRNA expression, opposed to
TLR4, was significantly inducible upon LPS injection in both
mouse strains. Interestingly, the TLR3 expression displayed a
similar trajectory as IL6 mRNA including a significant in-
crease at 5 h 30 min. Accordingly, we observed a positive
correlation between IL6 and TLR3 mRNA in Balb/c, as well
as in Foxn1nu mice, thus possibly indicating a linkage be-
tween TLR3 and inflammatory signaling. However, as we
analyzed whole testis homogenates not only cells of the sem-
iniferous tubules but also immune cells such as macrophages
within the interstitium are depicted in the results, too.

Next to the TLR3 gene expression analyses, we also
histomorphologically examined TLR3 expression and regula-
tion upon LPS treatment, which differed between both mouse

Fig. 4 Systemic LPS increased TLR3 protein expression. To analyze
TLR3 expression upon LPS administration, we performed
immunofluorescence staining of TLR3 in testicular tissue sections (n =

4 per group). Representative juxtaposed micrographs of Balb/c (a–d″) as
well as Foxn1nu mice (e–h″) with LPS or saline treatment are displayed
for each point of observation
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strains. Balb/c mice exhibited a relatively low and only focal
constitutive TLR3 expression within the tubules but marked
increase in expression 18 h after LPS treatment. In contrast,
Foxn1nu mice exhibited a higher constitutive expression of
TLR3 equally within the tubules, but an acute decreased ex-
pression 5 h 30 min occurred after LPS treatment, which
returned to base line 18 h after LPS treatment. Thus, in
Foxn1nu mice, an increased expression of TLR3 after LPS
administration, as observed in Balb/c mice, was not detected.
However, localization of the TLR3 expression did not alter
and was observed within the tubules and more precisely with-
in spermatocytes in both mouse strains. It is characteristic in
all sections with enhanced TLR3 expression, whether in Balb/
c or Foxn1nu mice, that some tubules express TLR3 very
intensively, whereas there is low and only focal TLR3 expres-
sion detectable in others. Hence, the TLR3 expression seems
to be dependent on the spermatogenic stage. Even though
expression of TLR3 has also been described in primary iso-
lated murine Sertoli cells (Shang et al. 2011; Wu et al. 2008)
and Leydig cells (Shang et al. 2011) besides primary isolated
murine germ cells (Wang et al. 2012), altered cell biochemical

and morphological characteristics during in vitro culture have
to be considered (Sofikitis et al. 2005). Thus, comparison of
in vivo findings with in vitro culture experiments remains
difficult.

Referring to the TLR3 signaling pathway, TLR3 is known
to induce antiviral responses by inducing IFNβ and IFNα
through IRF3 activation (Akira and Takeda 2004). However,
despite high expectations in view of the amplified TLR3
mRNA expression upon LPS treatment, our results uncovered
only marginal further activation of its signaling pathway.
Analyses concerning this matter showed only very weak im-
munohistochemical signals of IRF3 along with aptly very low
and hardly altering IFNβ mRNA expression in response to
LPS. Nevertheless, these findings may be comprehensible as
IFNα/β induction depends on the level of the transcription
factors IRF3 and IRF7 through a positive feedback mecha-
nism (Taniguchi and Takaoka 2001).

LPS was shown to compromise testicular function at mul-
tiple levels in vivo, notably transient testicular dysfunction
accompanied by apoptosis of testicular germ cells in mice
(Kajihara et al. 2006). Besides, TLR3 is known to trigger

Fig. 5 TLR3 signaling pathway was only marginally induced by
systemic LPS administration. To analyze the TLR3 signaling pathway
in response to LPS, we performed immunofluorescence staining of
IRF3 in testicular tissue sections (n = 4 per group). Representative
juxtaposed micrographs of Balb/c as well as Foxn1nu mice with LPS or

saline treatment are displayed (a–d″). Background subtracted. qRT-PCR
analyses of IFNβ mRNA relative to β-actin in testicular tissue homoge-
nates (n = 8 per group) (e, e′). ƒ, significant difference in the time course
within LPS or saline treated mice. ƒ p < 0.05
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apoptosis (Glavan and Pavelic 2014). Herein, the Bcl2 family
is thought to regulate apoptosis by formation of hetero- and
homodimers in the mitochondrial membrane and the prevail-
ing outcome depends on the ratio of protector (Bcl2) to the
promoter (Bax) of apoptosis (Adams and Cory 1998). In the
present study, the inflammation generated in response to bac-
terial LPS also triggered the apoptotic pathway manifested by
changes in the Bax/Bcl2 mRNA ratio and TUNEL staining. In
Balb/c mice, the Bax/Bcl2 mRNA ratio marginally increased
5 h 30min after LPS injection and decreased significantly 18 h
after LPS injection. In contrast, Foxn1nu mice displayed a
temporarily delayed increase lacking any alteration at 5 h
30 min but showing a significant increase in LPS-treated mice
after 18 h. In this regard, Metukuri et al. (Metukuri et al. 2010)
analyzed immunoblots of anti-apoptotic Bcl2/pro-apoptotic
Bax in testicular whole-cell lysates from saline and LPS-
(5 mg LPS/kg bw) injected rats. They showed that LPS treat-
ment caused a significant decrease in Bcl2/Bax ratio as early
as 12 up to 72 h post LPS treatment compared to saline-treated
control rats (Metukuri et al. 2010). This is in line with our

results as protein expression would be expected to be delayed
in relationship to mRNA expression.

Furthermore, wemorphologically validated a potential pro-
apoptotic effect as indicated by an altered Bax/Bcl2 ratio via
TUNEL staining. Apoptosis is considered to be the underlying
mechanism of germ–cell death during normal spermatogene-
sis in various mammals (Sinha Hikim and Swerdloff 1999).
Accordingly, in sham groups and saline-treated groups,
scattered TUNEL-positive cells were detected. Yet, after
18 h, LPS-treated mice of both mouse strains demonstrated
significantly increased apoptosis rates in comparison to the
corresponding saline-treated mice. Notably, the density of
TUNEL positive cells within TUNEL positive tubules (with
at least one TUNEL positive nucleus) was strikingly different
between both mouse strains 18 h after LPS injection. In this
respect, Foxn1nu mice displayed a significantly higher densi-
ty in affected tubules, whereas the distribution of apoptotic
cells appeared more scattered in Balb/c mice.

Hence, the temporal displacement and difference in the
severity of damage between both mouse strains suggest a

Fig. 6 Increased apoptosis within testicular tissue upon LPS injection. To
provide an insight into apoptotic processes within testicular tissue, we
performed qRT-PCR analyses of Bax and Bcl2 mRNA relative to β-
actin and calculated their ratio (n = 8 per group) (a–a″). Further investi-
gations encompassed TUNEL staining: TUNEL positive tubules (b–b″)
as well as the TUNEL density (b″′) in affected tubules have been evalu-
ated. Representative juxtaposed micrographs of Balb/c as well as

Foxn1nu mice with LPS or saline treatment are displayed for each point
of observation (n = 4–5 per interventional group, n = 2–3 for sham
groups) (c–d″″). *Significant difference between LPS and saline-treated
mice at one point in time; ƒ, significant difference in the time course
within LPS or saline treated mice. x, significant difference between
Balb/c and Foxn1nu mice. ƒ p < 0.05, **/xx/ƒƒ p < 0.01, ***/ƒƒƒ
p < 0.001
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regulatory role for the adaptive immune response as to testic-
ular injury in LPS challenge. Herein, to a lower extent, LPS
per se than the subsequent LPS-associated immuno-regulation
may cause the arising damage.

Finally, this study contributes to the knowledge of TLR3
expression and signaling in testicular damage during bacterial
LPS induced acute inflammation in immuno-competent or -
incompetent mice. Interception with innate immune system
receptors like TLR3 appears a promising strategy for the mod-
eration of the inflammatory response secondary to LPS.
Although TLR3 upregulation upon LPS injection is not
followed by enhancement of the corresponding signaling
pathway, TLR3 may exert its effects through distinct signal
transduction, which still remains to be investigated.
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