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Abstract
Purpose The purpose of this studywas to evaluate the capacity
of bovine granulosa cells to generate reactive oxygen interme-
diates in response to lipopolysaccharide. We hypothesized that
granulosa cells increase reactive oxygen intermediates in
response to Gram-negative lipopolysaccharide in a similar
manner to immune cells.
Methods Bovine peripheral blood mononuclear cells and
granulosa cells were cultured in the presence of lipopolysac-
charide. Oxidative stress was evaluated using the fluorescent
marker dye CellROX, and oxidative stress-related genes were
measured using real-time RT-PCR.
Results As expected, peripheral blood mononuclear cells in-
creased oxidative stress in response to lipopolysaccharide as
measured by accumulation of the fluorescent marker dye
CellROX. While granulosa cells demonstrate the capacity to
increase accumulation of CellROX dye in response to a
positive control menadione, lipopolysaccharide had no effect
on accumulation of CellROX dye. The expression of GSR,
SOD1, and SOD2 were variable in peripheral blood mononu-
clear cells treatedwith lipopolysaccharide but were consistently
upregulated when co-incubated with the antioxidant, N-acetyl
cysteine. The expression of oxidative stressrelated genes was
not altered in granulosa cells, with the exception of elevated
SOD1 following lipopolysaccharide exposure in the absence of
antioxidant.
Conclusions Combined, these data suggest that while reactive
stress is important in pathogen killing and inflammation in

immune cells, granulosa cells do not increase oxidative stress
in response to lipopolysaccharide.
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Introduction

The microenvironment of the ovarian follicle is of paramount
importance to the successful development of the oocyte.
During uterine infection of dairy cows, the ovary has been
suggested as a peripheral target of bacterial components, alter-
ing follicle growth, estradiol synthesis, and ultimately fertility
[1–3]. We have demonstrated that isolated bovine or human
granulosa cells increase synthesis of inflammatory cytokines
(IL-6) and chemokines (IL-8) in response to purified bacterial
components, including lipopolysaccharide (LPS) [4–6]. This
inflammatory response alters the developmental microenvi-
ronment of the ovarian follicle, potentially impacting oocyte
quality. In fact, cows that suffer uterine infection concentrate
LPS in follicular fluid and have reduced fertility even after the
resolution of infection [7, 8]. In vitro studies have demonstrat-
ed that LPS exposure of ovarian tissue reduces the follicle
reserve, and oocyte developmental competence is reduced
due to diminished meiotic competence [4, 9, 10]. It has been
demonstrated that there exist resident bacteria within follicular
fluid of women which have been associated with infertility
[11, 12]. Granulosa cell response to LPS is Toll-like receptor
(TLR) 4 dependent and results in the activation of downstream
mediators including p38 and ERK. However, bovine granulo-
sa cells do not utilize the universal regulator of TLR inflam-
mation, NF-κB, to induce these changes as professional im-
mune cells do [4, 13].
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Peripheral blood mononuclear cells (PMBCs) readily re-
spond to bacterial components to increase production of in-
flammatory mediators via TLR activation and NF-κB signal-
ing (reviewed in [14]). A consequence of TLR and NF-κB
activation in PBMCs is the increase in reactive oxygen inter-
mediates (ROIs). Increased production of ROI serves PBMCs
to kill phagocytosed bacteria by oxidative-induced damage, in
addition to regulating NF-κB-regulated cytokine production.
Although there is no evidence that granulosa cells act as
phagocytic cells in response to bacteria, TLR-mediated in-
creases in inflammatory mediators may require ROI genera-
tion. Interestingly, the presence of elevated ROIs during
in vitro fertilization or embryo culture reduces reproductive
outcomes during artificial reproduction [15–17].Many studies
have demonstrated that elevated ROI in semen is associated
with poorer IVF outcome [18, 19].

We hypothesized that granulosa cells increase reactive ox-
ygen in response to Gram-negative LPS in a similar manner to
immune cells. Using purified bovine granulosa cell and
PBMC cultures, we aim to measure LPS-induced oxidative
stress by using the fluorogenic probe CellROX and quantify-
ing expression of oxidative stress response genesGSR, SOD1,
and SOD2.

The studies described here aim to expand our understand-
ing of how granulosa cells respond to LPS and potentially
alter the developmental environment of the oocyte and subse-
quently impact fertility of females with uterine infection.

Materials and methods

All reagents were acquired from Fisher Scientific (Waltham,
MA) unless otherwise stated.

Granulosa cell isolation and culture

Bovine ovaries were collected at a local slaughterhouse
and transported directly to the laboratory in antibiotic sup-
plemented saline. Antral follicles (4–8 mm) were aspirated
using a sterile needle and syringe and collected into han-
dling medium (Medium 199 with 0.5% bovine serum al-
bumin (BSA) fraction V, 2 mM sodium pyruvate, 1% pen-
icillin-streptomycin, 20 mM HEPES, and 50μg/ml hepa-
rin). Granulosa cells were isolated from 4 to 8 mm follicles
to generate a homogenous population of cells that are FSH
responsive and LH non-responsive [20]. Our previous
studies have shown that granulosa cells from 4 to 8 mm
follicles are more responsive to LPS than granulosa cells
isolated from dominant follicles [4, 6]. Crude granulosa
cell preparations were centrifuged at 400×g for 10 min.
Subsequent cell pellets were resuspended in 2 ml of warm
PBS and overlaid on a 1:1 Percoll/PBS solution and cen-
trifuged for 30 min at 720×g to isolate granulosa cells by

density centrifugation. Granulosa cells formed a distinct
band following centrifugation which was collected and
washed twice by centrifugation as above. Purified granu-
losa cells were resuspended in complete granulosa cell cul-
ture medium (Medium 199, 1% L-glutamine, 1× insulin-
transferrin-selenium, 1% penicillin-streptomycin) at a con-
centration of 1.5 × 106 cells/ml. Granulosa cells were plat-
ed in 500 μl aliquots into 24-well culture plates and placed
in humidified air incubators at 5% CO2 for 24 h prior to
treatment.

Peripheral blood mononuclear cell isolation and culture

Holstein cows were housed at the University of Florida dairy
research unit. All procedures were approved by the University
of Florida Institutional Animal Care and Use Committee.
Whole blood was collected from Holstein cows via the coc-
cygeal vein into heparin vacutainers and centrifuged at 400×g
for 10 min. The buffy coat was aspirated and washed again in
PBS by centrifugation. Cell pellets were resuspended and
underwent red cell lysis by addition of water before immediate
isotonic balancing using 10× PBS. Cells were washed again
by centrifugation and finally resuspended at 1.5 × 106 cells/ml
and were plated in 500 μl aliquots into 24-well culture plates
and placed in humidified air incubators at 5% CO2 for 24 h
prior to treatment.

Measuring oxidative stress response to LPS by CellROX

Following equilibration, both PBMCs and granulosa cells
were exposed to 10-fold increasing doses of ultrapure LPS
(1 ng/ml–10 μg/ml; Invivogen, San Diego, CA) in fresh cul-
ture medium. A positive control (12.5 μM menadione) and
antioxidant control (25 μM N-acetylcysteine (NAC)) were
also added to cells, while NAC was added in combination
with LPS. Cultures were finalized following 1 or 24 h of
treatment. To measure oxidative stress, the cell permeant in-
dicator dye CellROX was used in combination with flow cy-
tometry. While in a reduced state, CellROX remains non-
fluorescent and when oxidized, CellROX binds DNA and
becomes fluorescent. Thirty minutes prior to termination of
the experimental period, 3 μMof CellROXwas added to each
well. Adherent cells were treated with HyQTase to facilitate
transfer of cells into FACS tubes for analysis. Mean fluores-
cence intensity (MFI) of CellROX was measured using an
Accuri C6 cytometer from four independent experiments in-
cluding all presented treatments. Only viable cells were eval-
uated following propidium iodide exclusion. In addition, cells
were visualized on a Zeiss Axioplan-2 epifluorescence micro-
scope after incubation with Hoechst 3342 to label DNA.
Images in the green and blue channels were captured at the
same exposure between samples.
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Measuring expression of oxidative stress-related genes
by real-time RT-PCR

At the completion of the treatment period, total RNA was
isolated using the TRIzol method. Reverse transcription of
1 μg of RNA was performed using the Verso cDNA
Synthesis Kit according to the manufacturer’s instructions.
Sequencespecific primers were designed to span exon bound-
aries (Table 1), proven to have linear amplification efficiency
of > 90% and showed product size consistent with the predict-
ed sequence. Realtime RT-PCR was performed with a Bio-
Rad CFX Connect using SYBR Green chemistry (iTaq
Universal Master Mix; Bio-Rad) from four independent ex-
periments including all presented treatments. Expression of
18S rRNA was compared between treatment groups and
shown not be different, and as such was used as a suitable
housekeeper gene. Data were normalized independently to
18S rRNA expression using the ΔΔCt method.

Statistical analysis

SPSS version 20.0 software was used for statistical anal-
ysis. Gene expression measured by real-time RT-PCR, and
MFI were analyzed using general linear model univariate
analysis, and comparisons were made with control using
the Dunnett’s pairwise post hoc test and Bonferroni post
hoc test between all treatments. Data was tested for nor-
mality by the Shapiro-Wilk test for normality. If data was
not normally distributed, it was log-transformed for anal-
ysis and normality was confirmed by repeating the
Shapiro-Wilk test for normality and observing Q-Q plots
(see figure legends for transformed data sets). Data are
presented as means ± SEM, and a p value of ≤ 0.05 was
assumed to be statistically significant.

Results

Purity of granulosa cell cultures was assessed to quantify con-
taminating immune cells to ensure that measured oxidative
stress was due to the target cells of interest. Granulosa cell
culture contamination was assessed by measuring the expres-
sion of the immune cell marker PTPRC (formerly CD45) by
RT-PCR. CYP19A1 expression was evaluated as a positive
marker for granulosa cell enrichment (primers in Table 1).
Granulosa cell preparations were shown to be immune cell
free due to an absence of PTPRC PCR product in multiple
granulosa cell preparations (Fig. 1).

Visual fluorescence of CellROX was assessed in PBMCs
and granulosa cell cultures exposed to LPS. Treatment of
PBMCs with LPS for 1 h dramatically increased visual fluo-
rescence of CellROX compared to vehicle-treated PBMCs
(Fig. 2a, b). Interestingly, granulosa cells did not display any
increase in CellROX fluorescence after 1 h exposure to LPS
compared to vehicle-treated controls (Fig. 2c, d). As a result of
this unexpected finding, we quantified LPS induced oxidative
stress by measuring the MFI of CellROX in cells treated for 1
or 24 h using flow cytometry (Fig. 3). Not surprisingly,
PBMCs increased CellROX MFI in response to 1 h exposure
of 25 μM menadione compared to vehicletreated controls
(Fig. 3a; p < 0.05). Exposure to LPS for 1 h increased
CellROXMFI in PBMCs compared to vehicletreated controls,
and interestingly, concurrent treatment of cells with LPS and
NAC significantly reduced CellROXMFI (Fig. 3a; p < 0.05).
These oxidative stress responses in PBMCs were not
witnessed following treatments for 24 h (Fig. 3b). Granulosa
cells increased CellROX MFI in response to 1 h exposure of
25 μMmenadione when compared to vehicle-treated controls
(Fig. 3c; p < 0.05). However, LPS did not increase granulosa
cell CellROX MFI response after either 1 or 24 h treatment
when compared to vehicle-treated controls (Fig. 3c, d).

Table 1 Primer sequences and
accession numbers Gene Sequence (5′–3′) Accession number

CYP19A1 Sense GTGTCCGAAGTTGTGCCTATT NM_174305.1

Antisense GGAACCTGCAGTGGGAAATGA

GSR Sense CAAACTCCTGGGGCCTGAAT NM_001114190.2

Antisense GCAGCAATTGCAACTGGAGTA

PTPRC Sense CTCGATGTTAAGCGAGAGGAAT NM_001206523.1

Antisense TCTTCATCTTCCACGCAGTCTA

SOD1 Sense CACCATCCACTTCGAGGCAA NM_174615.2

Antisense GCACTGGTACAGCCTTGTGT

SOD2 Sense CCTGCAAGGAACAACAGGTCT NM_201527.2

Antisense TGGCCTTCAGATAATCGGGC

18S Sense AGAAACGGCTACCACATCCAA Hatzirodos et al. [16]

Antisense CCTGTATTGTTATTTTTCGT
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The relative expression of oxidative stress response genes
(GSR, SOD1, and SOD2) were evaluated in both PBMC and
granulosa cells exposed to LPS. Interestingly, following 1 h
(Fig. 4) or 24 h (Fig. 5) of treatment relative expression of
GSR and SOD1 was lower in PBMCs compared to granulosa
cells. In PBMCs treated with menadione for 1 h (Fig. 4a–c),
no change in GSR, SOD1, or SOD2 was observed. However,
granulosa cells increased expression of GSR and SOD2 in
response to menadione (Fig. 4d–f; not significant).
Treatment of either PBMCs or granulosa cells with LPS for
1 h did not increase expression of oxidative stress response
genes. There was a significant increase in expression of GSR,
SOD1, and SOD2 in PBMCs co-treated with LPS and the
antioxidant NAC for 1 h compared to LPS treatment alone.
Conversely, there was a significant difference in SOD1 ex-
pression of granulosa cells treated with LPS in combination
with NAC compared to LPS alone for 1 h. In PBMCs treated
for 24 h, expression of oxidative stress response genes was
highly variable (Fig. 5a–c). Expression of oxidative stress re-
sponse genes in granulosa cells treated with LPS for 24 h
showed no differences compared to vehicle-treated controls
(Fig. 5d–f). However, expression of GSR and SOD2 in gran-
ulosa cells treated with NAC for 24 h was significantly lower
compared to vehicletreated control cells.

Discussion

Granulosa cells have the capacity to elicit an innate immune
response to bacterial components [4]. In a similar fashion to
professional immune cells, granulosa cells increase the ex-
pression of inflammatory mediators (IL-1β, IL-6, IL-8, and
TNFα) in response to bacterial cell wall components like LPS
in a TLRdependent manner [4, 6, 21]. It has been demonstrat-
ed that as part of the innate immune response to pathogens,
professional immune cells increase ROIs to kill pathogens and
regulate production of inflammatory cytokines [22]. Here, we
aimed to determine if a similar capacity to increase reactive
oxygen in response to bacterial components exists in granulo-
sa cells. We evaluated oxidative stress in PBMCs and granu-
losa cells following exposure to LPS, measured by accumula-
tion of the fluorogenic probe CellROX. Our data suggest that
while granulosa cells have the capacity to increase oxidative
stress in response to stimulus, LPS does not increase oxidative
stress or alter expression of oxidative stress response genes,
GSR, SOD1, or SOD2. We had hypothesized that increased
ROI in response to LPS may be a mechanisms by which
oocyte quality is reduced and infertility occurs in cows suffer-
ing uterine infection.

Upon phagocytosis, professional immune cells such as
macrophages increase reactive oxygen synthesis (reviewed
in [23]). The production of pathogen defense ROIs begins
with activation of NADPH oxidase and generation of super-
oxide anions which are converted to hydrogen peroxide by
SOD. Increases of ROI aid in cellular killing of bacterial path-
ogens by oxidation within phagosomes. Interestingly, the reg-
ulation of cytokine expression (IL-1, IL-6, and TNFα) and
inflammasome assembly is also effected by ROIs [13]. This
observation has been linked to the participation of the key
regulator of inflammatory signaling, NF-κB, which directly
regulates NADPH oxidase [24]. However, we have previously
shown that granulosa cells do not utilize the NF-κB pathway
in response to TLR4 activation following LPS stimulation and
as such may not require increased ROI to regulate cytokine
production [4]. While we did not observe increases of

Fig. 1 Granulosa cell preparations are free of contaminating immune
cells. Cultured peripheral blood mononuclear cells (PBMCs) and granu-
losa cells (GCs) were analyzed for the expression of the immune cell
marker PTPRC and the granulosa cell marker CYP19A1 using RT-PCR.
Three individual granulosa cell preparations are shown listed as GC1,
GC2, and GC3

Fig. 2 Visualization of LPS induced oxidative stress in peripheral blood
mononuclear cells and granulosa cells. Peripheral blood mononuclear
cells (PBMCs; a, b) and granulosa cells (c, d) were treated with vehicle

or 1 μg/ml of LPS for 1 h. Cells were visualized by epifluorescence
microscopy. CellROX (green) as an indicator of oxidative stress and
DNA (blue) are shown. Scale bar represents 50 μm
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Fig. 3 Quantification of oxidative stress in peripheral bloodmononuclear
cells and granulosa cells. Peripheral blood mononuclear cells (PBMCs; a,
b) and granulosa cells (c, d) were exposed to specific treatments for a total
of 1 (a, c) or 24 h (b, d). Cells were exposed to 10-fold increasing doses of
ultrapure LPS alone or in combination with 25 μM of the antioxidant
NAC. The oxidative agent menadione was used as a positive control. In
the final 30 min of treatment, cells were exposed to 3 μM of CellROX to

quantify cellular oxidative stress. Cells were analyzed by flow cytometry
to quantify the mean fluorescence intensity (MFI) of 10,000 cells from
each treatment. All data were log-transformed for normal distribution.
Data are presented as mean ± SEM from four independent experiments.
**P ≤ 0.05 compared with vehicle treated controls; ^P ≤ 0.05 compared
LPS alone treated sample and LPS + NAC; analysis by general linear
model univariate analysis followed by Bonferroni post hoc test

Fig. 4 Oxidative stress response
genes following 1h treatment.
Peripheral blood mononuclear
cells (PBMCs; a–c) and granulosa
cells (d, e) were exposed to
treatments for a total of 1 h. Cells
were exposed to 0.01 or 1 μg/ml
of ultrapure LPS alone or in
combination with 25 μM of the
antioxidant NAC. The oxidative
agent menadione was used as a
positive control. Expression of
oxidative stress gene GSR (a, d),
SOD1 (b, e), and SOD2 (c, f)
were measured by real-time RT-
PCR. Granulosa cells GSR and
SOD2 data were log-transformed
for normal distribution. Data are
presented as mean ± SEM from
four independent experiments.
**P ≤ 0.05; analysis by general
linear model univariate analysis
followed by Dunnett’s pairwise
post hoc test or Bonferroni post
hoc test
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oxidative stress in granulosa cells, this may have been due to
increases in reactive oxygen response genes that have the
capacity to quench free radicals, such as those involved in
the glutathione synthesis pathway. However, we did not see
any LPSinduced increase inGSR expression in granulosa cells
which makes it unlikely that the cell is quenching any increase
in ROI and more likely that cells have simply not increased
ROI production in response to LPS. The reactive oxygen re-
sponse genes SOD1 and SOD2 are indeed downstream targets
of activated NF-κB signaling [25, 26] and involved in ROI
synthesis. It may be that because granulosa cells do not utilize
NF-κB signaling in response to LPS activation, which chang-
es in SOD1 or SOD2 expression are unlikely to be seen. It is
worthy of note that relative basal expression of all reactive
oxygen response genes was up to 500-fold higher in granulosa
cells that in PBMCs at both 1 and 24 h. This suggests that
resting granulosa cells have an increased capacity to deal with
elevated ROI and may not require significant gene
upregulation.

It is important to note that ROIs are generated in the mito-
chondria as a result of normal cellular metabolism. It could be
surmised that granulosa cells have a higher order of metabolic
rate and oxygen consumption than PBMCs due to their non-
terminally differentiated state and high proliferation capacity,

while PBMCs are generally terminally differentiated. This
may be evident by the numerically higher levels of oxidative
stress in vehicle treated granulosa cells compared to vehicle-
treated PBMCs quantified by flow cytometry; indeed, theMFI
of menadionetreated PBMCs is comparable to vehicletreated
granulosa cells. However, this requires further investigation
and the direct comparison of metabolic rates between
PBMCs and granulosa cells. In addition, the physiological
consequences of increased intrafollicular ROI would be detri-
mental to oocyte development. Indeed, during oocyte matura-
tion when metabolic activity is highest, ROI are low [27]. It
may be inferred that granulosa cells specifically do not in-
crease oxidative stress to protect the integrity of the oocyte,
protecting the germ line from oxidative damage. An alterna-
tive hypothesis is that granulosa cells require a longer period
of LPS stimulation to induce acute ROI production. Indeed,
granulosa cells may increase ROI in response to LPS if pro-
vided adequate time. However, the observation that granulosa
cells possess the capacity to induce a rapid response to
medadione stimulation is suggestive that a distinct pathway
for LPSinduced ROI production exists—a paradigm which
would require a complete time course exposure.

In summary, these data suggest that granulosa cells do not
increase oxidative stress in the same manner as professional

Fig. 5 Oxidative stress response
genes following 24 h treatment.
Peripheral blood mononuclear
cells (PBMCs; a–c) and granulosa
cells (d–e) were exposed to
treatments for a total of 24 h. Cells
were exposed to 0.01 or 1 μg/ml
of ultrapure LPS alone or in
combination with 25 μM of the
antioxidant NAC. The 12.5 μM
of the oxidative agent menadione
was used as a positive control.
Expression of oxidative stress
geneGSR (a, d), SOD1 (b, e), and
SOD2 (c, f) were measured by
real-time RT-PCR. Granulosa
cells GSR and SOD2 and PBMC
GSR, SOD1, and SOD2 data were
log-transformed for normal
distribution. Data are presented as
mean ± SEM from four
independent experiments.
**P ≤ 0.05; analysis by general
linear model univariate analysis
followed by Dunnett’s pairwise
post hoc test or Bonferroni post
hoc test
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immune cells in response to LPS. This is surprising consider-
ing the capacity of these cells to increase expression of inflam-
matory mediators in response to LPS in a TLR4dependent
manner [4, 5].

Conclusion

The data presented here expands on the model of how granu-
losa cells induce an inflammatory response to bacterial com-
ponents. We conclude that while granulosa cells can produce
TLR4dependent inflammation in response to LPS, they do so
in the absence of increased oxidative stress. An absence of
increased oxidative stress within the ovarian follicle may be
a mechanism by which granulosa cells attempt to protect the
developing oocyte from oxidative damage during infection.
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