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Abstract
Angiotensin may promote endothelial dysfunction through iron accumulation. To research this,
bovine endothelial cells (ECs) were incubated with iron (30 μmol·L−1) with or without
angiotensin II (100 nmol·L−1). After incubation for 6 h, it was observed that the addition of
angiotensin enhanced EC iron accumulation by 5.1-fold compared with a 1.8-fold increase for
cells incubated with iron only. This enhanced iron uptake was attenuated by losartan (100
nmol·L−1), D-propranolol (10 μmol·L−1), 4-HO-propranolol (5 μmol·L−1), and methylamine, but
not by vitamin E or atenolol. After 6 h of incubation, angiotensin plus iron provoked intracellular
oxidant formation (2′7′-dichlorofluorescein diacetate (DCF-DA) fluorescence) and elevated
oxidized glutathione; significant loss of cell viability occurred at 48 h. Stimulated prostacyclin
release decreased by 38% (6 h) and NO synthesis was reduced by 41% (24 h). Both oxidative
events and functional impairment were substantially attenuated by losartan or D-propranolol. It is
concluded that angiotensin promoted non-transferrin-bound iron uptake via AT-1 receptor
activation, leading to EC oxidative functional impairment. The protective effects of D-propranolol
and 4-HO-propranolol may be related to their lysosomotropic properties.
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Introduction
An association between increased tissue iron stores and impaired endothelial function is well
established in patients with hereditary hemochromatosis (Gaenzer et al. 2002). Experimental
studies have suggested that angiotensin II (Ang II) promotes iron (Fe) deposition in several
tissues, including the heart and liver (Ishizaka et al. 2002, 2005a, 2005b). In Ang II infused
rats simultaneously treated with Fe–dextran, Fe deposition was observed in the aortic
endothelial cells (ECs); in association, impairment of aortic relaxation in response to
acetylcholine was observed (Ishizaka et al. 2005b). Ang II is known to stimulate NADPH
oxidase to generate superoxides in ECs (Zhang et al. 1999), and Fe loading in the cells may
further enhance active oxidant (hydroxyl radical) generation causing cell injury and
dysfunction.

Ang II may promote Fe accumulation in lysosomal/endosomal structures in vascular cells
(Ishizaka et al. 2002). Certain β-antagonists, such as propranolol, are amphiphilic amines
that are known to accumulate in various cell types and compartmentalize to the lysosome
(Cramb 1986). However, the potential interference of Fe uptake and the biological
consequence of this lysosomotropic action of propranolol remain unclear. In this study, we
investigated the time-course of Ang II-promoted Fe accumulation and its dependence on
AT-1 receptor activation, using cultured ECs. The effects of propranolol analogs and related
β-blockers, which display both lysosomotropic (Dickens et al. 2002) and antioxidant activity
(Mak and Weglicki 2004), were studied. The effects of Ang II promotion of Fe overload on
the cellular functional responses that involve synthesis of prostacyclin (PGI2) and release of
NO were examined.

Materials and methods
Chemicals and cell culture

Bovine aortic EC were obtained from the NIA Aging Cell Culture Repository (AG 07684),
Coriell Institute for Medical Research, Camden, New Jersey. Most chemicals were
purchased from Sigma (St. Louis, Missouri) unless stated otherwise. The cells were cultured
in T-25 flasks, in Dulbecco’s modified Eagle’s medium supplemented with 15% calf serum,
as described by Dickens et al. (2002) and Mak et al. (2006). Confluent cells (>90%) were
loaded with 30 μmol·L−1 Fe–dextran with or without Ang II (100 nmol·L−1) in the presence
of 5% calf serum. When the effects of losartan (100 nmol·L−1), D-propranolol, D,L-
propranolol, 4-HO-propranolol (US Biologicals, Swampscott, Massachussetts), atenolol, or
vitamin E (Trolox, 5–10 μmol·L−1 each) were assessed, the agents were administered 30
min before the introduction of Fe–dextran and Ang II. To determine intracellular oxidant
production, 2′ 7′-dichlorofluorescein diacetate (DCF-DA, 30 μmol·L−1) was loaded into the
cultured EC in 24-well plates, in serum-free Hank’s balanced salt solution (HBSS)
containing 10 mmol·L−1 glucose, pH 7.2, for 30 min. At the end of the labeling, the cells
were washed 2× with HBSS to remove residual DCF-DA (Mak et al. 2006), Ang II was
reintroduced into the medium, and changes in the endothelial DCF-DA fluorescence signals
were followed for up to 60 min by a Synergy HT Multi-Detection Microplate Reader
(BioTek Instrument Inc, Highland Park, Vermont).

Determination of endothelial cell glutathione, NO, PGI2, cell viability, and Fe
Total cell glutathione was determined by the cyclic method using a glutathione reductase
assay on cells in 6-well plates (Mak et al. 1995, 1996). Oxidized glutathione (GSSG) was
determined by the prior masking of reduced glutathione (GSH) with 1% vinyl pyridine.
Changes in cell viability and (or) growth were determined by a colorimetric MTT
(tetrazolium) assay, for up to 48 h (Mak et al. 1995). PGI2 release after stimulation by
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human thrombin (0.2 U·mL−1 in 24-well plates; Chronolog Corp., Havertown,
Pennsylvania) for 15 min was estimated by measuring its stable product 6-keto-PG-F1α
using enzyme immunoassay kits (Assay Designs, Inc., Ann Arbor, Michigan). Total NO
released (nitrite + nitrate) over 24 h was determined by the Griess reagent method using
Escherichia coli nitrate reductase to convert nitrate to nitrite (Mak et al. 1996). Total EC Fe
accumulation was determined by atomic absorption flame emission spectroscopy using a
Shimadzu 6200 atomic absorption spectrometer in accordance with the procedure of
Kreeftenberg et al. (1984) as described previously (Mak et al. 2006).

Statistics
Results are expressed as the mean ± SD unless otherwise stated. Statistical significance (p <
0.05) of differences between means was determined by Student’s t test.

Results
Time course of Ang II promoted EC Fe uptake

First, the time-dependent accumulation of Fe in the cultured ECs in the presence or absence
of Ang II (100 nmol·L−1) was examined. Total Fe content in the cultured ECs was
quantified by the atomic absorption flame emission spectroscopy method. As shown in Fig.
1, in the absence of Ang II, EC Fe levels increased slowly in the first 6 h, and 4-fold over 24
h, compared with untreated control cells. However, in the presence of Ang II, the rate of
initial Fe accumulation was significantly enhanced; it was 2-fold above normal within 60
min, and by 6 h it was 5.1-fold higher (p < 0.01 compared with the control). By comparison,
cells incubated without Ang II accumulated Fe at a rate of only 1.8-fold above the untreated
control. After 6 h of incubation, the rate of Fe accumulation (in the presence of Ang II)
appeared to progress more slowly. Nevertheless, at the end of 24 h, Ang II stimulated a 6.2-
fold increase in Fe content, which was significantly higher than the 4-fold elevation found in
the absence of Ang II (p < 0.05). In the same experiment, we found that pretreatment of ECs
with 10 μmol·L−1 D-propranolol attenuated the accelerated Fe uptake by 90% at 6 h and
inhibited total Fe accumulation by 80% at 24 h.

Effects of losartan and propranolol analogs on EC Fe uptake
In the next series of experiments, we examined whether the accelerated Fe uptake was
receptor dependent. Indeed, it was found that losartan at a relatively low level (100
nmol·L−1) substantially blocked EC Fe uptake (Fig. 2) indicating that the stimulated rate of
Fe uptake depended on AT-1 receptor activation. The enhanced uptake of Fe was similarly
attenuated by D,L-propranolol (10 μmol·L−1) as with D-propranolol (pharmacologically
inactive), suggesting a β-receptor-independent mechanism. We also observed that the
propranolol metabolite 4-HO-propranolol (5 μmol·L−1) displayed more potent inhibitory
activity against Fe uptake than its parent compound; however, atenolol (10 μmol·L−1, a
water soluble β-blocker) and vitamin E (Trolox) were found to have no effect. Interestingly,
we found that methylamine (0.1 mmol·L−1), a well-known lysosomotropic weak base
(Solheim and Seglen 1983; Cramb 1986), also blocked Fe accumulation.

EC oxidative stress
To determine whether Ang II + Fe loading promoted increased cellular oxidative stress, we
used DCF-DA as an intracellular probe. DCF-DA would be taken up by the ECs and
deacetylated to the nonfluorescent DCF, which reacts with various oxidants to generate
fluorescent 2′,7′-dichloro-fluorescein. DCF fluorescence was monitored after dosing with
Ang II (100 nmol·L−1) for up to 120 min; the increase in fluorescence was linear up to 60
min. Figure 3A shows the net increases in relative DCF fluorescence units (RFU) over the
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60 min period. Fe (30 μmol·L−1 Fe–dextran) alone generated modest and insignificant
increases in RFU compared with control samples (DCF-DA-loaded). However, Fe loading +
Ang II resulted in significantly higher levels of DCF RFU intensity. In the same study, D-
propranolol (10 μmol·L−1), 4-HO-propranolol (5 μmol·L−1), and losartan substantially
diminished the elevated RFU compared with the Fe+ Ang II samples; however, atenolol (10
μmol·L−1) only had a minimal effect.

In a separate set of experiments to assess the altered redox status of cells, changes in total
glutathione and GSSG levels were examined (Fig. 3B). Fe-loading + Ang II (6 h) resulted in
a significantly higher increase of GSSG content, although the total glutathione remained
unchanged (data not shown). These results indicated that the rise in the GSSG content was
substantially (p < 0.05) attenuated by losartan, D-propranolol, and 4-HO-propranolol, but
not by atenolol.

Changes in EC functional activities
We also studied whether the endothelial functional activity of synthesizing PGI2 and
releasing NO may be affected after 6 h of Fe-overload. Figure 4A shows the levels of
thrombin-stimulated 6-keto-PG-F1α released into the medium for 15 min; 6-keto-PG-F1α is
the stable breakdown metabolite of PGI2. The samples receiving Ang II alone (without Fe
over-load) actually generated a higher level (35% ± 5% increase, p < 0.05) of PGI2-derived
product. However, the metabolite level was significantly lowered by 38% ± 6% under the
condition of Ang II + Fe (Fig. 4A). The depressed release was attenuated by both losartan
and D-propranolol (Fig. 4A). We also observed that Ang II + Fe decreased the NO product
levels (nitrite + nitrate) by 41% ± 5% (p < 0.05) at 24 h. These lower levels of NO products
were restored to within normal range by losartan and D-propranolol. Atenolol had no effects
on both functional products (Fig. 4A). 4-HO-propranolol (5 μmol·L−1) also restored the NO
product levels back to 88% of controls (data not shown).

Changes in EC viability
In an effort to determine whether any of the impaired endothelial function may be secondary
to cell death, we determined cell viability after different treatments by the MTT assay (Mak
et al. 1995, 2006). No loss of viability was noted after incubation for 6 h. At 24 h, we
observed a minor, statistically insignificant decrease in viability for the Ang II + Fe group
(−15% ± 8%, p > 0.05). All other drug-treated groups were unchanged. However, at 48 h,
modest but statistically significant decreases were noted for the Ang II + Fe (−24% ± 5%, p
< 0.05) and Ang II + Fe + atenolol (−26% ± 7%, p < 0.05) groups. All the other treatments
groups remained unchanged compared with the controls (Fig. 4B).

Discussion
In a previous study, Ishizaka et al. (2005b) found that treatment with Ang II resulted in Fe
deposition in rat aortas. Such deposition was observed both in the adventitial cells and ECs;
in association, transferrin receptor expression was enhanced >3-fold, implicating transferrin-
dependent enhanced Fe-uptake in vivo. However, during chronic Fe-overload disorders,
such as hemochromatosis and transfusional Fe overload, substantial levels of non-transferrin
bound Fe (NTBI) exist in the plasma (Grootveld et al. 1989; Scheiber-Mojdehkar et al.
2004; Brissot et al. 2011). In an earlier report (Grootveld et al. 1989), the level of NTBI in
the plasma samples from patients with idiopathic hemochromatosis was measured to be in
the range of 8 to 22 μmol·L−1. In hemodialysis patients receiving Fe by intravenous
infusion, the serum NTBI concentration could reach levels up to 100 μmol·L−

1 and remain
high for hours (Scheiber-Mojdehkar et al. 2004). As reviewed recently by Brissot et al.
(2011), NTBI will be readily taken up by several tissues, including the liver and heart,
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through the carrier protein dimetal transporter-1 (DMT-1) system. Since transferrin is absent
in our cultured EC system, it is presumed that Fe uptake was mediated by a metal carrier
system similar to the DMT-1 system that involves an endocytosis step coupled with a (iron)
reduction process to facilitate the NTBI assimilation (Brissot et al. 2011). The results of our
study support the notion that activation of vesicular Fe/DMT-1 endocytosis may be a
downstream event subsequent to Ang II stimulation. This Ang II effect is AT-1 receptor
dependent as revealed by inhibition by losartan (Fig. 2). Losartan may have direct metal
chelating activity (Miyata et al. 2002). Since the effective concentration of losartan used
here was in the nanomolar concentration compared with the micromolar level of Fe in the
cell medium, significant chelation was unlikely.

Propranolol is a potent lysosomotropic agent because of the presence of the ethanolamine
side chain and its lipophilicity (Cramb 1986). Propranolol accumulates intracellularly in
various cell types and approaches levels that are 1000-fold higher than that in the incubation
medium (Cramb 1986). Our earlier study found that fluorescently labeled propranolol
(acridine–propranolol) accumulated quickly (within 15 min of incubation) into endothelial
lysosomal/endosomal structures (Dickens et al. 2002); in association, the lysosomal pH was
rapidly alkalinized within 10 min. In the present study, we found that Ang II promoted Fe
accumulation that was completely blocked by D-propranolol or D,L-propranolol, whereas
atenolol, although it possesses the same ethanolamine-side chain, was found ineffective.
Clearly the effect is not related to a β-receptor mechanism. Instead, we suggest that the
lysosomotropic properties of the lipophilic β-blocking agents play a dominant role. Since the
process of endocytosis is pH dependent, it is further suggested that D-propranolol might
alkalinize the endosomal pH to inhibit this process and thus prevent the Ang-II-promoted
endocytotic uptake of Fe. Interestingly, we found that the propranolol metabolite 4-HO-
propranolol was also very effective in preventing Fe uptake. Since 4-HO-propranolol is also
lipophilic (Oatis et al. 1981; Mak and Weglicki 2004), this presumably would confer its
lysosomotropic effect. It has been suggested that NTBI is more likely to be accumulated as
redox-active labile Fe and thus may be more prone to contribute to intracellular oxidative
stress (Tajima et al. 2010; Brissot et al. 2011). Indeed, our study showed that upon exposure
to Ang II and Fe, ECs displayed enhanced oxidant levels; increased oxidative stress was also
confirmed by elevated GSSG levels (Fig. 3). When Fe uptake was attenuated by losartan, D-
propropranol, and 4-HO-propranolol, the increased oxidant levels were reduced and the
GSSG levels were normalized. As a consequence of this increased oxidative stress (in the
absence of overt loss of cell viability), ECs showed impaired PGI2 synthesis and NO release,
which were attenuated by D-propranolol and losartan, reflecting the drugs’ effect to prevent
Ang-II-stimulated NTBI uptake. It is presumed that decreased NO release may be related to
elevated superoxide production that caused degradation of NO. We concluded that these
protective mechanisms are only indirectly due to their inhibitory effects on oxidant
formation. However, the molecular events leading to decreased PGI2 production are less
obvious. Ang II alone actually modestly stimulated the level of PGI2 produced in the
absence of Fe. We speculate that Ang II alone may generate moderate levels of reactive
oxygen species that could upregulate COX-2 expression leading to a higher level of PGI2
generation (Jaimes et al. 2010). However, in the presence of increased Fe, a significant
decrease of PGI2 was observed, possibly because of decreased PGI2 synthase activity, which
is known to be sensitive to potent oxidants such as peroxynitrite (Hein et al. 2009). The
reduced NO and PGI2 levels were attenuated by D-propranolol, likely through inhibition of
GSSG and (or) reactive oxygen species/reactive nitrogen species formation. Interestingly,
significant losses of EC viability occurred only at 48 h. It is presumed that cell death was
mediated by a mitochondria-dependent apoptotic process that was reported to be delayed
48–72 h after Fe-loading (Salvador and Oteiza 2011).
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Conclusion
In summary, 2 new findings are presented in this brief report. (i) Ang II can promote NTBI
(as represented by Fe–dextran) uptake into ECs. This promotion appears to depend on AT-1
receptor activation and possibly endocytotic sequestration of Fe into endosomes/lysosomes.
The consequence of such increased NTBI accumulation may result in enhanced oxidative
stress and endothelial dysfunction. (ii) Lipophilic lysosomotropic agents, such as D-
propropranol and its main metabolite 4-HO-propranolol, can prevent these endothelial
oxidative events possibly because of blockade of Ang-II-promoted endocytosis of the Fe
carrier; subsequently, key endothelial functions are preserved. As a final note of clinical
interest, since deferoxamine, the commonly used Fe chelator, is relatively ineffective in
removing NTBI from plasma (Porter et al. 2005), our observation supports the notion that
D-propranolol may be useful as an effective adjunct therapeutic agent to protect against
vascular Fe accumulation and toxicity especially when elevated Ang II is present.
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Fig. 1.
Time course for angiotensin II (A-II; 0.1 μmol·L−1) enhanced iron (Fe) uptake by cultured
endothelial cells (EC) incubated with 30 μmol·L−1 Fe–dextran (Fe-D) and the effect of D-
propranolol (d-Prop; 10 μmol·L−1). Total EC Fe was determined by atomic absorption flame
emission spectroscopy; 100% Fe for the controls = 86 ± 15 ng Fe per 106 cells (n = 6). Data
are the mean ± SD of 3–6 separate measurements; *, p < 0.05; and **, p < 0.01 compared
with controls; +, p < 0.01 compared with Fe+A-II. Ctl, control.
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Fig. 2.
Comparative effects of losartan (Los; 100 nmol·L−1), propranolol and related β-analogs
(D,L-Prop; 10 μmol·L−1), vitamin E (Vit. E; 10 μmol·L−1), and methylamine (0.1
mmol·L−1) on angiotensin II (A-II) promoted endothelial cell (EC) iron (Fe) accumulation
after incubation for 6 h. Other conditions are as described in Fig. 1. Data are the mean ± SD
of 4–6 separate measurements; #, p < 0.001 compared with the control (ctl; Cont.); **, p <
0.01 compared with Fe+A-II. Aten, atenolol (10 μmol·L−1); 4HOP, 4-HO-propranolol (5
μmol·L−1).
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Fig. 3.
Angiotensin II (A-II) plus iron (Fe) (A) enhances endothelial oxidant formation, and (B)
increases oxidized glutathione (GSSG) levels after incubation for 6 h. Effects of losartan
(Los; 100 nmol·L−1) and selected β-blockers are shown. At 6 h, the cells were loaded with
2′7′-dichlorofluorescein diacetate (DCF; 30 μmol·L−1) for 30 min. After washing with
balanced salt buffer, a new dose of A-II was added to the medium and changes in DCF
fluorescence were monitored for 60 min. (B) A separate set of cells was used to determine
cellular reduced glutathione and GSSG levels after 6 h of incubation. Data are the mean ±
SD of 3–6 separate measurements. (A) #, p < 0.001 compared with the control (Ctl); *, p <
0.05; and **, p < 0.01 compared with Fe + A-II. (B) **, p < 0.01 compared with Ctl; +, p <
0.05 compared with Fe+A-II. dProp/d-Prop, D-propranolol (10 μmol·L−1); Aten, atenolol
(10 μmol·L−1); and 4HOP, 4-HO-propranolol (5 μmol·L−1); RFU, relative DCF
fluorescence units.
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Fig. 4.
Effects of angiotensin II (A-II) plus iron (Fe), D-propranolol (dProp), atenolol (Aten) (10
μmol·L−1), or losartan (Los; 0.1 μmol·L−1) on (A) thrombin-stimulated PGI2 release and
NO synthesis and (B) on cell viability. At 6 h, cells with different treatments were washed
with balanced salt buffer and 0.2 U·mL−1 human thrombin was added; 15 min later, the cell
medium was removed and assayed for 6-keto-PG-F1α. In a different set of cells (after 24 h
of incubation), cell media were removed for total nitrate + nitrite determination, as described
in the Materials and methods. The control level of total nitrate + nitrite was 2.85 ± 4.1
nmol·mL−1 medium. Cell viability was determined at 24 and 48 h by the MTT assay. Data
are the mean ± SD of 4–6 separate measurements. *, p < 0.05 and **, p < 0.01 compared
with untreated control (Ctl); +, p < 0.05 compared with Fe+A-II.
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