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Abstract
Angiotensin II (Ang II) exerts powerful proinflammatory and growth effects on the development of
Ang II-induced hypertensive glomerulosclerosis and tubulo-interstitial fibrosis. The
proinflammatory and growth actions of Ang II are primarily mediated by activation of cell surface
type 1 receptors (AT1) and the transcription factor nuclear factor-κB (NF-κB). However, binding of
cell surface receptors by extra-cellular Ang II also induces receptor-mediated endocytosis of the
agonist-receptor complex in renal cells. The purpose of the present study was to determine whether
AT1 receptor-mediated endocytosis of extracellular Ang II is required for Ang II-induced NF-κB
activation and subsequent proliferation of rabbit renal proximal tubule cells. Expression of AT1
(primarily AT1a or human AT1) receptors in these cells was confirmed by Western blot, showing
that transfection of a human AT1 receptor-specific 20–25 nucleotide siRNA knocked down more
than 70% of AT1 receptor protein (P < 0.01). Stimulation of proximal tubule cells by Ang II (1 nM)
induced fourfold increases in NF-κB activity (P < 0.01). The Ang II-increased NF-κB activity was
significantly attenuated by coadministration of losartan (10 μM), an AT1 receptor-selective blocker,
or colchicine (1 μM), a selective cytoskeleton microtubule inhibitor known to block receptor-
mediated endocytosis (P < 0.01). Furthermore, Ang II significantly increased 3H-thymidine
incorporation (>55%, P < 0.01), an index of cell proliferation and DNA synthesis, and the effect was
also attenuated by coadministration of losartan and colchicine (P < 0.01). Our results therefore
suggest that AT1 receptor-mediated endocytosis of extracellular Ang II may be required for Ang II-
induced NF-κB activation and subsequent cell proliferation in renal proximal tubule cells.
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INTRODUCTION
Angiotensin II (Ang II) has been recognized for several decades as a vasoactive peptide that
plays an important role in physiological regulation of renal sodium and fluid reabsorption and
blood pressure homeostasis. However, an increasing effort has recently been directed to
studying the potential role of Ang II as a powerful proinflammatory cytokine and growth factor
in the pathogenesis of many progressive renal diseases, including Ang II-induced hypertensive
glomerulosclerosis and tubulo-interstitial fibrosis.1–3 Indeed, there is accumulating evidence
that Ang II can affect the transcription of genes related to cell growth and proliferation.4 Ang
II has been shown to induce expression of protooncogenes and genes for growth factors,
extracellular matrix and hypertrophic markers.4 Although not classified as gene transcription-
modulating drugs, ACE inhibitors, which block Ang II formation, and AT1 receptor
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antagonists, which block Ang II type 1 receptors, have been shown to prevent gene expression
induced by Ang II, thereby supporting an important role of Ang II in promoting inflammation
and cell growth. The growth-promoting and proliferative effects of Ang II may be partly
mediated by activating cell surface AT1 receptors or by intracellular Ang II acting on
intracellular Ang II receptors.5,6 It is interesting to note that intracellular Ang II may stimulate
cytoplasmic receptors to activate a variety of intracellular kinases, leading to phosphorylation
of many cytoplasmic and nuclear proteins, such as extracellular signal-regulated protein kinase
(s) (ERKs),7 JAK-STAT signaling,8 and calcineurin phosphatase.9

Although Ang II is known to induce target organ damage in cardiovascular and renal tissues
by activating a number of proinflammatory cytokines and growth factors, the precise
mechanisms are far from fully understood.1–3 Numerous studies suggest that nuclear factor-
κB (NF-κB) may be the key factor in mediating Ang II-induced inflammatory responses and
tissue injury. For example, infusion of Ang II in rats increased renal and vascular smooth
muscle cell NF-κB binding activity, and activation of NF-κB was associated with increases in
inflammatory cell infiltration and tubulo-interstitial inflammation.10 In rats harboring both
human renin and angiotensinogen genes and thereby producing high circulating and tissue Ang
II,3 NF-κB binding activity was substantially increased and inhibition of NF-κB was found to
ameliorate Ang II-induced inflammatory target organ damage in the heart and kidney.3,4 NF-
κB is an important transcription factor in inflammatory diseases, and activation of NF-κB by
Ang II in turn stimulates transcription of many cytokines and chemokines, including
angiotensinogen, monocyte chemoattractant peptide-1 (MCP-1), transforming growth factor
(TGF)β, and RANTES (regulated on activation normal T cell expressed and secreted).11 When
not activated, NF-κB exists in an inactive form in the cytoplasm, binding to inhibitory IκB
proteins. Stimulation of cells results in phosphorylation and degradation of IκB proteins, which
releases NFκB dimers. These dimers are translocated to the nucleus, where they activate
appropriate target genes.12,13 Although it is commonly presumed from in vivo studies that
Ang II activates NF-κB through cell surface receptor–mediated signaling to induce tubulo-
interstitial inflammation, it is not known whether intracellular Ang II plays any role in this
response. In addition to activating cell surface receptors, extracellular Ang II is also internalized
after binding to cell membrane AT1 receptors.14 In the present study, we used rabbit proximal
tubule cells as a model to test the hypothesis that AT1 receptor-mediated Ang II endocytosis
is required for Ang II-stimulated NF-κB activation and promotion of its translocation into the
nucleus.

MATERIALS AND METHODS
Proximal Tubule Cell Culture

Cultured proximal tubule cells were obtained from American Type Culture Collection (vEPT,
ATCC) and subcultured as described previously.15,16 These cells were derived from the S1
segment of rabbit kidney proximal tubules and have been shown to express major components
of the renin–angiotensin system, including angiotensinogen, renin, angiotensin-converting
enzyme, and Ang II receptors,15 and response to Ang II.16 In the present study, unless specified
otherwise, proximal tubule cells were subcultured in 6-well plates in complete DMEM/F-12
growth medium supplemented with 50 nM hydrocortisone, 5% heat-inactivated fetal bovine
serum, 100 U/mL penicillin and 100 μg/mL streptomycin. Cells were maintained at 37°C and
95% O2/5% CO2 and fed every 2–3 days. Serum was removed from the medium for 24 h before
the experiments began.15–17

Western Blot of AT1A Receptor Protein Expression
To confirm that proximal tubule cells express AT1 receptors, sub-confluent, serum-starved
cells were either treated with medium alone or transfected with an AT1A receptor-specific 20–
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25 nucleotide siRNA (AT1R siRNA) (Santa Cruz Biochemicals, Santa Cruz, CA, USA) for 48
to 72 h as described previously.17,18 After treatment, the cells were washed twice with ice-
cold phosphate-buffered saline and lysed with a modified RIPA buffer (50 mM Tris-HCl, 50
mM, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 μg/
mL each of aprotinin, leupeptin, and pepstatin, 1 mM Na3VO4, and 1 mM NaF, pH 7.4).
Proteins were extracted and samples (10 μg each) were electrophoretically separated on 8–
16% Tris-glycine gels as described previously.16,17 After SDS separation, proteins were
transferred to Millipore Immobilon-P membranes, and the membranes were blotted overnight
at 4°C with 5% nonfat dry milk and incubated for 3 h at room temperature with a primary rabbit
anti-AT1 receptor polyclonal antibody raised against the N-terminal extracellular domain of
AT1 receptors (1:200; SC-1173, Santa Cruz).16,17 To ensure equal protein loading, the same
membranes were treated with a stripping buffer (Pierce Biotechnology) for 20 min, blotted
with 5% nonfat dry milk, and reprobed with a mouse anti-β-actin monoclonal antibody at
1:2000 (Sigma-Aldrich, St. Louis, MO, USA). Western blot signals were detected using
enhanced chemiluminescence (Amersham Piscataway, NJ, USA) and analyzed using a
microcomputer imaging device with a digital camera (MCID, Imaging Research, St.
Catherines, Ontario, Canada).

Measurement of Activated Nuclear Transcription Factor NF-κB in Nuclear Extracts
To determine whether AT1 receptor-mediated endocytosis of extracellular Ang II is required
for activation of Ang II on NF-κB in proximal tubule cells, we studied the effects of the
endocytotic machinery inhibitors or the AT1 receptor blocker losartan on NF-κB activity in
cell nuclear extracts. Subconfluent cells plated in 6-well plates were treated for 60 min at 37°
C according to the following protocols: (i) medium alone; (ii) lipopolysaccharide (LPS) only
(5 μg/mL), a well-known NF-κB activator that served as a positive control13; (iii) Ang II only
(1 nM); (iv) Ang II + colchicine (1 μM), which inhibits endocytosis in a non-Ang II-selective
fashion by disrupting cytoskeleton microtubules;17,19 (v) Ang II + PAO (10 μM), which
blocks cell surface AT1 receptor internalization by inhibiting tyrosine phosphatase;17,20 (vi)
Ang II + losartan (10 μM), which blocks cell surface AT1 receptor-mediated Ang II
internalization;9,14 and (vii) Ang II + PD 123319 (10 μM), which inhibits AT2 receptors and
has been reported to mediate Ang II-induced NF-κB activation in VSMCs and COS-7 cells.
21,22 After treatment, nuclear extracts were prepared using a commercial kit (Active Motif,
Carlsbad, CA, USA). In brief: cells were washed with a PBS/phosphatase inhibitor solution,
scraped into tubes, and lysed in a lysis buffer containing a DTT/protease inhibitor cocktail.
Nuclear fractions were collected for measurements of activated NF-κB using commercial Trans
NF-κB ELISA for p65 and p50 (Active Motif).

Measurement of Proximal Tubule Cell Proliferation
To determine whether Ang II stimulates proximal tubule cell proliferation, we measured [3H]-
thymidine incorporation, an index of DNA synthesis and cell proliferation.23–25 Cells were
split into 6-well plates and incubated in DMEM/F12 growth medium for 2–3 days (105/well).
Subconfluent cells were treated with serum-free medium (control; n = 6 wells), Ang II (1 nM,
n = 6 wells), Ang II plus the AT1 receptor blocker losartan (10 μM, n = 6 wells), Ang II plus
the AT2 receptor blocker PD123319 (10 μM, n = 6 wells), or Ang II plus the endocytotic
inhibitor colchicine (1 μM), and pulsed with 1 μCi/mL [3H]-thymidine for 24 h.17,19 After
treatment, the medium was removed and cells were washed with ice-cold phosphate-buffered
saline (PBS) and lysed with 200 mM NaOH and 0.25% SDS. The contents were transferred to
tubes, vacuum-filtered, and washed four times with 5 mL ethanol/TCA (70%/5%) using a
Brandel cell harvester. Incorporated [3H]thymidine was counted in vials containing 4 mL
scintillation cocktail as described previously.17,19
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STATISTICAL ANALYSIS
Results are expressed as mean ± SEM. Unless otherwise specified, six samples from two
separate experiments were collected for each treatment and assayed in duplicate, including
Western blot. Differences between two treatments were compared by Student’s unpaired t-test,
while differences between more than two treatments were analyzed by one-way analysis of
variance, followed by a Newman-Keuls test for multiple comparisons. A P < 0.05 was
considered significant.

RESULTS AND DISCUSSION
Chronic administration of Ang II in rats is characterized by development of Ang II-dependent
hypertension, accompanied by accumulation of Ang II in renal cortical endosomes5 and tubulo-
interstitial inflammatory injury in the kidney.1 NF-κB has been suggested to play an important
role in recruiting inflammatory cells to the tubulo-interstitium in Ang II-induced hypertensive
renal injury,3,4,10 but it is not known whether Ang II induces activation of NF-κB and
stimulates proliferation of cultured proximal tubule cells. In the present study, we used rabbit
proximal tubule cells as an in vitro model to study the potential role of AT1 receptor-mediated
Ang II endocytosis in activation of NF-κB and the cellular mechanisms involved. Figure 1
shows Western blots of AT1 receptor protein expression in rabbit proximal tubule cells. The
specificity of the receptor protein in these cells was confirmed using a specific Ang II receptor
subtype siRNA. Because transfection of an AT1 receptor-specific siRNA effectively knocked
down over 70% of AT1 receptor protein expression (Fig. 1), our results suggest that rabbit
proximal tubule cells express predominantly AT1 receptors, equivalent to human AT1
receptors. Expression of endogenous AT1 receptors is essential for studying the effects of
AT1 receptor-mediated endocytosis of extracellular Ang II on activation of NF-κB in these
cells. In a previous study in Ang II-infused rats, we showed that extracellular Ang II is
accumulated in the intracellular endosomal compartments via AT1 receptor-mediated
endocytosis.6 However, we do not know whether blockade of AT1 receptor-mediated
endocytosis of extracellular Ang II has any biological relevance with respect to induction of
NF-κB activation.

Figure 2 shows the effects of Ang II on NF-κB activity and the potential role(s) of AT1 and
AT2 receptors and the endocytotic machinery in Ang II-induced NF-κB activation in proximal
tubule cells. Stimulation by Ang II (1 nM) resulted in fourfold increases in NF-κB activity.
The Ang II-induced increase in NF-κB activity was significantly attenuated by
coadministration of losartan (10 μM), an AT1 receptor-selective blocker, or colchicines (1
μM), a selective cytoskeleton microtubule inhibitor.17,19 Because losartan blocks not only
cell surface AT1 receptor-mediating signaling, but also 9,14,17 we believe the effect of losartan
on AT1 receptor-mediated endocytosis, Ang II-increased NF-κB activity was mediated at least
in part by inhibiting Ang II endocytosis. Although AT2 receptors have been shown to mediate
NF-κB activation in vascular smooth muscle cells, endothelial cells or COS-7 cells expressing
mutant AT2 receptors,10,22 we found that blocking AT2 receptors with PD123319 (10 μM)
had no significant effect on Ang II-induced NF-κB activity. The reasons underlying the
differences between proximal tubule cells expressing endogenous receptors and those
transfected with mutant receptors are not known, because at 10 μM this compound almost
completely blocks AT2 receptor binding in both nonrenal and renal cells expressing AT2
receptors.9 Furthermore, AT2 receptors have been reported to oppose, rather than induce
AT1 receptor-mediated responses.9

The effect of colchicine on Ang II-induced NF-κB activation further suggests that AT1
receptor-mediated endocytosis may play a role in inducing NF-κB activation by Ang II. While
colchicine does not have a direct effect on AT1 receptor binding, it selectively inhibits
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endocytosis and intracellular trafficking of various proteins by disrupting cell cytoskeleton
microtubules.17,19 Colchicine also inhibits protein kinase C and phospholipase C activation
by Ang II after endocytosis26 and blocks intracellular Ang II accumulation in proximal tubule
cells.17 Our results therefore suggest that cytoskeleton microtubules play an important role in
AT1 receptor-mediated endocytosis of extracellular Ang II and subsequent activation of NF-
κB.

Activation of NF-κB and its subsequent translocation to the cell nucleus play an important role
in promoting transcription of growth factors and proliferative cytokines, which stimulates cell
growth and proliferation.12,13 In the present study, we first determined whether Ang II-
induced activation of NF-κB is associated with stimulation of proximal tubule cell proliferation
and then studied whether AT1 receptor-mediated endocytosis is involved. FIGURE 3 shows
that Ang II increased 3H-thymidine incorporation by 55%, and the effect of Ang II was
significantly attenuated by coadministration of the AT1 receptor blocker losartan and the
cytoskeleton microtubule inhibitor colchicine. Again, these results highlight the importance of
the Ang II endocytosis/NF-κB activation signaling cascade in promoting proximal tubule cell
proliferation. Our results are consistent with previous studies in Ang II-infused rats or rats with
overexpression of human renin and angiotensinogen showing that Ang II increased NF-κB
activity and induced tubulo-interstitial inflammation and fibrosis in the kidney.3,10 Blockade
of NF-κB activation and translocation to the cell nucleus may therefore provide therapeutic
benefits in preventing and treating experimental and/or clinical Ang II-dependent hypertensive
renal injury.
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FIGURE 1.
Expression of specific AT1a receptor protein in cultured rabbit proximal tubule cells. Top
panel shows Western blots of AT1 receptor protein (~42 kDa) and β-actin, with the latter used
to confirm equal loading. Bottom panel shows semi-quantitative data from control cells and
cells transfected with an AT1 receptor siRNA, which specifically knocks down AT1 receptor
protein expression. ** P < 0.01 versus control.
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FIGURE 2.
Effects of Ang II and endocytotic inhibitors on Ang II-induced activation of nuclear factor-
κB (NF-κB) in cultured rabbit proximal tubule cells. The top panel shows the specificity of
Trans NFκB ELISA for measurement of activated p65 and p50 (Active Motif). HeLa extract
and lipopolysaccharide (LPS) were used as a positive control and wild-type NF-κB for a
negative control. The bottom panel shows that both LPS and Ang II increased NF-κB activity,
and the effect of Ang II was attenuated by losartan and colchicine, both of which block AT1
receptor-mediated Ang II endocytosis. ** P < 0.01 versus control; + P < 0.01 versus Ang II
alone.
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FIGURE 3.
Effect of Ang II and endocytotic inhibitors losartan and colchicine on Ang II-induced increases
in [3H]-thymidine incorporation in cultured rabbit proximal tubule cells. Note that Ang II
increased [3H]-thymidine incorporation, which serves as an index of DNA synthesis and cell
proliferation, and that losartan and colchicine significantly attenuated Ang II-induced cell
proliferation. ** P < 0.01 versus control; + P < 0.01 versus Ang II alone.
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