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TNF� has significant in vitro effects on steroidogenesis and
folliculogenesis and reproductive alterations occur in TNF
receptor type 1 (TNFR1) knockout mice. The present study
investigated the effect of in vitro TNF on granulosa cell pro-
liferation from immature mice at 28 d of age, with emphasis on
intracellular signaling that regulates granulosa cell prolifer-
ation. TNF dose dependently increased granulosa cell prolif-
eration and the proto-oncogene c-Jun protein. However, other
Jun family members such as JunD was expressed constitu-
tively and JunB was not expressed. In vitro TNF did not in-
crease c-Jun and proliferation in granulosa cells from TNFR1
knockout mice. The time course of TNF-induced c-Jun re-
vealed biphasic patterns of short-term (3 h) and long-term (24
h) induction. The time courses of Ser63- and Ser73-phospho

c-Jun coincided with changes in total c-Jun. Among MAPK
cascades, stress-activated protein kinase/c-Jun-NH2-teminal
kinase signaling was increased transiently in TNF-treated
cells, whereas p38MAPK and ERK1 and 2 were not changed. In
addition, overexpression of nuclear factor-�B and addition of
ceramide and 8-bromo-cAMP did not increase c-Jun or pro-
liferation. Antisense oligonucleotides for c-Jun blocked cell
proliferation induced by TNF. In conclusion, the above results
demonstrate that TNF increased c-Jun by activating stress-
activated protein kinase/c-Jun-NH2-teminal kinase signaling
via TNFR1 in mouse granulosa cells, and the induced c-Jun
resulted in increased cell proliferation. (Endocrinology 145:
1218–1226, 2004)

TNF� IS A MULTIFUNCTIONAL hormone-like polypep-
tide and modulates many genes involved in inflam-

mation, infection, and malignancy. Although macrophages
are a main source of TNF, oocytes, corpora lutea, and theca
and granulosa cells have been reported to contain TNF or its
mRNA (1–4). TNF is well known in regulating steroidogen-
esis (5–8), folliculogenesis (9, 10), ovulation (11), luteiniza-
tion (12, 13), and fertility (14, 15) in numerous species in-
cluding rodents and humans. TNF binding sites exist in
granulosa cells (16, 17) and ovarian TNF signaling cascades
regulating steroidogenesis act most likely via p55 TNF re-
ceptor type 1 (TNFR1) (15) rather than p75 TNF receptor type
2 (TNFR2) (10, 15). TNF exerts its function through the in-
ternal portion of TNFR1 containing three functional do-
mains: 1) C-terminal death domain, 2) acid sphingomyelin
activating domain, and 3) neutral sphingomyelin activating
domain (18). Each domain binds distinct proteins and acti-
vates downstream signaling proteins including MAPK, cer-
amide, caspase, activation protein-1 (AP-1), and nuclear fac-
tor (NF)-�B. The Jun family (c-Jun, Jun-B, and Jun-D), a basic
region leucine zipper (bZIP) family of transcription factors,
forms homodimers or heterodimers among Jun family mem-

bers, Fos family members (c-Fos, Fos-B, Fra-1, and Fra-2) and
activating transcription factor-2 (ATF-2). The dimer binds the
consensus DNA sequence (TGAC/GTCA) sites called AP-1
found in a variety of promoters (19, 20). The functional roles
of AP-1 transcription factors involve several cellular pro-
cesses including cell cycle, oncogenesis or apoptosis (21). In
particular, c-Jun regulates differentially apoptosis, prolifer-
ation or differentiation with a cell-specific manner (20, 21).
Therefore, TNF-induced c-Jun may be a key protein in ex-
plaining differential effects of TNF in granulosa cells. It is
well known that TNF may affect granulosa cell apoptosis (13,
22–24), proliferation (10, 13, 25, 26) and differentiation (12,
13). Because the intracellular mechanism of TNF-induced
proliferation in vitro is unclear, the present study focused on
signaling pathways involved in TNF-induced proliferation
in vitro of granulosa cells from immature mice and whether
or not c-Jun was involved.

Materials and Methods
Reagents

Recombinant murine TNF� was obtained from R&D Systems (Min-
neapolis, MN). SP600125 (JNK inhibitor), SB203580 (p38 inhibitor), BAY
11-7082 (NF-�B inhibitor) and C2 ceramide (N-acetylsphingosine) were
purchased from Biomol (Plymouth Meeting, PA). PD98059 (MAPK in-
hibitor) was obtained from Calbiochem (La Jolla, CA). The following
reagents were purchased from Sigma (St. Louis, MO): dexamethasone
(DEX), 8-bromo-cAMP (cAMP), penicillin G/streptomycin, and fi-
bronectin. Lipofectamine Plus and all liquid culture media were ac-
quired from Invitrogen (Grand Island, NY). The following antibodies
were purchased from Cell Signaling Technology (Beverly, MA): ATF-2,
c-Jun, phospho-c-Jun (Ser63), phospho-c-Jun (Ser73), stress-activated
protein kinase/c-Jun-NH2-teminal kinase (SAPK/JNK), phospho-

Abbreviations: AP-1, Activation protein-1; ATF-2, activating tran-
scription factor-2; cAMP, 8-bromo-cAMP; DEX, dexamethasone; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF, nu-
clear factor; SAPK/JNK, stress-activated protein kinase/c-Jun-NH2-
teminal kinase; TNFR1 or TNFR2, TNF receptor type 1 or 2.
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SAPK/JNK (Thr183/Tyr185) and phospho-p44/42 MAPK (Thr202/
Tyr204). The following antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA): JunB, JunD, �-actin, c-Fos, p38, and
phospho-p38. Oligonucleotides for c-jun antisense (5�-TTC CAT CTT
TGC AGT CAT-3�) (27) and its scrambled oligonucleotides (5�-TCT CCT
ATT GAT CGT TCA-3�) were obtained from Integrated DNA Technol-
ogies (Coralville, IA). NF-�B luciferase vector was obtained from BD
Biosciences (Palo Alto, CA). p65-pRc/RSV and p50-pcDNAI were
kindly provided by Dr. Tom Maniatis (Harvard University, Cambridge,
MA). ERK1/2 and its phospho-antibodies and the Luciferase Reporter
Assay System were obtained from Promega (Madison, WI). Dimethyl-
sulfoxide was purchased from Fisher Scientific (St. Louis, MO).

Animals

C57BL6 mice from Harlan, Inc. (Indianapolis, IN) and TNFR1 null
mice on a C57BL6 background from Immunex (Seattle, WA) were es-
tablished as breeding colonies in our laboratory. All mice were given
commercial pellet feed and drinking water ad libitum and housed with
controlled 12-h light, 12-h dark cycle under pathogen-free conditions.
All handling of animals and procedures conformed to the guidelines set
forth by the Institutional Animal Care and Use Committee of the Uni-
versity of Kansas Medical Center.

Granulosa cell culture and treatments

Ovaries were collected under a laminar flow hood from mice at age
of 28 d and placed in cold DMEM/F12 supplemented with penicillin
(100 U/ml) and streptomycin (100 �g/ml). The ovaries were cleaned of
all connective tissues and fat. Follicles were punctured using a 27-gauge
needle attached to a 1-ml syringe to extrude granulosa cells. Granulosa
cells (�2 � 105 cells/ml) were cultured at 37 C in a water-saturated
atmosphere of 95% air and 5% CO2 in fibronectin-coated 96-, 12-, or
six-well culture plates with serum-free DMEM/F12 medium containing
penicillin/streptomycin. After overnight culture to allow cellular at-
tachment to the plate, the medium was removed and fresh medium was
added. Treatments were initiated as outlined in Results.

Western blot

Total cell lysates were prepared, fractionated on SDS-polyacrylamide
gels and transferred to nitrocellulose membranes according to estab-
lished procedures (28). Blocking of nonspecific proteins was performed
by incubation of the membranes with 5% nonfat dry milk in Tris-
buffered saline Tween-20 [TBST containing 10 mm Tris, 150 mm PBS,
0.05% Tween 20 (pH 8.0)] for 2 h at room temperature. Blots were
incubated with primary antibodies at 1:1000 dilution in blocking solu-
tion overnight at 4 C. The membranes were washed three times with
TBST for 10 min and followed by incubation for 1 h with horseradish
peroxidase-conjugated secondary antibody according to primary anti-
body used at 1:2500 in 5% milk/TBST. The membranes were then rinsed
three times with TBST for 10 min, and the bands were visualized by
enhanced chemiluminescence. After membrane stripping for 10 min
with methanol containing 3% H2O2, �-actin was detected immunolog-
ically to serve as an internal loading control.

Immunofluorescence

Granulosa cells grown on eight-chambered slides were treated with
TNF (10 ng/ml) for 24 h. The cells in the chamber slides were washed
three times in PBS and fixed for 10 min in cold absolute methanol at �20
C. The methanol-fixed slides were dried completely and rinsed quickly
with PBS. The slides were incubated with 10% normal goat serum in PBS
for 30 min to suppress nonspecific binding. After removing the serum
solution, the slides were incubated overnight at 4 C with rabbit anti-
bodies for c-Jun and JunD at 1:200 in PBS with 1.5% normal goat serum.
The slides were then washed three times with PBS and then incubated
with fluorescein isothiocyanate-conjugated secondary antibody at 1:400
in PBS containing 1.5% normal goat serum for 1 h in a dark room. Finally,
the slides were washed three times with PBS, mounted with a coverslip
and viewed using a fluorescence microscope.

Transient transfection and the luciferase assay

Granulosa cells at approximately 50% confluency in a 12-well plate
were washed once with fresh DMEM/F12 (without additives) and were
transiently transfected with vectors indicated in Results for 3 h according
to manufacturer’s instructions by using Lipofectamine Plus. Transfected
cells were treated as outlined in Results and incubated for 24 h. Cell
lysates were prepared according to manufacturer’s instructions and
luciferase activity was determined using a microplate luminometer.
Luciferase activity expressed as relative light units was normalized to
the protein level.

Cell proliferation assay

The cell proliferation assay was performed by using the cleavage of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to
a colored product as previously described (3). Briefly, after 24 h of
culture in a 96-well plate, each well was washed twice with phenol
red-free media. After removing the media, 100 �l of MTT solution (1
mg/ml of phenol red-free media:PBS � 4:1) was added and the plates
were incubated for 3–4 h at 37 C under 5% CO2 in air with protection
from light. The MTT solution in each well was removed and 100 �l of
isopropanol was added. The plates were placed on a shaker for 10 min
at room temperature to thoroughly dissolve the MTT color product. The
OD was measured at 570 nm using a spectrometer.

Statistics

Where appropriate, as determined by repetition of the experiments
at least three times, data were analyzed by Student’s t test and one-way
ANOVA. If statistical significance (P � 0.05) was determined by
ANOVA, the data were further analyzed by the Student-Newman-Keuls
method to detect specific differences between treatments or groups. If
experiments were repeated only twice because of the use of limited
numbers of primary cells, a mean and range is given.

Results
Effects of TNF on granulosa cell proliferation: requirement
of TNFR1 (Fig. 1)

In the absence of TNF, relative cell density of granulosa
cells at 24 h from C57BL6 mice increased compared with that
at 0 h (left panel). TNF at 5 and 10 ng/ml further increased the
relative number of granulosa cells from normal mice (�/�).
In contrast, this effect of TNF was not observed in cells from
TNFR1 null mice (�/�).

FIG. 1. Relative granulosa cell density at 0 and 24 h in C57BL6 mice
(left panel) and effects of in vitro TNF (0–10 ng/ml) on relative gran-
ulosa cell density at 24 h in C57BL6 (�/�) and TNFR1 knockout (�/�)
mice. Data represent the mean and range from eight determinations
in two (0 and 24 h) and mean � SEM of four (TNF) experiments.
Different color bars indicate significance (P � 0.05) compared with 0
using the Student-Newman-Keuls method within a group.
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Effects of TNF on AP-1 components in granulosa cells:
specific expression of c-Jun protein (Figs. 2 and 3)

TNF increased c-Jun protein in mouse granulosa cells at 1 h
after treatment without affecting c-Fos and ATF-2 that were
constitutively expressed (Fig. 2A). Among Jun family mem-
bers, only c-Jun was increased by TNF; JunB was not ex-
pressed and JunD was constitutively expressed (Fig. 2B).
Cellular immunofluorescence of c-Jun confirmed the in-
crease in c-Jun protein by TNF at 24 h (Fig. 3, A and B) and
even within 2 h (inset) as well as the constitutive expression
of JunD (Fig. 3, C and D). TNF increased c-Jun as evidenced
by intensely concentrated nuclear fluorescence, whereas
JunD was expressed uniformly throughout the entire
nucleus.

Dose-dependent effects of TNF on c-Jun: involvement of
TNFR1 (Fig. 4)

TNF increased c-Jun dose dependently at 24 h with max-
imal levels (�7-fold) attained at 5 ng of TNF/ml (Fig. 4A).
Granulosa cells from TNFR1 null mice did not respond to
TNF as evidenced by a lack of c-Jun protein expression (Fig.
4B). TNF also increased Ser63-phospho and Ser73-phospho
c-Jun in parallel to c-Jun at 24 h.

Time course of c-Jun protein expression in TNF-treated
granulosa cells: biphasic expression and MAPK cascades
(Fig. 5)

The expression of c-Jun protein after TNF revealed a bi-
phasic pattern with short-term induction (1–3 h) and long-
term induction (12–24 h) (Fig. 5A). The time course of its
phospho-forms (p63 and p73) was similar with that of c-Jun.
Phospho-SAPK/JNK protein was quickly activated by TNF
(1–3 h) and thereafter was not detectable (6–24 h). On the
other hand, SAPK/JNK, phospho-p38MAPK, p38MAPK,
phospho-ERK1/2 and ERK1/2 were not increased by TNF
during the 24 h of culture (Fig. 5B). In fact, phospho-
p38MAPK and phospho-ERK1/2 were not detectable.

Short-term induction of c-Jun protein by TNF and its
MAPK cascades (Fig. 6)

Further analysis of the early increase in c-Jun protein re-
vealed that it reached a maximum at 2 h after TNF (Fig. 6A).
JunB was not expressed, and JunD was constitutively ex-
pressed and neither were affected by TNF. Phospho-SAPK/
JNK protein was quickly increased by TNF within 15 min and
thereafter remained quite low (Fig. 6B). Phospho-p38MAPK
and phospho-ERK1/2 were not detectable with and without
TNF treatment. Total SAPK/JNK, p38MARK, and ERK1/2
were constitutively expressed and unaffected by TNF.

Effect of MAPK inhibitors on TNF-induced c-Jun protein
(Fig. 7)

A JNK inhibitor, SP600125 (10 �m) blocked the TNF-
increase in c-Jun observed at 2 h (Fig. 7A). In contrast,
SB203580 (10 �m), a p38MAPK inhibitor, and PD98059 (10
�m), an ERK inhibitor, did not block the increase in c-Jun by
TNF at 2 h (Fig. 7A).

In long-term studies (24 h) (Fig. 7B), 5 and 10 �m SP600125
blocked the expression of c-Jun induced by TNF, but this was
not observed at 1 �m. However, SP600125 at 10 �m was
cytotoxic after 24 h incubation, as determined microscopi-
cally with cell rounding, floating, and detachment (data not
shown). SB203580 and PD98059, each at 10 �m, did not block
the TNF-increase in c-Jun protein.

Assessment of other TNF signaling cascades on c-Jun
protein expression (Fig. 8)

After transient transfection of granulosa cells with p50/
p65 vectors of NF-�B, the luciferase activity indicating acti-
vation of NF-�B, one of the main signaling cascades of TNF,

FIG. 2. In vitro effects of TNF on expression of c-Jun, c-Fos, ATF-2
(A), and Jun family members including c-Jun, JunB, and JunD (B) in
mouse granulosa cells at 1 h (T1) and 24 h (T24) after TNF treatment
(10 ng/ml). Each gel lane was loaded with 20 �g of total protein using
whole cell lysates. �-Actin was used as a loading control and was
reprobed from c-Jun (A) and JunB membranes (B). The whole ovary
(OV) and the liver (Liver) from C57BL6 mice were used as positive
controls for JunB. C, Control; T, TNF.

FIG. 3. In vitro effects of TNF (10 ng/ml) on cellular immunofluores-
cence of c-Jun and JunD. Magnification is �100 except for insets at
�400. White arrows point to intense nuclear fluorescence. Cells were
incubated with TNF (10 ng/ml) for 0, 2, or 24 h. A, c-Jun in control with
no treatment after 24 h; B, c-Jun 24 h after TNF treatment; C, JunD
in control with no treatment after 24 h; D, JunD 24 h after TNF
treatment. Notice the larger number of cells in TNF treatment group
stained for JunD (C vs. D).
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was increased approximately 17-fold (Fig. 8A, right panel).
But activation of NF-�B did not affect the expression of c-Jun
by 24 h (Fig. 8A, left panel). TNF did not affect total NF-�B
protein as determined by Western blots (data not shown). In
addition, BAY 11-7082 and DEX, both well-known NF-�B
inhibitors, did not alter the short-term induction of c-Jun by
TNF at 2 h (Fig. 8B). Because BAY 11-7082 was very cytotoxic
even at 1 �m concentration (data not shown), it could not be
used for a 24-h exposure. C2-ceramide (1 �m) and cAMP (500
�m), each alone, did not increase c-Jun (Fig. 8C).

Involvement of c-Jun in cell proliferation (Fig. 9)

Antisense oligonucleotides for c-jun blocked completely
the relative increase in granulosa cells induced by TNF,
whereas its scrambled oligonucleotides did not block the
increase (Fig. 9A). Also, antisense oligonucleotides for c-jun
reduced the TNF increase in granulosa c-Jun protein,
whereas its scrambled oligonucleotides had no effect (Fig.
9B). c-Fos protein was not altered by antisense c-Jun or its
scrambled oligonucleotides (Fig. 9B).

FIG. 4. Dose-dependent in vitro effects of TNF on c-Jun in cultured mouse granulosa cells from intact C57BL6 mice (A). Cells were incubated
with 0, 0.1, 0.5, 1, 5, and 10 ng of TNF/ml of medium for 24 h. Effects of TNF on expression of c-Jun, Ser p63-c-Jun, and Ser p73-c-Jun in granulosa
cells from intact (C, T) and TNFR1 knockout mice (C�, T�). Each lane was loaded with 20 �g total protein from whole cell lysates. �-Actin
was used as a loading control and was reprobed from the p73-c-Jun membrane (B). A, Data represent mean and range relative to OD normalized
by �-actin from two experiments, and therefore no statistics are included. C, Control-treated cells from C57BL6 mice; T, TNF treatment of cells
from C57BL6 mice; C�, control-treated cells from TNFR1 knockout mice; T�, TNF treatment of cells from TNFR1 knockout mice; p63-c-Jun,
serine 63-phospho-c-Jun; p73-c-Jun, serine 73-phospho-c-Jun.

FIG. 5. In vitro effects of TNF (10 ng/ml) on the
time course of Jun proteins (A) and MAPK in-
duction (B) in mouse granulosa cells. Cells were
incubated with TNF (10 ng/ml) for 0, 1, 3, 6, 12,
and 24 h. Each lane was loaded with 20 �g total
protein using whole cell lysates. �-Actin was
used as a loading control for c-Jun and its phos-
pho-forms and was reprobed from the p73-c-Jun
membrane (A). A, Data represent mean and
range relative to OD normalized by �-actin from
two experiments with no statistical analyses. B,
Data represent the mean and SEM from three
experiments where different superscripts indi-
cate significant difference (P � 0.05) between
fold within a group compared with 0. The whole
ovary (OV) and the liver (Liver) from C57BL6
mice were used as positive controls for MAPK
phosphoproteins. Each total MAPK protein was
used as loading controls for its MAPK phospho-
proteins.
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Discussion

The main findings in the present study were that TNF
increased c-Jun protein in a time- and dose-dependent man-
ner in mouse granulosa cells through the TNFR1 and that
blockage of c-Jun using antisense oligonucleotides decreased
TNF-induced cell proliferation. The TNF-induced c-Jun pro-
tein was closely related with increases in the phosphorylated
forms of SAPK/JNK. SAPK/JNK is one of three subfamilies
of MAPK including also ERK1 and 2, and p38MAPK. In the
mouse granulosa cell, TNF increased only the phosphory-
lated forms of SAPK/JNK (Figs. 5B and 6B). However, in
other cell types TNF can increase all three subfamilies of
MAPK (29, 30). The TNF-induced increase in phospho-
SAPK/JNK in mouse granulosa cells appeared to be specific
and related to c-Jun based on the following observations: 1)
TNF activated only the phosphorylated form of SAPK/JNK
within 15 min (not the nonphosphorylated form, Fig. 6B); 2)
SP600125, a JNK inhibitor, blocked the increase in TNF-
induced c-Jun protein (Fig. 7A); 3) phosphorylated and non-
phosphorylated forms of ERK1 and 2 and p38MAPK did not
change after TNF treatment; 4) SB203580 (a p38MAPK in-
hibitor) and PD98059 (an ERK inhibitor) had no effect on the
increase in c-Jun protein induced by TNF (Fig. 7); and 5)
lastly, there were no changes in immunoactive ATF-2 and
c-fos (Fig. 2A). Previous studies using different cell types
have shown that SAPK/JNK is involved in the regulation of
c-Jun (19, 31), that ERK1 and 2 contribute to c-fos induction
(31), and that p38MAPK contributes to induction of ATF-2
(19). The latter two did not change in response to TNF in the

mouse granulosa cell (Fig. 2A). In addition, unpublished
observations from our laboratory reveal that TNF did not
affect phosphorylation of ATF-2 (data not shown).

Ser63 and Ser73 sites within c-Jun were phosphorylated in
concert with the phosphoryation of SAPK/JNK at 1 and 3 h
after TNF treatment but not at 12 and 24 h (Fig. 5, A and B).
Interestingly, TNF induced the phosphorylation of c-Jun
(Figs. 4 and 5), and this coincided with an increase in total
c-Jun protein as revealed by the similar biphasic time courses
between c-Jun and its phospho-forms (Fig. 5A). SAPK/JNK
can phosphorylate the c-Jun trans-activating domain at Ser63
and Ser73 (19); thus, the present data are consistent with that
observation.

The mechanism for the increase in c-Jun protein after TNF
treatment in the mouse granulosa cell is currently unknown.
However, most genes encoding AP-1 sites such as c-Jun
behave as immediate-early genes and are induced rapidly
without de novo protein synthesis (31). The increase in c-Jun

FIG. 6. Effects of TNF on short-term (0–3 h) induction of Jun proteins
(A) and MAPKs (B). Cells were incubated with TNF (10 ng/ml) for 0,
0.25, 0.5, 1, 2, and 3 h. Each lane was loaded with 20 �g total protein
from whole cell lysates. �-Actin was used as a loading control for Jun
family and was reprobed from the JunB membrane (A). Data in panels
A and B represent the mean and range relative to OD normalized by
�-actin from two experiments and thus no statistical analyses were
performed. Each total MAPK protein was used as loading controls for
its MAPK phosphoproteins.

FIG. 7. Effects of SAPK/JNK, p38MAPK and ERK inhibitors on c-Jun
expression in mouse granulosa cells after 2 h (A) and 24 h (B) of
incubation with TNF (10 ng/ml). SP600125 (SP), a JNK inhibitor, was
used at either 10 �M (A) or 1–10 �M (B). SB203580 (SB), a p38MAPK
inhibitor, and PD98059 (PD), an ERK inhibitor, were used at 10 �M
each. All MAPK inhibitors were incubated with the cells 1 h before
addition of TNF. Each lane was loaded with 20 �g total protein from
whole cell lysates. �-Actin was used as a loading control for c-Jun.
Data represent mean and range relative to OD normalized by �-actin
from two experiments.
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might be related to a decrease in protein degradation because
phosphorylation of c-Jun has been shown to reduce ubiq-
uitin-dependent degradation (32). Thus, the increases in c-
Jun at 1–3 h and at 12–24 h after TNF treatment in mouse
granulosa cells may be due to decreased degradation of c-Jun
as observed in a different cell type (32). Whether the pro-
moter of c-Jun is activated and leads to increased transcrip-
tion after TNF treatment remains unknown. Possibly both
reduced degradation and increased transcription may even-
tually account for the increase in c-Jun protein after TNF
treatment.

The physiological roles of TNF in ovarian granulosa cell
function still remain elusive. A combination of in vitro and in

vivo studies shed some light on these roles. First of all, TNF
has been identified in whole ovaries, oocytes, follicular fluid,
corpora lutea, and granulosa cells of many species including
rodents, cows, pigs, and humans and numerous potential
roles of TNF in follicular development, steroidogenesis, and
luteal function have been reported (33). In vitro TNF is well
known to inhibit gonadotropin-induced granulosa cell and
theca cell steroidogenesis (33), and the inhibition of steroi-
dogenesis by TNF does not occur in TNFR1 knockout mice,
indicating the necessity of the TNFR1 (15). TNFR1 knockout
mice exhibit early puberty and undergo normal estrous cy-
cles but enter periods of acyclicity associated with aging
sooner than mice with intact TNFR1 receptors; whether this

FIG. 8. Effects of NF-�B activation on the expression of
c-Jun protein (A). After transient transfection for 3 h with
p65-pRc/RSV and p50-pcDNAI vectors or the correspond-
ing empty vector, cells were incubated for 24 h. A, Right
panel, NF-�B activation using NF-�B luciferase vector.
Asterisk indicates significant (P � 0.05) difference between
groups as determined by the Student’s t test. Data are
mean � SEM from three determinations for the luciferase
activity. Effects of NF-�B inhibitors, DEX (1 �M), and BAY
11-7082 (BAY, 1 �M) on the short-term induction (2 h) of
c-Jun by TNF (10 ng/ml) (B). Effects of C2-ceramide (C2,
1 �M) and cAMP (500 �M), each alone, on the expression of
c-Jun protein at 24 h (C). BAY and DEX were added 1 h
before addition of TNF (10 ng/ml). Each lane was loaded
with 20 �g total protein from whole cell lysates. �-Actin
was used as a loading control for c-Jun. C, Control; T, TNF.

FIG. 9. Effects of antisense (AS) and scrambled (SC) oligonucleotides for c-jun on TNF-induced cell proliferation at 24 h (A). Effects of AS and
SC oligonucleotides for c-jun on c-Jun and c-Fos protein expression in the absence or presence of TNF at 24 h (B). Cells were incubated with
TNF for 24 h in the absence or presence of AS and SC oligonucleotides. Data represent mean � SEM from eight determinations in at least four
experiments (A). Different color bars indicate significance (P � 0.05) between groups using the Student-Newman-Keuls method (A). Data
represent mean � SEM relative to OD normalized by �-actin from three experiments (B). Different superscripts indicate significant difference
(P � 0.05) between groups.
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early decline in cyclicity is due to hypothalamic or ovarian
aging is unknown. Bioactive TNF has been identified in the
immature rat ovary and TNF decreased in response to ex-
ogenous gonadotropins as follicular development proceeds
(34). The present observation raises the question as to
whether in vivo TNF has any role in granulosa cell prolifer-
ation. The granulosa cells used in the current study were
from preantral and early antral follicles of nonovulatory
28-d-old immature mice. One role of TNF in the ovary may
be to stimulate proliferation of granulosa in a cohort of small
follicles that may be independent or only slightly dependent
on gonadotropins for their growth. Previous in vivo studies
using mice have shown maintenance and growth of small
preantral follicles in the absence of the pituitary even though
the absolute number of follicles was reduced when compared
with control nonhypophysectomized mice (35). The effects of
TNF on proliferation of granulosa cells from larger follicles
including early antral and preovulatory follicles are un-
known. There have been divergent reports even in the same
species regarding effects of TNF on proliferation of granulosa
cells. In granulosa cells, TNF has been reported to induce
apoptosis (22, 23), have no effect (5, 16, 36–38), and induce
proliferation (10, 25, 26). The reasons for these differences are
unknown but may likely be related to species differences,
culture conditions, and differentiation status of the granu-
losal cells. One report has indicated that TNF influences the
balance between follicular growth (proliferation) and atresia
(apoptosis) (13) with still unknown mechanisms. It is known
from in vitro and in vivo studies that FSH stimulates gran-
ulosa cell proliferation in antral follicles. Thus, after admin-
istration of equine chorionic gonadotropin (eCG) (a FSH-like
acting hormone) to immature rats, the decline in bioactive
TNF in the ovary (34) could potentially slow growth of small
preantral follicles while allowing synchronous growth of
antral follicles in response to the exogenous gonadotropin.
Another consideration is that TNF may increase proliferation
(10, 13) as well as initial apoptosis in the granulosa of follicles
(13). In healthy pig follicles, immunoreactive TNF was in-
tense in the outer layer of granulosa and this correlated with
increased TNF receptor-associated factor 2, the mRNAs for
each and increased proliferating cells (10). In atretic follicles,
TNF receptor-associated factor 2 was reduced and many
apoptotic granulosa cells were observed.

Gonadotropins such as FSH and LH increase c-Jun in rat
granulosa cells (39–41). The gonadotropins are known to act
in synergy and promote the proliferation of granulosa cells
that coincides with the growth of follicles. Whether c-Jun is
required for gonadotropin-induced granulosa cell prolifer-
ation is unknown. In addition, physiological levels of estra-
diol in vitro have been shown to increase c-Jun in rat gran-
ulosa cells, whereas progesterone had no effect (42). It is well
known that exogenous estradiol administered in vivo to im-
mature mice and rats increases granulosa cell proliferation,
although there are species-specific variations in the re-
sponses (43–45). A common intracellular signaling pathway
for stimulation of granulosa cell proliferation may be c-Jun
because gonadotropins, estradiol, and TNF activate this im-
portant bZIP transcription factor.

In contrast, luteinization of rat and pig granulosa cells
coincided with a decrease in c-Jun and an increase of JunD

(41, 46) and interestingly, luteinization is associated with a
decrease in granulosal-luteal cell proliferation (47, 48). In
fact, granulosa cell proliferation is significantly curtailed in
the preovulatory follicles and corpora lutea after the LH
surge (49). In addition, antiluteinization effects of in vitro
TNF have been reported including inhibition of FSH-stim-
ulated LH receptor in rat granulosa cells (12) and down-
regulation of progesterone receptor in pig granulosa cells
(13). Whether the latter are related to changes in c-Jun is
unknown.

c-Jun has been detected in granulosa cells of atretic rat
follicles implicating it in programmed granulosa cell death
(50). This result seems to contrast with the present observa-
tions. However, increased tritiated thymidine has been de-
tected in granulosa cells of atretic mouse follicles indicating
that some cell division and/or DNA repair is ongoing during
follicular demise (35).

It is well recognized that TNF activates NF-�B in many of
its actions on cells (51). In fact, TNF activates NF-�B in rat
granulosa cells (52). Addition of TNF to rat granulosa cells
in vitro induces apoptosis only in the presence of cyclohex-
imide (38, 52), indicating that normally in the absence of
cycloheximide TNF is protective (38, 52). Two factors, X-
linked inhibitor of apoptosis and Flice-like inhibitory pro-
tein, were identified after TNF stimulation of granulosa cells
in vitro that protected the cells from apoptosis (38, 52). In the
present study, transient transfection with p50 and p65 vec-
tors representing active components of NF-�B had no effect
on TNF-induced c-Jun (Fig. 8A). In addition, NF-�B inhibi-
tors such as BAY 11-7082 and DEX did not alter the short-
term induction of c-Jun by TNF (Fig. 8B). These observations
indicate that TNF-induced c-Jun was likely independent of
NF-�B. Collectively, the observations indicate the possibility
that protection from apoptosis and induction of cell prolif-
eration through c-Jun may be through different intracellular
signaling mechanisms because activation of NF-�B did not
induce cell proliferation (data not shown).

TNF also activates ceramide as a second messenger and
ceramide in vitro inhibits gonadotropin-induced aromatase
activity for estradiol secretion (53, 54). In the present study,
C2-ceramide (1 �m) did not affect c-Jun in mouse granulosa
cells (Fig. 8C), nor did it increase cell proliferation in vitro
(data not shown). Thus, the inhibitory effects of TNF and
ceramide on granulosa cell estradiol secretion may likely be
independent of cell proliferation.

Because gonadotropins use cAMP as a second messenger
and increase proliferation of granulosa cells in vivo, the ef-
fects of cAMP on c-Jun were investigated. cAMP did not
induce c-Jun (Fig. 8C). Some studies have shown that TNF
can reduce gonadotropin-stimulated cAMP in rat granulosa
cells (5, 12), and others have reported that TNF did not alter
cAMP levels in human granulosa cells (7, 55, 56); however,
in vitro TNF can inhibit cAMP-induced steroidogenesis in
humans (7) and mice (15). Although the present data indicate
that cAMP signaling was not involved in TNF-induced c-Jun,
whether cAMP, an inducer of luteinization and steroidogen-
esis, modifies the ability of TNF, an antiluteinization factor,
to induce c-Jun and granulosa cell proliferation is unknown.

In summary, TNF induced c-Jun specifically and dose
dependently in mouse granulosa cells, and this was medi-
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ated by TNFR1 with a biphasic pattern of short-term (1–3 h)
and long-term induction (12–24 h). Among the MAPK cas-
cades, SAPK/JNK signaling appeared to be involved in TNF-
induced c-Jun and blockage of c-Jun with antisense oligo-
nucleotides reduced TNF-induced granulosa cell proliferation.
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