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Nuclear factor (NF)-�B regulates several genes impli-
cated in the inflammatory response and represents
an interesting therapeutic target. We examined the
effects of gliotoxin (a fungal metabolite) and parthe-
nolide (a plant extract), which possess anti-inflam-
matory activities in vitro , on the progression of ex-
perimental glomerulonephritis. In the anti-Thy 1.1 rat
model, gliotoxin (75 �g/rat/day, 10 days, n � 18 rats)
markedly reduced proteinuria, glomerular lesions,
and monocyte infiltration. In anti-mesangial cell ne-
phritis in mice, parthenolide (70 �g/mouse/day, 7
days, n � 17 mice) significantly decreased protein-
uria, hematuria, and glomerular proliferation. NF-�B
activity, localized in glomerular and tubular cells, was
attenuated by either gliotoxin or parthenolide, in as-
sociation with diminished renal expression of mono-
cyte chemoattractant protein-1 and inducible nitric
oxide synthase. In cultured mesangial cells and
monocytes, gliotoxin and parthenolide inhibited
NF-�B activation and expression of inflammatory
genes induced by lipopolysaccharide and cytokines,
by blocking the phosphorylation/degradation of the
I�B� subunit. In summary, gliotoxin and parthenol-
ide prevent proteinuria and renal lesions by inhibit-
ing NF-�B activation and expression of regulated
genes. This may represent a novel approach for the
treatment of immune and inflammatory renal dis-
eases. (Am J Pathol 2002, 161:1497–1505)

Chronic glomerulonephritis is because of the release of
many inflammatory mediators that can be produced by
resident glomerular cells or infiltrating leukocytes.1 The
mechanisms for gene expression of these inflammatory
proteins have been extensively studied, with special at-

tention to transcription factors, such as nuclear factor
(NF)-�B. NF-�B can be activated in several cell types by
numerous physiological and pathological stimuli, such as
cytokines, mitogens, virus, mechanical and oxidative
stress, and chemical agents.2,3 Studies in experimental
and human nephritis have provided evidence supporting
the involvement of NF-�B in the pathogenesis of glomer-
ulonephritis.4–6 In addition, expression of NF-�B-depen-
dent genes, such as chemokines, adhesion molecules,
inducible nitric oxide synthase (iNOS), and cyclooxygen-
ase has been demonstrated in cultured glomerular cells,
including mesangial cells (MCs).7–9

The family of NF-�B proteins shares a conserved cen-
tral region, the Rel domain, involved in the dimerization
and interaction with the inhibitory subunit I�B, nuclear
translocation, and DNA binding. The five members of this
family (p50/p105, p65/RelA, c-Rel, RelB, and p52/p100)
associate in different dimeric forms. The classic het-
erodimer is composed of p50 and p65.10 In resting cells,
NF-�B dimers remain in the cytoplasm as an inactive form
bound to the inhibitory subunit I�B. The I�B family com-
prises I�B� (bound to the p50-p65 dimer and related with
transient activation of NF-�B), I�B� (implicated in a more
stable activation), and I�B�.10,11 Upon stimulation, I�B is
phosphorylated by the I�B kinase (IKK) complex, ubiqui-
tinated, and ultimately degraded by the proteasome sys-
tem. Then, free NF-�B dimers expose the nuclear local-
ization sequence and translocate into the nucleus, where
they activate the transcription of target genes.4,10,11

The pharmacological modulation of the inflammatory
responses is the main objective in the design of anti-
inflammatory drugs. Various drugs, such as steroids and
aspirin, are effective in inhibiting NF-�B-inducible gene
expression.3,5,12,13 In general, the strategies regulating
NF-�B can be classified in relation with the step in the
NF-�B pathway: antioxidants,14 protease inhibitors,15 nu-
clear translocation inhibitors,16 and DNA binding block-
ers.17 Antioxidants are the most frequently used and
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inhibit chemokine expression in cultured renal cells,8,18

and prevent proteinuria and cytokine expression in ex-
perimental nephritis.19

Recently, several natural products, such as gliotoxin
and parthenolide, have been emerged as possible anti-
inflammatory agents.20,21 Gliotoxin, a metabolite from the
fungus Aspergillus fumigatus, inhibits the activation and
phagocytosis in leukocytes and the catalytic activity of
20S proteasome, and can also induce apoptosis.20,22–25

Parthenolide, a sesquiterpene lactone derived from Mex-
ican-Indian medicinal plants, inhibits the gene expres-
sion of interleukin-8, iNOS, and cyclooxygenase in sev-
eral cell lines.26–28 Previous studies reported that low
doses of gliotoxin and parthenolide prevent the activation
of NF-�B by a variety of stimuli in cultured cells,29–31 but
the mechanisms of their potential anti-inflammatory ef-
fects, and the possible use in inflammatory and immune
diseases are not well examined.

Because many forms of primary glomerulonephritis do
not consistently respond to current therapy, in this study
we attempted novel therapeutic approaches for these
diseases, focusing on NF-�B as a possible target. Our
purpose is to modify in vivo the expression of proinflam-
matory genes by using novel NF-�B inhibitors. First, we
evaluated the effects of gliotoxin and parthenolide on
NF-�B activation and expression of regulated genes
(MCP-1 and iNOS) in cultured MCs and monocytes stim-
ulated with inflammatory stimuli. Second, we analyzed
whether these inhibitors modulate (or prevent) the initia-
tion and progression of glomerular injury in two experi-
mental models of mesangial proliferative glomerulone-
phritis. The administration of these agents could
represent a novel therapeutic approach to progressive
glomerulonephritis.

Materials and Methods

Reagents and Chemicals

Gliotoxin, parthenolide, and lipopolysaccharide (LPS)
were purchased from Sigma Chemical Co. (St. Louis,
MO). The cytokines [human tumor necrosis factor-�
(TNF-�), human interferon-� (IFN-�) and human interleu-
kin-1� (IL-1�)] were purchased from Immunogenex Corp.
(Los Angeles, CA). The specific antibodies (Abs) used
were as follows: pI�B�, I�B�, p65, and c-Rel (Santa
Cruz Biotechnology, Santa Cruz, CA), ED1 (Serotec, Ox-
ford, UK), BrdU (Calbiochem, La Jolla, CA), iNOS and
p50 (Chemicon International, Temecula, CA), fluorescein
isothiocyanate-labeled IgG (The Binding Site, Birming-
ham, UK), peroxidase-labeled IgG (Amersham, Bucking-
hamshire, UK), and alkaline phosphatase-labeled IgG
(Roche, Barcelona, Spain).

Cell Cultures

MCs from human and rat kidneys32 were cultured in RPMI
1640 with 25 mmol/L HEPES, pH 7.4, 10% fetal calf serum
(FCS), 100 U/ml penicillin, 100 �g/ml streptomycin, and 2
mmol/L glutamine (Life Technologies, Paisley, Scotland)

and characterized by phase contrast microscopy, posi-
tive staining for desmin and vimentin, and negative stain-
ing for factor VIII and cytokeratin. The human monocytic
cell line THP-1 [American Type Culture Collection
(ATCC), Rockville, MD] was cultured in RPMI with 10%
FCS. Cells were made quiescent by 24 hours of incuba-
tion in medium with 0.5% FCS, then preincubated for 90
minutes with the inhibitors, and washed before stimula-
tion with LPS and cytokines. Cell viability was assessed
by trypan blue exclusion.

Electrophoretic Mobility Shift Assay (EMSA)

Cell nuclear proteins (10 �g) were incubated in buffer
containing 50 �g/ml of poly(dI-dC) (Amersham), and
0.035 pmol of [32P]NF-�B or [32P]AP-1 consensus oligo-
nucleotides, and the reactions were analyzed on a 4%
nondenaturing polyacrylamide gel and autoradio-
graphed. Specificity of the binding reaction was con-
firmed using a 100-fold excess of unlabeled probe.
NF-�B subunits were identified by incubation with Abs
against p50, p65, and c-Rel.8

Western Blot Analysis

Cytosolic proteins (20 �g) were separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred to a polyvinylidene difluoride mem-
brane (Immobilon P; Millipore, Bedford, MA). Membranes
were blocked with 5% nonfat milk, and then incubated
with 10 �g/ml of goat anti-I�B� or 1 �g/ml of monoclonal
anti-pI�B�, followed by peroxidase-conjugated second-
ary Ab and chemiluminescent detection system.

Cell Proliferation Assay

Human MCs were pretreated for 90 minutes with serial
dilutions of inhibitors, then washed and incubated for an
additional 24 hours in medium containing 10% FCS. Cell
proliferation was determined in 96-well plates by colori-
metric assay of methylene blue incorporation.33 Alterna-
tively, cell proliferation was studied after 24 hours of
incubation in medium with 10% FCS and inhibitors. Data
were expressed as percentage of proliferating cells in
relation to control conditions.

Analysis of mRNA Expression

Total RNA from cells and tissues was obtained by the acid
guanidine-thiocyanate-phenol-chloroform method. In cul-
tured cells, MCP-1 mRNA expression was analyzed by
Northern blot using cDNA probes for human MCP-1 and
28S ribosomal RNA (JE/pGEM-hJE34 and HHCD07;
ATCC). Membranes containing RNA were hybridized, au-
toradiographed, and densitometered. Relative amounts of
MCP-1 were established in relation to 28S. In renal tissues
the mRNA expression was analyzed by reverse transcrip-
tase-polymerase chain reaction (RT-PCR) using the follow-
ing primers: rat MCP-1 sense, 5�-TTCTGGGCCTGTTGTT-
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CACA-3�; anti-sense, 5�-GGTCACTTCTACAGAAGTCC-3�;
mouse MCP-1 sense, 5�-AGCACCAGCCAACTCTCACT-3�;
anti-sense, 5�-TCTGGACCCATTCCTTCTTG-3�; rat iNOS
sense, 5�-CTTCAACCCCAAGGTTGTCTGCAT-3�; anti-
sense, 5�-ATGTCATGAGCAAAGGGGCAGAAC-3�. The
expression of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as internal control.

Determination of Nitrites

NO released from cells was determined by the accumu-
lation of nitrites and measured by fluorescent reaction
with 1 mmol/L of 2,3-diaminonaphthalene.34 The absor-
bance at 548 nm was measured and compared with a
standard of NaNO2, and data were expressed as nmol
NO2

�/mg protein.

Transient Transfection and Luciferase Assay

Growth-arrested cells (1 � 105) were co-transfected with
piNOS-Luc (a gift from Dr. Santiago Lamas; CIB, Madrid,
Spain)9 and a normalizing reporter vector (pRL-TK with
the Renilla luciferase gene; Promega, Madison WI) by
using the FuGENE reagent (Roche) and then stimulated
for 24 hours. The luciferase activity in cleared lysate was
assayed using a luminometer. Luciferase activity was
normalized by total protein concentration and variations
in transfection efficiency.

Isolation of Anti-MC Abs

Monoclonal Ab (IgG1) against rat mesangial antigen Thy
1.1 was isolated from ascitic BALB/c mice injected with
hybridome cells OX-7 (European Collection of Cell Cul-
tures, Salisbury, UK) by affinity chromatography on pro-
tein G-Sepharose. Anti-murine MC serum was obtained
by sheep immunization with protein extract form SV40-
transformed mouse cells MES13 (Yo Y, Mobaraki H, Lu H,
Braun M, Owens J, King C, Kopp JB, manuscript submit-
ted). Control serum was obtained from sheep before
immunization. For all experiments, sera were decomple-
mented by heating at 56° for 30 minutes.

Experimental Models of Mesangial Proliferative
Glomerulonephritis

Anti-Thy 1.1 nephritis was induced in male Sprague-
Dawley rats (200 g) at day 0 by injection of anti-Thy1.1
IgG (5 mg/kg in 350 �l of phosphate-buffered saline) into
a tail vein. Mesangial glomerulonephritis was induced in
female C57/BL6 mice (18 to 20 g) at day 0 by injection of
sheep anti-murine MC antiserum (200 �l/20 g body
weight). Groups of study: I, rats (n � 18) and mice (n �
17) treated daily with gliotoxin (75 �g/200 g body weight,
i.p.) and parthenolide (70 �g/20 g body weight, i.p.),
respectively; II, rats (n � 20) and mice (n � 10) with
spontaneous development of nephritis with injection of
vehicle (saline); III and IV, healthy control rats (n � 17)
and mice (n � 8) receiving the respective amount of

inhibitors and saline. Treatment with gliotoxin or parthe-
nolide was started the day before and followed for 10 or
7 days, respectively. Urine samples were taken at regular
intervals starting on day 0. Proteinuria was measured by
the sulfosalicylic method (rats) or the Knight’s method
(mice).35 Urinary hemoglobin was measured by Aution
sticks (Arkray Factory, Shiga, Japan). All studies were
performed in accordance to the European Union norma-
tive. Animals were sacrificed at days 2, 4, 7, and 10 (rat
model) and days 5 and 7 (mouse model).

Kidney Histology and Immunostaining

Light microscopic analysis of renal cortex was performed
on paraffin sections (5-�m thick) stained with hematoxylin
and eosin, and Masson’s trichrome. The examination of
infiltrating cells (ED1�, rat macrophage) and iNOS pro-
duction was performed by indirect immunoperoxidase.
For determining proliferating cells, mice were intraperito-
neally injected with 2 mg of BrdU for 16, 8, and 4 hours
before sacrifice, and then immunoperoxidase staining
with anti-BrdU was performed on paraffin-embedded
samples.

In Situ Detection of Activated Transcription
Factors

Paraffin-embedded tissue sections fixed in 0.5% parafor-
maldehyde were incubated with 50 pmol of digoxigenin-
labeled NF-�B and AP-1 probes in buffer containing
0.25% bovine serum albumin and 1 �g/ml of poly(dI-dC),
followed by alkaline phosphatase-conjugated anti-digoxi-
genin IgG and colorimetric detection. A 200-fold excess
of unlabeled probe was used to test the specificity of the
technique.36

Evaluation of Tissue Staining and Statistical
Analysis

Semiquantification of morphological changes in the ani-
mal models was made in regard to glomerular lesions
(number of glomeruli with hypercellularity, mesangiolysis,
or immune deposits/30 glomeruli), tubular lesions (num-
ber of tubules with atrophy or degeneration/20 fields at
�40 magnification), and interstitial infiltration (number of
focus/20 fields at �40 magnification). Samples from each
animal were examined in a blinded manner, and semi-
quantitatively graded on a scale from 0 to 3. Quantifica-
tion of iNOS staining and infiltrating/proliferating cells was
made by determining the total number of positive-labeled
cells in 20 randomly chosen areas. The results are given
as mean � SD or representative experiments, when in-
dicated. Values were analyzed by ANOVA and Tukey-
Kramer tests using Instat (Graphpad Software, San Di-
ego, CA). A P value �0.05 was considered significant.
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Results

Gliotoxin and Parthenolide Inhibit the Activation
of NF-�B in MCs and Monocytes

Human MCs were preincubated for 90 minutes with par-
thenolide or gliotoxin (1 to 3 �g/ml), then washed and
incubated for 1 hour with the combination of LPS (10
�g/ml) and cytokines (TNF-�, 100 ng/ml; IFN-�, 100 U/ml;
and IL-1�, 100 U/ml). NF-�B activity in nuclear extracts
was analyzed by EMSA. As indicated in Figure 1A, the
strong DNA-binding activity induced by LPS/cytokines
(8-fold increase versus control) was dose dependently
attenuated by gliotoxin and parthenolide (75 � 6% and
69 � 9% inhibition at 3 �g/ml, respectively). Gliotoxin and
parthenolide did not inhibit the activation of other tran-
scription factors, such as AP-1 (Figure 1A). Similar results
were observed in nuclear extracts from rat MCs pre-
treated with gliotoxin or parthenolide (1 �g/ml) and then
stimulated with 1 �g/ml of LPS (69 � 8% and 72 � 8%
inhibition, respectively, n � 3). In the monocytic cell line
THP-1, NF-�B activation induced by LPS/cytokines was
also prevented by treatment with 1 �g/ml of gliotoxin and
2.5 �g/ml of parthenolide (79 � 4% and 73 � 12%
inhibition, n � 3). In some cases, extracts from stimulated
cells were incubated with gliotoxin or parthenolide before
EMSA. Both inhibitors, even at higher doses, did not
influence the interaction of NF-�B complex with the con-
sensus oligonucleotide in vitro (not shown). These data
exclude the possibility that both agents directly affect the
DNA-binding ability of activated NF-�B.

NF-�B activation was also evaluated by measuring
phosphorylation and degradation of the inhibitory subunit
I�B�. Western blot analysis of cytosolic proteins from
LPS/cytokine-stimulated human MCs revealed an in-
crease in phosphorylated I�B� and a subsequent deg-
radation of I�B� (Figure 1B). Preincubation with parthe-
nolide prevented the phosphorylation and degradation of
I�B�, whereas gliotoxin did not affect phosphorylation
but protected I�B� from proteolysis (Figure 1B). The
effects of both agents on monocytic NF-�B activation
were very similar (not shown). These results suggested
that I�B� is the common step in the signaling cascade

leading to NF-�B activation that is targeted by gliotoxin
and parthenolide.

Effects of Gliotoxin and Parthenolide on Cell
Viability and Proliferation

By trypan blue exclusion we observed that more than
95% of cells (MC and THP-1) were viable after 90 minutes
of treatment with 1 �g/ml of gliotoxin. Viability remained
high (�75%) at 3 �g/ml, but a toxic effect was noted
using concentrations �5 �g/ml (viability around 30%). No
toxic effect was observed with parthenolide even at
doses up to 6 �g/ml.

In proliferation assays (methylene blue incorporation)
we observed that preincubation for 90 minutes with serial
dilutions of gliotoxin and parthenolide (from 0.75 to 12
�g/ml) did not diminish the number of proliferating MCs
(maximal percentages of inhibition: 23 � 4% and 16 �
3%, respectively). MC proliferation was only inhibited by
using gliotoxin at higher doses and longer incubation
periods (24 �g/ml at 24 hours, 66 � 8% inhibition, n � 4).

Gliotoxin and Parthenolide Inhibit the Expression
of NF-�B-Regulated Genes

In these experiments we checked the effects of these
agents on the expression of genes transcriptionally reg-
ulated by NF-�B, such as MCP-1 and iNOS.7–9 In human
MCs, preincubation with gliotoxin or parthenolide (1 �g/
ml) prevented the MCP-1 mRNA expression induced by
LPS/cytokines (72% and 58% inhibition; Figure 2A). In a
reported gene assay using human MCs transfected with
piNOS-Luc plasmid, both agents inhibited the activation
of the iNOS promoter induced by LPS/cytokines (75%

Figure 1. Gliotoxin and parthenolide specifically attenuate the NF-�B acti-
vation in human MCs. A: Cells were preincubated for 90 minutes with two
doses (1 and 3 �g/ml) of gliotoxin and parthenolide, then washed and
stimulated for 60 minutes with the combination of LPS and inflammatory
cytokines (TNF-�, IFN-�, and IL-1�). Binding activities of NF-�B and AP-1 in
nuclear extracts were analyzed by gel shift assay as described. Specific bands
were identified by competition with a 100-fold excess of unlabeled NF-�B
and AP-1 oligonucleotides. B: The NF-�B activation was also measured as
phosphorylation and subsequent degradation of I�B�. Cells were preincu-
bated with 1 �g/ml of inhibitors before LPS/cytokine stimulation, and then
cytosolic proteins were immunoblotted with specific Abs against complete
I�B� protein or the phosphorylated form (pI�B�). Gels are representative of
two to three experiments.

Figure 2. Gliotoxin and parthenolide inhibit the mRNA expression of MCP-1
and iNOS in human MCs. A: Human MCs were pretreated with either
gliotoxin or parthenolide (1 �g/ml), then washed and incubated with LPS/
cytokines. The MCP-1 mRNA expression at 6 hours was analyzed by Northern
blot. Relative amounts of mRNA were established in relation to 28S expres-
sion as fold increases versus control cells. B: The iNOS promoter activity was
analyzed in human MCs transfected with piNOS-Luc and stimulated for 24
hours in medium alone (f) or containing LPS/cytokines (�). Data of lucif-
erase activity were normalized to Renilla activity and protein amounts, and
are expressed as fold increases, compared with control. C: The NO produc-
tion at 24 hours in medium alone (f) or containing LPS/cytokines (�) was
analyzed by measuring the absorbance of a fluorescent reaction. Data of
nitrite production (nmol/mg protein) are mean � SD of two to five experi-
ments made in duplicate (*, P � 0.05 versus control without inhibitor).
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inhibition, Figure 2B). According to this data, the mesan-
gial production of nitrites induced by LPS/cytokines after
24 hours was also decreased by treatment with gliotoxin
and parthenolide (79% and 74% inhibition, Figure 2C). In
THP-1 cells, gliotoxin down-regulated the MCP-1 mRNA
expression (69 � 7% inhibition n � 3), and parthenolide
decreased the iNOS transcription (69 � 3% inhibition at
24 hours, n � 3), and the NO generation induced by
LPS/cytokines (183 � 11 versus 52 � 7 nmol/mg protein
at 24 hours, n � 4, P � 0.05).

Gliotoxin Treatment in Experimental Model of
Mesangial Proliferative Glomerulonephritis

Because both gliotoxin and parthenolide can inhibit
NF-�B activation and regulated-genes in cultured cells,
we designed studies to examine their in vivo effect in
experimental models of mesangial proliferative glomeru-
lonephritis.

The evolution of urinary protein excretion in rats with
anti-Thy 1.1 nephritis is shown in Figure 3A. Proteinuria
slightly increased until day 4 (39 � 6 mg/24 hours), and
thereafter decreased to control levels. Daily treatment
with gliotoxin (75 �g/day) prevented the development of
proteinuria, with nonsignificant differences between glio-
toxin-treatment and healthy control groups. Previous
studies have shown that the injection of anti-Thy 1.1 Ab in
rats is associated with an acute complement-dependent

mesangiolysis, followed by a MC proliferation phase that
begins at day 2, peaks between days 3 and 5, and is
resolved by day 14.37,38 This pattern was observed in
vehicle-treated rats (Figure 3B), with a marked increase
in the glomerular cell number, interstitial cell infiltration,
and tubular atrophy compared with normal rats. The glo-
merular damage quantification after Masson’s staining is
summarized in Table 1. Gliotoxin treatment drastically
reduced the excessive mesangial proliferative response
(65% inhibition at day 7), the collapse of capillaries and
the tubular atrophy (Figure 3C). Gliotoxin also signifi-
cantly reduced the early glomerular influx of monocytes/
macrophages (Table 1). Normal animals receiving daily
injection of gliotoxin (ranging from 75 to 200 �g/rat) for 10
days did not show any toxic symptoms or renal morpho-
logical changes when compared with normal rats in-
jected with saline, used as control (Table 1).

The effect of gliotoxin on NF-�B activation in vivo was
analyzed by EMSA. Extracts from nephritic rats showed a
marked increase in the intensity of the NF-�B bands at
day 2, that remained elevated until 10 days after injection
of the Abs. Gliotoxin administration attenuated this acti-
vation (Figure 4A). The composition of activated com-
plexes (p50/p65 heterodimer, without c-Rel subunit) was
not different between untreated nephritic and gliotoxin-
treated rats, as determined by supershift assay (not
shown).

The localization of activated NF-�B in the kidneys was
analyzed in situ by Southwestern histochemistry. Very
weak nuclear staining was observed in kidneys from
healthy rats receiving daily injection of gliotoxin (Figure
4B) or its vehicle (not shown), as control. In nephritic rats,
NF-�B activation increased (Figure 4C) and was widely
distributed in glomerular (mesangial and infiltrating cells),
tubular (proximal and distal), and interstitial infiltrating
cells. In gliotoxin-treated rats, the number and intensity of
positive cells were decreased (Figure 4D). Specificity
was verified in samples from nephritic animals by com-
petition with unlabeled probe (Figure 4E).

We analyzed the effect of gliotoxin on expression of
NF-�B-dependent genes. Our results revealed increased
MCP-1 mRNA levels in renal cortex of nephritic rats,
maximal at day 4 (Figure 5), in temporal association with
the ED1� cell infiltration (Table 1), that was reduced by
gliotoxin treatment (76% inhibition, Figure 5). Similarly,
the iNOS mRNA expression increased with the severity of
the disease and was attenuated in the gliotoxin-treated

Figure 3. Gliotoxin improves proteinuria and renal damage in mesangial
proliferative glomerulonephritis. A: Proteinuria in rats with anti-Thy 1.1
nephritis injected with saline (F) or gliotoxin (Œ) and in healthy control rats
receiving saline (E) was analyzed daily and expressed in mg/24 hours (*, P �
0.05 versus untreated nephritic rats). B and C: Representative micrographs
show morphological changes at day 7 in untreated nephritic (B) and glio-
toxin-treated rat (C). Original magnifications, �200.

Table 1. Gliotoxin Treatment Reduces Pathological Changes in Anti-Thy 1.1 Glomerulonephritis

Day

Glomerular lesions ED1� cells

Control Nephritis Control Nephritis

Saline Gliotoxin Saline Gliotoxin Saline Gliotoxin Saline Gliotoxin

2 0.5 � 0.1 ND 1.3 � 0.3† 0.5 � 0.3*‡ 0.9 � 0.1 ND 6.0 � 1.4† 3.0 � 0.7*‡

4 0.8 � 0.1 0.3 � 0.2* 2.2 � 0.5† 1.0 � 0.2*‡ 0.9 � 0.1 1.1 � 0.6* 7.9 � 1.8† 2.5 � 0.7*‡

7 0.5 � 0.1 ND 2.9 � 0.2† 1.0 � 0.1*‡ 0.9 � 0.1 ND 9.5 � 2.0† 2.0 � 0.1*‡

10 0.3 � 0.2 0.4 � 0.2* 2.0 � 0.5† 1.0 � 0.1†‡ 1.1 � 0.3 0.9 � 0.1* 5.6 � 1.7† 0.8 � 0.6*‡

Glomerular damage was scored from 0 to 3. Infiltrating monocytes/macrophages were expressed as number of ED1� cells/glomerular cross
section (gcs). Values are mean � SD.

*†, Not significant and P � 0.05 compared to control rats receiving saline, respectively.
‡P � 0.05 versus untreated nephritis rats (injected with saline). ND, not determined.
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group (Figure 5). By immunohistochemistry we observed
an increase in iNOS protein in the glomeruli of nephritic
animals (mesangial and infiltrating cells), that was dimin-

ished by gliotoxin treatment (glomerular score, day 4:
control, 0.7 � 0.2; untreated nephritis, 2.8 � 0.2, P �
0.001 versus control; gliotoxin treatment, 1.3 � 0.2, P �
0.01 versus nephritis).

Parthenolide Reduces Glomerular Injury in
Murine Experimental Glomerulonephritis

Injection of sheep anti-mouse MC serum to normal mice
was associated with mesangial deposition of heterolo-
gous sheep Ab leading to acute glomerulopathy charac-
terized by severe proteinuria and hematuria. This model,
similar to the anti-Thy 1.1 nephritis in rats, is character-
ized by a phase of reduced glomerular cell number fol-
lowed by a phase of restorative cell proliferation (Yo Y,
Mobaraki H, Lu H, Braun M, Owens J, King C, Kopp JB,
submitted). Pathological proteinuria was even detected
on day 1 (Figure 6A), and histological changes were
maximal on day 5 (Figure 6, B and C). No pathological
reactions (proteinuria and glomerular lesions) were ob-
served with control nonimmune serum (not shown).

In a pilot experiment we analyzed the effects of glio-
toxin in this mouse model. Although this treatment par-
tially decreased proteinuria levels, the peritoneal admin-
istration (70 to 100 �g/day) caused peritonitis in 	30% of
mice. Thus, these findings, together with the in vitro data
revealing nontoxic effects of parthenolide on cultured
MCs, led us to investigate the effects of parthenolide in
the mouse model. Mice injected with anti-murine MCs
and receiving daily parthenolide treatment (70 �g/day)
developed less proteinuria than the untreated mice did
(Figure 6A). Hematuria was also decreased by the treat-
ment (1.2 � 0.6 versus 3.4 � 0.4 score at day 5; 0.2 � 0.1
versus 3 � 0.8 at day 7; P � 0.05). Likewise, the mor-
phological lesions including glomerular (hypercellularity,
mesangial expansion, matrix accumulation, and depos-

Figure 4. Gliotoxin attenuates NF-�B activation in experimental glomerulo-
nephritis. A: Nuclear proteins from untreated nephritic, gliotoxin-treated, and
control rats were analyzed by EMSA. Competition (c) with an excess of
unlabeled probe was used as negative control. Specific NF-�B bands were
densitometered, and data are expressed as increase versus control rats (f,
untreated nephritis; �, gliotoxin-treated; *, P � 0.05 versus nephritis). B–E:
In situ localization of activated NF-�B in renal tissues. Control rats receiving
gliotoxin (B) presented a weak staining. Nephritic animals presented a strong
NF-�B activation in glomerular and tubular cells at day 4 (C), that was
attenuated by gliotoxin treatment (D). Specificity of DNA-protein interaction
in nephritic rats (same sample as C) was determined by competition with a
200-fold excess of unlabeled oligonucleotide (E). Original magnifications,
�200.

Figure 5. Renal mRNA expression of MCP-1 and iNOS is reduced by glio-
toxin treatment. Top: The RNA from renal cortex of healthy control, un-
treated nephritic, and gliotoxin-treated rats was analyzed by RT-PCR (33
cycles) with specific primers for rat MCP-1, iNOS, and GAPDH as a control.
Blot representative of four. After densitometry of MCP-1 and iNOS bands and
correction by GAPDH, data are expressed as fold increases in relation to
control. Each bar (f, untreated nephritis; �, gliotoxin-treated) represents the
mean � SD of the total number of animals from each group (*, P � 0.05
versus untreated nephritis).

Figure 6. Beneficial effects of parthenolide on proteinuria and renal injury in
murine glomerulonephritis. A: Evolution of proteinuria along the period of
study in mice receiving a single dose of anti-MC Ab and a daily injection of
saline (F) or parthenolide (Œ), and in control normal mice injected with
saline (E). B–D: Renal samples of each group were analyzed by Masson’s
staining and glomerular and tubulointerstitial lesions were semiquantitatively
scored (B) and expressed as mean � SD (f, untreated nephritis; �, parthe-
nolide-treated; *, P � 0.05 versus nephritis). Representative glomerulus at day
5 from untreated nephritic (C) and parthenolide-treated mice (D). Original
magnifications, �200.
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its), tubular (atrophy, epithelial degeneration, cast and
cell infiltration around the damaged tubules) and intersti-
tial areas (fibrosis and infiltrates) were significantly re-
duced by the treatment (Figure 6; B, C, D). No adverse
reactions were observed in either control or nephritic
mice receiving this dose of parthenolide. Glomerular cell
proliferation (BrdU� cells) was increased in mice with
glomerulonephritis at days 5 and 7 when compared with
controls, whereas parthenolide treatment was associated
with a marked reduction in the number of glomerular
proliferating cells (Figure 7).

In this model, increased activation of NF-�B was ob-
served at days 5 and 7 as assessed by in vitro and in situ
oligonucleotide hybridization, with a wide distribution in
glomerular, tubular, and infiltrating cells (Figure 8, A and
B). Treatment with parthenolide prevented the activation
of this transcription factor, detecting levels near to control
animals in all cell types (61% inhibition at day 7; Figure 8,
A and C). Parthenolide administration also reduced the
increased mRNA expression of MCP-1 detected in this
model of glomerulonephritis, as determined by RT-PCR
analysis (increases versus control: untreated nephritis,
2.6-fold; parthenolide treatment, 1.1-fold; n � 4). In this
experimental model, the activation of other transcription
factors, such as AP-1, was also investigated. Although
induction of the nephritis caused activation of AP-1 (Fig-
ure 8D), no decrease in the intensity and number of
AP-1-positive cells were observed after parthenolide
treatment (Figure 8E), confirming the specificity of this
compound for NF-�B pathway.

Discussion

In this work we firstly demonstrate that the injection of
anti-MC Abs causes NF-�B activation and expression of
NF-�B-dependent genes, both in renal resident and infil-
trating cells, thus confirming the participation of this tran-
scription factor in the pathogenesis of mesangial prolif-
erative glomerulonephritis, as previously reported in
other human and experimental nephritis.4,6,13,19,39,40

The wide spectrum of immunologically relevant genes
regulated by NF-�B and the studies of NF-�B-deficient
mice had emphasized the importance of this transcription
factor as a mediator of immune and inflammatory re-
sponses.10 In this regard, several drugs have emerged
as potential NF-�B modulators, although their mecha-
nisms are not well described.3–5,13–15 New promising

strategies include cell-permeable peptides containing
the nuclear localization domain and decoy double-
stranded oligonucleotides, with the ability to inhibit NF-�B
nuclear translocation and gene transactivation, respec-
tively.16,17,41 However, it is important to identify new com-
pounds with specificity for this activation pathway without
affecting other routes of cell signaling.

The NF-�B pathway is regulated by diverse transduc-
tion cascades. One important step is I�B phosphorylation
mediated by the IKK complex (kinase subunits � and �,
and regulatory subunit �), leading to ubiquitination and
subsequent degradation by the 26S proteasome. Then
free NF-�B complexes translocate into the nucleus, bind
to target DNA elements, and regulate gene transcrip-
tion.10,11 Based on that, we hypothesized that the inhibi-
tion of I�B proteins could be a possible target for specific
therapies. In this sense, the use of gliotoxin and parthe-
nolide could be more reasonable, because their inhibi-
tory action is due to, at least partially, the blockade of the
I�B phosphorylation/degradation pathway. In this work
we demonstrate in cultured renal cells that both inhibi-
tors, at nontoxic doses, modulate the NF-�B activation
induced by inflammatory stimuli (LPS and cytokines) and
the expression of NF-�B-regulated genes (iNOS and

Figure 7. Prevention of excessive glomerular cell proliferation by partheno-
lide. Cellular proliferation in glomeruli was evaluated by in vivo BrdU
incorporation. Representative glomeruli from untreated nephritic (A) and
parthenolide-treated mice (B) at day 5 of the study are shown. C: Data of
glomerular quantification are expressed as cells/glomerular cross-section
(gcs) and are mean � SD (f, untreated nephritis; �, parthenolide-treated;
*, P � 0.05 versus untreated nephritis). Original magnifications, �200.

Figure 8. NF-�B activation in murine glomerulonephritis is attenuated by
parthenolide treatment. A: Gel shift assay from control, untreated nephritis,
or parthenolide-treated mice at day 7. Competition (c) with an excess of
unlabeled NF-�B probe was used as a negative control. Densitometric anal-
ysis of specific bands revealed a decrease in NF-�B activation by partheno-
lide treatment (*, P � 0.05 versus nephritis; #, P � 0.05 versus control). The
in situ localization of activated NF-�B (B and C) and AP-1 (D and E) was
made by Southwestern histochemistry. At day 7, untreated nephritic mice
showed strong nuclear staining for NF-�B (B) and AP-1 (D) in glomerular
and tubular cells. Parthenolide treatment inhibited the activation of NF-�B
(C), but not AP-1 (E). Original magnifications, �200.
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MCP-1). The inhibitory effects of both agents seem to be
specific for NF-�B, because they did not influence the
activity of other transcription factors, as previously report-
ed.29,30 This inhibition of DNA binding was paralleled by
the prevention of I�B� degradation. In addition, determi-
nation of phosphorylated I�B� levels revealed a loss of
induced phosphorylation in the presence of parthenolide,
but not gliotoxin. Both inhibitors act at short periods and
relatively low concentrations, suggesting a rapid cell ab-
sorption and persistent effect.

The in vivo effects of gliotoxin and parthenolide were
examined in experimental models of mesangial prolifer-
ative glomerulonephritis. The inflammatory response of
rats and mice receiving daily injections of these agents
was lower than those of untreated animals, as demon-
strated by reduced proteinuria and glomerular lesions.
The treatment was also effective in the prevention of
glomerular recruitment of mononuclear cells and exces-
sive mesangial proliferation. Indeed, the activation of
NF-�B in glomeruli and tubules of nephritic animals, as
well as the renal expression of iNOS and MCP-1, were
importantly attenuated by the treatment. To our knowl-
edge, this is the first study to show the anti-inflammatory
properties of gliotoxin and parthenolide administration in
renal diseases. Other authors reported that, in dextran
sodium sulfate-induced colitis in rodents, gliotoxin re-
duced the disease activity and colonic levels of inflam-
matory cytokines.42,43 Gliotoxin also presented immuno-
modulating activity for the prevention of autoimmune
diabetes mellitus in rats.44 To date, there are no reports
describing the in vivo effects of parthenolide.

The molecular mechanisms of gliotoxin and partheno-
lide are not well established. Parthenolide could interfere
with some enzymes of the I�B phosphorylation complex,
probably with the regulating subunit IKK� or other not yet
identified proteins.31 A recent report speculates that ses-
quiterpene lactones directly alkylate the p65 subunit of
NF-�B, thereby inhibiting DNA binding.45 In the future,
binding assays using radiolabeled parthenolide could
help to identify the structures that this inhibitor may inac-
tivate. Moreover, gliotoxin decreases the expression of
NF-�B-dependent genes, such as chemokines, cyto-
kines, and adhesion molecules in several cell
types29,42,43,46,47 and inhibits specifically the activation
of NF-�B by blocking the degradation of I�B.29 However,
gliotoxin may also cause the inactivation of other en-
zymes in different signaling cascades. This fact probably
explains its narrow therapeutic range43 and potential side
effects, such as induction of apoptosis.20 In this sense,
recent reports indicate that gliotoxin induces apoptosis in
murine macrophages in a dose-dependent and cell cy-
cle-independent manner23 and inhibits proliferation of
human umbilical vein endothelial cells and macro-
phages.24,48

In summary, our data show that gliotoxin and parthe-
nolide reduce inflammatory responses in experimental
glomerulonephritis, such as mononuclear cell infiltration
and MC proliferation. These agents may exert their ef-
fects through the blockade of NF-�B activation and sub-
sequent expression of inflammatory genes. Our findings
support the idea that drugs modulating NF-�B may rep-

resent a novel therapeutic approach in progressive renal
diseases and other inflammatory conditions. Moreover,
the potential selective effect of these new compounds
could represent an additional advantage, allowing to ap-
proach separately the different intracellular signaling
cascades.
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