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Abstract

Exposure of rodents to the Sertoli cell (SC) toxicant mono-(2-ethylhexyl) phthalate (MEHP) has 

been reported to trigger an infiltration of macrophages into the testis in an age- and species-

dependent manner. Here we challenge the hypothesis that the peripubertal rat-specific infiltration 

of macrophages after MEHP exposure is due, in part, to an increase in SC-specific inflammatory 

cytokine expression. To rule out that GC apoptosis itself is responsible for macrophage 

recruitment, rats were exposed to a direct germ cell toxicant, methoxy acetic acid (MAA), but no 

infiltration of macrophages was observed. Next, mRNA levels of inflammatory cytokines were 

evaluated after MEHP exposure. IL-1α, IL-6, and MCP-1 expression was increased in vivo and 

correlated with macrophage infiltration in a species-specific manner. Additionally, IL-6 and 

MCP-1 expression was increased in SC-GC co-cultures and ASC-17D SCs. These results indicate 

that MEHP-injury in pubertal rats specifically stimulates secretion of pro-inflammatory cytokines 

and alters the immune microenvironment.
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1. INTRODUCTION1

The testicular immune environment and the process of spermatogenesis itself are facilitated 

by both pro- and anti-inflammatory cytokines. Under normal physiological conditions 

cytokines are produced by testicular macrophages (TMs) in the interstitial space, and within 

the testicular seminiferous epithelium, the Sertoli cells (SCs), and the germ cells (GCs) [1]. 
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As these immune cell signaling molecules are necessary to maintain proper testicular 

function, the immune microenvironment must remain carefully modulated. When cytokines 

are dysregulated in the testis, as common in conditions of inflammation, spermatogenesis 

can become disrupted. Epidemiological studies have demonstrated that cohorts of infertile 

men suffer from acute or chronic inflammation [2] indicating that disruption of the 

physiologic levels of cytokines within the testis may contribute to idiopathic infertility.

SCs produce both cytokines (e.g., IL-1α, IL-6) that support GC survival and development 

[1] and immunosuppressive factors (Activin A [3], Jagged1 [4] Serpin G1/E1 [5]) that 

promote immune tolerance. SCs exhibit the innate ability to promote immune tolerance, 

even when transplanted to remote tissues [6]. Resident TMs (CD68-, CD163+) play a key 

supportive role in maintaining the immune tolerant environment within the testis due to their 

high basal expression of the potent immunosuppressive cytokine IL-10 and a blunted 

response to inflammatory stimuli [7]. GCs secrete TNFα, which influence SCs through a 

feedback mechanism during GC development [8], causing reorganization of the SC 

cytoskeleton, tight junctions between SCs, and the ectoplasmic specialization junctions 

between SCs and GCs [8]. Together, these cells coordinate a complex signaling network to 

maintain the testicular immune tolerant environment.

We recently reported that peripubertal male rats exposed to an acute dose of the testicular 

toxicant mono (2-ethylhexyl) phthalate (MEHP), the primary active metabolite of di (2-

ethylhexyl) phthalate (DEHP), displays testicular inflammation characterized by 

macrophage infiltration into the testis in an age- and species-specific manner [9]. 

Specifically, young peripubertal aged male Fisher rats (PND 21, 28) show high levels of GC 

apoptosis accompanied by macrophage infiltration as compared to adult (PND 56) rats or 

peripubertal mice, both of which show low increases in GC apoptosis and neither have 

accompanying macrophage infiltration [9]. The peak of macrophage infiltration in 

peripubertal rats occurred at time points concurrent with a robust increase in monocyte 

chemoattractant protein-1 (MCP-1) in peritubular myoid cells (PTMCs). The expression of 

MCP-1 by PTMCs [9] suggests active recruitment of macrophages after injury in the 

sensitive age and species.

Phthalates continue to be some of the most studied endocrine disruptors and reproductive 

toxicants, yet, the exact mechanism of action remains unknown [10]. The extensive literature 

on phthalate effects on the testis is generally divided into anti-androgen effects on the 

Leydig cells, and seminiferous tubule effects resulting in germ cell apoptosis and/or 

multinucleated germ cells; where these effects are regarded as independent of one another 

[11, 12]. Peripubertal rat exposure to high acute levels of MEHP has been shown to result in 

seminiferous tubule effects resulting in Sertoli cell alterations and germ cell apoptosis [13, 

14]. Peripubertal rats have the highest amounts of germ cell apoptosis after exposure in this 

paradigm, suggesting they are more sensitive to the seminiferous tubule effects than adults 

[15].

The unique infiltration of macrophages displayed by rats around the pubertal period [9] 

suggest that sensitivity of peripubertal rats may be due to differences in the testicular 

immune environment during this developmental period. The peripubertal phase is 
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appreciated to be a crucial time for the immunoregulatory functions of the testis to be 

established. As the blood testis barrier (BTB) becomes fully established and activated [16], 

the SCs begin to produce cytokines [17], and the residential population of TMs is 

established [18]. Although both the establishment of immunoregulatory functions within the 

testis and initiation of spermatogenesis have been well described, the interaction of immune 

and germ cells during this crucial developmental period remains unknown.

Here we challenge the hypothesis that the rat-specific infiltration of macrophages after 

MEHP exposure around puberty is due, in part, to an increase in SC-specific cytokine 

expression. These cytokines could underlie the mechanism to trigger the release of the 

chemokine MCP-1 from the adjacent PTMCs and account for the subsequent infiltration of 

pro-inflammatory macrophages into the testis. To test the alternate hypothesis that the 

process of GC apoptosis itself is responsible for macrophage recruitment, the infiltration of 

macrophages was assessed after exposure to a toxicant, methoxy acetic acid (MAA), that 

induces GC apoptosis through a different mechanism [19, 20]. Then, a MEHP-specific 

mechanism involving inflammatory cytokines IL-1α and IL-6, that may trigger MCP-1 [21] 

was investigated by measuring mRNA both in vivo and in vitro after MEHP treatment. The 

results herein suggest that the production of IL-1α and IL-6 are increased by MEHP 

exposure as a possible mechanism of immune infiltration in a species-specific way during 

the peripubertal period. Furthermore, the MEHP exposure model can be utilized to 

understand how disruption of testicular immune regulatory mechanisms contribute to GC 

apoptosis, and infertility.

2. MATERIALS AND METHODS

2.1. Cell Line

The adult rat (Sprague-Dawley) derived SC line, ASC-17D (a gift from Ann Clark, Serono 

Research Institute, Rockland, MA; originally created by the laboratory of Dr. Ken Roberts; 

[22]) was cultivated at 33°C in cell culture medium consisting of equal volumes of 

Dulbecco’s modified Eagle’s media and Ham’s F-12 supplemented with 4% fetal bovine 

serum and 1% antibiotic penicillin-streptomycin (Thermo Scientific, Waltham, MA). 

ASC-17D cells were created with a temperature-sensitive mutant of the SV40 virus that 

allows for the propagation of these cells at a permissive temperature (33°C) and 

differentiation at an elevated temperature (40°C). Cells were seeded and allowed to adhere to 

the dish at 33 °C for 24 h and then transferred to 40°C for 48 h prior to experimental 

initiation.

2.2. Preparation of Primary SC-GC Co-cultures

Primary SC-GC co-cultures were prepared from PND 21–28 day old Fisher F344 rat testis 

(pooled at least 3 rats per collection, 3 separate collections) as previously described [23]. 

Briefly, testes were detunicated, seminiferous tubules were gently teased apart using forceps, 

and then the tubules were subjected to a serial process of enzymatic digestions. Cells (1 × 

106) were seeded onto laminin (1.5ng) coated 6-well plates containing Dulbecco’s modified 

Eagle’s/Ham’s F-12 media supplemented with 1 ng/ml of epidermal growth factor (Sigma), 

10 μg/ml of ITS Plus Premix (insulin, transferrin, selenious acid, bovine serum albumin, and 
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linoleic acid; BD Biosciences), and 50 μg/ml of gentamicin (Thermo Scientific, Waltham, 

MA). Primary co-cultures were maintained at 37°C for 72 h prior to treatment.

2.3. Animals

Male Fischer rats were purchased from Harlan Laboratories, Inc. (Houston, TX). A/J mice 

and breeding pairs of C57 mice were purchased from Jackson labs (Bar Harbor, ME). 

Animals were maintained in a controlled temperature (22°C ± 0.5°C) and light (12 L:12 D) 

environment and allowed to acclimate for 1 week prior to experimental challenge. Standard 

lab chow (Purina Mills LabDiet #5LL2, St. Louis, MO) and tap water were supplied ad 
libitum. All animal procedures were performed in accordance with the guidelines and 

approval of The University of Texas at Austin’s Institutional Animal Care and Use 

Committee, which abides by NIH Publications No. 8023, revised 1978.

2.4. In Vitro MEHP Treatment

Primary co-cultures or ASC-17D cells were treated with 200 μM MEHP (97.3% purity; 

Wako Chemicals, Richmond, VA) [23, 24] diluted in dimethyl sulfoxide (DMSO, final 

concentration: 0.04%) or equivalent volume of DMSO only, for various time periods (3, 6, 

12, 24 h) that precede peak CD11b+ infiltration (24h) [9]. Determination of the dose was 

based on previous experiments that utilized 200 μM MEHP in vitro to replicate the high 

exposure of MEHP in vivo [23–26]. This dose was found to not inhibit survival in either 

primary cell cultures or ASC-17D cell cultures via the trypan blue exclusion method [27]. At 

each time point cells were washed with phosphate buffered saline (PBS), then lysed and 

immediately processed for RNA as described below.

2.5. In Vivo MAA or MEHP Treatment

Based on previous studies, male Fischer F344 rats of exact PND 28 were pretreated with a 

single oral dose of MAA (n=3 per treatment) (650 mg/kg dissolved in 0.9% NaCl), or 

equivalent volume of vehicle (5.5 ml/kg NaCl) [27], MEHP (667 mg/kg in corn oil p.o.) or 

equivalent volume of vehicle (n=6 per treatment per time point) (corn oil, 2 ml/kg p.o.) [9]. 

As previously described, male C57BL/6J and A/J mice PND 28 were treated with MEHP or 

corn oil vehicle (800 mg/kg p.o., 4 ml/kg p.o.) for 12 h [9]. Twenty-four hours after the 

MAA treatment [28], or 3, 6, 12, and 24 hours after MEHP treatment, animals were 

anesthetized using a ketamine (100 mg/ml) and xylazine (20 mg/ml) cocktail (0.125 mg/ g 

body weight i.p.; Animal Health International, Westlake, TX) and perfused with phosphate 

buffered saline (PBS) and heparin (10 U/ml) until complete exsanguination. The testes of 

rats were removed and weighed, then one testis was snap frozen in liquid nitrogen and stored 

at −80°C (immunostaining and RNA isolation) while the other testis was placed in PBS (3 

ml) on ice until interstitial cell and seminiferous tubule collection.

2.6. Interstitial Cell Collection, Flow Cytometry, and Seminiferous Tubule isolation

Single-cell suspensions from the interstitial space of rat testis were obtained by 

decapsulating one testis per rat in 3 ml of ice-cold PBS. After removal of the tunica 

albuginea, 1 ml of DMEM + 1% collagenase was added and seminiferous tubules were 

gently teased apart using fine forceps. Seminiferous tubules were then rinsed with 1 ml of 
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PBS, snap frozen and stored at −80 °C until use. Interstitial cells were centrifuged (5 min, 

1200 rpm, 4°C Beckman table top), filtered through a 70 μm cell strainer, resuspended in 1 

ml of PBS, and adjusted to approximately 1 × 106 cells/ml. Cells were centrifuged (1200 

rpm at 4°C) for 5 min, resuspended in 200 μl of FACS buffer (PBS + 2% inactivated bovine 

serum) with anti-CD11b-APC (1:200; eBiosinces, San Diego, CA). Cells were incubated on 

ice in the dark for 30 min, then washed with 3 ml of FACS buffer, centrifuged at 1200 rpm 

for 5 min at 4°C and resuspended in 0.5 ml FACS buffer containing propidium iodide (2 μg/

ml). For each sample, 50,000 cells were analyzed on a BD LRSFortessa flow cytometer with 

FACSDiva software and interpreted with FlowJo software. Additionally, single-cell 

suspensions from lymph nodes were reacted with or without antibodies to set gates, 

compensation, and autofluorescence. Only live cells were used for analysis. The total 

numbers of CD11b+ cells (leukocytes) were determined for each rodent based on cell 

counts.

2.7. Terminal Deoxynucleotidyl Transferase-Mediated Digoxigenin-dUTP Nick End Labeling 
(TUNEL) Assay

The presence of apoptotic fragmentation of DNA in frozen testis cross sections was 

determined by TUNEL analysis using the ApopTag kit (EMD Millipore, Billerica, MA). 

According to previous studies [23, 25, 26] the apoptotic index (AI) was calculated as the 

percentage of essentially round seminiferous tubules containing more than three TUNEL-

positive GCs in each cross section. For each rat, at least 2 cross sections and at least 100 

seminiferous tubules were analyzed.

2.8. Quantitative PCR

To measure the level of mRNA expression in co-cultures, ASC-17D cells, and seminiferous 

tubule tissue, quantitative -PCR (qPCR) was performed. Tissue RNA was isolated using 

TRIzol reagent (Thermo Scientific, Waltham, MA) and cell culture total RNA was isolated 

using lysis buffer from PureLink RNA mini kit (Thermo Scientific, Waltham, MA) per 

manufacturers protocol, then stored at −80°C. RNA quantity and quality were determined 

using a ThermoScientific Nanodrop 1000. First strand cDNA was prepared using 2.5 or 1 μg 

(tissue or cell culture, respectively) of total RNA with Multiscribe reverse transcriptase and 

random hexamers (Thermo Scientific, Waltham, MA) into a 25 μl reaction volume (100ng/μl 

tissue, 40ng/μl cells). The resulting cDNA was analyzed in 10 μl volumes containing 1 μl 

cDNA, 5 μl of iTaq Universal SYBR Green Supermix (BioRad, Hercules, CA), and 250 μM 

(each) forward and reverse primers. Melt curves and Ct values were obtained using the Bio-

Rad CFX96 qPCR detection system. Forward and reverse primers used to detect expression 

levels of mRNA are in Table 1. Each target gene was normalized to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) levels and performed in duplicate. Ct values were 

analyzed using the “Delta Delta Ct method”. Because treated and control animals treated in 
vivo were different individuals, in vivo treatments at each time point were compared to the 

average control treated animals to find fold change in mRNA expression. In vitro, each of 

the isolations of primary cells (or ASC-17D passage) had control and treated groups on cells 

from the same individual animal (or pool of animal tissue), therefore each treatment was 

compared to its own respective DMSO control (DMSO equals 1 in each experiment, thus no 

SEM) to find fold change in mRNA expression.
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2.9. Immunofluorescence of ASC-17D

ASC-17D (0.25 × 105) cells were seeded in 4-well chamber slides. Cells were treated with 

DMSO or MEHP (200 μM) for 24 h, then washed with PBS and fixed with 3.7% 

paraformaldehyde for 10 minutes. Cells were washed in PBS then incubated in blocking 

buffer (3% Bovine Serum Albumin; Sigma). Cells were incubated with rabbit anti-IL-6 

(1:500; Abcam, Cambridge, MA) for 1 h at room temperature. Then incubated in Alexa 

Fluor 488 conjugated anti-rabbit antibody (1:500; Thermo Scientific, Waltham, MA) for 1 h 

and mounted with Vectashield Mounting Medium containing propidium iodine (Vector Labs, 

Burlingame, CA). Cells were seeded and treated 3 times/treatment and fluorescent signals 

were detected using excitation/emission wavelengths of 495 nm/519 nm, respectively. All 

sections were imaged using Nikon Eclipse microscope and captured with Nikon Cool-SNAP 

digital camera. Images were processed and analyzed using NIS Elements software.

2.10. Statistical Analysis

The data are reported as mean ± SEM. Data were subjected to Student’s t-test, when 

applicable, or Two-way ANOVA followed by Sidak’s multiple comparison test was 

performed using GraphPad Prism version 7 (GraphPad, La Jolla, USA). The in vitro 
experiments were analyzed according to the matched pair design, whereas the in vivo 
experiments were analyzed as unmatched data. P values of 0.05 or less were considered 

statistically significant.

3. RESULTS

3.1. GC apoptosis does not directly induce macrophage infiltration

3.1.1. MAA exposure for 24 hours increases GC apoptosis—Macrophages 

infiltrate into the testis after MEHP exposure specifically in peripubertal rats [9]. It remains 

unknown whether the macrophages are actively recruited to the testis through a MEHP-

specific SC mechanism, or simply in response to the process of GCs undergoing apoptosis in 

the testis. Therefore, MAA, a toxicant that induces GC apoptosis through a different 

mechanism [19, 20], was given to rats (PND 28) at a dose (650 mg/kg BW) shown 

previously to induce similar levels of apoptosis at a similar time frame as that seen after 

MEHP exposure [28]. GC apoptosis (MAA- 53.3% ± 6.8%; control- 4.6% ± 0.5%) after 24 

h was significantly increased over controls (Figure 1A).

3.1.2. MAA exposure for 24 hours does not increase CD11b+ cells—Flow 

cytometric analysis of interstitial cells of vehicle treated (NaCl) and MAA (650 mg/kg) 

treated PND 28 rats showed no difference in the percentage of CD11b+ cells in the 

interstitium (MAA- 10.1%; control- 10.9%) (Figure 1B) or total number of CD11b+ cells in 

the interstitium (Figure 1C). These results suggest that germ cell apoptosis in itself does not 

result in macrophage infiltration into the testis.

3.2. MEHP-induced cytokine changes

3.2.1. In vivo seminiferous tubule expression of IL-1α and IL-6 mRNA increase 
after MEHP treatment—Within the rat testis, IL-1α and IL-6 are the key cytokines 

produced by SCs, where IL-1α has been shown to increase MCP-1 expression in PTMCs 
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[21]. To ascertain a MEHP-specific mechanism that may be responsible for the species 

specific infiltration of macrophages, analysis of IL-1α and IL-6 mRNA, in isolated 

preparations of seminiferous tubules of PND 28 rats treated with MEHP (667 mg/kg) or 

control was performed. There was a significant increase in IL-1α mRNA expression at 3 h 

(Figure 2A). IL-6 mRNA expression increased with MEHP treatment at 6 h (Figure 2B), 

which was also seen in vitro in Figure 2B. MCP-1 mRNA expression increased at 12 h 

(Figure 2C) which aligns with previous ELISA protein analysis, also showing an increase in 

MCP1 at 12 h [9].

3.2.2. MEHP-induced changes in primary rat co-culture mRNA expression—To 

investigate whether the observed changes in the IL-1α/IL-6 signaling pathways also occur in 
vitro, cytokine transcription in rat SC-GC co-culture was analyzed. IL-1α (Figure 3A) 

mRNA was not significantly changed due to MEHP (200μM) exposure, but IL-6 (Figure 3B) 

mRNA was increased significantly at 6 h.

3.3. ASC-17D cells respond differently than other model systems after MEHP exposure

3.3.1. MEHP-increased IL6 mRNA in the rat Sertoli cell line—To further investigate 

the induction of the cytokines by MEHP in a SC-specific mechanism, the rat SC line 

(ASC-17D) was utilized to remove the potential alternative cell (PTMC, GC) contribution in 

the co-culture system. MEHP (200μM) induced a significant increase of IL-6 mRNA levels 

compared to controls at 12 h (Figure 4A). ASC-17D cells also had a relative increase in IL-6 

immunofluorescence after MEHP exposure (Figure 4B) suggesting that IL-6 is increased in 

SC after MEHP exposure.

3.3.2. MEHP exposure does not increase IL-1α, but does increase MCP-1 
mRNA—IL-1α was not significantly changed in ASC-17D cells treated with MEHP (200 

μM) for 3, 6, 12, and 24 hours (Figure 5A). Interestingly, MCP-1 mRNA, which is normally 

expressed by PTMCs in peripubertal rats [9, 21], was increased in the ASC-17D cells 

(Figure 5B).

3.4. MEHP-induced cytokine changes are rat-specific

3.4.1. IL-6 and MCP-1 are increased in rat compared with controls, but not 
mouse seminiferous tubules after MEHP exposure—The timing of cytokine mRNA 

occurs in a time- dependent manner that aligns with a possible instigating mechanism of 

macrophage infiltration. To see whether the increase in cytokines aligns with the species-

dependent infiltration in macrophages, we compared rats, which have macrophage 

infiltration after MEHP exposure, to mice, which do not have macrophage infiltration after 

exposure [9]. Two strains of mice were analyzed: C57BL6/J mice are more resistant to 

autoimmune orchitis, and A/J that are more susceptible to autoimmune orchitis [29]. MCP-1 

mRNA levels increased 12 h after exposure in rat seminiferous tubules (MEHP 667 mg/kg), 

but not in either C57BL/6J or A/J mice (MEHP 800mg/kg) (Figure 6A), corresponding to 

their lack of macrophage infiltration shown previously [9]. Additionally, neither C57BL/6J 

nor A/J mice showed increases in IL-6 mRNA (Figure 6B).
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4. DISCUSSION

The results from this study support our hypothesis that MEHP exposure alters inflammatory 

cytokine expression and correlates with the infiltration of macrophages into the testis. 

Changes in IL-1α cytokine gene expression was observed only in vivo (Figure 3), whereas 

IL-6 increases both in vivo and in vitro (Figure 3, 4). MCP-1 increases in vivo, and the 

timing suggests that the signaling cascade aligns with previously established mechanisms in 

which IL-1α is upstream of IL-6 [30, 31], and both are increased before MCP-1 increases. 

The increase in these cytokines is species dependent (Figure 6), further supporting our 

hypothesis that SC- specific inflammatory cytokine signaling in response to MEHP causes 

macrophage infiltration, and underscores a unique testicular immune environment in the rat 

that results in the sensitivity to MEHP.

Acute high dose exposures to MEHP in the peripubertal age range show seminiferous tubule 

effects [23–26], although repeated dosing around puberty suggests Leydig cell function can 

also be hindered [32, 33]. The MEHP-induced testicular toxicity within the seminiferous 

tubule in the dosing paradigm used in this study primarily result from changes in the SCs 

[13, 14, 34]. SCs function in a complex interaction with the other cells in the seminiferous 

tubules, and may require the presence of these other cell types to function properly in 

response to toxicants. This may explain why our in vitro cultures did not completely copy 

the results obtained in vivo. The primary co-culture system was obtained from seminiferous 

tubules homogenates, and includes SCs and GCs, and may also contain PTMCs, whereas the 

ASC-17D cells, a Sertoli cell line, was used with the purpose of specifically dissecting SC 

contribution to cytokine expression in the seminiferous tubules of peripubertal rats in 

response to MEHP. Neither of the in vitro systems repeated the early increase in IL-1α gene 

expression measured in vivo in response to MEHP, suggesting that IL-1α is not increased by 

SCs directly in response to MEHP, but may require the presence of other cells to induce an 

IL-1α response. Alternatively, other cells, e.g. PTMCs, might be responsible for the increase 

in IL-1α gene expression.

Interestingly, MEHP treatment of ASC-17D cells also increased mRNA expression of 

MCP-1, which is contradictory to our previous findings that MCP-1 protein is primarily up-

regulated by PTMCs in the acute pubertal MEHP exposure paradigm [9]. It is possible that 

both SCs and PTMCs upregulate MCP-1 as a result of MEHP exposure, but that the 

contribution of PTMCs is the largest. On the other hand, the ASC-17D cells may also act 

differently to MEHP exposure than the other model systems because they were harvested 

from an adult rat, and then immortalized using a viral large T antigen to drive proliferation 

[22]. In pubertal rats MCP-1 is primarily localized to PTMC, but in adult rats, there is a 

more diffuse localization with many types of cells in the testis expressing MCP-1, including 

the SC [9]. Given the finding here that ASC-17D cells increase MCP-1 gene expression after 

MEHP exposure, this may suggest that these cells still retain a more adult phenotype. Taking 

these differences between the ASC-17D cells and the in vivo results into consideration, the 

ASC-17D SC line does not seem to accurately replicate a pubertal response to MEHP and 

therefore may not act as a good system to investigate the mechanism that underlies the 

phenotypes illustrated in this type of exposure.
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Despite the observed increases in IL-1α and IL-6 after MEHP exposure, it remains unclear 

how these cytokines may participate in the mechanism leading to macrophage infiltration 

into the testis. Increased expression of IL-1α and IL-6 within co-cultures and the in vivo 
seminiferous tubule preparations correlate tightly with MCP-1 expression. MEHP treated 

rats showed a concurrent increase in expression of MCP-1 and number of macrophages in 

the interstitium [9]. This correlation is strengthened by the findings that C57BL/6J and A/J 

mice, previously shown not to display macrophage infiltration in the acute pubertal MEHP 

exposure paradigm [9], did not present with increases in any of these cytokines or 

chemokines (Figure 6) after acute pubertal MEHP exposure.

In addition to their sensitivity to macrophage infiltration, peripubertal rats are also more 

sensitive to MEHP-induced GC apoptosis as a result of an acute high dose exposure to 

MEHP than mice. Previous studies in mice have found that the primary cellular target of 

MEHP is thought to be the SC and the mechanism of injury is multifaceted including 

disruption of BTB [35], increase in the expression of the pro-apoptotic protein FasL [13], 

and disruption of vimentin filaments [14]. Thus, the previously established mechanism of 

injury to the SC does not seem to be specific to the rat [13, 14, 23, 25, 26] and a new species 

specific mechanism of injury that results in immune disruption must be identified.

The results from this study indicated that MEHP-injury in pubertal rats specifically 

stimulates secretion of pro-inflammatory cytokines and alters the immune 

microenvironment. MEHP exposure in vivo and in vitro increases IL-1α and IL-6 mRNA 

levels. Although these cytokines are used by SCs in many homeostatic functions, the exact 

cell source and role of these cytokines in macrophage infiltration remains unclear. Future 

investigations will focus on inhibiting the expression of these cytokines in specific testicular 

cell types in order to test their functional significance in the induction of germ cell apoptosis 

and/or macrophage infiltration after toxicant-induced SC injury. Furthermore, the present 

findings indicate that the MEHP exposure model is useful for understanding the unique 

biology of immune development in the testis during the peripubertal period and for 

deciphering how immune balance in the testis is regulated in order to maintain functional 

spermatogenesis.
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Highlights

• Germ cell apoptosis itself does not instigate macrophage infiltration into the 

testis.

• MCP-1, IL-1α and IL-6 mRNA expression is increased in the seminiferous 

tubule after MEHP exposure.

• MEHP-induced IL-6 and MCP-1 mRNA expression is species-dependent.

• MEHP-induced cytokines correlate with macrophage infiltration.
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FIGURE 1. MAA causes extensive germ cell apoptosis but does not result in macrophage 
infiltration
(A) Top: Representative photomicrographs of TUNEL staining on frozen MAA (650 mg/kg, 

p.o.) or equivalent volume control (5.5 ml/kg, NaCl) treated PND 28 rat testis after 24h 

exposure (n=3 per treatment). MAA induced a significant increase in apoptotic index (% 

seminiferous tubules with >3 TUNEL positive germ cells/total number of seminiferous 

tubules) from 4.6% ± 0.5% to 53.3% ± 6.8%. Bottom: Representative photomicrographs of 

TUNEL staining on paraffin embedded MEHP (667 mg/kg, p.o.) or equivalent control 

(2ml/kg corn oil) treated PND 28 rat testis after 24 h exposure. MEHP induced a significant 
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increase in apoptotic index nearly 100 fold [9]. (B) Histogram of MAA or control treated rat 

interstitial cells (after 24h exposure). The CD11b+ population has high intensity 

fluorescence and is on the right of the graph. This population does not change between 

treatment (black bar) and control (grey bar). The population on the left is the CD11b- 

population. (C) When the percentage CD11b+ found from flow were applied to the total 

number of cells collected from the interstitium, there were no differences in the total number 

of CD11b+ cells. Statistical analysis was performed using Student’s t-tests.
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FIGURE 2. Cytokine RNA expression changes in in vivo seminiferous tubule preparations from 
PND 28 rat treated in vivo with MEHP
Changes in mRNA expression of (A) IL-1α and (B) IL-6 (C) MCP-1 in MEHP (667 mg/kg 

p.o, black bars) or control (2 ml/kg corn oil, grey bars) treated rat seminiferous tubules at 3, 

6, 12, and 24 h (n=6 per treatment per time point). IL-1α expression was significantly 

increased at 3 h. IL-6 expression was found to be significantly increased at 6 h. MCP- 

mRNA expression was significantly increased at 12 h. Statistical analysis was performed 

using two-way ANOVA for unmatched data with Sidak’s multiple comparison test and each 

MEHP-treated sample was compared to its time point control.
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FIGURE 3. Cytokine changes in primary rat co-cultures after in vitro exposure to MEHP
(A) Changes in IL-1α (B) and IL-6 mRNA levels primary SC-GC co-cultures after exposure 

to control (0.04% DMSO, grey bar), MEHP (200 μM, black bar), at selected time points 

(n=3 per treatment per time point, each n is a separate collection and pooling of at least 3 

animals) (h). MEHP induced a significant increase of IL-6 mRNA levels at 6 h. Statistical 

analysis was performed using two-way ANOVA for matched pairs with Sidak’s multiple 

comparison test and each MEHP-treated sample was compared to its time point control.
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FIGURE 4. IL-6 increases in Sertoli cell rat line ASC-17D cells after in vitro exposure to MEHP
(A) IL-6 expression in control (0.04% DMSO, control, grey) or MEHP (200 μM, black) 

treated ASC-17D cells at 3, 6, 12 and 24 h. MEHP induced a significant increase of IL-6 

mRNA levels at 12 h. Statistical analysis was performed using two-way ANOVA for 

matched pairs with Sidak’s multiple comparison test and each MEHP-treated sample was 

compared to its time-point control. Representative microphotographs (B) of ASC-17D SC 

line immunostained with IL-6 (green, AlexaFlour488) after exposure to C (DMSO, control) 

or M (MEHP) for 24 h.
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FIGURE 5. No change in IL-1α, but MCP-1 does increase in rat Sertoli cell line ASC-17D
(A) IL-1α and (B) MCP-1 mRNA expression by ASC-17D SC line at 3, 6, 12 and 24 h after 

MEHP (200 μM, black) or control (DMSO, grey) exposure (n=3 per treatment per time 

point). No statistical differences were found in IL-1α mRNA expression. MEHP induced a 

significant increase in MCP-1 mRNA compared to control at 12 h. Statistical analysis was 

performed using two-way ANOVA for matched pairs with Sidak’s multiple comparison test 

and each MEHP-treated sample was compared to its time-point control.
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FIGURE 6. Differential expression of cytokines after in vivo exposure of Fisher rats, C57Bl/6J 
and A/J mice
(A) MCP-1 and (B) IL-6 mRNA expression in 12 h MEHP or control treated Fisher Rats 

(667 mg/kg p.o., light grey), C57BL/6J (800 mg/kg p.o., black) and A/J mice (800 mg/kg 

p.o., dark grey) (n=3 per treatment per species/strain). Only Fisher rats showed increased 

cytokine mRNA expression as a result of MEHP treatment. Statistical analysis was 

performed using two-way ANOVA for unmatched data with Sidak’s multiple comparison 

test and significance is indicated for each MEHP-treated animal compared to its control. * p 

< 0.05, ** p < 0.01.
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TABLE 1

Primers used for qPCR.

TARGET PRIMER SEQUENCE (5′–>3) LENGTH
(BP)

PRODUCT LENGTH

IL-1α (RAT) CCTCGTCCTAAGTCACTCGC
GGCTGGTTCCACTAGGCTTT

20
20

102

IL-6 (RAT) TTCTCTCCGCAAGAGACTTCC
TCTCCTCTCCGGACTTGTGAA

21
21

94

IL-6 (MOUSE) TCTCTGCAAGAGACTTCCATCC
AGTCTCCTCTCCGGACTTGT

22
20

93

MCP-1 (RAT) TAGCATCCACGTGCTGTCTC
CAGCCGACTCATTGGGATCA

20
20

94

MCP-1 (MOUSE) TGACCCCAAGAAGGAATGGG
ACCTTAGGGCAGATGCAGTT

20
20

104

GAPDH (RAT) ATGATTCTACCCACGGCAAG
CTGGAAGATGGTGATGGGTT

20
20

89

GAPDH (MOUSE) TGTAGTGGCAAAGTGGAGATT
GTGGTGCAGGATGCATTGCT

21
19

392
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