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Pneumonia, the most common complication following stroke,
severely increases mortalities and exacerbates outcomes following
both human and experimental stroke [1,2]. To prevent poststroke
pneumonia, antibiotic therapies are currently under clinical inves-
tigation [1]. However, extensive use of antibiotics leads to resis-
tance, which in turn substantially compromises the effectiveness
of antibiotics. Thus, new therapeutic strategies are needed for the
treatment of stroke-associated pneumonia.

PTEN is a dual specificity phosphatase, exhibiting high phospha-
tase specificity toward 3-phosphorylated phosphoinositides. By
dephosphorylating 3-phosphorylated phosphoinositides, PTEN
inhibits Akt activation. Indeed, PTEN inhibitors confer acute neu-
roprotection by activating Akt when administered before or
immediately after experimental stroke [3]. Using a potent PTEN
inhibitor bpv, our recent findings show that delayed PTEN inhibi-
tion improves long-term functional recovery in a well-established
mouse middle cerebral artery occlusion model (MCAO) [4]. Unex-
pectedly, we also observe that delayed bpv treatment significantly
improves survival of stroke mice during 3-7 days following
MCAO despite the fact that bpv does not reduce acute infarction
[4].

Since the major cause for mouse death during 3-7 days follow-
ing MCAO is spontaneous lung bacterial infection [5,6], this study
investigated if delayed administration of bpv improved survival of
stroke mice by suppressing post-stroke spontaneous lung infec-
tion. We also investigated if cerebral ischemia impaired the local
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Akt cascade in the lung and if bpv restored the lung Akt signaling
following MCAO.

Middle cerebral artery occlusion model was induced in adult
male CD-1 mice (30 £+ 2 g) via the intraluminal suture technique
[4]. Bpv or vehicle saline was administered at 24 h (0.2 mg/kg/
day) after MCAO. First, we investigated if bpv treatment, starting
at 24 h after MCAO, reduced lung bacterial infection at 96 h after
MCAO. Remarkably, lower bacterial loads were detected in the
lungs of bpv-treated mice than in those of saline-treated mice
(Figure 1A). Histological examination further revealed typical
signs of bacterial pneumonia, that is, thickening of alveolar walls
and intraalveolar neutrophil infiltrates, in all saline-treated mice
but not in sham-operated or bpv-treated mice at 96 h after MCAO
(Figure 1B).

There is evidence that PTEN gene deletion increases mouse
survival by activating Akt and enhancing phagocytosis of lung
macrophages following pneumonia infection [7]. Thus, we
investigated if cerebral ischemia activated PTEN and conse-
quently impaired local Akt signaling in the lung following
MCAO. As shown in Figure 2A, compared to sham-operated
mice, MCAO mice displayed significantly reduced levels of
phosphorylated (inactivated) PTEN while maintained compara-
ble levels of total PTEN in the lung, suggesting that PTEN acti-
vation was enhanced in the lung following MCAO. As a PTEN
inhibitor, bpv restored the levels of phosphorylated (inacti-
vated) PTEN/total PTEN in the lung following MCAO. In line
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Figure 1 The PTEN inhibitor bpv suppressed spontaneous lung bacterial infection following MCAO. (A) Significantly lower bacterial loads in the lung were
detected in bpv- vs. saline-treated mice at 4 days after MCAO (n = 8). (B) Thickening of alveolar walls and neutrophilic infiltrates were observed in the
lungs of MCAO mice treated with saline but not in those of sham-operated or bpv-treated mice at 96 h after MCAO (Representative images of three

animals/group).

with enhanced activation of PTEN, Akt activation (phosphory-
lation), a cascade downstream inhibited by PTEN, was signifi-
cantly reduced in the lung of MCAO mice (Figure 2A). As
expected, bpv restored akt activation in the lung following
MCAO, as evidenced by the increased ratios of p-Akt/Akt. Our
data suggested that Akt phosphorylation (activation) in the
lung was impaired by MCAO-induced activation of PTEN and
that bpv could block the MCAO-induced local impairment of
Akt activation in the lung.

Macrophages from  PTEN-deficient mice  displayed
enhanced phagocytic ability, which accounts for prolonged
survival of the mice subjected to Streptococcus pneumoniae
challenge [7]. Thus, we examined bpv effects on macro-
phage phagocytosis using the FACS-based assay. Primary
intraperitoneal macrophages were isolated and incubated
with bpv or saline overnight. Macrophages were then incu-
bated with Escherichia coli expressing enhanced green fluo-
rescence protein (eGFP) at a multiplicity of infection of 100
for 30 min at 37°C. After washing with PBS extensively,
uptake of E. coli was assessed by quantifying eGFP positive
cells with FACS Calibur. Uptake of E. coli expressing eGFP
by primary macrophages was enhanced by bpv at the con-
centration of 100, 500, and 1000 ng/mL, indicating that the
phagocytosis of macrophage was enhanced by bpv treatment
(Figure 2B).
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This study presented two major findings. First, post-ischemic
administration of a potent PTEN inhibitor, bpv, starting at 24 h
after stroke onset, reduced mortalities by suppressing lung bacte-
rial infection following cerebral ischemia. Second, for the first
time, our results suggested that stroke impaired local PI3K/Akt
cascade in the lung through PTEN activation and that the
impaired local PI3K/Akt cascade contributed to stroke-associated
pneumonia.

On the basis of following reasons, we interpreted that bpv
improved the survival of MCAO mice by suppressing post-
ischemic lung bacterial infection rather than by conferring
acute neuroprotection. First, PTEN inhibitors confer acute neu-
roprotection only when they are administered prior to or
immediately after stroke onset [3,8,9]. Consistently, we found
that bpv, administered at 24 h after MCAO, does not reduce
acute infarction at 4 days after MCAO [4]. Second, it is
during 3-7 days after MCAO that bpv reduces mortalities, a
period during which the major cause for death of MCAO
mice has been attributed to lung infection [5]. Third, we
observed that delayed bpv treatment reduced bacterial loads
and ameliorated tissue damage in the lung at 4 days following
MCAO. Collectively, we concluded that bpv inhibitory effects
on lung infection rather than its acute neuroprotective effects
accounted for better survival of bpv-treated mice following
MCAO.
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Figure 2 Bpv attenuated MCAO-induced local PTEN activation and Akt inactivation in the lung and increased macrophage phagocytosis in vitro. (A)
Compared to sham-operated mice, saline-treated MCAO mice displayed reduced PTEN phosphorylation (inactivation, p-PTEN) and Akt phosphorylation
(activation, p-Akt) while maintained comparable levels of total PTEN and Akt in the lung at 4 days after MCAO. Bpv treatment significantly attenuated
MCAO-induced decrease in PTEN inactivation (phosphorylation) and Akt activation (phosphorylation) in the lung. *P < 0.05 compared to saline-treated
MCAO mice. (B) Uptake of Escherichia coli expressing enhanced green fluorescence protein (eGFP) by primary macrophages was quantified with FACS.
Macrophage phagocytosis was enhanced by bpv at the concentrations of 100, 500, and 1000 ng/mL Results were representative images of three
independent experiments. The numbers labeled in the figure 2B were the percentage of eGFP* macrophages.

Pneumonia is the most common complication following stroke,
which not only increases mortality but also exacerbates brain
infarct damage [2]. In addition to the antibiotic approach, several
strategies, such as selective immunomodulation, the blockade of
sympathetic activation and inhibition on spleen atrophy, substan-
tially reduce post-stroke lung infection in experimental stroke
[5,6,10]. However, these strategies are effective only when they
are applied before or immediately after cerebral ischemia [5,6].
Since bpv effectively suppressed post-stroke lung infection within a
clinically relevant therapeutic window, PTEN inhibition represents
a valuable approach for the treatment of post-stroke pneumonia.
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