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Fig. 7. FO reduces salt-induced inflammation in Dahl SS rats. SR and SS rats were maintained for 4 wk on HSD alone (SR + HSD and SS + HSD) or
supplemented with CO (SS + HSD + CO) or FO (SS + HSD + FO) as indicated. A: ED1 stains of kidney sections. B: NF-kB EMSA of renal nuclear extracts.
C: cyclooxygenase (COX)-2 expression of renal microsomal fractions by Western blot analysis. Values are means = SE (n = 10). #P < 0.05 vs. SR + HSD;
*#P < 0.05 vs. SS + HSD; +P < 0.05 vs. SS + HSD + CO. Insets: representative ED1 stain (A), NF-kB EMSA (B), and COX-2 Western blot (C).

pared with that of the SR controls. This incomplete reduction
of blood pressure has been observed in SHRs treated with
DHA (50, 86). Additionally, SHRs treated with menhaden oil
for 12 wk showed less renal fibrosis but no differences in
systolic blood pressure (91). Although HYD was more effec-
tive than FO in reducing blood pressure in SS + HSD rats, this
treatment failed to prevent the development of glomerular,
interstitial, and vascular alterations that are characteristic of
SS + HSD rats. Based on these considerations, we propose that
the protective effects of FO in SS + HSD rats are largely
independent of blood pressure reduction.
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We demonstrate that FO significantly reduces serum choles-
terol and triglyceride levels in SS + HSD rats. Similar lipid-
lowering effects of FO have been reported in SHRs (50, 91,
99). HYD treatment had no effect on serum lipid levels. Lipids
are recognized risk factors for the development of progressive
renal disease (80). It is thought that the reduction of serum lipid
levels is one of the mechanisms underlying the cardioprotec-
tive effects of FO in humans (68). A meta-analysis of 21
clinical trials has shown that FO promotes a dose-dependent
beneficial effect on serum triglycerides (8). Studies indicate
that FO lowers serum triglyceride levels through the suppres-
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Fig. 8. FO prevents membrane translocation of NADPH oxidase subunits
p47Phox and p67Phox in Dahl SS rats on an HSD. Western blots for p47°Ph°x and
p67PP% in renal microsomal fractions of SR or SS rats maintained on HSD
alone (SR + HSD and SS + HSD) or supplemented with CO (SS + HSD +
CO) or FO (SS + HSD + FO) are shown. Values are means = SE (n = 10).
#P < 0.05 vs. SR + HSD; *P < 0.05 vs. SS + HSD. Inset: representative
Western blots.

sion of hepatic lipogenesis, upregulation of fatty acid oxida-
tion, and promotion of glycogen synthesis from glucose (8,
17). However, in apolipoprotein E (—/—) mice, FO reduced the
formation of atherosclerotic lesions through a mechanism that
did not involve a lipid-lowering effect (100). The effect ap-
peared to be through the induction of antioxidant enzyme
activities (100). Based on these considerations, it is likely that
lipid-lowering effects do not account for all of the renoprotec-
tive effects of FO in SS hypertension.

We found that FO reduces urine protein excretion in SS +
HSD rats. This finding is similar to the reported effects of FO
in SHRs (44, 87). However, as with blood pressure, urine
protein excretion in SS + HSD + FO rats remained signifi-
cantly elevated compared with that of the SR + HSD rats. Of
note, the reduction of blood pressure with HYD failed to
decrease urine protein excretion compared with that of SS +
HSD rats.

Histopathological manifestations of chronic renal injury in
Dahl SS rats include glomerular hypertrophy, glomeruloscle-
rosis, interstitial inflammation, interstitial fibrosis, tubular at-
rophy, and the fibromuscular thickening of interstitial arteries
(63, 86, 94,97, 106). In accord with several studies in SHRs (6,
44, 62, 91), we demonstrate that FO prevents the development
of chronic glomerular, tubulointerstitial, and vascular alter-
ations in SS + HSD rats. These extensive histopathological
lesions were also observed in rats treated with HYD to lower
blood pressure (SS + HSD + HYD). We found that FO
prevented the development of glomerular hypertrophy and
segmental sclerosis. Similar effects of FO on glomerular hy-
pertrophy have been reported in SHRs (6). Tubulointerstitial
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expression of a-SMA is a marker of epithelial-to-mesenchymal
transformation and a marker of the profibrotic state (31, 47,
55). The tubulointerstitial expression of a-SMA was signifi-
cantly reduced in SS + HSD + FO rats. By quantitative
analysis of trichrome- and Sirius red-stained slides, we dem-
onstrate that FO significantly reduces interstitial fibrosis. Ar-
teriopathic alterations, characterized by vascular smooth mus-
cle hyperplasia and luminal constriction, are characteristic
histopathological features of renovascular hypertension in Dahl
SS rats and in SHRs (88, 97, 101, 106). We found that FO
reduced vascular fibromuscular hyperplasia in SS + HSD rats,
as evidenced by an increased lumen-to-wall thickness ratio of
interlobular-sized arteries and arterioles.

Although we and others (6, 44, 62, 91) have shown that FO
decreases the development of renal injury in Dahl SS + HSD
rats, relatively few studies have addressed potential signaling
pathways whereby FO confers a protective effect. In vitro
studies of cultured cells treated with DHA or EPA have pro-
vided evidence for several potential signaling pathways. We
have previously demonstrated that low-dose DHA inhibits the
proliferation of renal cells in vitro through the inhibition of
growth factor-stimulated ERK activity and suppression of
cyclin E kinase activity (107). In the anti-rat thymocyte serum
model of mesangial proliferative glomerulonephritis, we have
previously demonstrated that FO suppresses the mesangial
proliferative response to injury (32).

In hypertensive SS + HSD and SS + HSD + CO rats, we
demonstrate that the tubulointerstitial expression of the prolif-
eration marker Mib-1 is markedly increased. Tubulointerstitial
Mib-1 expression was significantly decreased in SS + HSD +
FO rats. Furthermore, the expression of the proliferation
marker PCNA in cortical homogenates was also increased in
SS + HSD and SS + HSD + CO rats, whereas FO signifi-
cantly reduced PCNA expression to levels observed in SR +
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Fig. 9. FO does not induce heme oxygenase (HO)-1 expression in hyperten-
sive Dahl SS rats. Western blot for HO-1 in renal microsomal fractions of SR
and SS rats on HSD alone (SR + HSD and SS + HSD) or supplemented with
CO (SS + HSD + CO) or FO (SS + HSD + FO) is shown. Values are
means = SE (n = 10). #P < 0.05 vs. SR + HSD; *P < 0.05 vs. SS + HSD.
Inset: representative Western blot.
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HSD rats. We found that the antiproliferative effect of FO in
SS + HSD rats was associated with a significant inhibition of
ERK activity. In SS + HSD rats, the development of hyper-
tension is associated with chronic ERK activation (37, 77). The
effect of FO on ERK activity in Dahl SS rats has not been
previously defined. However, the ANG II type 1 receptor
antagonist candesartan decreased ERK activity and renal injury
in Dahl SS rats through a mechanism that appeared to be in-
dependent of blood pressure reduction (77). In a murine model
of type 2 diabetes, EPA ameliorates renal damage through the
suppression of the proinflammatory cytokine monocyte che-
moattractant protein-1 and ERK (36). In the RAW 264.7
murine macrophage cell line, FO reduced LPS-stimulated
TNF-a production through the inhibition of ERK activity (56).
These studies indicate that FO-mediated inhibition of ERK
activity may lead to the suppression of renal proliferation as
well as inflammation in Dahl SS rats.

We found that interstitial inflammation was significantly
reduced in SS + HSD + FO rats, as assessed by immunostain-
ing for the macrophage marker ED1. Both in vitro studies of
cultured cells and ex vivo studies of leukocytes have shown
that DHA and/or EPA decreases the production of proinflam-
matory cytokines (2, 11, 13, 18, 24, 41, 48, 102). These studies
have provided the rationale for clinical trials of FO in patients
with a variety of inflammatory/autoimmune diseases (13, 38,
75). Of note, the reduction of interstitial inflammation by
mycophenolate mofetil alone significantly reduced blood pres-
sure in Dahl SS rats (61).

The activation of NF-kB may play an important role in
mediating interstitial monocyte infiltration (84) and may
thereby provide an important target of FO in the treatment of
glomerulonephritis (57). The development of hypertension in
Dahl SS rats is associated with a marked upregulation of
NF-kB (35). We found that NF-«kB activation was significantly
suppressed in SS + HSD + FO rats, as evidenced by the
decreased NF-kB binding of nuclear extracts subjected to
EMSA. The relevance of this observation is underscored by a
study of adriamycin nephrosis, in which the inhibition of
NF-kB with pyrrolidine dithiocarbamate reduced interstitial
inflammation and the extent of renal injury (84). Our findings
are in accord with a number of in vitro studies, which demon-
strate that FO decreases the production of proinflammatory
cytokines through the downregulation of NF-kB signaling (11,
54, 79, 108). Sodium directly stimulates NF-kB activation in
cultured renal proximal tubular epithelial cells (35). In cultured
endothelial cells (60), rat vascular smooth muscle cells (11),
and renal tubular epithelial cells (54), the EPA- and/or DHA-
mediated decrease in NF-kB signaling appears to occur
through the inhibition of ERK activity. Based on these consid-
erations, we hypothesize that FO decreases NF-«kB activation
and renal inflammation through the downregulation of ERK.
However, we cannot exclude the possibility that the effect of
FO on NF-kB activation is due to reduced inflammation in
SS + HSD + FO rats.

In Dahl SS rats, we demonstrate that FO significantly de-
creases COX-2 expression. It is well recognized that arachi-
donic acid metabolites, produced through the action of COX-2,
lead to the production of a variety of metabolites, which
promote inflammation and increase vascular tone. In SHRs, the
development of hypertension is associated with the increased
production of the COX-2 product thromboxane A,, a potent
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vasoconstrictor. In this model, FO reduces blood pressure and
vascular reactivity (87, 105). In Dahl SS rats, the COX-2
inhibitor celecoxib reduces interstitial inflammation and his-
topathological manifestations of renal injury (42). In vitro
studies indicate that FO, in addition to competing with arachi-
donic acid as a substrate for COX, can directly suppress
COX-2 induction (60). The inhibitory effect of DHA on
COX-2 expression was due to decreased NF-kB activation, as
assessed by EMSA, and decreased binding of NF-«kB to the
COX-2 promoter (60). In this study, DHA decreased NF-kB
activation by decreasing cytokine-stimulated reactive oxygen
species generation and ERK activation through effects on
NADPH oxidase activity (60).

We found that FO prevented the assembly of the NADPH
oxidase complex, as assessed by the decreased membrane
translocation of the NADPH oxidase subunits p47P"°* and
p67PP°% in hypertensive SS + HSD + FO rats. Other investi-
gators have shown that FO decreases lipid peroxidation and
enhances antioxidant status in SHRs (29). The development of
hypertension in SS rats is associated with increased oxidative
stress (9, 52, 65, 96) and increased NADPH oxidase-mediated
superoxide production (3, 40). The importance of NADPH
oxidase activation in the development of hypertension is un-
derscored by studies employing p47P"°* (—/—) mice. In these
animals, ANG II infusion fails to elicit hypertension and
superoxide generation is markedly attenuated (53). The anti-
oxidant a-tocopherol prevents the development of hyperten-
sion and renal dysfunction in SS rats (7, 28, 96). The super-
oxide dismutase mimetic tempol reduces glomerular injury
(43, 63) and MAPK activity in Dahl SS rats (76). DHA
attenuates the development of hypertension by decreasing
NADPH oxidase activity in rats infused with ANG II (20).
Based on these observations, we propose that FO ameliorates
renal injury in SS hypertension at least in part by inhibiting the
assembly of NADPH oxidase subunits. However, we cannot
exclude the possibility that the effect of FO on the membrane
translocation of p47P"°* and p67P"°* in SS + HSD rats is due
to the fact that FO prevents the influx of circulating inflam-
matory cells into the kidney. Further studies are needed to
address this issue.

HO has been shown to have a number of critical antioxidant,
anti-inflammatory, and cytoprotective functions (5, 71-73).
Induction of HO-1 occurs as an adaptive response to a variety
of injurious stimuli, including ischemia, cytokines, and oxida-
tive stress (1, 4, 5, 71-74). We found that HO-1 expression was
decreased in SS + HSD + FO compared with SS + HSD or
SS + HSD + CO rats. The lack of induction of HO-1 in
FO-treated rats suggests that FO does not directly regulate
HO-1 expression and that the level of HO-1 expression in SS +
HSD rats reflects the underlying extent of renal injury.

In summary, we demonstrate that FO improves lipid profiles
and reduces histopathological manifestations of renal injury in
SS hypertensive rats. This effect appears to be largely inde-
pendent of decreases in blood pressure in SS + HSD + FO
rats. We have identified several potential targets that underlie
these therapeutic effects of FO in preventing renal damage. FO
markedly decreases the proliferative response to renal injury
through the downregulation of ERK activity. Complementary
in vitro studies previously performed in our laboratory dem-
onstrate that the FO-mediated decrease in ERK activity is
associated with the reduction in cyclin E kinase activity (107).
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FO exerts potent anti-inflammatory effects through the down-
regulation of NF-«kB. This reduction in NF-kB signaling may
underlie the reduction in COX-2 expression, since the proximal
promoter region of the COX-2 gene contains an NF-kB bind-
ing site (60). Finally, FO inhibits the assembly of NADPH
oxidase subunits (p47P"* and p67P"°%), an effect that may
underlie the previously reported antioxidant effects of FO in
renal injury models (20, 29). The FO-mediated modulation of
these pathways may underlie the reported protective effects of
FO in other experimental renal disease models and in human
renal disease.
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