
Original Contribution

Osthole improves an accelerated focal segmental glomerulosclerosis
model in the early stage by activating the Nrf2 antioxidant pathway
and subsequently inhibiting NF-κB-mediated COX-2 expression
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a b s t r a c t

Inflammatory reactions and oxidative stress are implicated in the pathogenesis of focal segmental
glomerulosclerosis (FSGS), a common chronic kidney disease with relatively poor prognosis and
unsatisfactory treatment regimens. Previously, we showed that osthole, a coumarin compound isolated
from the seeds of Cnidium monnieri, can inhibit reactive oxygen species generation, NF-κB activation, and
cyclooxygenase-2 expression in lipopolysaccharide-activated macrophages. In this study, we further
evaluated its renoprotective effect in a mouse model of accelerated FSGS (acFSGS), featuring early
development of proteinuria, followed by impaired renal function, glomerular epithelial cell hyperplasia
lesions (a sensitive sign that precedes the development of glomerular sclerosis), periglomerular
inflammation, and glomerular hyalinosis/sclerosis. The results show that osthole significantly prevented
the development of the acFSGS model in the treated group of mice. The mechanisms involved in the
renoprotective effects of osthole on the acFSGS model were mainly a result of an activated Nrf2-
mediated antioxidant pathway in the early stage (proteinuria and ischemic collapse of the glomeruli) of
acFSGS, followed by a decrease in: (1) NF-κB activation and COX-2 expression as well as PGE2 production,
(2) podocyte injury, and (3) apoptosis. Our data support that targeting the Nrf2 antioxidant pathway may
justify osthole being established as a candidate renoprotective compound for FSGS.

& 2014 Published by Elsevier Inc.

Focal segmental glomerulosclerosis (FSGS)1 is a very common
category of chronic kidney disease and clinically features heavy
proteinuria or nephrotic syndrome, with a relatively high fre-
quency of progression to chronic renal failure and uremia [1–3].
The recurrence rate of FSGS has been reported in a high percen-
tage of patients after renal transplantation [4]. Clinically, corticos-
teroids, some cytotoxic agents, and cyclosporin A have been
commonly used in the treatment of patients with the renal disease
[5–7], but both unsatisfactory effects on prevention of the pro-
gression of renal lesions [8,9] and various side effects for the
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patients [10–12] are still considered major concerns. Thus, seeking
new agents with sufficient therapeutic effects and lowest toxicity/
other systemic side effects becomes clinically important.

Inflammatory responses with mononuclear leukocyte recruit-
ment [13,14], via the cyclooxygenase pathway [15,16], to oxidative
stress [17,18], and in the form of apoptosis [19,20] have been
implicated in the development and progression of FSGS, although
the exact pathogenic mechanisms and etiological events remain
largely unclear. Production of reactive oxygen species (ROS) and
nitric oxide (NO) and reduced antioxidant capacity [18,21,22]
contribute to the generation of oxidative stress, which can cause
necrosis, inflammation, apoptosis, and fibrosis in the kidney
[18,23,24]. Inhibition of oxidative stress prevents renal fibrosis
by checking pathways of inflammation and apoptosis [18,24,25].
Furthermore, nuclear factor E2-related factor 2 (Nrf2), a transcrip-
tion factor, can potently induce the production of antioxidants and
prevent oxidative stress generation in chronic renal failure [26,27],
renal inflammation [24,28], and renal fibrosis [18,29,30]. These
effects involve mechanistic pathways such as binding of Nrf2 to
antioxidant-response elements in the promoter region of a num-
ber of genes encoding antioxidant and phase 2 enzymes, including
heme oxygenase 1 (HO-1), NAD(P)H quinone oxidoreductase 1,
glutathione peroxidase (GPx), catalase, and superoxide dismutase
[31,32].

Osthole, a coumarin compound, isolated from Cnidium monnieri
(L.) Cusson seeds, which are used as a traditional Chinese medi-
cine, has recently been shown to be anti-inflammatory [33–36],
antiapoptotic [37,38], and antifibrotic [39,40]. In a recent paper,
we demonstrated that the activation of NF-κB and production of
ROS and cyclooxygenase-2 (COX-2) in macrophages were signifi-
cantly reduced by osthole administration [35]. On the basis of its
anti-inflammatory and antioxidant effects, we tested the hypoth-
esis that osthole may prevent the development of renal lesions in
an accelerated mouse model of FSGS (acFSGS). Our data justify
osthole as being a potential renoprotective compound for FSGS
and a new source for the development of therapeutic agents
against FSGS.

Materials and methods

Osthole preparation and detection

Osthole was isolated from the C. monnieri (L.) Cusson seeds as
described previously [35]. A mixture of dimethyl formamide,
Tween 80, and saline was used as the solvent for osthole. Serum
and urine levels of osthole in mice were determined using thin-
layer chromatography (TLC; silica gel 60 F254, Merck, Boston, MA,
USA) and MALDI–mass spectroscopy (MicroMax, Waters, CA, USA),
respectively. Briefly, 1 ml serum, 1 ml urine, or osthole standards
(50 ng–31.250 mg) were loaded onto the Silica G-60 TLC gel and
then separated by the solvent system as n-hexane/ethyl acetate (7/
3), and the Rf of osthole was equal to 0.5. The results were visible
under UV light. Our preliminary tests showed that osthole, at more
than 50 ng, could be detected by TLC analysis. Meanwhile, we used
ethyl acetate to concentrate the osthole in serum and urine
samples; briefly, 200 ml serum or urine was mixed with 200 ml
ethyl acetate, and the ethyl acetate fraction was isolated and dried.
Then, the concentrated samples were dissolved in 10 ml n-hexane/
ethyl acetate and 1 ml was subjected to both silica G-60 TLC and
MALDI–mass spectroscopy.

Establishment of the acFSGS model and experimental protocol

Experiments were performed on 8-week-old female BALB/c
mice. Mice were intravenously injected with a single dose of

adriamycin (0.1 mg/10 g body wt) to induce an acFSGS model
[41], characterized by (1) early development of proteinuria, fol-
lowed by impaired renal function; (2) glomerular epithelial cell
hyperplasia lesions (EPHLs) that precede the development of
glomerular sclerosis; (3) periglomerular mononuclear leukocyte
infiltration; and (4) glomerular hyalinosis/sclerosis. Starting from
6 h before adriamycin injection, a group of mice was administered
osthole at a daily dose of 30 mg/kg body wt by intraperitoneal
injection or RTA402 (Selleckchem, Boston, MA, USA), an Nrf2
activator [42–44], at a daily dose of 2 mg/kg body wt by gavage
until the day of sacrifice. Age- and sex-matched BALB/c mice
injected intravenously with normal saline were used as normal
controls, whereas FSGS mice given vehicle by intraperitoneal
injection were used as disease controls. Urine samples were
collected in metabolic cages on days 3, 7, 14, 21, and 28. Mice
were killed at day 7 or 28 after disease induction. Body weight and
kidney weight were measured. Renal cortical tissue and blood
samples were collected and stored appropriately until analyses
were executed. Urine protein levels were determined as described
previously [18]. Serum samples were used to measure serum
levels of blood urea nitrogen (BUN) and creatinine (Cr) [18], and
creatinine clearance (Ccr) was determined by use of both serum Cr
and urine Cr levels [45]. All animal experiments were performed
with the ethical approval of the Institutional Animal Care and Use
Committee of The National Defense Medical Center, Taiwan, and
according to the ethical rules in the NIH Guide for the Care and Use
of Laboratory Animals.

Renal pathology

Formalin-fixed and paraffin-embedded renal sections were
prepared for renal pathologic evaluation and renal lesions scored
as described previously [18]. For evaluations of ischemic collapse
of the glomerular tuft, EPHLs, glomerular hyalinosis/sclerosis, and
periglomerular inflammation at least 50 glomeruli in renal tissue
sections were examined for each animal. The number of glomeruli
with EPHLs was expressed as a percentage of the total number of
evaluated glomeruli as described previously [41]. Meanwhile,
renal sections were stained with Sirius red, a histochemical
analysis for fibrosis (mainly for collagen I, II, and III), under a
polarizing microscope as previously described [42,43].

For immunohistochemistry (IHC), formalin-fixed and paraffin-
embedded renal sections were prepared and incubated with
primary antibodies against mouse F4/80 (monocyte/macrophage;
Serotec, Raleigh, NC, USA), pNF-κB p65 (Cell Signaling Technology,
Danvers, MA, USA), collagen IV (Col-IV; Southern Biotech, Birming-
ham, AL, USA), or desmin (Lab Vision, Fremont, CA, USA) and then
with biotinylated second antibodies (Dako, Carpinteria, CA, USA)
and avidin–biotin–peroxidase complex (Dako). For detection of
apoptosis, TUNEL was used. Formalin-fixed tissue sections were
stained using a kit (ApopTag Plus Peroxidase in situ Apoptosis
Detection kit; Chemicon, Temecula, CA, USA) according to the
manufacturer's instructions. For scoring of staining of Sirius red
and Col-IV, a quantitative image analysis software (Pax-it; Paxcam,
Villa Park, IL, USA) was used as previously described. Briefly, 20
glomeruli were randomly selected from each section and positive
signals within the selected glomerulus were highlighted, mea-
sured, and quantified as percentage positive area of the entire
glomerulus. The numbers of phosphorylated NF-κB p65-, F4/80-,
desmin- (a biomarker of podocyte injury), or TUNEL-positive cells
were also determined by Pax-it software.

ROS determination

Renal ROS levels were measured by (1) dihydroethidium (DHE)
binding, the fluorescence being quantified by counting the
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percentage of the total nuclei that were positive per kidney cross
section, and (2) a luminescence assay for superoxide anion levels,
the results being represented as reactive luminescence units (RLU)
per 15 min per milligram dry weight (i.e., RLU/15 min/mg dry wt),
both as described previously [18]. Meanwhile, serum superoxide
anion levels were measured by the luminescence assay above, the
results being represented as RLU/15 min/ml.

Measurement of nuclear Nrf2 and cytosolic GPx activity in renal
tissues

The activity of nuclear Nrf2 was evaluated using Trans-AM
ELISA kits (Active Motif, Tokyo, Japan) according to the manufac-
turer's instructions. GPx activity in renal tissues was measured
using a commercial glutathione peroxidase assay kit (Cayman
Chemical, Ann Arbor, MI, USA) according to the manufacturer's
instructions. Enzymatic activity was represented as a value relative
to the protein concentration in renal homogenates.

Western blot analysis of Nrf2, COX-2, and caspases

Cytoplasmic and nuclear proteins were extracted from renal
tissues using a Nuclear Extract Kit (Active Motif) according to the
manufacturer's instructions. Target proteins were detected by
Western blot analysis using antibodies against mouse Nrf2 (Santa
Cruz Biotechnology, Dallas, TX, USA), COX-2 (Santa Cruz Biotech-
nology), and caspase-3, caspase-8, and caspase-9 (all from Cell
Signaling Technology, Beverly, MA, USA) as described previously
[30,34]. Antibodies to histone 3 (Cell Signaling Technology) for
nuclear target proteins or β-actin (Santa Cruz Biotechnology) for
cytosolic target proteins were used as internal controls.

Measurement of prostaglandin E2 (PGE2) and HO-1

Serum levels of PGE2 and renal levels of HO-1 were measured
using commercial ELISA kits (R&D Systems, Minneapolis, MN,
USA), according to the manufacturer's instructions.

Measurement of nuclear Nrf2 in mesangial cells

Murine mesangial cells (CRL 1927; 1�106) were incubated for
0.5 h with 50 mM osthole or 100 nM RTA402 (Selleckchem) and
then for 24 h with or without 2 mg/ml lipopolysaccharide (LPS), as
described previously [34]. The protein levels of nuclear Nrf2 were
evaluated by Trans-AM ELISA kits (Active Motif) described as above.

Data analysis

The results are presented as the mean 7 SEM. Comparisons
among groups were performed using one-way ANOVA, with post
hoc correction by Tukey's method. A p value less than 0.05 was
considered statistically significant.

Results

Osthole improves proteinuria, renal function, and renal lesions

AcFSGS mice treated with vehicle (vehicle þ acFSGS mice)
showed increased urine protein levels from day 7 after induction
of FSGS that continued to increase to the end of the study at day 28
(all, p o 0.05) (Fig. 1A). However, this effect was significantly
suppressed in FSGS mice treated with osthole (osthole þ acFSGS
mice), the levels being similar to those in normal control mice.
With regard to renal function, significantly increased serum levels
of BUN (p o 0.005; Fig. 1B) and Cr (p o 0.005; Fig. 1C) on day 28

were observed in vehicle þ acFSGS mice, compared to those of
normal control mice. This effect was greatly suppressed in osthole
þ acFSGS mice showing renal function similar to that of normal
controls. There was no significant difference in BUN or Cr levels
between normal control mice, vehicle þ acFSGS mice, and osthole
þ acFSGS mice on day 7. In addition, the levels of Ccr were
significantly increased in osthole þ acFSGS mice on days 7 (p o
0.05) and 28 (p o 0.005), compared to those of vehicle þ acFSGS
mice (Fig. 1D). No significant changes in body weight (19.671.0 g)
or in kidney weight (0.1870.06 g) were observed in osthole þ
acFSGS mice, compared to vehicle þ acFSGS (body weight,
18.771.4 g; kidney weight, 0.1970.08 g) or normal control (body
weight, 20.270.5 g; kidney weight, 0.1770.04 g), on day 28.
Unexpectedly, there were no osthole signals detectable in serum
and urine samples by TLC or MALDI–mass spectroscopy in osthole
þ acFSGS mice under the experimental conditions of this study.
We infer that osthole might convert into another structure when it
enters the circulation of the treated mice, or the concentrations of
osthole in serum and urine were below the detectable levels in the
two analyses.

By light microscopy, on day 7, ischemic collapse of the glomer-
ular tuft, diffuse in distribution, was identified in vehicle þ acFSGS
mice and persisted until day 28, but osthole þ acFSGS mice
showed a great improvement (day 7, p o 0.005; day 28, p o
0.05; Fig. 1E and F). Compared with normal control mice, vehicle
þ acFSGS mice on day 28 exhibited significantly increased
percentages of glomeruli containing EPHLs (p o 0.005), segmental
glomerular hyalinosis/sclerosis (p o 0.005), and periglomerular
mononuclear leukocyte infiltration (p o 0.005) (Fig. 1E and G–I),
but this effect was significantly prevented in osthole þ acFSGS
mice (each, p o 0.01; Fig. 1E and G–I). Furthermore, Sirius red
staining showed significantly reduced levels of fibrosis within the
glomerular tuft and in the periglomerular region on both days
7 and 28 in osthole þ acFSGS mice compared to vehicle þ acFSGS
mice (Fig. 1J–L). As demonstrated by IHC, greatly increased renal
expression levels of Col-IV on day 28 were seen in vehicle þ
acFSGS mice compared to normal control mice, but, again, this
effect was suppressed in osthole þ acFSGS (Fig. 1M–O).

Osthole enhances nuclear Nrf2 protein levels, cytosolic protein levels
of HO-1, and GPx activity and reduces ROS production

Osthole is an antioxidant and free radical scavenger. First, we
measured nuclear Nrf2 protein levels, cytosolic protein levels of HO-
1, and GPx activity to evaluate the effects of osthole on the Nrf2
antioxidant signaling pathway in renal tissues. Osthole þ acFSGS
mice showed a marked increase in nuclear levels of Nrf2 protein as
early as day 7 (p o 0.01) and levels remained high on day 28 (p o
0.01), compared to vehicle þ acFSGS mice (Fig. 2A and B). More-
over, renal Nrf2 activity was greatly increased in osthole þ acFSGS
and RTA402-treated acFSGS (RTA402 þ acFSGS) mice as early as
day 7 (osthole þ acFSGS, p o 0.01; RTA402 þ acFSGS, p o 0.005)
and persisted to day 28 (both p o 0.005), compared to vehicle þ
acFSGS mice (Fig. 2C). There was no significant difference in renal
Nrf2 activity between osthole þ acFSGS and RTA402 þ acFSGS
mice. Similarly, as shown in Fig. 2D, significantly increased renal
levels of HO-1 were seen in osthole þ acFSGS and RTA402 þ
acFSGS mice on both days 7 (both p o 0.05) and 28 (both p o
0.005), compared to vehicle þ acFSGS mice, although there was no
difference in the renal levels of the protein between osthole þ
acFSGS and RTA402 þ acFSGS mice. Next, osthole þ acFSGS mice
tended to show an increase in renal GPx activity on day 7, although
there was no statistical difference compared to vehicle þ acFSGS
mice (p ¼ 0.07; Fig. 2E). In addition, a marked increase in renal GPx
activity was observed in both osthole þ acFSGS and RTA402 þ
acFSGS mice compared to vehicle þ acFSGS mice on day 28 (both p
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o 0.005; Fig. 2E). No significant difference in renal GPx activity was
observed between osthole þ acFSGS and RTA402 þ acFSGS mice.
We further evaluated the effects of osthole in enhancing Nrf2
activity in LPS-primed mesangial cells. The results show that
although significantly decreased Nrf2 activity was seen in LPS-
primed mesangial cells compared to mesangial cells in saline

(normal control), osthole restored the Nrf2 activity in the LPS-
primed mesangial cells to the levels near RTA402-treated
LPS-primed mesangial cells and normal controls (Fig. 2F).

We then examined the production levels of ROS. As demon-
strated by DHE detection in renal tissues, on days 7 and 28, vehicle
þ acFSGS mice showed a marked increase in nuclear DHE levels of
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Fig. 1. Proteinuria, renal function, and renal histopathology. (A) Urine protein time-course study on days 3, 7, 14, 21, and 28. (B) Serum BUN levels, (C) serum Cr levels, and
(D) Ccr on days 7 and 28. (E) Renal histopathology on days of 7 and 28 during treatment. H&E staining; original magnification each, 400� . The white arrows indicate
ischemic collapse of the glomerulus; black arrows indicate glomerular hyalinosis/sclerosis; the yellow line indicates EPHLs. Scoring of (F) glomerular ischemic collapse,
(G) glomerular EPHLs, (H) glomerular hyalinosis/sclerosis, or (I) periglomerular inflammation is shown on the right. (J) Sirius red staining (stained in red, as indicated by
white arrows). (M) IHC for Col-IV. Scoring for (K, L) Sirius red staining or (N, O) Col-IV is shown on the right. Original magnification each, 400� . np o 0.05, nnp o 0.01, nnnp
o 0.005; n.s., not significant; #, not detectable.
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the glomerulus, compared to normal control mice (both p o 0.01),
but this effect was significantly inhibited in both osthole þ acFSGS
and RTA402 þ acFSGS mice (all p o 0.01; Fig. 2G and H). By
luminescence assay, as shown in Fig. 2I, renal superoxide anion
levels of vehicle þ acFSGS mice were greatly increased on day 28
compared to normal control mice (p o 0.005), but osthole admin-
istration significantly decreased superoxide anion levels to a level
similar to that seen in normal control mice (p o 0.05). There was no
such inhibitory effect on renal superoxide anion levels of the osthole
þ acFSGS mice on day 7. In addition, serum superoxide anion levels
in vehicle þ acFSGS mice were significantly increased on day 28
compared to normal control mice (p o 0.005), but this effect was
greatly inhibited by osthole administration (p o 0.005; Fig. 2J).

Osthole inhibits renal macrophage infiltration, nuclear translocation
of NF-κB, and COX-2 expression and reduces serum levels of PGE2

Renal inflammatory responses have been involved in the
pathogenesis of FSGS. First, we detected renal inflammation, NF-
κB-mediated COX-2 expression in renal tissue, and serum levels of

PGE2. As shown in Fig. 3A–C, macrophage (F4/80þ) infiltration
mainly in the periglomerular region of the interstitium was seen
on day 28 of vehicle þ acFSGS mice (p o 0.005) and this effect
was greatly reduced by osthole administration (p o 0.005). We
then investigated the effects of osthole on NF-κB activation in
renal tissues. As shown in Fig. 3D–F, vehicle þ acFSGS mice
showed significantly increased NF-κB p65 nuclear translocation
compared to normal control mice on day 28 (p o 0.005) and this
effect was significantly inhibited in osthole þ acFSGS mice (p o
0.005). To validate the involvement of COX-2 in the NF-κB-
mediated inflammatory pathway, we measured renal levels of
COX-2 expression. As shown in Fig. 3G and H, renal COX-2 levels
were greatly elevated in vehicle þ acFSGS mice compared to
normal control mice in renal tissues on day 28 (p o 0.005), and
this effect was significantly inhibited in osthole þ acFSGS mice (p
o 0.005). We further determined serum levels of PGE2, a down-
streammolecule of COX-2, in the mice, and osthole þ acFSGS mice
showed significantly reduced serum levels of PGE2 (p o 0.005)
compared to vehicle þ acFSGS mice showing markedly increased
serum levels of PGE2 on day 28 compared to normal control mice
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Fig. 2. Nuclear Nrf2 protein levels, cytosolic protein levels of HO-1, GPx activity, and ROS levels. (A) Representative Western blots for nuclear Nrf2 and (B) Nrf2/histone
3 ratio. (C) Renal nuclear Nrf2 activity. (D) Renal cytosolic HO-1 levels. (E) Renal cytosolic GPx activity. (F) Mesangial cell nuclear Nrf2 activity. (G) Kidney in situ ROS
production demonstrated by DHE detection. (H) Scoring of nuclear DHE levels. ROS levels in (I) renal tissue and (J) serum. The dotted line circles indicate glomerulus, original
magnification, 400� . np o 0.05, nnp o 0.01, nnnp o 0.005. n.s., not significant.
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(p o 0.005; Fig. 3I). There was no detectable difference in
macrophage infiltration, NF-κB activation, COX-2 expression, and
PGE2 levels between the vehicle þ acFSGS, osthole þ acFSGS, and
normal control mice on day 7.

Osthole prevents podocyte injury and renal apoptosis

Damage to podocytes has been implicated in the development of
glomerular sclerosis [44,45]. As shown in Fig. 4A and B, although
vehicle þ acFSGS mice showed greatly increased numbers of
podocytes that expressed desmin (a biomarker of podocyte injury)
compared to normal control mice (p o 0.01), this effect was
significantly inhibited in osthole þ acFSGS mice (p o 0.05). In
addition, an increased number of podocytes and renal tubular
epithelial cells with apoptosis was seen in vehicle þ acFSGS mice
on day 28 compared to normal control mice and this effect was
significantly inhibited by osthole administration, as demonstrated
by TUNEL staining (p o 0.005; Fig. 4C–E). In a further analysis of

the pathway of apoptosis, the renal levels of caspase-3, caspase-8,
and caspase-9 were determined. As shown in Fig. 4F and G, the
levels of the mature forms of renal caspase-3 (p17 fragments) (p o
0.01) and caspase-9 (p37 fragments) (p o 0.005) were increased in
vehicle þ acFSGS mice, compared to normal control mice on day
28. However, this effect was significantly inhibited in osthole þ
acFSGS mice (both, po 0.01). There was no detectable difference in
renal levels of caspase-8 between vehicle þ acFSGS, osthole þ
acFSGS, and normal control mice (data not shown). These data
support that inhibition of the intrinsic pathway of apoptosis was
involved in the renoprotective effects of osthole in the treated mice.

Discussion

In this study, osthole, a pure compound isolated from C.
monnieri (L.) Cusson seeds, was found to modulate the acFSGS
model by preventing proteinuria, renal function disturbance,
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Fig. 3. Renal macrophage infiltration and activation of NF-κB pathway. Detection of (A–C) F4/80 monocytes/macrophages and (D–F) NF-κB p65 by immunohistochemical
staining. Original magnification, 400� . The scoring for the glomerulus and interstitium of F4/80 (B, C) or NF-κB p65 staining (E, F) is shown on the right. (G) Representative
Western blots of COX-2 in renal tissues and (H) COX-2/β-actin ratio. (I) PGE2 levels in serum by enzyme-linked immunosorbent assay. nnnp o 0.005. n.s., not significant.
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Fig. 4. Podocyte injury and renal apoptosis. (A) Immunohistochemical staining for desmin expression in the glomerulus, reflecting injury of podocytes (black arrows).
(B) Scoring of desmin expression in renal tissue by IHC staining. (C) TUNEL staining. Original magnification each, 400� . Scoring of TUNEL-positive cells in (D) glomerulus
and (E) renal tubule. (F) Representative Western blots for renal procaspase-3 and procaspase-9. Ratio of (G) active caspase-3/β-actin and (H) active caspase-9/β-actin.
np o 0.05, nnp o 0.01, nnnp o 0.005. n.s., not significant.
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EPHLs, periglomerular mononuclear leukocyte infiltration, and
glomerular hyalinosis/sclerosis. Activation of the Nrf2 antioxidant
pathway in the early stage (proteinuria and ischemic collapse of
the glomeruli) of acFSGS, followed by inhibited NF-κB activation
and COX-2 expression, was involved in the renoprotective effects
of osthole in this acFSGS model of mice.

In our previous studies [18,24,34] and others [46], the Nrf2
signaling pathway serves as a crucial antioxidant mechanism in
various renal disorders. In the present study, we showed that
osthole administration activated the Nrf2 signaling pathway as
early as day 7 after the induction of disease in association with
increased expression of HO-1 (Fig. 2D) and GPx (Fig. 2E), both of
which are its downstream molecules, although suppression of the
NF-κB-mediated COX-2 pathway was observed later on day 28
(Fig. 3G–I). In this potential mechanism, the NF-κB-mediated
inflammatory pathway can upregulate the expression of COX-2
[47]. Overexpression of COX-2 has been implicated in various types
of renal inflammation [23,48,49] and can increase susceptibility to
podocyte injury [50,51], which is an evolutional pathological
feature of FSGS [52,53]. In this study, we showed that osthole:
(1) inhibited mononuclear leukocyte infiltration and COX-2
expression and PGE2 production, downstream of the NF-κB-
mediated inflammatory pathway (Fig. 3, and (2) prevented podo-
cyte injury as demonstrated by decreased desmin expression
(Fig. 4A and B) and apoptosis (Fig. 4C–E), in renal tissues of
osthole þ acFSGS mice on day 28, suggesting that osthole
rendered its beneficial effects on this acFSGS model in the
established stage of renal lesions by inhibiting the NF-κB-
mediated inflammatory response involving COX-2 expression in
the kidney.

In addition, our data showed that osthole increased the
expression levels of Nrf2 and HO-1, but decreased NF-κB activation
and reduced the expression levels of COX-2 and PGE2. NF-κB is one
of the most important regulators of inflammatory gene expression
including COX-2 [58]. Inhibition of NF-κB reduces COX-2 expres-
sion induced by various stimuli [59–61]; thus we suggested that
osthole-mediated downregulation of COX-2 and PGE2 is due to NF-
κB inhibition. The question is whether osthole-mediated Nrf2
activation is responsible for the NF-κB inhibition. Previous studies
showed that Nrf2 negatively regulates NF-κB activation as evi-
denced by inhibition of Nrf2 significantly enhancing NF-κB tran-
scriptional activity and NF-κB-dependent gene expression [62,63].
Upregulation of the Nrf2 downstream molecule HO-1 also inhibits
NF-κB activation [64]. In addition, upregulation of Nrf2 improves
lupus nephritis by reducing NF-κB activation and by neutralizing
reactive oxygen species generation [65]. In addition, Nrf2-induced
expression of antiapoptotic molecules such as Bcl-2 has been
shown to enhance cell survival and drug resistance [54,55].
Apoptosis plays a pathogenic role in the development and pro-
gression of FSGS [19,38]. In agreement with this notion, we
showed that only mild renal pathology (Figs. 1F–I and 4A–E) was
observed in the kidney of osthole þ acFSGS mice associated with
enhanced renal activation of Nrf2 expression (Fig. 2A–C). Also,
osthole administration resulted in the prevention of apoptosis in
renal cells (Fig. 4A–E) and reduced levels of activated caspase-3
and caspase-9 in renal tissues (Fig. 4F–H). Our data suggest that
inhibition of renal apoptosis of the intrinsic pathway may con-
tribute to the beneficial effects of osthole on the acFSGS model. In
this regard, Zheng et al. [38] and our recent report [34] also
showed that osthole is renoprotective in mouse models of renal
disorders via either antiapoptosis or anti-inflammatory mechan-
isms. All together, our results provide evidence to support osthole
being considered as a candidate renoprotective compound,
although the pharmacological activities, exact mode of action,
and toxicity need to be further investigated. However, COX-2 has
also been shown to be antiapoptotic in renal medullary interstitial

cells [56] and mesangial cells [57]. Obviously, these findings may
rebut a direct antiapoptotic effect of osthole in our study. In this
regard, the cyclooxygenase pathway has also been shown to be
involved in glomerular injury in patients with FSGS [16], and
overexpression of COX-2 can incite podocyte injury in a mouse
model of FSGS [15]. Cheng et al. [54] further showed that over-
expression of podocyte COX-2 increases susceptibility to podocyte
injury, although basal COX-2 may be important for podocyte
survival, partly by activation of the thromboxane receptor. Never-
theless, further investigation is necessary to dissect the exact
mechanisms by which osthole administration conferred its effects
in preventing the development and evolution of the acFSGS model.

In agreement with the data from the mice above, we also
observed that osthole could significantly enhance Nrf2 activities in
LPS-primed mesangial cells (Fig. 2F), suggesting that one of the
mechanisms involved in the renoprotective effects of osthole on
the acFSGS was via activation of the Nrf2-mediated antioxidant
pathway in the intrinsic cells of the glomerulus. On the other
hand, in a recent report, Chen et al. [70] showed a protective role
of osthole in acute lung injury caused by LPS and also showed the
activation of Nrf2 by osthole, but did not show the exact role of
Nrf2 in vivo. In the present study, it is important to discriminate
the effect of osthole on suppression of LPS/Toll-like receptor-
mediated NF-κB signaling from the possible protective role
through Nrf2 activation with proper tools, especially including
the use of Nrf2-knockout mice, in further investigations.
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