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Abstract

The Janus kinase (JAK) and signal transducers and activators of transcription (STAT) signal cascades are major pathways that
mediate the inflammatory functions of interferon-c (IFN-c), an important pro-inflammatory cytokine. Therefore, regulation of
JAK/STAT signaling should modulate IFN-c-mediated inflammation. In this study, we found that nordihydroguaiaretic acid
(NDGA), a well-known lipoxygenase (LO) inhibitor, suppressed IFN-c-induced inflammatory responses in brain astrocytes. In
the presence of NDGA, interferon regulatory factor-1 expression was significantly reduced. Expression of monocyte chemotactic
protein-1 and interferon-gamma inducible protein-10 mRNA in response to IFN-c was significantly suppressed in the presence
of NDGA, as was tyrosine-phosphorylation of JAK and STAT. However, the 5-LO products, leukotriene B4 (LTB4) and leukotri-
ene C4, were not detected in cells treated with IFN-c, indicating that the effect of NDGA seemed to be independent of 5-LO inhi-
bition. In addition, two other 5-LO inhibitors (Rev5901 and AA861) did not mimic the effect of NDGA, and the 5-LO metabolites,
5-hydroxyeicosatetraenoic acid and LTB4, were unable to reverse NDGA-driven suppression of STAT activation or affect basal
STAT phosphorylation. Taken together, these results suggest that NDGA regulates IFN-c-mediated inflammation through mech-
anisms unrelated to the inhibition of 5-LO.
� 2005 Elsevier Inc. All rights reserved.
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Interferon-c (IFN-c) plays a key regulatory role in
inflammation as a pro-inflammatory cytokine. The sig-
nal transduction pathways involved in the action of
IFN-c have been well studied, from receptor binding
to subsequent activation of gene transcription. IFN-c
binding to the receptor triggers the phosphorylation
and activation of a tyrosine kinase, Janus kinase
(JAK), which then phosphorylates signal transducer
and activator of transcription (STAT). Phosphorylated
STAT forms active homodimers that move into the nu-
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cleus, bind to IFN-c-activated sites (GAS) [1], and in-
duce transcription of IFN-c-responsive genes [2,3] such
as interferon regulatory factor-1 (IRF-1), interferon-
gamma inducible protein-10 (IP-10), macrophage che-
moattractant protein 1 (MCP-1), intracellular adhesion
molecule-1 (ICAM-1), inducible nitric oxide synthase
(iNOS), tumor necrosis factor-a (TNF-a), and class II
major histocompatibility complex (MHC) molecules
[4–8]. Therefore, the JAK/STAT signaling pathway ap-
pears to be an ideal target for regulation of IFN-c-med-
iated inflammation [9,10].

In the brain, astrocytes and microglia participate in
inflammation, where they induce expression of pro-in-
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flammatory mediators following injury. These pro-in-
flammatory mediators directly damage brain cells and/
or recruit immune cells from the surrounding tissues
and blood, as shown by observations of microglia
migration from surrounding tissues into the damaged
area and infiltration of T cells from blood after brain
trauma and ischemia [11,12]. Astrocytes and microglia
can communicate with T cells through the expression
of MHC molecules. The activated T cells release IFN-
c, which may help sustain the activation of astrocytes
and microglia [13].

Leukotrienes are emerging as critical mediators of
inflammatory responses in allergy, asthma, and arthritis
[14]. Recently, it was reported that leukotrienes also
have important roles in brain inflammatory reactions
and formation of cerebral edema [15]. 5-LO is the key
enzyme that metabolizes arachidonic acid and produces
leukotrienes [16].

In this study, we revealed that nordihydroguaiaretic
acid (NDGA), a well-known inhibitor of 5-LO, reduced
IFN-c-induced inflammatory responses in cultured rat
brain astrocytes. NDGA treatment also reduced IFN-
c-induced JAK/STAT phosphorylation and expression
of inflammatory mediators such as IRF-1 and IP-10.
However, the inhibitory effect of NDGA seems to be
independent of 5-LO inhibition. These results suggest
that NDGA inhibits inflammation through separately
blocking JAK/STAT activation and 5-LO.
Materials and methods

Reagents. Rat IFN-c was purchased from Calbiochem (Los
Angeles, CA, USA). NDGA, baicalein, and AA861 were purchased
from Biomol (Plymouth Meeting, PA, USA). 5(S)-HETE and leuko-
triene B4 (LTB4) were purchased from Cayman Chemical (Ann Arbor,
MI, USA), as was the LTB4 and LTC4 Assay kit. Dulbecco�s modified
Eagle�s medium (DMEM) and minimal essential medium (MEM) were
purchased from Hyclone (Logan, UT, USA) and Sigma (St. Louis,
MO, USA), respectively. Antibodies against STAT1, phosphorylated
STAT1 and STAT3 were purchased from Cell Signaling Technology
(Beverly, MA, USA). The anti-phosphorylated JAK2 antibody was
purchased from Upstate Biotechnology (Charlottesville, VA, USA).
Peroxidase-conjugated secondary antibodies were purchased from
Vector Lab (Burlingame, CA, USA), and the enhanced chemilumi-
nescence (ECL) system was purchased from Sigma. RT-PCR primers
were purchased from Bioneer (Seoul, Korea). RNAzol B and Avian
Myeloblastosis Virus reverse transcriptase were purchased from TEL-
TEST (Friendswood, TX, USA) and Promega (Madison, WI, USA),
respectively.

Cell culture. Primary astrocytes and microglia were cultured from
the cerebral cortices of 1- to 3-day-old Sprague–Dawley rats as previ-
ously described [17,18]. Briefly, the cortices were triturated into single
cells in MEM containing 10% FBS and plated into 75 cm2 T-flasks (0.5
hemisphere/flask) for 2–3 weeks. Microglia were detached from the
flasks by mild shaking and filtered through a nylon mesh to remove
astrocytes and cell aggregates. Microglia were seeded in dishes, washed
1 h later to remove unattached cells, and attached cells were used in
experiments. Astrocytes remaining in the flask were harvested with
0.1% trypsin. Purified astrocytes were plated in dishes and cultured in
MEM supplemented with 10% FBS. C6 rat astroglioma cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, CCL-107). Cells were grown in DMEM supplemented
with 10% (v/v) FBS. BV2 murine microglial cells were cultured in
Dulbecco�s modified Eagle�s medium containing 5% fetal bovine serum.

Reverse transcription and polymerase chain reaction (RT-PCR).

Total RNA was extracted using RNAzol B according to the manu-
facturer�s instructions, and cDNA was prepared with Avian Myelo-
blastosis Virus reverse transcriptase. PCR was performed with 30
cycles of 94 �C for 30 s, 55 �C for 30 s, and 72 �C for 90 s, using the
following primers: (R) 5 0-ATG CAG GTC TCT GTC ACG ACT-3 0,
(F) 5 0-CTA GTT CTC TGT CAT ACT GG-3 0 for MCP-1; (R) 5 0-
GCT GAA GAG ATT TGT ACC T-3 0, (F) 5 0-TCC AGA AGC ACC
ATG AAC C-3 0 for IP-10; and (R) 5 0-AGA TCC ACA ACG GAT
ACA TT-3 0, (F) 5 0-TCC CTC AAG ATT CTC AGC AA-3 0 for
GAPDH.

Western blot analysis. Cells were washed twice with cold phos-
phate-buffered saline, and then lysed in ice-cold modified RIPA buffer
(50 mM Tris–HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1 mM Na3VO4, and 1 mM NaF) containing protease
inhibitors (2 mM phenylmethylsulfonyl fluoride, 100 lg/ml leupeptin,
10 lg/ml pepstatin, 1 lg/ml aprotinin, and 2 mM EDTA). The lysate
was centrifuged for 10 min at 12,000g at 4 �C and the supernatant
was collected. Proteins were separated by SDS–PAGE and trans-
ferred to a nitrocellulose membrane. The membrane was incubated
with primary antibodies, reacted with peroxidase-conjugated sec-
ondary antibodies, and then visualized using an enhanced chemilu-
minescence system.

LTB4 and LTC4 assay. LTB4 (LTC4) was measured by enzyme
immunoassay (EIA) based on the competition between eicosanoid
and an eicosanoid conjugate (tracer) for a limited amount of
specific antibody. Briefly, 50 ll of conditioned culture media was
mixed with 50 ll of eicosanoid tracer and 50 ll of specific antise-
rum, in 96-well plates that were coated with mouse monoclonal
anti-rabbit antibody for LTB4 (LTC4) and pre-washed with specific
buffer. After 18 h of incubation at 4 �C, the plates were washed to
remove unbound reagents, and the enzyme substrates (Ellman�s
reagent) were added for 60–90 min at room temperature. The
optical density of the samples was determined spectrophotometri-
cally at 405 nm.
Results

Nordihydroguaiaretic acid suppresses IFN-c-induced
inflammatory responses in brain glial cells

Since IFN-c is a prominent inflammatory cytokine,
researchers are currently seeking methods for therapeu-
tically regulating IFN-c-mediated inflammation. Here,
we show that NDGA, a well-known inhibitor of 5-li-
poxygenase (LO), significantly suppressed IFN-c-in-
duced inflammatory responses in brain glial cells.
STAT is a major pathway that mediates inflammatory
functions of IFN-c, so we first analyzed the effect of
NDGA on IFN-c-induced STAT activation by Wes-
tern blotting with phospho-specific antibodies. In the
range of 5–20 lM, NDGA dose-dependently sup-
pressed IFN-c-induced tyrosine phosphorylation of
STAT1 and STAT3 in primary cultured astrocytes
(Fig. 1A). The suppressive effect of NDGA on STAT1
phosphorylation was detected throughout the tested
time period of 5–90 min (Fig. 1B). The inhibitory effect



Fig. 1. NDGA reduces IFN-c-induced phosphorylation of STAT1 and STAT3 in brain glial cells. Cell lysates were separated by SDS-PAGE and
Western blot analysis was performed using antibodies against phospho-Tyr-STAT1 (pY-STAT1) and phospho-Tyr-STAT3 (pY-STAT) as described
in Materials and methods. The membrane was stripped and analyzed sequentially with anti-STAT1 antibodies. (A) Primary cultured astrocytes were
treated with the indicated doses of NDGA for 15 min, and then 10 U/ml IFN-c was added to cells for 30 min. (B) Primary astrocytes were treated
with NDGA for 15 min, and then 10 U/ml IFN-c was added for the indicated times. (C) C6 astroglioma cells, (D) primary cultured microglia, or (E)
BV2 murine microglial cells were treated with NDGA for 15 min, and then 10 U/ml IFN-c for 30 min.

Fig. 2. NDGA reduces IFN-c-induced activation of JAK2 in brain
glial cells. (A) Primary astrocytes and (B) C6 cells were treated with
NDGA for 15 min and then with 10 U/ml IFN-c for 30 min. Western
blot analysis was performed using antibodies against phospho-JAK2
(p-JAK2). The membrane was stripped and analyzed sequentially with
anti-STAT1 antibodies.
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of NDGA was also observed in C6 rat astroglioma
cells (Fig. 1C). In addition, in primary cultured
microglia and BV2 murine microglial cells, NDGA
produced similar inhibitory effect (Figs. 1D and E).
These results suggest that the inhibitory effect of
NDGA on IFN-c-induced STAT phosphorylation
could be a general phenomenon rather than being con-
fined to specific cell types.

As JAK is an upstream signaling molecule of STAT,
we next examined the effect of NDGA on JAK activa-
tion. In the presence of 20 lM NDGA, IFN-c induced
tyrosine phosphorylation of JAK2 was significantly re-
duced in both primary cultured astrocytes and C6 cells
(Figs. 2A and B). Therefore, the target(s) of NDGA in
the IFN-c signaling pathway appear to be upstream of
JAK phosphorylation.

We further examined whether treatment with NDGA
could suppress expression of inflammatory mediators in
glial cells treated with IFN-c. When primary astrocytes
were treated with IFN-c, IRF-1 protein expression was
detected within 90 min. In the presence of NDGA,
IRF-1 protein expression levels were significantly re-
duced (Fig. 3A left). IP-10 mRNA expression in re-
sponse to IFN-c was also significantly suppressed in
the presence of NDGA (Fig. 3A, right). Similar results
were obtained in C6 cells, where expression of both
IRF-1 and IP-10 was reduced in the presence of NDGA
(Fig. 3B, left and right). These results suggest that
NDGA suppresses IFN-c-induced inflammatory re-
sponses such as JAK/STAT activation and expression
of inflammatory mediators.
NDGA suppresses IFN-c-induced STAT phosphorylation

independently of lipoxygenase inhibition

We next examined whether IFN-c activates 5-LO,
which catalyzes the oxygenation of arachidonic acid
to 5(S)-hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic
acid (5-HpETE) and subsequently to 5(S)-hydroxy-6-
trans-8,11,14-cis-eicosatetraenoic acid (5-HETE). The



Fig. 3. NDGA reduces IFN-c-induced IRF-1 and IP-10 expression in
brain glial cells. (A) Primary astrocytes and (B) C6 cells were treated
with the indicated doses of NDGA for 15 min, and then with 10 U/ml
IFN-c for 90 min and 3 h for Western blot and RT-PCR, respectively.
Western blot analysis was performed using anti-IRF-1 antibodies. The
membrane was stripped and analyzed sequentially with anti-STAT1
and anti-ACTIN antibodies. IP-10 and GAPDH transcripts were
determined by RT-PCR, as described in Materials and methods.
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latter compound is converted into leukotriene A4, which
is the precursor of the biologically active LTB4 and
the cysteinyl leukotrienes (LTC4, LTD4, and LTE4)
[14]. Therefore, we assayed the levels of LTB4 and
LTC4 released into the culture media after IFN-c treat-
ment, as a measure of 5-LO activity. Unexpectedly, we
found that IFN-c treatment did not affect the produc-
Fig. 4. IFN-c treatment does not produce LTB4 or LTC4. (A) C6 cells
were treated with 10 U/ml IFN-c for the indicated times. A23187
(1 lM) was used as the positive control. LTB4 was measured in cell-
free supernatants by EIA. (B) C6 cells were treated with indicated
amount of IFN-c for 24 h. LTC4 was measured in cell-free superna-
tants by EIA. Each value represents the means ± SEM of three
samples.
tion of either LTB4 or LTC4, whereas A23187 (calcium
ionophore) induced production of LTB4 (Figs. 4A
and B).

Next, we examined two other 5-LO inhibitors,
Rev5901 and AA861 [19,20], suppressed IFN-c-induced
STAT phosphorylation. Unlike our results with NDGA,
we found that neither Rev5901 (IC50 for 5-LO = 6 lM)
nor AA861 (IC50 for 5-LO = 0.8 lM) suppressed IFN-
c-induced STAT1 and STAT3 phosphorylation across
concentration ranges of 30–100 lM and 5–20 lM,
respectively (Figs. 5A and B). Since NDGA also inhibits
12-LO, we also tested the effect of a 12-LO inhibitor,
baicalein [21], but found that 2–10 lM baicalein (IC50

for 12-LO = 0.12 lM) had no effect on IFN-c-induced
STAT phosphorylation (Fig. 5C). In addition, we found
that treatment of 5-LO metabolites such as 5-HETE and
LTB4 [22,23] did not reverse the inhibitory effect of
NDGA on STAT phosphorylation nor did it alter basal
or IFN-c-induced STAT1 phosphorylation (Figs. 6A
and B). Taken together, these results suggest that
NDGA suppresses IFN-c-induced STAT phosphoryla-
tion independent of its ability to inhibit 5-LO enzyme
activity.
Fig. 5. Rev5901, AA861, and baicalein have no effect on IFN-c-
induced STAT phosphorylation. C6 cells were treated with the
indicated doses of Rev5901 (A), AA861 (B), or baicalein (C) for
15 min followed by treatment with 10 U/ml IFN-c for 30 min. Western
blot analyses were then performed using antibodies against pY-
STAT1, pY-STAT3, and STAT1.



Fig. 6. Treatment with the 5-LO metabolites, 5(S)-HETE, and LTB4, does not reverse the inhibitory effect of NDGA. C6 cells were treated with
NDGA (20 lM) for 15 min, and then treated with 5(S)-HETE (A), LTB4 (B), and IFN-c (10 U/ml) as indicated. After 30 min, cell lysates were
separated by SDS–PAGE, and Western blot analysis was performed using pY-STAT1 and pY-STAT3 antibodies. The membrane was stripped and
analyzed sequentially with anti-STAT1 antibody.
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Discussion

Leukotrienes such as LTB4 and the cysteinyl leukotri-
enes are important mediators of inflammation in allergy,
asthma, arthritis, and even in injured brain [14]. 5-LO is a
key enzyme that catalyzes the production of leukotrienes
from arachidonic acid [16]. Although IFN-c is a major
pro-inflammatory cytokine, little information is available
as to whether 5-LO could be involved in the pro-inflam-
matory function of IFN-c, particularly in brain glial cells.
Activation of 5-LOdepends onCa2+, p38MAPK, and/or
rac [24–27]. It has been reported that IFN-c increases
intracellular calcium [28] and activates p38 MAPK [29],
and we recently found that IFN-c activates rac in astro-
cytes [30]. The lines of evidence led us to examine the pos-
sibility of crosstalk between IFN-c and 5-LO.

We found that the well-known 5-LO inhibitor,
NDGA, suppressed IFN-c-induced inflammatory re-
sponses, JAK/STAT activation, and inflammatory
mediators. However, two other specific 5-LO inhibitors,
AA-861 and Rev5901, did not mimic the effect of
NDGA in glial cells. Although NDGA inhibits 12-LO
(with a slightly lower affinity than that for 5-LO) [31],
the 12-LO inhibitor baicalein had no effect on IFN-c-
induced STAT activation. These results suggest that
NDGA suppresses IFN-c-induced inflammatory re-
sponses independent of its effects on 5-LO and/or 12-
LO. The 5-LO-independent effect of NDGA was further
supported by our observation that levels of LTB4 and
LTC4, two final products of 5-LO, were not induced
by IFN-c treatment of glial cells. In addition, treatment
with the 5-LO metabolites 5-HETE and LTB4 had no ef-
fect on STAT activation in the presence or absence of
IFN-c and/or NDGA. As it was recently reported that
NDGA inhibits nitric oxide production from TNF-a-
treated microglia through 5-LO-independent mecha-
nisms [32], we also examined the effects of inhibitors
of phospholipase A2 (mepacrine) and cyclooxygenase
(indomethacin and SC560), which are involved in ara-
chidonic acid metabolism along with lipoxygenase. Un-
like the case of NDGA, none of these enzyme inhibitors
suppressed IFN-c-induced STAT1 or -3 phosphoryla-
tion (data not shown). These results suggest that the
inhibitory effect of NDGA on IFN-c-signaling could
be unrelated to arachidonic acid metabolism. Although
further work will be required to fully examine how
NDGA suppresses IFN-c-induced inflammatory re-
sponses, our work and previous studies may suggest
some possibilities. One possibility is that NDGA might
inhibit tyrosine kinase activity, as suggested by West
et al. [32]. IFN-c binding to the receptor triggers the
tyrosine phosphorylation and activation of JAK (a tyro-
sine kinase), which in turn induces tyrosine phosphory-
lation of STAT. Therefore, NDGA could suppress
tyrosine phosphorylation of JAK and STAT through
the inhibition of tyrosine kinase activity. Another possi-
bility is that NDGA could suppress IFN-c-induced
inflammatory responses through its antioxidant effects,
as NDGA has antioxidant effects and antioxidants have
been shown to inhibit IFN-c function [33,34]. Therefore,
the exact target(s) of NDGA in IFN-c signaling should
be further studied in the future.

In sum, 5-LO has emerged as a new therapeutic target
of inflammatory diseases such as asthma, inflammatory
bowl disease, rheumatoid arthritis, and even neurode-
generative diseases. The results in this study showed that
the 5-LO inhibitor, NDGA, suppresses the inflamma-
tory responses of IFN-c in astrocytes. Therefore,
NDGA or NDGA-like drugs could be potent and effec-
tive candidate therapeutics for novel treatments of
inflammatory or neurodegenerative diseases.
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