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Abstract The role of angiotensin II (Ang II) in dengue
virus infection remains unknown. The aim of this study
was to determine the effect of losartan, an antagonist of the
angiotensin II type 1 receptor (AT1 receptor), and enala-
pril, an inhibitor of angiotensin I-converting enzyme
(ACE), on viral antigen expression and IL-1f production in
peritoneal macrophages infected with dengue virus type 2.
Mice treated with losartan or enalapril and untreated con-
trols were infected intraperitoneally with the virus, and
macrophages were analyzed. Infection resulted in increased
IL-1PB production and a high percentage of cells expressing
viral antigen, and this was decreased by treatment with
anti-Ang II drugs, suggesting a role for Ang II in dengue
virus infection.
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Introduction

Dengue is the most frequent human vector-borne viral dis-
ease [1]. Dengue virus (DENV), a mosquito-borne virus
belonging to the family Flaviviridae, is an enveloped, single-
stranded positive-sense RNA virus. There are four geneti-
cally distinct DENV serotypes (DENV1 to 4) that cause
disease in humans [2—4]. During DENV infection, levels of
several cytokines, cytokine receptors, and apoptosis have
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been found to be increased in humans and in experimental
infections [5]. Increased expression of IL-1 in infected
DENV cells probably plays an important role in the patho-
genesis of dengue [5, 6]. The renin—angiotensin system is
involved in the regulation of blood pressure, vasoconstric-
tion, sodium intake, and potassium excretion. Angiotensin II
(Ang II) is one of the main effector molecules in this system,
and its pro-inflammatory properties have reported recently.
After binding of Ang II to its receptors, in particular AT1
(angiotensin II type 1 receptor: AT1 receptor), intracellular
translocation of NF-kB to the nucleus occurs, inducing
transcription of pro-inflammatory cytokines and production
of oxygen-reactive species. Ang II-mediated inflammatory
events can be inhibited by using AT-1 receptor antagonists or
by inhibition of angiotensin I converting enzyme (ACE) [7-
11]. Ang Il is involved in the production of several cytokines,
including interleukin-1 (IL-1) [12], and it is also involved in
virus-induced respiratory pathogenesis [13—15]. This infor-
mation suggests that Ang II is an important factor in
inflammatory events during virus infection. There is no
available information regarding the role of Ang II in DENV
infection. Therefore, the aim of this study was to determine
the effect of losartan, an angiotensin II ATl receptor
antagonist, and enalapril, an inhibitor of ACE, on the cellular
expression of viral antigens and on IL-1f production by
peritoneal macrophages infected by DENV2.

Materials and methods
Animals
Adult male NMRI mice weighing 25-30 g (Central Animal

Facility, Instituto de Investigaciones Cientificas, IVIC,
Venezuela) were used. Animals were housed at room
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temperature (24 °C) with water and food (Ratarina, Pro-
teinal, Valencia, Venezuela) ad libitum and a natural day-
night light cycle.

Preparation of virus stock and virus titration

DEN?2 virus strain New Guinea C was propagated in C6/
36HT mosquito cells that were cultured in Eagle’s MEM
medium containing 10 % FBS prior to infection of mice. The
virus-containing culture medium was harvested after 5 days
of incubation, and after removal of cell debris by centrifu-
gation, the supernatant was aliquoted and stored at -70 °C
until used. Virus was titrated by plaque formation assays on
Vero cells. Cells were seeded at 1 x 10° cells/well in
24-well plates, and subsequently, serial dilutions of virus
were added and the mixtures were incubated at 37 °C for
7 days. Afterwards, the plaques were visualized by staining
with a dye solution containing 1 % crystal violet. Virus
concentrations are given as plaque-forming units (PFU)/ml.

Experimental design

Mice were left untreated or treated with losartan or enalapril
(Merck & Co., Whitehouse Station, NJ, USA) by gavage at
25 mg/kg/day during the entire experimental period. After
one week of treatment, untreated and treated mice were
injected intraperitoneally (ip) with 2 mL of 3 % thiogly-
collate solution (Difco Laboratories,Detroit, MI, USA) to
elicit inflammatory macrophages. Four days later, mice were
infected ip with a suspension of DENV2 (50 pl) at an MOI of
1. This was based on the assumption that, under these con-
ditions, approximately 1 x 107 peritoneal cells/ mL are
usually obtained. Six groups of animals were studied (10 per
group): losartan-treated, enalapril-treated, and untreated
infected animals and losartan-treated, enalapril-treated and
untreated uninfected animals. After 12 hours of intraperi-
toneal incubation, 5 mL of cold sterile PBS was injected ip,
and macrophages and peritoneal fluid were obtained after
centrifugation (1500 rpm x 10 min) from all of the ani-
mals. A portion of macrophage samples was homogenized,
and supernatants (peritoneal fluid) and homogenates were
kept at -20 °C until needed for IL-1 determination. Another
portion of the macrophage preparation (0.5 x 10° cells/mL)
was cytocentrifuged to measure cellular DENV2 expression
and identify CD14-positive cells.

DENV2, IL-1p, CD14 and protein determinations

Macrophages were fixed for 5 minutes with cold acetone or
with 2 % of paraformaldehyde to determine viral antigen
or macrophage antigen (CD14), respectively. Intracellular
viral antigens were detected in cytocentrifuged macro-
phages by a direct immunofluorescence assay using a
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fluorescein-conjugated anti-DENV2-specific monoclonal
antibody (Chemicon International Inc. MA, USA). Mac-
rophages were also identified in separate samples using a
fluorescein-conjugated monoclonal anti-murine CD14
antibody (eBioscience, Inc. San Diego, CA. USA). Two
hundred cells were counted, and the percentage of positive
cells for each monoclonal antibody was determined. The
IL-1B content was determined by ELISA (Biotra Amer-
sham, Int. England) and expressed as pg/mgs of cellular
protein or as pg/mL of peritoneal fluid. The total protein
content in the macrophage homogenates was measured
using the bicinchoninic acid assay [16].

Statistical analysis

Data were expressed as mean =+ standard deviation and
analyzed by ANOVA followed by Bonferroni’s test. P-val-
ues less than 0.05 were considered statistically significant.

Results

Peritoneal macrophages were obtained from the peritoneal
cavity after 12 hours of viral interaction to determine the
presence of viral antigen in the cells. At this time, a high
percentage of peritoneal macrophages from untreated
infected mice were positive for DENV2, as revealed by
immunofluorescence assay with an anti-DENV monoclonal
antibody, indicating that penetration of the cells had occur-
red. Infected cells that had been treated with losartan or
enalapril showed reduced expression of viral antigens
(Fig. 1). In addition, the peritoneal fluid and macrophage
contents (homogenates) were tested for the presence of IL-
1B, a cytokine related to viral infection. Viral expression was
accompanied by increased of IL-1 B levels in the peritoneal
fluid and in peritoneal macrophages, suggesting that mac-
rophages were involved in the increased production of this
cytokine. Losartan treatment resulted in decreased IL-1
production in dengue-virus-infected cells, but enalapril did
not affect IL-1 production (Fig. 2). Resident macrophages
had lower IL-1fB levels (81 £ 23 pg/mg of protein and
72 £ 13 pg/ml; cellular and peritoneal fluid contents,
respectively) than that observed in macrophages elicited by
thioglycollate treatment. A high percentage (92 % £ 7 %)
of CD14 cells was observed, suggesting that macrophages
were the main cell type analyzed in this study.

Discussion
During dengue infection, the interaction between mono-

cytes/macrophages and DENV occurs in an inflammatory
environment [5, 6]. Generally, the normal peritoneal cavity
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«Fig. 1 Effects of losartan and enalapril on dengue virus expression in

peritoneal macrophages. A) Losartan and enalapril treatment resulted
in a decrease in the percentage of macrophages expressing type 2
dengue virus antigens. (B and C) Immunofluorescence staining for
dengue virus antigens in untreated (B) and losartan-treated (C) in-
fected peritoneal macrophages at 12 h after infection (arrows indicate
positive cells). D) Macrophages from an uninfected animal treated
with losartan (arrows indicate negative cells). Positive infected cells
were detected using a fluorescein-conjugated anti-DENV2-specific
monoclonal antibody. Original magnification: x400
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Fig. 2 Effects of losartan and enalapril on interleukin-1 beta (IL-1f)
production by peritoneal macrophages infected with dengue virus.
Cellular (A) and peritoneal fluid (B) IL-1p concentrations were
reduced by losartan treatment

has mature, resident macrophages, and the inflamed peri-
toneal cavity has immature, inflammatory macrophages
recruited from the circulating and marginal pool [17].
Therefore, inflammatory macrophages obtained after peri-
toneal thioglycollate stimulation were challenged with
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DENV?2 in order to examine expression of viral antigens
and IL-1p production and the effect of anti-Ang II drugs on
those parameters.

Studies in the last few years have documented new roles
for Ang II as a pro-inflammatory molecule. Binding of Ang
II to its receptors (in particular, AT1) mediates intracellular
translocation of NF-kB to the nucleus, with further pro-
duction of oxygen-reactive species and pro-inflammatory
molecules such as IL-1 that contribute to tissue damage.
Blocking Ang II signaling by AT-1 antagonists or by
inhibition of ACE protects against those effects [7, 8].
Together, these findings suggest the possibility of targeting
Ang II signaling in therapeutic interventions in inflamma-
tory diseases. Since dengue is an inflammatory disease, it is
justified to study the effect of anti-Ang II drugs on this
disease. In addition, anti-Ang II drugs in several experi-
mental models of inflammatory diseases have been repor-
ted [9-11].

The effect of Ang II on viral infection has not been
extensively studied. The role of Ang II on viral respiratory
pathogenesis has been documented recently. In this regard,
H7N9 influenza A virus infection is accompanied by an
increase in the Ang II level, inflammatory events, and high
viral titers in the lung tissue, which are associated with
disease progression and mortality, which are reduced by
treatment with losartan and ACE2 [14, 18]. Proteolytic
processing of ACE2 promotes SARS coronavirus entry into
host cells and induces lung pathogenesis [15, 19, 20]. In
addition, enhanced ACE activity with high levels of Ang II
in parallel with reduced ACE2 in viral acute respiratory
distress syndrome has also been documented [21]. In vitro
studies have shown decreased superoxide overproduction
in rhinovirus-infected cells treated with losartan [22]. All
of this information indicates a possible role of Ang II in
viral pathogenesis. Accordingly, blocking of AT1 receptors
with losartan and inhibition of ACE with enalapril reduced
the percentage of macrophages expressing DENV2 anti-
gens, suggesting a decrease in cell penetration by the virus
and a role of Ang II in dengue infection. The mechanism
by which Ang II affects dengue virus penetration regulated
by remains unclear; however, the interaction of virus with
AT1 receptors or phagocytosis receptors could be involved.

High levels of cytokine production in patients with
severe dengue and in dengue-virus-infected mono-
cyte/macrophage cultures have been reported [5]. IL-1p is
a pro-inflammatory cytokine that plays an important role in
dengue [5, 6]. In this study, increased levels of L-1 were
found in macrophages and peritoneal fluid after peritoneal
DENV?2 infection. Treatment with losartan, but not with
enalapril, decreased the L-1f levels in both compartments,
suggesting a role of AT-1 receptor in IL-1 production and
a possible role of Ang II in dengue infection. Ang II is
capable of inducing the production of L-1f after its
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interaction with AT1 receptors via the translocation of NF-
kB to the nucleus [12]. However, we cannot rule out an
effect of DENV on macrophage biology. In this regard,
peritoneal macrophage functions could be affected by
DENV-induced cytotoxic factor, producing immunosup-
pression [23, 24] and affecting IL-1 production. Decreased
IL-1B production was observed only when ATI1 receptors
were blocked, and no decrease was observed in infected
untreated and enalapril-treated animals, suggesting a role
of AT1 receptor activation instead of a cytotoxic effect
induced by DENV2 infection.

There are no reports of the relationship between Ang II
and dengue fever in humans or in experimental studies.
The current experimental protocol does not represent a
model for dengue disease in humans; however, it allows the
interactions of DENV with macrophages to be studied
in vivo in an inflammatory environment. This study shows
that Ang II could be important in the pathogenesis of
dengue infection, inducing increased viral infection and
cytokine production. Further investigations regarding the
role of Ang II in the pathogenesis of dengue in humans are
needed.
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