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Exposure to phthalate esters is associated with changes in steroidogenesis, leading to the hypothesis 
that this is a primary mechanism of phthalate reproductive toxicity. However, some phthalate-induced 
male reproductive toxicity has been demonstrated in the absence of changes to testosterone 
production, suggesting additional mechanisms of action. There is evidence that phthalate exposure 
increases expression of the inflammatory enzyme cyclooxygenase 2 (cox-2). Furthermore, inhibition of 
cox-2 enhances expression of the steroidogenic acute regulatory protein (StAR), which mediates the 
rate-limiting step in steroidogenesis. This study hypothesized that phthalate-induced toxicity and 
testosterone perturbation are mediated in part by cox-2. A 3D in vitro rat testis co-culture to explore the 
role of cox-2 in phthalate toxicity was employed. Cells were treated with 100 µM dipentyl phthalate (DPP) 
with and without pre-treatment with the specific cox-2 inhibitor NS-398. Effects were evaluated after 8, 
24, and 72 h. DPP exposure significantly increased cox-2 expression at 8 and 24 h (p<0.01) and resulted 
in significant, dose-dependent cytotoxicity. Pre-treatment with NS-398 significantly reduced the 
cytotoxicity of DPP at 8 and 24 h (p<0.01). NS-398 also mitigated the effects of DPP on testosterone 
regulation. Total testosterone concentrations in cell culture media were significantly increased following 
8 and 24 hr of DPP exposure (p<0.001) and NS-398 reduced this effect (p<0.05). Simultaneously, DPP 
significantly decreased StAR protein expression after 8 h (p<0.01) and this effect was significantly 
attenuated by the presence of NS-398 (p<0.01). These results suggest that the DPP-induced changes in 
testosterone regulation observed in this experiment are mediated in part by an inflammatory response 
that is cox-2 dependent. 
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INTRODUCTION  
 
Phthalates are a class of chemicals widely used as 
plastic softeners and stabilizers in a range of products 
including adhesives, lubricants and cosmetics. Because 

they are not bound covalently to these materials, 
phthalates are prone to leaching out of common 
consumer products, raising concern over ongoing human
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exposures. Monoester phthalate metabolites have been 
detected in maternal urine during pregnancy, amniotic 
fluid and breast milk, indicating that low levels of 
exposure can occur during critical periods of fetal 
development (Hauser and Calafat, 2005; Silva et al., 
2004; Fromme et al., 2011).  

A subset of structurally similar phthalate esters are 
widely recognized as male reproductive toxicants. Male 
rats exposed to developmentally toxic phthalates in utero 
exhibit reduced testes size, undescended testes, 
decreased (feminized) anogenital distance, and 
decreased sperm count (Mylchreest et al., 1998; Gray et 
al., 2000). Related effects have been documented in 
humans as well. Male infants whose mothers had high 
levels of phthalate metabolites (MEP, MBP, MBzP, and 
MiBP) in their urine during pregnancy had significantly 
shortened anogenital distance (Swan et al., 2005; Swan, 
2008) and in utero exposures to diethylhexyl phthalate 
(DEHP) and dibutyl phthalate (DBP) metabolites were 
associated with decreased masculine play behavior in 
boys (Swan et al., 2010). In adult men, urinary 
concentrations of phthalate metabolites (MEHP, MINP, 
MBzP, MBP, and MEP) have been associated with a 
decline in sperm quality (Jurewicz et al., 2013). Dipentyl 
phthalate (DPP), a phthalate commonly used to soften 
PVC plastic, appears to have particularly potent effects 
on male reproductive development (Foster et al., 1980; 
Hannas et al., 2011).  

Because fetal testosterone and insulin-like 3 peptide 
hormone are key regulators of male reproductive 
development, the decrease in these hormones observed 
in response to a range of phthalates (Howdeshell et al., 
2008; David, 2006) is considered an important mecha-
nism of male reproductive toxicity of phthalates. Indeed, 
exposure to DBP has been shown to alter expression of a 
range of key steroidogenic factors, including transcription 
factors (e.g. GATA4, C/EBPbeta), cholesterol trans-
porters (e.g. the HDL receptor, steroidogenic acute 
regulatory protein) and enzymes involved in the 
conversion of cholesterol to testosterone (e.g. 
hydroxysteroid dehydrogenase) (David, 2006; Lehmann 
et al., 2004; Barlow et al., 2003). Altered expression of 
the steroidogenic acute regulatory protein (StAR) is of 
particular interest because StAR mediates the transfer of 
cholesterol across the inner membrane of the 
mitochondria, the rate-limiting process in steroidogeneis 
(David, 2006; Clark and Cochrum, 2007).   

The mechanism of altered StAR expression and 
testosterone regulation in response to phthalate has not 
been fully elucidated. Characterization of upstream 
mechanisms that lead to reduced testosterone synthesis 
could offer a broader understanding of the full range of 
possible toxic responses to phthalate exposure. This is 
particularly important given that some aspects of the toxic 
responses to phthalate cannot be attributed to altered 
hormone levels. While the effects of phthalate on 
hormone level have been shown  to  be  species-specific, 

 
 
 
 
phthalates have been shown to alter germ cell 
development independent of effects on testosterone in 
mice, rats and human tissue (Gaido et al., 2007; Alam et 
al., 2010; Lambrot et al., 2009; Heger et al., 2012; 
Johnson et al., 2012).  

Several studies point to the inflammatory enzyme 
cyclooxygenase 2 (cox-2) as a negative regulator of StAR 
expression. The cyclooxygenases are a family of 
enzymes responsible for the conversion of fatty acids into 
prostaglandins and thromboxanes, mediators of 
inflammation and vasoconstriction. Cox inhibitors are a 
widely used class of anti-inflammatory drugs. In cultured 
mouse Leydig cells, specific inhibition of cox-2 has been 
shown to increase sensitivity to cAMP stimulation. This 
results in enhanced expression of both the StAR gene 
and StAR protein, promoting steroid production (Wang et 
al., 2003). Conversely, an age-related increase in cox-2 
protein in Leydig cells has been associated with an 
inhibitory effect on StAR-mediated testosterone produc-
tion (Wang et al., 2005). Furthermore, there is evidence 
that mono (2-ethylhexyl) phthalate exposure increases 
expression of cox-2 as well as mitochondrial expression 
of the redox protein peroxiredoxin 3 in spermatocytes 
(Onorato et al., 2008). However, the increase in cox-2 
following phthalate exposure has not yet been directly 
linked to subsequent changes in StAR expression or 
testosterone synthesis. It was hypothesize that the 
change in StAR gene expression and testosterone 
production typically observed in response to phthalate 
exposure is mediated in part by cox-2.  

In this study, 3-dimensional in vitro testes-co-culture 
model was employed (Yu et al., 2005) to evaluate the 
role of cox-2 in mediating DPP-induced testicular toxicity. 
DPP was selected as a model phthalate due to its 
potency and selected treatment concentrations that had 
previously been demonstrated to alter gene expression in 
the absence of cytotoxicity (Yu et al., 2009).  Specifically, 
the effects of DPP exposure on cox-2 protein expression, 
StAR protein expression and testosterone concentrations 
in the presence or absence of a specific cox-2 inhibitor 
was compared. 
 
 
MATERIALS AND METHODS 
 
Testis cell co-culture  
 
Male Sprague-Dawley rat pups were obtained on postnatal day 4 
(Harlan). On postnatal day 5, testis tissue was isolated and 
digested for cell culture as described previously (Wegner et al., 
2013; Yu et al., 2005). Briefly, testes were removed and dissected 
to isolate seminiferous tubules, which were digested in a series of 
enzyme cocktails. Once dissociated, testis cells were suspended in 
serum-free Eagle’s Minimal Essential Medium (Invitrogen) con-
taining 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 3 
mM sodium lactate, 1% ITS culture supplement (BD Biosciences) 
and plated in 35 mm culture dishes at a density of 1.6×106 
cells/plate. Ice-cold Matrigel (BD Biosciences) extracellular matrix 
overlay (30 μl, for a final concentration of 200 µg/ml) was imme-
diately added to the center of each dish to provide  a  3-dimensional 



 
 
 
 
scaffold.  
 
 
Phthalate treatment  
 
After plating (48 h), medium was removed and replaced with fresh 
medium containing 100 μM of the developmentally toxic phthalate 
DPP (Sigma Aldrich # 80154, 99% purity) or a DMSO (Sigma 
Aldrich) vehicle control. Pre-treatment with the cox-2 inhibitor NS-
398 (EMD Chemicals Inc.) was done 30 min prior to treatment with 
DPP. Each treatment was repeated in a minimum of three plates for 
each experiment. Phthalate treatment concentration was selected 
based on a previous assessment in our co-culture that found less 
than a 15% reduction in cell viability measured by neutral red 
uptake assay (Yu et al., 2009). 
 
  
Microscopy  
 
Following 8, 24 or 72 h of treatment, each three-dimensional co-
culture was visualized using an Olympus microscope with phase-
contrast optics at 20X magnification. Images were captured and 
digitized with a Coolsnap camera (Roper Scientific, Inc.). 
 
 
Lactate dehydrogenase cytotoxicity assay  
 
Following 8, 24, or 72 h of phthalate exposure, 50 μl media was 
collected from each culture plate for a lactate dehydrogenase (LDH) 
cytotoxicity assay (Promega Corporation), performed according to 
the kit protocol. Briefly, prior to harvesting cell lysates, 50 μl of 
media from each plate was added to a 96-well plate in triplicate. 
Samples were incubated with 50 μl substrate mix in the dark. After 
30 min, reactions were stopped with stop solution and absorbance 
at 490 nm was read with a plate reader. OD values were 
normalized to blanks and presented relative to LDH positive 
controls (media from control plates killed by a freeze/thaw cycle).  
Data reflect at least 3 independent experiments. 
 
 
Western blotting  
 
Following 8, 24, or 72 h of treatment, cells were harvested in lysis 
buffer (Cell Signaling Technology) and protein was isolated by a 
series of freeze-thaw steps followed by centrifugation. Protein 
concentration was determined using a commercially available 
protein assay kit (Protein Assay kit, Bio-Rad Laboratories) and 
protein samples were diluted with sample buffer, reducing agent 
and buffer so that all samples contained equal protein 
concentrations. Samples were loaded in 4 to 12% Bis-Tris NuPage 
precast minigels (Invitrogen) and separated by running at 200 V for 
approximately 45 min in running buffer containing 500 μl antioxidant 
(Invitrogen). Protein was then transferred to polyvinylidene 
difluoride nylon membranes (Bio-Rad Laboratories) for 
immunoblotting. Efficiency of transfer was confirmed by commassie 
stain of the gel after the transfer was complete. Membranes were 
rinsed in tris-buffered saline (TBS) pH 7.6 then blocked with 5% 
non-fat dry milk in TBS with 0.1% Tween 20 (TTBS) for 1 h.  
Membranes were rinsed with TTBS then incubated overnight with 
primary antibody and for 2 h with secondary antibody conjugated to 
horseradish peroxidase.  Primary antibodies included StAR (a 
generous gift from Dr. Douglas M Stocco, Texas Tech University), 
cox-2 (Cayman Chemical), actin (Sigma), anti-rabbit secondary 
antibody (Cell Signaling Technology Inc.), and anti-mouse 
secondary antibody (BD Pharminogen). After antibody incubations, 
membranes were washed 5 times for 5 min with TTBS and 
incubated with enhanced chemiluminescence detection reagent 
(GE Lifescience) and exposed to X-ray films  (GeneMate).  Western  
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blots were analyzed by densitometry using ImageJ (NIH). The 
intensity of each band of interest was normalized to corresponding 
actin loading controls. Data presented here reflect at least 3 
independent experiments.  
 
 
Testosterone assay  
 
Media was collected from cells under each treatment condition at 8 
and 24 h following treatment. Testosterone concentrations in each 
medium sample were determined by an ELISA assay for total 
testosterone according to kit protocol (Neogen Corporation 
#402510). Testosterone concentrations measured in media were 
normalized to the protein content of corresponding cell lysate 
(determined as described earlier). Data on testosterone production 
are presented in terms of fold change in testosterone/protein 
relative to control. Data presented here reflect at least 3 
independent experiments. 
 
 
Statistical analysis  
 
Statistical significance was determined by ANOVA using a mixed 
effects model in R and results are presented as the mean and 95% 
confidence intervals of the mean. Random effects are the variations 
between digesting at least three different sets of rat pup testes. 
 
 

RESULTS 
 

Morphology 
 
Phase-contrast images illustrate the three-dimensional 
complexity provided by Matrigel overlay in these 
testicular co-cultures (Figure 1). These images also 
provide initial qualitative evidence of the effects of 
phthalate treatment on the 3D co-cultures (indicated by 
the presence of condensed nuclei and some floating 
cells) and the prevention of these effects in cells pre-
treated with NS-398, a specific cox-2 inhibitor. 
 
 

Cytotoxicity 
 
In order to evaluate the cytotoxic response to DPP in the 
presence or absence of NS-398 in the testicular co-
culture, a lactate dehydrogenase (LDH) release assay 
was used. It was found that treatment with DPP resulted 
in significant cytotoxicity at all time points. Pre-treatment 
with NS-398 significantly decreased the cytotoxicity of 
DPP treatment at 8 and 24 h (Figure 2). By 72 h, cox-2 
inhibition was less effective in preventing cytotoxicity 
(data not shown). In order to ensure that NS-398, which 
has a slightly yellow color, did not interfere with the 
calorimetric LDH assay reading, an additional set of LDH 
assays using medium from a single untreated plate was 
run. No difference was found in LDH reading with and 
without the addition of NS-398 (data not shown). 
 
 

Cox-2 protein expression 
 
To further demonstrate that cox-2 is a plausible mediator 
of DPP-induced  toxicity,  Western  blotting  was  used  to
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Morphology at 
24 h 

 
 
Figure 1.  Morphological changes in response to DPP exposure with and without Cox2 inhibitor. 
(A) Representative morphology of control plates 24 h post treatment (72 h post plating). Cultures 
contain germ cells, Sertoli cells, Leydig cells in three-dimensional Matrigel matrix. (B) 
Representative morphology of 24 h 100 µM DPP exposed plates. Note the increase in dense 
nuclei, indicative of apoptotic cells. (C) Representative morphology of 24 h 100 µM DPP exposed 
plates with NS-398 cox2 inhibitor (CI) pre-treatment. 

 
 
 
measure the effect of DPP exposure on cox-2 protein 
expression. Cox-2 protein was significantly increased in 
response to 100 µM DPP following 8 and 24 h of 
exposure (Figure 3).  Interestingly, inhibition of cox-2 
ultimately led to a dramatic increase in cox-2 expression 
by 72 h (data not shown), perhaps due to a feedback 
mechanism in response to the decrease in cox-2 activity.  
 
 
Testosterone production 
 

In order to determine the role of cox-2 in mediating DPP 
induced changes in testosterone concentration, an ELISA 
assay was used to measure total testosterone in the 
culture media relative to total protein content in the cell 
lysate. There was a significant, dose-dependent increase 
in cell culture media testosterone concentrations follo-
wing 8 and 24 h of exposure to a cytotoxic concentration 
of DPP (100 µM). Pre-treatment with NS-398 significantly 
attenuated the DPP-induced increase in testosterone 
concentrations after 24 h (p<0.05) (Figure 4). 
 
 
StAR protein expression 
 
Western blotting was used to evaluate the effect of DPP 
exposure on expression of StAR protein, which  mediates 

the rate limiting step in testosterone synthesis. In 
agreement with previous reports (Clark and Cochrum, 
2007), it was found that exposure to 100 µM DPP 
significantly decreased expression of StAR protein 
relative to β-Actin loading control after 8 h of treatment 
(Figure 5). In order to evaluate the role of cox-2 in this 
observed decrease in StAR expression, the effect of cox-
2 inhibition on the DPP-induced decrease in StAR 
expression was tested. Pretreatment of co-cultures with 
NS-398 prevented the DPP-induced decrease in StAR 
protein at 8 h (Figure 5).  By 72 h of treatment, however, 
the preventive effect of NS-398 was done.   
 
 
DISCUSSION 
 
By attenuating the effects of DPP with cox-2 inhibitor 
pretreatment, cox-2 activity is involved in mediating DPP 
toxicity. Inhibition of cox-2 prevents DPP-induced 
cytotoxicity and reduces the effect of DPP on media 
testosterone concentrations and StAR protein 
expression. 

The increase in testosterone concentrations and simul-
taneous decrease in StAR protein expression observed 
following DPP treatment in our co-culture suggests a 
temporarily dynamic response. While exposure to a range
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Figure 2. Effect of Cox2 inhibition on DPP Phthalate-Induced Cytotoxicity. After 8 or 24 h of treatment with 100 µM DPP with or without 
Cox2 inhibitor, medium was harvested and assayed for lactate dehydrogenase (LDH) as an indicator of cytotoxicity. 100 µM DPP 
dramatically increases cytotoxicity relative to controls. After 8 and 24 h of exposure, pre-treatment with NS-398 cox inhibitor (CI) significantly 
reduces cytotoxicity. Each data point represents results from at least 3 independent experiments. Error bars indicate 95% confidence 
intervals determined by a mixed effect ANOVA. 

 
 
 
of reproductively toxic phthalates is typically associated 
with a decrease in testosterone (David, 2006), an initial 
increase in testosterone concentrations in response to 
DPP at 8 and 24 h was seen. The simultaneous down 
regulation of StAR protein at these time points may 
foreshadow an eventual decrease in testosterone 
concentrations. Our previous research has demonstrated 
a dramatic increase in StAR gene expression following 
24 h of exposure to several different reproductively toxic 
phthalates, including DPP (Yu et al., 2009). These 
observations are consistent with previous reports that the 

direction and magnitude of StAR gene expression 
responds to reproductively toxic phthalates in a time and 
dose-dependent manner (Lahousse et al., 2006).  It still 
remains to be seen how cox-2 influences StAR protein 
expression and testosterone concentrations in seemingly 
contradictory ways.  Our current studies do not reveal 
whether DPP acts on StAR directly, or indirectly via 
effects on other aspects of testosterone production and 
metabolism. 

Upregulation of cox-2 protein by DPP may be due to 
feedback in  response  to  direct  inhibition  by   phthalate.  
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Figure 3. Effect of COX2 inhibition on DPP-induced changes in Cox2 protein expression. After 8 or 24 h of treatment with 100 µM DPP with 
or without Cox2 inhibitor, protein was harvested, run on western blot, and probed with an antibody to Cox2 protein. Cox2 protein expression 
was significantly increased in response to DPP phthalate after 8 and 24 h. Cox inhibition significantly increases Cox2 protein expression by 
72 h. Each datapoint represents Western results from at least 3 independent experiments. Error bars indicate 95% confidence intervals 
determined by a mixed effects ANOVA. 
 
 
 
Indeed, several reproductively toxic phthalates have been 
shown to reduce prostaglandin synthesis following 24 h 
exposures in vitro, suggesting a decrease in 
cyclooxygenase activity. Computer modeling simulations 
indicate that several phthalates can directly inhibit 
cyclooxygenase enzymes by direct binding (Kristensen et 
al., 2011). Because cox-2 is known to suppress testos-
terone, such inhibition of cox-2 by phthalate could explain 
the higher levels of testosterone measured in the cell 
culture media following DPP exposure. DPP induced 
inhibition of cox-2 may underlie the ultimate  upregulation 

of cox-2 observed in this study. Inflammatory signals like 
cox-2 can also be induced by cell death (Rock and Kono, 
2008). Therefore, it was difficult to distinguish in our stu-
dies whether effects were also being seen on cox2 via 
cell death.  

The effect of DPP on cox-2 expression has interesting 
implications. In addition to its effect on  StAR  expression, 
cox-2 contributes to prostaglandin and thromboxane syn-
thesis and induces expression of other cytokines inclu-
ding IL1a and IL6 (Ishikawa et al., 2005). A phthalate-
induced    increase    in    cox-2  may  therefore   increase  



Wegner et al.          167 
 
 
 

 
 
Figure 4. Effect of DPP on testosterone production. After 8 or 24 h of treatments with 100 µM DPP with or without Cox2 inhibitor, media was 
collected and assayed for testosterone concentration by ELISA assay. Testosterone concentrations were normalized to protein content and 
are presented here in terms of fold change relative to the control. Each datapoint represents Western results from at least 3 independent 
experiments. Error bars indicate 95% confidence intervals determined by mixed effects ANOVA. 
 
 
 
inflammatory secretions by Sertoli cells. Such paracrine 
signaling by Sertoli cells may be an  important  secondary   
mechanism of phthalate toxicity. 

Further exploration of the upstream events that lead to 
altered StAR expression and subsequently altered testos-
terone concentrations may reveal common upstream 
mechanisms for other important pathways of phthalate 
toxicity. In particular, the role of  inflammatory  responses 

in mediating phthalate toxicity warrants further investiga-
tion. There is a growing body of evidence to suggest that 
inflammation plays an important role in phthalate toxicity. 
For example, DPP has been linked to inflammatory res-
ponse in adult male rat testes (Granholm et al., 1992) 
and MEHP exposure in immature rats has been shown to 
lead to an increase in recruitment of immune cells into 
the testis, followed by an increase in germ  cell  apoptosis  
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Figure 5. Effect of COX2 inhibition on DPP-induced changes in StAR protein expression. After 8 or 24 h of 
treatment with 100µM DPP with or without Cox2 inhibitor, protein was harvested, run on western blot, and 
probed with an antibody to StAR protein. At 8 h, StAR protein expression was significantly decreased in 
response to DPP phthalate (p=0.0025).  Pre-treatment with Cox2 inhibitor (CI) prevented this effect 
(p=0.019). Each datapoint represents western results from at least 3 independent experiments. Error bars 
indicate 95% confidence intervals determined by a mixed effects ANOVA. 

 
 
 
(Murphy et al., 2014). Furthermore, NHANES data shows 
a correlation between diethylhexyl phthalate and 
benzylbutyl phthalate metabolites and markers of 
inflammation and oxidative stress in humans (Ferguson 
et al., 2011. Epidemiological evidence suggests that 
exposure to a range of specific phthalates increases the 
risk of asthma and allergies (Bornehag and Nanberg, 
2010; Kimber and Dearman, 2010). A clearer 
understanding of the underlying mechanism of the 
inflammation mediated effects of phthalates will inform 
risk assessment and facilitate construction of adverse 
outcome pathways for male reproductive toxicity. 

Future   studies   should   address  the   mechanism  of  

phthalate influence on cox-2 activity. Cox-2 in Sertoli cells 
has previously been shown to be induced by the cytokine 
interleukin-1beta (IL1B) via JNK signaling (Ishikawa et 
al., 2005).  This evidence warrants further exploration of 
these regulatory pathways in response to phthalate 
exposure. Further research should also explore the cell-
type specific mechanisms of phthalate toxicity. These 
results also need to be replicated with other phthalates to 
determine whether this inflammatory mechanism is 
consistent across reproductively toxic phthalates or 
unique to DPP. Better understanding of the mechanisms 
of phthalate toxicity will contribute to more informed risk 
assessment of this ubiquitously used class  of  chemicals. 
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