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Angiotensinogen (AGT) is the only known substrate for renin, which is the rate-limiting
enzyme of the renin–angiotensin (Ang) system. Because the level of AGT is close to the
Michaelis–Menten constant for renin, not only renin levels but also AGT levels can control
the activity of the renin–Ang system, and upregulation of AGT levels may lead to elevated
Ang peptide levels.1 Recent studies on transgenic mice have documented the involvement of
AGT in the activation of the renin–Ang system.2 Enhanced intrarenal AGT mRNA and/or
protein levels have been observed in kidney diseases including diabetic nephropathy3 and
experimental nephritis.4,5 Thus, intrarenal AGT has an important role in the development
and progression of kidney diseases.6

We recently reported that Rho-kinase (ROCK) and nuclear factor-kappa beta (NF-κβ) have
crucial roles in the development of AngII-induced renal injury.7 However, the involvement
of intrarenal AGT in this mechanism was not elucidated yet. Therefore, this study was
performed to test the hypothesis that the ROCK/NF-κβ/AGT axis has an important role in
AngII-induced renal injury.

The experimental protocol was approved by the Animal Care and Use Committees of Tulane
University. Male Sprague–Dawley rats (225–250 g, Charles River), maintained on a normal
diet, received either a sham operation (N=8) or continuous AngII infusion (120 ng min−1)
subcutaneously through minipumps (Alzet, Cupertino, CA, USA; N=24). The AngII-infused
rats were further subdivided into three subgroups (N=8 each) to receive one of the following
treatments during the entire period: vehicle, ROCK inhibitor (fasudil, Asahi Kasei, Tokyo,
Japan, 3 mg kg−1 day−1, intraperitoneously),7 or NF-κβ inhibitor (parthenolide, Biomol,
Plymouth Meeting, PA, USA, 1 mg kg−1 day−1, intraperitoneously).7 All rats were
monitored for up to 12 days of AngII infusion with free access to a regular diet and water.
Systolic blood pressure (SBP) was measured by tail-cuff plethysmography as described
previously. 7,8 Twenty-four hour urine samples were collected the day before the tissue
harvesting and the protein and albumin concentration in urine samples were measured as
described previously.8

Kidney samples were harvested by decapitation after 12 days of AngII infusion.
Immediately after removal, one kidney was homogenized in cold methanol and renal AngII
was measured as described previously.8 The contralateral kidneys were separated into four
pieces. The first piece was immersed in RNAlater (Ambion, Austin, TX, USA) for total
RNA extraction. The second piece was immersed in zinc-saturated formalin (Anatech,
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Richmond, BC, Canada) for tissue fixation. The third and the last piece were immersed in
liquid nitrogen in Cryotubes (Nalgene, Rochester, NY, USA) for protein extraction and
nuclear protein extraction, respectively.

Total RNA extraction from rat kidneys and quantitative real-time polymerase chain reaction
for RelA and AGT mRNA were performed as described previously.3,9 Data pertaining to
quantitative real-time polymerase chain reaction were normalized by glyceraldehyde 3-
phosphate dehydrogenase mRNA expression.

Protein extraction, sample purification and ROCK activity assay were performed with rat
kidneys using a commercially available kit (CycLex, Ina, Nagano, Japan) as described
previously.7

Nuclear protein extraction and electromobility shift assay for NF-κβ were performed with
rat kidneys using a commercially available kit (Panomics, Santa Clara, CA, USA) as
described previously.7

Using zinc-saturated formalin-fixed paraffin-embedded renal sections, the averaged intensity
of immunoreactivity of AGT was examined by immunohistochemistry with a commercially
available antibody against AGT (IBL, Fujioka, Gunma, Japan) using Image-Pro plus
software (Media Cybernetics, Bethesda, MD, USA) as described previously.8,9

Using zinc-saturated formalin-fixed paraffin-embedded renal sections, the magnitude of
arterial proliferation of afferent arteriolar walls was evaluated by immunohistochemistry
with a commercially available antibody against the α-smooth muscle isoform of actin
(Sigma) using the Image-Pro plus software (Media Cybernetics) as described previously.8,9

Using zinc-saturated formalin-fixed paraffin-embedded renal sections, periodic acid-Schiff
(PAS) stain-positive areas were evaluated by the Image-Pro plus software (Media
Cybernetics) as a marker of glomerular damage as described previously.8,9

Statistical analysis was performed using a one-way factorial analysis of variance with post
hoc Scheffe’s F-test. All data are presented as mean ± s.e.m. P < 0.05 was considered
significant.

SBPs were similar between the groups before the treatment (data not shown). However,
chronic AngII infusion significantly increased SBP (Figure 1a, 208 ± 7 mm Hg for AngII vs.
136 ± 3 mm Hg for sham). Treatment with fasudil or with parthenolide did not affect the
SBP (213 ± 9 and 205 ± 18 mm Hg, respectively), which is consistent with a previous
report.7

Chronic AngII infusion significantly increased ROCK activity (2.21 ± 0.16 arbitrary units
for AngII vs. 1.00 ± 0.09 arbitrary units for sham). Importantly, while fasudil abolished
AngII-induced ROCK activation, parthenolide did not alter AngII-induced ROCK activation
(1.01 ± 0.17 arbitrary units for AngII+fasudil and 2.09 ± 0.19 arbitrary units for AngII
+parthenolide, respectively).

For the evaluation of NF-κβ expression, mRNA levels of RelA (p65), a part of the NF-κβ
complex, were measured by real-time polymerase chain reaction. Chronic AngII infusion
significantly increased RelA mRNA levels (1.62 ± 0.17 arbitrary units for AngII vs. 1.00 ±
0.10 arbitrary units for sham). Both treatments completely blocked AngII-induced
enhancement of RelA mRNA levels (0.95 ± 0.10 arbitrary units for AngII+fasudil and 0.69
± 0.06 arbitrary units for AngII+parthenolide, respectively).

Kobori et al. Page 2

Hypertens Res. Author manuscript; available in PMC 2011 August 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NF-κβ activity was evaluated by electromobility shift assay. Chronic AngII infusion
significantly increased NF-κβ activity (2.28 ± 0.14 arbitrary units for AngII vs. 1.00 ± 0.15
arbitrary units for sham). Both treatments completely blocked AngII-induced enhancement
of NF-κβ activity (0.98 ± 0.10 arbitrary units for AngII+fasudil and 0.95 ± 0.08 arbitrary
units for AngII+parthenolide, respectively).

Chronic AngII infusion significantly increased kidney AGT mRNA levels (Figure 1b, 1.48 ±
0.31 arbitrary units for AngII vs. 1.00 ± 0.28 arbitrary units for sham). Both treatments
completely blocked AngII-induced enhancement of kidney AGT mRNA levels (0.99 ± 0.08
arbitrary units for AngII+fasudil and 0.98 ± 0.26 arbitrary units for AngII+parthenolide,
respectively).

Chronic AngII infusion significantly increased kidney AGT protein levels (Figures 1c–g,
1.45 ± 0.30 arbitrary units for AngII (Figure 1d) vs. 1.00 ± 0.17 arbitrary units for sham
(Figure 1c)). Both treatments completely blocked AngII-induced enhancement of kidney
AGT protein levels (0.98 ± 0.06 arbitrary units for AngII+fasudil (Figure 1e) and 0.94 ±
0.14 arbitrary units for AngII+parthenolide (Figure 1f), respectively).

Chronic AngII infusion significantly increased kidney AngII levels (164 ± 23 pg g−1 for
AngII vs. 84 ± 13 pg g−1 for sham). Both treatments completely blocked AngII-induced
enhancement of kidney AngII levels (103 ± 9 pg g−1 for AngII+fasudil and 117 ± 18 pg g−1

for AngII+parthenolide, respectively).

Chronic AngII infusion significantly enhanced the wall thickness of afferent arterioles
(AAs) (Figures 2a–e, 4.74 ± 0.14 µm for AngII (Figure 2b) vs. 3.56 ± 0.18 µm for sham
(Figure 2a)). Both treatments completely blocked AngII-induced enhancement of the wall
thickness of AAs (3.65 ± 0.08 µm for AngII+fasudil (Figure 2c) and 3.71 ± 0.05 µm for
AngII+parthenolide, respectively (Figure 2d)).

Chronic AngII infusion significantly increased urinary protein excretion (43 ± 6 mg day−1

for AngII vs. 11 ± 2 mg day−1 for sham). Both treatments completely blocked AngII-
induced enhancement of urinary protein excretion (28 ± 5 mg day−1 for AngII+fasudil and
22 ± 3 mg day−1 for AngII+parthenolide, respectively).

Chronic AngII infusion significantly increased urinary albumin excretion (6.9 ± 1.7 mg
day−1 for AngII vs. 2.7 ± 0.5mg day−1 for sham). Both treatments completely blocked
AngII-induced enhancement of urinary albumin excretion (2.3 ± 0.3 mg day−1 for AngII+
fasudil and 3.8 ± 1.3 mg day−1 for AngII+parthenolide, respectively).

Chronic AngII infusion significantly increased PAS-positive area (Figure 2f, 14.4 ± 0.5%
for AngII vs. 9.9 ± 0.9% for sham). Both treatments completely blocked AngII-induced
enhancement of PAS-positive area (10.2 ± 0.5% for AngII+fasudil and 10.0 ± 0.3% for
AngII+parthenolide, respectively).

We selected 3 mg kg−1 day−1 as the dose of fasudil treatment in the present study, because
we previously reported that this dose of fasudil treatment had no effect on SBP,7 and a
higher dose (10 mg kg−1 day−1) decreased SBP in rats.10 Moreover, we selected 1 mg kg−1

day−1 as the dose of parthenolide treatment in this study, because we previously reported
that this dose of parthenolide treatment had no effect on SBP.7 In this study, treatment with
a ROCK inhibitor, fasudil, or with an NF-κβ inhibitor, parthenolide, did not alter SBP but
markedly attenuated the enhancement of wall thickness of AAs in AngII-infused rats,
suggesting a potential contribution of AngII-induced ROCK activation and NF-κβ activation
to renal injury independently of blood pressure changes. It is well known that AngII is one
of the most potent vasoconstrictor in the body and it is well established that AngII-mediated
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vascular tone constitutes an important determinant of glomerular hemodynamics.11

However, AngII has multiple effects, and the AngII-induced vasoconstriction and high
blood pressure are only a small part of the roles of AngII. For example, AngII causes
aldosterone secretion,12 cell infiltration and migration,13 thrombosis14 and superoxide
production.15–17 AngII also modulates transporters18,19 and channels20,21 in proximal as
well as distal tubules. All of these factors are involved in AngII-induced renal injury
independently of the hypertension-induced renal injury. The variety of roles of AngII may
account for the blood pressure-independent renoprotective effect of ROCK inhibitor and
NF-κβ inhibitor in this study.

In summary, this study was performed to test the hypothesis that ROCK/NF-κβ/AGT axis
has an important role in AngII-induced renal injury. After 12 days of AngII infusion, SBP
(Figure 1a), ROCK activity, NF-κβ activity, renal AGT levels (Figures 1b–g), renal AngII
contents, wall thickness of AAs (Figures 2a–e), urinary protein excretion, urinary albumin
excretion and PAS-positive area (Figure 2f) were significantly enhanced compared with the
sham group. Treatments with both fasudil and parthenolide completely blocked AngII-
induced enhancement of NF-κβ activity, renal AGT levels, renal AngII contents, wall
thickness of AAs, urinary protein excretion, urinary albumin excretion and PAS-positive
area. Importantly, parthenolide did not alter AngII-induced ROCK activation although
fasudil abolished AngII-induced ROCK activation. It was reported previously that NF-κβ is
located downstream of the ROCK.7 In addition, it is well established that NF-κβ is an
important regulatory factor for AGT expression.22 Taken together, these data indicate that
the ROCK/NF-κβ/AGT axis has an important role in AngII-induced renal injury.
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Figure 1.
(a) Systolic blood pressure (SBP) at day 12. (b) Angiotensinogen (AGT) mRNA levels. (c–
g) AGT protein levels. Representative photographs of AGT immunohistochemistry from
sham (c), AngII (d), AngII+fasudil (e) and AngII+parthenolide (f). Ni, nuclear factor-kappa
beta inhibitor, parthenolide; Ri, Rho-kinase inhibitor, fasudil. *P < 0.05 compared with the
sham group.
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Figure 2.
(a–e) Wall thickness of afferent arterioles (AAs). Representative photographs of the α-
smooth muscle isoform of actin immunohistochemistry from (a) sham, (b) AngII, (c) AngII
+fasudil and (d) AngII+parthenolide. (f) Periodic acid-Schiff (PAS)-positive area as a
marker of glomerular damage. Ni, nuclear factor-kappa beta inhibitor, parthenolide; Ri,
Rho-kinase inhibitor, fasudil. *P < 0.05 compared with the sham group.
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