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Vinpocetine Inhibits Streptococcus pneumoniae–Induced
Upregulation of Mucin MUC5AC Expression via Induction of
MKP-1 Phosphatase in the Pathogenesis of Otitis Media

Ji-Yun Lee,*,1 Kensei Komatsu,*,1 Byung-Cheol Lee,* Masanori Miyata,*

Ashley O’Neill Bohn,* Haidong Xu,* Chen Yan,† and Jian-Dong Li*

Mucin overproduction is a hallmark of otitis media (OM). Streptococcus pneumoniae is one of the most common bacterial pathogens

causing OM. Mucin MUC5AC plays an important role in mucociliary clearance of bacterial pathogens. However, if uncontrolled,

excessive mucus contributes significantly to conductive hearing loss. Currently, there is a lack of effective therapeutic agents that

suppress mucus overproduction. In this study, we show that a currently existing antistroke drug, vinpocetine, a derivative of the

alkaloid vincamine, inhibited S. pneumoniae–induced mucin MUC5AC upregulation in cultured middle ear epithelial cells and in the

middle ear of mice. Moreover, vinpocetine inhibited MUC5AC upregulation by inhibiting the MAPK ERK pathway in an MKP-1–

dependent manner. Importantly, ototopical administration of vinpocetine postinfection inhibited MUC5AC expression and middle

ear inflammation induced by S. pneumoniae and reduced hearing loss and pneumococcal loads in a well-established mouse model

of OM. Thus, these studies identified vinpocetine as a potential therapeutic agent for inhibiting mucus production in the pathogenesis

of OM. The Journal of Immunology, 2015, 194: 5990–5998.

M
ucosal epithelium of the upper respiratory tracts, in-
cluding the ear, has evolved multiple mechanisms of the
host mucosal defense in response to microbial attack.

The mucosal epithelial cells form a contiguous lining that acts as
a physical barrier to these pathogens. In addition, these epithelial
cells secrete a number of defensive molecules into the mucosal fluid,
including mucins (1–3). Mucins are a family of high-m.w. glyco-
proteins, and ∼24 mucin genes have been identified to date. At least
12 mucin genes have been shown to be expressed in the mucosal
epithelium of upper respiratory tracts (4, 5). The formation of
mucus is important, because it provides a biophysical barrier and
a matrix supporting the retention of host antimicrobial molecules.
However, uncontrolled, excessive mucin production often results
in impaired mucociliary clearance of mucosal epithelia because of

increased viscosity of mucus. Indeed, mucus overproduction is
a clinical hallmark of otitis media (OM), causing conductive
hearing loss (6, 7). Currently, there is lack of effective therapeutic
agents for suppressing mucus overproduction.
Streptococcus pneumoniae is one of the most common bacterial

pathogens causing middle ear infection, sinusitis, and pneumonia
(8, 9). S. pneumoniae is well known to be a potent inducer of mucin
glycoprotein (10). Upregulation of mucin MUC5AC has been
shown to play an important role in the pathogenesis of OM. We
previously showed that S. pneumoniae upregulates MUC5AC in an
MAPK ERK-dependent manner and MAPK phosphatase-1 (MKP-
1) acts as a negative regulator of S. pneumoniae–induced MUC5AC
induction by inhibition of ERK (11, 12). The molecular mecha-
nisms underlying the tight regulation of MUC5AC production by
bacterial pathogens still remain largely unknown, and elucidating
these mechanisms may help to develop new therapeutic strategies
for the inhibition of excessive mucin production (13).
Vinpocetine, an alkaloid extracted from the periwinkle plant, has

been used clinically for treating cerebrovascular disorders and
improving memory; it is currently used as a dietary supplement
worldwide (14, 15). Its side effects were reported rarely in the lit-
erature (16). Thus, vinpocetine has long been considered an inter-
esting compound that attracts significant attention from physicians
and basic scientists to reposition it as a new therapeutic agent for
other clinical disorders (17, 18). Indeed, our previous studies indi-
cate that vinpocetine inhibits TNF-a- and LPS-induced upregula-
tion of proinflammatory mediators, including TNF-a, IL-1b, and
MIP-2, by targeting ΙkB kinase/NF-kB–dependent pathway via
a direct inhibition of the ΙkB kinase complex, thereby suppressing
inflammatory responses in vitro and in vivo (17). However, it re-
mains unclear whether vinpocetine also suppresses mucus over-
production.
In the current study, we showed that vinpocetine suppressed

S. pneumoniae–induced upregulation of MUC5AC. Vinpocetine
inhibited MUC5AC induction via inhibition of MAPK ERK.
Moreover, vinpocetine inhibited ERK via induction of MKP-1.
Finally, ototopical and systemic postinfection administration of
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vinpocetine improved hearing loss and bacterial clearance in the mouse
model of S. pneumoniae–induced OM and inhibited S. pneumoniae–
induced MUC5AC expression. Thus, our studies identified the novel
role of vinpocetine in suppressing bacteria-induced mucin overpro-
duction; this could lead to the development of new therapeutic agents
for treating OM.

Materials and Methods
Reagents and Abs

Vinpocetine was purchased from Tocris Bioscience. PD98059 was pur-
chased from Enzo Life Sciences. Recombinant human IL-13 was purchased
from R&D Systems. Abs against phospho-ERK1/2 (Thr-202/Tyr-204), total
ERK1/2, phospho-STAT6 (Tyr-641), and total STAT6 were purchased from
Cell Signaling Technology. Abs against MUC5AC, MKP-1, and b-actin
were purchased from Santa Cruz Biotechnology.

Bacterial strains and culture condition

Clinical OM isolates of S. pneumoniae strain 6B, 19F, 23F, and the well-
characterized D39 were used in this study (12, 19). Bioluminescent ST556
derivative of serotype 19F S. pneumoniae strain (ST556lux) was provided
by Dr. Jing-Ren Zhang (Center for Immunology and Microbial Disease,
Tsinghua University, Beijing, China) and has been described previously (20).
All the S. pneumoniae strains were grown on chocolate agar plate and in
Todd-Hewitt broth supplemented with 0.5% yeast extract at 37˚C in 5% CO2

overnight. S. pneumoniae were prepared as described previously (12, 21) for
in vitro and in vivo experiments.

Cell culture

Allmedia described belowwere supplementedwith 10%FBS (Sigma-Aldrich)
and Pen/Strep (100 U/ml penicillin and 0.1 mg/ml streptomycin; Life Tech-
nologies). Human middle ear epithelial cells (HMEEC) were maintained as
described previously (22). Air-liquid culture of HMEEC was conducted as
described previously (23). All cells were cultured at 37˚C in 5% CO2.

Real-time quantitative RT-PCR analysis

Total RNAwas isolated with TRIzol reagent (Invitrogen) by following the
manufacturer’s instructions. The reverse transcription reaction was per-
formed using TaqMan reverse transcription reagents (Applied Biosystems)
(23, 24). Reactions were amplified and quantified using SYBR Green Uni-
versal Master Mix reagent and Applied Biosystems StepOnePlus Real-Time
PCR System (Applied Biosystems). The relative quantities of mRNAs were
obtained using the comparative Ct method and were normalized using hu-
man cyclophilin or mouse GAPDH as an endogenous control. The primers
for human cyclophilin and mouse GAPDH were described previously (12).
The primer sequences for human and mouse MUC5AC and MKP-1 are as
follows: human MUC5AC, 59-TACTCCACAGACTGCACCAACTG-39 and
59-CGTGTATTGCTTCCCGTCAA-39; human MKP-1, 59-GCTGTGCAGC-
AAACAGTCGA-39 and 59-GCCACCCTGATCGTAGAGTG-39; mouse
MUC5AC, 59-AAAGACACCAGTAGTCACTCAGCAA-39 and 59-CTGG-
GAAGTCAGTGTCAAACCA-39; mouse MKP-1, 59-GCTGTGCAGCAA-
ACAGTCGA-39 and 59-CGATTAGTCCTCATAAGGTA-39.

Plasmids, transfections, and luciferase reporter assay

The luciferase reporter gene construct of MUC5AC was described previously
(12, 19). The expression plasmids dominant-negative (DN) mutants of ERK1
and ERK2 have been described previously (19). The constitutively active
form of MEK (MEK-CA) was provided by Dr. Alan R. Saltiel (Life Sciences
Institute, University of Michigan, Ann Arbor, MI). All transient trans-
fections were completed in triplicate using TransIT-LT1 reagent (Mirus)
following the manufacturer’s instructions. For experiments with inhibitors,
the transfected HMEEC were pretreated with or without chemical inhib-
itors for 1 h followed by 5 h of incubation with S. pneumoniae. Tran-
scriptional activity of the reporter gene was measured by luciferase assay
and normalized with respect to b-galactosidase activity as described pre-
viously (25, 26).

RNA-mediated interference

To generate MKP-1 knockdown construct (shMKP-1), oligonucleotide
encoding short hairpin transcript corresponding to MKP-1 was cloned
into pSUPER. Knockdown of MKP-1 using shMKP-1 was performed
using Lipofectamine 3000 (Invitrogen) following the manufacturer’s in-
structions. The target sequence for cloning shMKP-1 is 59-CTGCCTTG-
ATCAACGTCTC-39.

Western blot analysis

Western blot analysis was performed as described previously and following
the manufacturer’s instructions (22, 24). Whole-cell lysate was separated in
8% or 10% SDS-PAGE gel, transferred to PVDF membrane, and incubated
with Abs against phospho-ERK1/2, total ERK1/2, phospho-STAT6, total
STAT6, MKP-1, or b-actin. Respective proteins were visualized by using
secondary HRP-conjugated rabbit or mouse IgG Ab (Cell Signaling Tech-
nology) and the ECL detection system (Amersham ECL Prime Western
blotting Detection Regent, GE Healthcare).

ELISA

Direct ELISAwas used to measure the production of MUC5AC protein as
described previously (12, 19). HMEEC were treated with S. pneumoniae
for 12 h with vinpocetine or vehicle pretreatment. MUC5AC protein
production was measured in the cell culture supernatant as described
previously (12, 19).

MKP-1 immunoprecipitation and activity assay

MKP-1 activity was measured by immunoprecipitation and subsequent
phosphatase assay as described previously (22, 27). HMEEC cell lysates
were incubated with 2 mg MKP-1 Ab or IgG overnight at 4˚C, followed by
2 h incubation with protein A/G-agarose beads (Santa Cruz Biotechnology).
After centrifugation, the MKP-1 immunoprecipitate was washed four times
with lysis buffer, and MKP-1 phosphatase activity was analyzed colori-
metrically using the SensoLyte pNPP Protein Phosphatase Assay kit
(AnaSpec, Fremont, CA) following the manufacturer’s instructions. Non-
specific hydrolysis of pNPP was assessed in IgG immunoprecipitates as
control.

Mice and animal experiments

C57BL/6 mice (7–8 wk old) were purchased from the National Cancer
Institute, National Institutes of Health. Anesthetized mice were inoculated
transtympanically with S. pneumoniae at a concentration of 1 3 107 CFU
per mouse, and saline was inoculated as control (12). The inoculated mice
were then sacrificed at 9 h postinoculation. Eardrums of mice were inspected
for signs of middle ear inflammation, and photographed for recording
pathologic changes of eardrum under the video otoscope (MedRx Deluxe,
MedRx). Dissected mouse middle ears were then subjected to total RNA
extraction and histologic analysis. For inhibition study, mice were pretreated
with vinpocetine i.p. 2 h before S. pneumoniae inoculation. For the oto-
topical treatment experiments, mice were pretreated or posttreated with
vinpocetine through tympanic membrane (3 h before or 3 h after S. pneu-
moniae inoculation). The inoculated mice were sacrificed at 9 h postinocu-
lation. All animal experiments were approved by the Institutional Animal
Care and Use Committee at Georgia State University.

Histology and immunofluorescence assay

For histologic analysis, formalin-fixed paraffin-embeddedmousemiddle ear
tissues were sectioned (4 mm), and then stained with H&E to visualize
inflammatory responses and pathological changes in the middle ear. For
immunofluorescence (IF) assay, IF detection of MUC5AC and MKP-1
proteins were performed using mouse anti-MUC5AC or rabbit anti–
MKP-1, and FITC-conjugated goat anti-mouse or anti-rabbit IgG (Santa
Cruz Biotechnology) in HMEEC and the paraffin section of mouse middle
ear tissues as described previously (23, 24). Images of stained cells and
tissue sections were recorded with light and fluorescence microscopy
systems (AxioVert 40 CFL, AxioCam MRC, and AxioVision LE Image
system; Carl Zeiss), and analyzed using a quantitative image analysis
system with the Visiopharm Integrator System software version 3.0.8.0
(Visiopharm, Horsholm, Denmark).

Auditory brainstem response audiometry

C57BL/6 mice (12–14 wk old) were inoculated transtympanically with
S. pneumoniae at a concentration of 2 3 106 CFU per mouse, and saline
was inoculated as control. To assess hearing sensitivity on all ears of the
inoculated mice, auditory brainstem response (ABR) was evoked by short-
duration, pure-tone bursts at 4, 8, 16, and 32 kHz. Thresholds were mea-
sured visually based on the appearance of a series of waveform in the ABR
obtained at decreasing sound intensities. A computer-aided evoked po-
tential system (Intelligent Hearing Systems, with Smart-EP software, In-
telligent Hearing Systems, Miami, FL) was used to test the mouse ABR
thresholds as described previously (28, 29). For the posttreatment experi-
ments, mice were posttreated with vinpocetine (10 mg/kg) i.p. 3 h after
S. pneumoniae inoculation; this was then repeated with the supplementary
half-dose every day during the experiment.
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Determination of pneumococcal loads

The bacterial loads in the middle ear cavity of mice were determined using
standard plate count (SPC) and invivo bioluminescence imaging (BLI)methods
(30, 31). C57BL/6 mice (10–12 wk old) were inoculated transtympanically
with S. pneumoniae or bioluminescent S. pneumoniae (ST556lux) at a con-
centration of 1 3 107 CFU per mouse, and saline was inoculated as control.
For SPC, mice were treated with vinpocetine (10 mg/kg) i.p. or orally 2 h
postinfection and sacrificed 24 h postinfection; both bullae were immediately
removed. Middle ear effusions were collected with PBS, placed in 10-fold
serial dilutions on chocolate agar plates, and incubated at 37˚C in 5% CO2 for
24 h for bacterial CFU counts. For noninvasive in vivo BLI in real-time, mice
were pretreated i.p. with vinpocetine (10 mg/kg) 2 h before ST556lux inoc-
ulation. Bioluminescent signals from the infection site were recorded every
12 h during the experiment using the IVIS Lumina II Imaging System, and
quantified as total photon emission within a designed region of interest using
Living Image Software Version 3.0 (Caliper Life Sciences, Hopkinton, MA).

Statistical analysis

All experiments were repeated in at least three independent experiments.
Data are shown as mean6 SD of n determinations. Statistical analysis was
assessed with two-tailed unpaired Student t-test; p , 0.05 was considered
statistically significant.

Results
Vinpocetine inhibits S. pneumoniae–induced mucin MUC5AC
expression in vitro

To determine whether vinpocetine inhibits S. pneumoniae–induced
upregulation of mucin MUC5AC expression, we first assessed the
effect of vinpocetine on MUC5AC induction by S. pneumoniae at the
mRNA level using a well-established human middle ear epithelial
HMEEC cell culture system in vitro by performing quantitative PCR
(qPCR) analysis. As shown in Fig. 1A, vinpocetine inhibited upreg-
ulation of MUC5AC mRNA expression induced by S. pneumoniae

in a dose-dependent manner. Inhibition of MUC5AC induction by
vinpocetine was also observed in HMEEC cultured under air-liquid
interface culture conditions (Fig. 1B). Moreover, the inhibitory effects
of vinpocetine on upregulation of MUC5AC mRNA expression was
also observed in cells treated with a variety of S. pneumoniae strains,
including common OM pathogens 6B, 19F, and 23F strains, and the
well-characterized strain D39 (Fig. 1C), thereby suggesting that the
inhibitory effect of vinpocetine on MUC5AC induction is general-
izable to most OM-causing strains of S. pneumoniae. We next de-
termined whether vinpocetine also inhibits S. pneumoniae–induced
upregulation of MUC5AC transcription using a MUC5AC promoter-
driven luciferase reporter assay. As shown in Fig. 1D, upregulation of
MUC5AC transcription by S. pneumoniae was also blocked by vin-
pocetine. Finally, the inhibitory effect of vinpocetine on MUC5AC
induction was also confirmed and quantified at the protein level by
performing ELISA and IF staining using MUC5AC-specific Ab
(Fig. 1E–1G). In addition, vinpocetine also inhibited upregulation of
MUC5AC mRNA expression induced by IL-13 via inhibition of
STAT6 phosphorylation (Supplemental Fig. 1). It is well known that
IL-13 plays a critical role in mucus-producing cell metaplasia and
MUC5AC production by induction of STAT6 phosphorylation,
thereby suggesting that the inhibitory effects of vinpocetine on
upregulation of MUC5AC mRNA expression are generalizable to
induction of MUC5AC by multiple inducers. Taken together, these
data demonstrate that vinpocetine blocks S. pneumoniae–induced
MUC5AC expression of human middle ear epithelial cells in vitro.

Vinpocetine inhibits S. pneumoniae–induced mucin MUC5AC
expression in the middle ear of mice in vivo

Wenext determinedwhether vinpocetine also inhibits S. pneumoniae–
induced MUC5AC expression in the middle ear of mice in vivo. We

FIGURE 1. Vinpocetine inhibits S. pneumoniae–

induced mucin MUC5AC expression in vitro.

HMEEC were pretreated with vinpocetine [5, 10,

and 20 mm in (A), 10 mM in (B)–(G)] for 1 h,

followed by stimulation of S. pneumoniae [5 h in

(A)–(D), or 12 h in (E)–(G)]. Relative quantity of

MUC5AC mRNA expression was measured with

real-time qPCR analysis in (A) HMEEC, (B)

HMEEC cultured under air-liquid interface con-

ditions, or (C) HMEEC stimulated with S. pneu-

moniae strains 6B, 19F, 23F, or D39. (D) HMEEC

transfected with MUC5AC-luciferase reporter

gene were pretreated with vinpocetine, followed

by S. pneumoniae stimulation, and MUC5AC

transcriptional activity was measured with lucif-

erase assay. (E) Expression level of MUC5AC

protein was measured in the cell culture super-

natant with direct ELISA against MUC5AC. (F)

HMEEC were stained with Ab against MUC5AC,

probed with FITC-conjugate, and (G) MUC5AC

expression in IF-stained cells was analyzed by

a relative quantification of immunofluorescence

(original magnification 3200; scale bars, 20 mm).

Data in (A)–(E) and (G) are mean 6 SD (A–E, n =

3; G, n = 5). Statistical analysis was performed

using Student t test. Pictures from IF-stained cells

of one representative experiment are shown in (F)

(n = 5). Data are representative of three or more

independent experiments. *p, 0.05. CON, control;

Sp, S. pneumoniae; Vinp, vinpocetine.
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first assessed the effect of vinpocetine on MUC5AC induction by
S. pneumoniae at the mRNA level in the middle ear of mice by inoc-
ulating S. pneumoniae into the middle ear of wild-type strain C57BL/
6 via a transtympanic membrane route. As shown in Fig. 2A, vin-

pocetine inhibited MUC5AC expression at the mRNA level in the
middle ear of mice inoculated with S. pneumoniae as assessed by
performing qPCR analysis. Pretreatment of vinpocetine also inhibited
MUC5AC upregulation at the protein level in the middle ear tissues

FIGURE 2. Vinpocetine inhibits S. pneumoniae–induced mucin MUC5AC expression in the middle ear of mice in vivo. Mice were pretreated with

vinpocetine (10 mg/kg, i.p.) for 2 h and inoculated transtympanically with S. pneumoniae (1 3 107 CFU per mouse) for 9 h. (A) MUC5AC mRNA

expression in the middle ear of mice was measured with real-time qPCR analysis. (B) Middle ear tissues were stained with Ab against MUC5AC and probed

with FITC-conjugate, and (C) MUC5AC expression in IF-stained tissues was analyzed with a relative quantification of immunofluorescence (original

magnification3400; scale bars, 20 mm). (D) Tympanic cavity of the mouse ear was observed and recorded with the video-otoscope. Data in (A) and (C) are

mean 6 SD (A, n = 3; C, n = 7). Statistical analysis was performed using Student t test. Pictures of IF-stained middle ear tissues and the video-otoscopy

from one representative experiment are shown in (B) and (D) (n = 7). Data are representative of three independent experiments. *p , 0.05; **p , 0.01.

CON, control; Sp, S. pneumoniae; Vinp, vinpocetine.

FIGURE 3. Vinpocetine suppresses S. pneumo-

niae–induced MUC5AC expression via inhibition

of ERK. (A) HMEEC were pretreated with vinpo-

cetine (10 mM) for 1 h, followed by S. pneumoniae

stimulation for 5 min, and cell lysates were ana-

lyzed by immunoblotting with the indicated Abs.

(B) HMEEC were pretreated with vinpocetine

(10 mM) and PD98059 (5 mM) for 1 h, followed by

S. pneumoniae stimulation for 5 h, and MUC5AC

mRNA expression was measured with real-time

qPCR analysis. (C) HMEEC transfected with ERK1

DN or ERK2 DN were pretreated with vinpocetine

(10 mM) for 1 h, and MUC5AC mRNA expression

was measured with real-time qPCR analysis at 5 h

after S. pneumoniae stimulation. (D) HMEEC

transfected with MEK-CA were treated with vinpo-

cetine (10 mM) for 2 h, and cell lysates were ana-

lyzed by immunoblotting with the indicated Abs. (E)

MUC5AC mRNA expression was measured with

real-time qPCR analysis in MEK-CA-transfected

cells treated with vinpocetine (10 mM) for 6 h. Data

in (B), (C), and (E) are mean6 SD (n = 3). Statistical

analysis was performed using Student t test. *p ,
0.05. Data are representative of three or more

independent experiments. n.s., not significant; PD,

PD98059; Sp, S. pneumoniae; Vinp, vinpocetine.
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of mice as assessed by IF staining using MUC5AC-specific Ab
(Fig. 2B, 2C). Consistent with these results, middle ears of mice
inoculated with S. pneumoniae showed typical symptoms of OM,
including congestion and swelling of tympanic membrane and
mucous effusion accumulation inside the bulla at days 1, 2, and 3
after S. pneumoniae inoculation. In addition, vinpocetine inhibited
S. pneumoniae–induced pathologic changes of the middle ear, as
assessed by performing otoscopic examination in the middle ear of
S. pneumoniae–inoculated mice at various time points, including
days 1, 2, 3, 5, and 7 (Fig. 2D). These data demonstrate that vin-
pocetine inhibits S. pneumoniae–induced mucin MUC5AC gene
expression in vivo.

Vinpocetine suppresses S. pneumoniae–induced MUC5AC
expression via inhibition of ERK

The ERK pathway has an important role in regulating immune and
inflammatory responses (32). We previously found that S. pneu-
moniae upregulates MUC5AC expression via activation of ERK

(12, 21). We thus determined whether vinpocetine inhibits
MUC5AC via suppression of ERK. As shown in Fig. 3A, vinpo-
cetine blocked S. pneumoniae–induced activation of ERK in
HMEEC. Vinpocetine was unable to inhibit MUC5AC induction
further in HMEEC in which ERK activation was already blocked
by a specific MEK inhibitor, PD98059 (Fig. 3B). Similarly, vin-
pocetine also failed to attenuate S. pneumoniae–induced MUC5AC
expression further in HMEEC transfected with ERK DN mutants
(ERK 1 DN and ERK2 DN; Fig. 3C). Because MEK acts as the key
upstream activator for ERK, we next sought to determine whether
vinpocetine inhibits upregulation of MUC5AC expression induced
by expressing MEK-CA. As shown in Fig. 3D, vinpocetine blocked
activation of ERK induced by overexpression of MEK-CA. More-
over, vinpocetine suppressed MEK-CA–induced MUC5AC ex-
pression in HMEEC (Fig. 3E). Taken together, our data suggest that
vinpocetine suppresses S. pneumoniae–induced MUC5AC expres-
sion via inhibition of MEK-dependent activation of the ERK
pathway.

FIGURE 4. Vinpocetine enhances S. pneumoniae–induced upregulation of MKP-1 expression in vitro and in vivo. (A–E) HMEEC were pretreated with

vinpocetine (10 mM) for 1 h, followed by the stimulation with S. pneumoniae for 1.5 h. (A) MKP-1 mRNA expression was measured with real-time qPCR

analysis in HMEEC, and (B) MKP-1 protein expression was analyzed by immunoblotting in the cell lysates. (C) HMEEC were stained with Ab against

MKP-1 and probed with FITC-conjugate, and (D) MKP-1 expression in IF-stained cells was analyzed by a relative quantification of immunofluorescence

(original magnification3100; scale bars, 20 mm). Pictures from IF-stained cells of one representative experiment are shown in (C) (n = 5). (E) HMEEC cell

lysates were immunoprecipitated with anti–MKP-1 Ab for phosphatase activity. The absorbance at 405 nm of the reaction product (p-nitrophenol) from the

immunoprecipitates was measured by colorimetric mode to determine the phosphatase activity of MKP-1. (F–H) Mice were pretreated with vinpocetine

(10 mg/kg, i.p.) for 2 h and inoculated transtympanically with S. pneumoniae (1 3 107 CFU per mouse) for 9 h. (F) MKP-1 mRNA expression was measured

with real-time qPCR analysis in the middle ear of mice. (G) Middle ear tissues were stained with Ab against MKP-1 and probed with FITC-conjugate, and

(H) MKP-1 expression in IF-stained tissues was analyzed by a relative quantification of immunofluorescence (original magnification3400; scale bars, 20 mm).

Pictures from IF-stained mouse middle ear tissues of one representative experiment are shown in (G) (n = 7). Data in (A), (D), (E), (F), and (H) are mean6 SD

(A, E, F, n = 3; D, n = 5; H, n = 7). Statistical analysis was performed using Student t test. Data are representative of three independent experiments. *p , 0.05.

**p , 0.01. CON, control; Sp, S. pneumoniae; Vinp, vinpocetine.
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Vinpocetine enhances S. pneumoniae–induced upregulation of
MKP-1 expression in vitro and in vivo

MKP-1 has been shown to be a key negative regulator of inflam-
matory responses via dephosphorylation of MAPKs (33). We pre-
viously showed that MKP-1 is negatively involved in regulating
MUC5AC induction by S. pneumoniae (12, 21). We thus sought to
determine whether vinpocetine directly upregulates S. pneumoniae–
induced MKP-1 expression. Indeed, vinpocetine markedly en-
hanced S. pneumoniae–induced upregulation of MKP-1 expression
at mRNA and protein levels in HMEEC (Fig. 4A, 4B). In addition,
vinpocetine-induced upregulation of MKP-1 protein expression in
HMEEC was also confirmed and quantified by performing IF
staining (Fig. 4C, 4D). Moreover, the phosphatase activity of MKP-
1 was increased by S. pneumoniae, and vinpocetine enhanced up-
regulation of MKP-1 phosphatase activity in HMEEC (Fig. 4E).
Consistent with these in vitro findings, vinpocetine also enhanced
S. pneumoniae–induced upregulation of MKP-1 expression at mRNA
and protein levels in the middle ear of mice inoculated with
S. pneumoniae, as assessed by performing qPCR analysis (Fig. 4F)
and IF staining using MKP-1–specific Ab (Fig. 4G, 4H). It is evi-
dent that vinpocetine enhances S. pneumoniae–induced upregula-
tion of MKP-1 expression and a resultant increase in phosphatase
activity of MKP-1 in vitro and in vivo.

Vinpocetine inhibits S. pneumoniae–induced MUC5AC
expression via MKP-1–dependent inhibition of ERK

MKP-1 is known to inactivate ERK by dephosphorylation (34).
Having shown that vinpocetine inhibits S. pneumoniae–induced
MUC5AC expression via inhibition of ERK and enhances upregulation
of MKP-1 induced by S. pneumoniae, we next determined whether
vinpocetine inhibits ERK-dependent induction of MUC5AC by
S. pneumoniae via upregulation of MKP-1 expression. Interestingly,
vinpocetine no longer inhibited S. pneumoniae–induced MUC5AC
upregulation in HMEEC in which MKP-1 was already depleted with
MKP-1 short hairpin RNA (Fig. 5A, Supplemental Fig. 2). Moreover,
vinpocetine failed to inhibit ERK phosphorylation induced by
S. pneumoniae in MKP-1–depleted HMEEC (Fig. 5B). Our data
suggest that vinpocetine inhibits S. pneumoniae–induced ERK-
dependent MUC5AC upregulation via induction of MKP-1 (Fig. 5C).

Postinfection administration of vinpocetine inhibits
upregulation of MUC5AC expression in the mouse model of
S. pneumoniae–induced OM

We have shown that vinpocetine, when preinoculated systemically,
inhibited S. pneumoniae–induced MUC5AC expression in the
mouse models of middle ear infection. However, it is still unclear
whether vinpocetine has any therapeutic effect in OM. We thus
evaluated whether postinoculation administration of vinpocetine
also inhibited induction of MUC5AC in a well-established OM
mouse model under more clinically relevant conditions. Interest-
ingly, both ototopical preinoculation and postinoculation adminis-
tration of vinpocetine suppressed S. pneumoniae–induced MUC5AC
upregulation (Fig. 6A), and it inhibited the typical symptoms of OM
as assessed by performing otoscopic examination (Fig. 6B). Con-
sistent with these results, vinpocetine also inhibited S. pneumoniae–
induced mucosal thickening and polymorphonuclear neutrophil in-
filtration in the middle ear mucosa as assessed by histologic analysis
(Fig. 6C, 6D). ABR is an objective measurement of the evoked
potential of auditory activity in the brainstem. It has been commonly
used for monitoring the status of middle ear inflammation in animals
and children by measuring the threshold shifts because of fluid and
mucus accumulation (28, 29). As shown in Fig. 6E, S. pneumoniae
indeed induced hearing loss, as reflected by the elevation of ABR
thresholds in a mouse model of OM. Importantly, systemic postin-
oculation administration of vinpocetine markedly attenuated the el-
evation of the ABR thresholds and improved hearing loss as
evaluated by performing ABR analysis of the mouse model of OM
(Fig. 6E). Moreover, posttreatment of vinpocetine increased the
clearance of S. pneumoniae and decreased the pneumococcal CFU
levels in the middle ear effusion at 24 h postinfection in SPC assay
(Supplemental Fig. 3A). Consistent with the viable bacterial counts,
bioluminescence emission of ST556lux in the middle ear cavity
peaked at 12 h postinfection, and vinpocetine significantly attenuated
pneumococcal loads in the middle ear cavity at 12, 24, and 36 h
postinfection (Supplemental Fig. 3B, 3C). S. pneumoniae adheres to
mucous membranes. It is conceivable that upregulation of mucin
production further promotes bacterial colonization. These data sug-
gest that vinpocetine decreases pneumococcal loads by inhibiting the
expression of mucin MUC5AC and reduces hearing loss, thereby

FIGURE 5. Vinpocetine inhibits S. pneumoniae–in-

duced MUC5AC expression via MKP-1–dependent

inhibition of ERK. (A) HMEEC transfected with

shCON or shMKP-1 were pretreated with vinpocetine

(10 mM) for 1 h, followed by S. pneumoniae stimula-

tion for 5 h, and MUC5AC mRNA expression was

measured with real-time qPCR analysis. (B) HMEEC

transfected with shCON, or shMKP-1 were pretreated

with vinpocetine (10 mM) for 1 h, followed by

S. pneumoniae stimulation for 5 min, and cell lysates

were analyzed by immunoblotting with the indicated

Abs (upper panel). Phosphorylated ERK (pERK) pro-

tein expression was quantified from three independent

experiments (lower panel). (C) A schematic model

illustrating that vinpocetine inhibits S. pneumoniae–

induced mucin MUC5AC expression via MKP-1–

dependent inhibition of the ERK pathway. Data in (A)

and (B) (lower panel) are mean 6 SD (n = 3). Statis-

tical analysis was performed using Student t test. Data

are representative of three or more independent

experiments. *p , 0.05. CON, control; n.s., not sig-

nificant; Sp, S. pneumoniae; Vinp, vinpocetine.
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providing strong evidence for the therapeutic potential of vinpoce-
tine in treating OM.

Discussion
In the current study, we showed that vinpocetine suppressed
S. pneumoniae–induced MUC5AC upregulation in the mucosal
epithelia of the middle ear in vitro and in vivo. Interestingly, vin-
pocetine inhibited S. pneumoniae–induced ERK-dependent upreg-
ulation of MUC5AC by upregulating MKP-1, a critical negative
feedback regulator for MAPK ERK. Moreover, ototopical or sys-
temic postinfection treatment, as well as the systemic pretreatment,
with vinpocetine inhibited S. pneumoniae–induced MUC5AC up-
regulation in a well-established mouse model of S. pneumoniae–
induced OM. Thus, the current study provides novel insights into
the molecular mechanisms underlying the tight regulation of mucin
overproduction in the pathogenesis of S. pneumoniae–induced OM
and may help to repurpose vinpocetine as a new therapeutic agent
for OM.
To date, a number of mucoactive agents have been used for the

treatment of mucosal inflammatory diseases of the upper respiratory
tract. Mucoactive agents can be classified as expectorants (guai-
fenesin), mucolytics (N-acetylcysteine and peptide enzymes),
mucokinetics (b2-adrenoceptor agonist and surfactant), and

mucoregulators (corticosteroids and macrolide antibiotics) accord-
ing to their potential mechanism of action: reducing mucus vis-
cosity, increasing mucociliary clearance, or suppressing mucus
hypersecretion (35, 36). Although these medications are useful at
certain stages of the disease, treatment with mucoactive agents has
not proved to be effective and has shown side effects including
vomiting, diarrhea, stomach upset, headache, skin rash, and even
bleeding from the gastrointestinal tract (35, 36). In addition, the
mechanism of action for most of these drugs remains unclear.
Therefore, by identifying the key molecular therapeutic targets,
development of a novel therapeutic agent without causing serious
side effects is urgently needed for tight control of mucus overpro-
duction in mucosal infections. Interestingly, in the current study,
we provided direct in vitro and in vivo evidence that vinpocetine
inhibits S. pneumoniae–induced MUC5AC expression by directly
upregulating the negative regulator MKP-1 instead of inhibiting the
positive regulator ERK. Thus, vinpocetine may have significant
therapeutic potential for treating mucosal infectious diseases of the
upper respiratory tract without the serious side effects often seen
when directly inhibiting positive pathways, such as the MAPK ERK
signaling cascade (22).
Another interesting finding in our study is that both ototopical

preinfection and postinfection treatment with vinpocetine inhibited

FIGURE 6. Postinfection administration of vinpocetine inhibits MUC5AC expression in a mouse model of S. pneumoniae–induced OM. (A–D) Mice

were inoculated transtympanically with S. pneumoniae (1 3 107 CFU per mouse) for 9 h, and pretreated or posttreated ototopically with vinpocetine (0.5

mg/kg) 3 h before or 3 h after S. pneumoniae inoculation. (A) MUC5AC mRNA expression in the middle ear of mice was measured with real-time qPCR

assay. (B) Tympanic cavity of the mouse ear was observed and recorded with the video-otoscope. (C) H&E staining of the middle ear tissues from mice was

performed (original magnification 3400; scale bar, 20 mm) for histologic analysis, and (D) the thickness of middle ear mucosa was measured from 15

middle ear sections per experimental group. (E) Hearing thresholds on each ear of the mice were measured with ABR tests across a frequency range of 4–32

kHz for 1–3 d after S. pneumoniae inoculation (2 3 106 CFU per mouse). Mice were posttreated with vinpocetine (10 mg/kg) i.p. 3 h after S. pneumoniae

inoculation; this was repeated at a dose of 5 mg/kg/day during the experiment. Pictures of the video otoscopy and H&E-stained middle ear tissues from one

representative experiment are shown in (B) and (C) (B, n = 6; C, n = 15). Data in (A), (D), and (E) are mean 6 SD (A, n = 3; D, n = 15; E, n = 6). Statistical

analysis was performed using Student t test. Data are representative of three independent experiments. *p , 0.05, **p , 0.01. CON, control; PRE,

preinoculation; POST, postinoculation; Sp, S. pneumoniae; Vinp, vinpocetine.
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not only S. pneumoniae–induced MUC5AC upregulation, but also
pathologic changes in a mouse OM model as assessed by oto-
scopic examination and histologic analysis. Furthermore, systemic
postinfection treatment of vinpocetine improved hearing loss as
measured by ABR thresholds and reduced pneumococcal loads in
the middle ear assessed by SPC and BLI in a mouse OM model,
thereby demonstrating its therapeutic potential in OM. Topical
applications to the mucous membranes of the upper respiratory
tract diseases have the advantage of acting directly on the site of
inflammation and producing a higher local drug concentration at
the target site without gastrointestinal degradation and hepatic
first-pass metabolism. It also allows a rapid onset of therapeutic
effects of the drug while minimizing systemic side effects (37,
38). Thus, our findings may have significant therapeutic signifi-
cance, because topical administration of the currently available
drug vinpocetine could lead to the immediate clinical application
for the treatment of otitis media.
During the past several years, significant efforts and interests

have been focused on drug repositioning for developing new novel
therapeutic agents (39). Several drugs, such as sildenafil citrate
and thalidomide, have been successfully repositioned to a new
indication as a lower-risk and cost-effective repositioning model
(40). Vinpocetine was originally discovered and marketed in 1978
under the trade name Cavinton, and it has been used widely in
many countries for treatment of cerebrovascular disorder, such as
stroke and cognitive impairment, because of its beneficial cere-
brovascular effect and neuroprotective profile. To date, there have
been no reports of significant side effects and toxicity related to
vinpocetine treatment at therapeutic doses, and various clinical
studies have demonstrated that vinpocetine is safe for long-term
use (41). Thus, vinpocetine has long been considered an inter-
esting compound that constantly attracts scientists and clinicians
to investigate its novel therapeutic scheme in the fields of neu-
ropsychiatry, ophthalmology, and otolaryngology. Previously, our
studies identified vinpocetine as a novel anti-inflammatory agent
that may be repositioned for the treatment of various human in-
flammatory diseases, including chronic obstructive pulmonary
disease, arthritis, and atherosclerosis (17, 42). In the current study,
we identified a novel role of vinpocetine in suppressing mucin
upregulation. Together, our studies may lead to the development
of novel therapeutic strategies for treating OM.
Of additional biological significance in the current study is that

vinpocetine inhibits MUC5AC induction by S. pneumoniae via
MKP-1–dependent suppression of MEK-mediated ERK activa-
tion. We also previously demonstrated that glucocorticoids inhibited
p38 MAPK-mediated MUC5AC expression induced by NTHi via
upregulation of MKP-1 gene expression (43). Because of the critical
role of MAPKs, including ERK, in the regulation of innate immune
and inflammatory responses, upregulation of MKP-1 could play an
important role in tightly controlling overactive immune and in-
flammatory response in a negative-feedback manner. In addition, it
was demonstrated in the current study that vinpocetine reduced
pneumococcal loads in the middle ear infection likely via sup-
pression of MUC5AC induction (44). Thus, vinpocetine may rep-
resent an effective therapeutic agent for the tight regulation of
overactive host immune response without causing serious adverse
effects (45–47).
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