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Bailey KL, Kharbanda KK, Katafiasz DM, Sisson JH, Wyatt
TA. Oxidative stress associated with aging activates protein kinase
Cε, leading to cilia slowing. Am J Physiol Lung Cell Mol Physiol 315:
L882–L890, 2018. First published September 13, 2018; doi:10.1152/
ajplung.00033.2018.—Older people are four times more likely to
develop pneumonia than younger people. As we age, many compo-
nents of pulmonary innate immunity are impaired, including slowing
of mucociliary clearance. Ciliary beat frequency (CBF) is a major
determinant of mucociliary clearance, and it slows as we age. We
hypothesized that CBF is slowed in aging because of increased
oxidative stress, which activates PKCε signaling. We pharmacologi-
cally inhibited PKCε in ex vivo mouse models of aging. We measured
a slowing of CBF with aging that was reversed with inhibition using
the novel PKC inhibitor, Ro-31-8220, as well as the PKCε inhibitor,
PKCe141. Inhibition of PKCε using siRNA in mouse trachea also
returned CBF to normal. In addition, antioxidants decrease PKCε
activity and speed cilia. We also aged wild-type and PKCε KO
mice and measured CBF. The PKCε KO mice were spared from the
CBF slowing of aging. Using human airway epithelial cells from
younger and older donors at air-liquid interface (ALI), we inhibited
PKCε with siRNA. We measured a slowing of CBF with aging that
was reversed with siRNA inhibition of PKCε. In addition, we
measured bead clearance speeds in human ALI, which demon-
strated a decrease in bead velocity with aging and a return to
baseline after inhibition of PKCε. In summary, in human and
mouse models, aging is associated with increased oxidant stress,
which activates PKCε and slows CBF.

aging; airway epithelial cells; ciliary beat frequency; elderly; muco-
ciliary clearance; PKCε pneumonia; siRNA

INTRODUCTION

Older people are more susceptible to lower respiratory tract
infections such as pneumonia. Those over the age of 65 are
four times more likely to develop pneumonia than younger
patients (25), and lower respiratory tract infections are the
eighth leading cause of death overall (33a). Aging is an
independent risk factor for pneumonia mortality, even when
controlling for comorbid conditions and severity (34).

Many physiological changes occur in the human lung with
aging, which predispose individuals to pneumonia, including a
decrease in elastic recoil (6), a decrease in lung compliance (39),
a decrease in respiratory muscle strength (36), and a decrease in
mucociliary clearance (42). Mucociliary clearance serves as the
first line of defense against lower respiratory tract infection. The
cilia beat in a coordinated manner to propel mucus and trapped
particles and bacteria up and out of the lung.

Aging is known to impair mucociliary clearance. Human
upper airway ciliary beat frequency (CBF) is slowed with
aging (52) and is correlated with prolonged nasal saccharine
transit times in women and men (8, 22, 41). Nasal saccharine
transit times, however, may not always correlate with lower
respiratory tract mucociliary clearance. Others have measured
lower respiratory CBF directly and demonstrated ciliary slow-
ing in aging humans (47), mice (1, 16), dogs (51), and guinea
pigs (26). Ciliary slowing is associated with an impairment of
human lower airway clearance of radioactive tracers with aging
(13, 24, 42). Despite a literature base replete with examples of
mucociliary clearance slowing with aging, little is known about
the mechanisms of this slowing.

Oxidative stress has long been recognized as a consequence
of aging. How oxidative stress contributes to lung aging is an
emerging field of study (20). Exogenous oxidative stress has
long been known to slow CBF (5, 10, 11, 28). However, little
is known about how oxidative stress causes cilia slowing and
even less about the cilia slowing of aging. We have previously
shown that PKCε mRNA, protein, and activity are increased
nearly threefold in aged BALB/c and C57BL/6 mice and that
we can recapitulate the ciliary slowing of aging by using a
PKCε agonist (1). We hypothesized that the increased oxida-
tive stress associated with aging activates PKCε, which slows
cilia. We designed experiments that inhibit PKCε in mice in
vivo and ex vivo using pharmacological and genetic methods.
In addition, we investigated the role of oxidative stress in the
activation of PKCε. To increase the translatability of our
findings, we also used human airway epithelial cells cultured at
air-liquid interface (ALI) to test this hypothesis.

METHODS

Cell culture. Primary, normal human bronchial epithelial cells
(NHBEs) were isolated from deidentified human lungs that were
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rejected for transplantation. We accepted lungs from the International
Institute for the Advancement of Medicine and the Nebraska Organ
Retrieval System. We excluded donors with a history of any lung
disease, current smoking, �20 pack-year history of smoking, and
heavy alcohol use. The protocol was approved by the International
Institute for the Advancement of Medicine and Nebraska Organ
Retrieval System ethics committees and the University of Nebraska
Medical Center Institutional Review Board.

Airway epithelial cells were isolated using a method previously
described (3, 12). Briefly, the large airways were dissected out and
protease digested. After 36–48 h, the airway lumens were scraped,
and the resulting cells were plated on collagen-coated plates in
bronchial epithelial growth medium (Lonza, Basel, Switzerland).
They were subsequently transferred to collagen-coated 6.5-mm trans-
well inserts (0.4-�m pore) (Corning, Kennebunk, ME) and grown at
ALI using commercially available medium (PneumaCult ALI media,
StemCell Technologies, Inc., Cambridge, MA) according to the man-
ufacturer’s directions.

Cells from a minimum of five different donors/age group were used
in each experiment. Cells were only passaged one time before seeding
ALI inserts. We did not use higher passage numbers to avoid pheno-
type drift or potentially poor ciliation.

Murine models. All experiments were reviewed and approved by
the Institutional Animal Care and Use Committee of the University of
Nebraska Medical Center and used in accordance with National
Institutes of Health guidelines.

BALB/c mice aged 2 and 22–24 mo were obtained from the
National Institute on Aging rodent colony (Bethesda, MD). The mice
were euthanized using isoflurane and cervical dislocation, and the
tracheas were removed and placed in Dulbecco’s modified Eagle’s
medium (DMEM) (Thermo Fisher, Waltham, MA) containing peni-
cillin/streptomycin (Thermo Fisher) and fungizone (Thermo Fisher).
Tracheal rings were cut with a scalpel to ~0.5-mm thickness and
placed into DMEM to be maintained at 37°C, 5% carbon dioxide
overnight to equilibrate.

A breeding pair of PKCε knockout (KO) mice (strain B6.129S4-
PRKCεtm1Msg/J) was purchased from Jackson Laboratories (Bar Har-
bor, ME). This strain was created by disrupting a 1.2-KB region of the
PRKCε gene, including the exon encoding the translation initiation
codon using a targeting vector containing neomycin resistance and
herpes simplex virus thymidine kinase genes (30). PKCε KO males
were mated with PKCε heterozygote females, because PKCε KO
females produce small litters. The resulting pups were genotyped
using PCR analysis of tail DNA (Wizard Plus SV, Promega, Madison,
WI). The following primers were used (5= to 3=): wild-type (WT):
forward: CCA CAA GGT GTA GCG AGT GA; reverse: CCG ATA
GGA GCG TCT TGA AA; KO: forward: CTG AAT GAA CTGCAG
GAC GA; reverse: ATA CTT TCT CGG CAG GAG CA. PKCε KO
and WT littermate controls were aged side by side in our animal
facility for up to 24 mo.

RNA silencing. Tracheal rings were cut as above, and 1–2 were
placed in 500 �l of Opti-MEM medium (Thermo Fisher) with 100 nM
of mouse SMARTpool PKCε siRNA or nontargeting siRNA (Dhar-
macon, Lafayette, CO) and Lipofectamine RNAiMAX (7.5 �l)
(Thermo Fisher). CBF and efficiency of protein knockdown were
measured at 48 h.

For ALI cells, siRNA silencing was performed at the time of
seeding the NHBE for ALI as outlined by McCray (43). Briefly, 75
nM SMARTpool human PKCε siRNA or nontargeting siRNA was
added to the cells along with Lipofectamine RNAiMAX transfection
reagent at the time of plating and remained for 48 h.

Western blot analysis. Tracheal rings were homogenized in cell
lysis buffer (Cell Signaling, Danvers, MA) containing a protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). NHBE cells were
collected by scraping in ice-cold radioimmunoprecipitation assay
buffer (Cell Signaling) containing protease inhibitor cocktail (Sigma)
and incubated on ice for 15 min. The samples were clarified using

centrifugation then heated to 100°C for 5 min in 2� Laemmli sample
buffer (Bio-Rad, Hercules, CA) with �-mercaptoethanol (Sigma).
Equal amounts of protein lysates were loaded onto 8–16% gradient
SDS-PAGE gels. Proteins were transferred onto nitrocellulose mem-
branes and were blocked for 1 h at room temperature in PBS with
0.1% TWEEN 20 and 5% blotto. The membranes were incubated
overnight at 4°C with PKCε primary antibody (cat. no. 22B10, Cell
Signaling) diluted 1:1,000.

Membranes were washed with PBS with 0.1% TWEEN 20, then
incubated with horse radish peroxidase-conjugated goat anti-rabbit
secondary antibody (cat. no. 111-035-046, Jackson ImmunoResearch)
for 1 h at room temperature. Membranes were washed, then incubated
in SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher), and developed using standard film-based techniques. The
specificity of the PKCε antibody has been previously published (37),
showing no cross-reactivity to other PKC isoforms, and we confirmed
this in PKCε KO tissues (see Fig. 4B).

CBF measurements. CBF was measured as previously described
using Sisson-Ammons video analysis (SAVA) (49). Briefly, tracheal
rings were placed in medium on a thermostatically controlled stage to
maintain a constant temperature between 25 and 27°C. The beating
cilia were observed using an inverted phase-contrast microscope with
a �20 objective lens. The entire lumen of each tracheal ring was used
to measure CBF. Whole field video images were digitally recorded,
and CBF was calculated using the SAVA system. The CBF speed is
reported as cycles/second (Hz) � SE.

Mucociliary transport time measurements. A fluorescent bead
clearance assay was used to measure the ability of the young and old
cells to clear particles roughly the same size as bacteria, as previously
described (35). Briefly, cells were grown at ALI until they were fully
ciliated. The mucus was carefully washed off, and the cells were
allowed to recover to baseline CBF. Fluorescent beads, FluoSpheres
(carboxylate modified crimson, 1 �m in diameter; Thermo Fisher)
were diluted and added to the apex of the cell and allowed to
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Fig. 1. Inhibition of novel PKC isoforms restores ciliary beat frequency
(CBF) in old mice. Tracheal rings were prepared from young (2 mo; n �
16) and old BALB/c mice (22–24 mo; n � 20). CBF was measured at
baseline and after 4 h of treatment with Ro-31-8220 (100 �M). At baseline,
the old tracheal rings had a significantly slowed CBF (P � 0.0001).
Ro-31-8220 has no effect on the cilia from young tracheas but significantly
speeds cilia in old mice (P � 0001).

L883PKCε SLOWS CILIA IN AGING

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00033.2018 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at CDC Information Center (158.111.236.095) on May 13, 2022.



equilibrate for 5 min. High-speed videos (25 frames/s) were taken of
bead motion. Tracker 4.11.0 (http://physlets.org/tracker/), an open
source video analysis and modeling tool, was used to measure bead
velocity. A total of 10 randomly chosen beads were tracked in each
well, and the velocities were averaged and reported in mm/s � SE.

PKC� activity assay. PKCε activity was determined in whole cell
cytosolic and particulate fractions similar to methods described pre-
viously (55, 56). Briefly, NHBE cells were flash-frozen in cell lysis
buffer. The following reaction mix was prepared in Tris·HCl buffer:
Phorbol 12-myristate 13-acetate (24 �g/ml), dithiotreitol (30 mM),
ATP (150 �M), Mg-acetate (45 mM), PKCε-specific substrate peptide
(ERMRPRKRQGSVRRRV; Calbiochem, San Diego, CA), and [�-
32P]ATP (10 �Ci/ml). Cell lysate samples were incubated with the
reaction mix for 15 min at 30°C. This mixture was then spotted onto
P-81 phosphocellulose papers (Whatman, Clinton, NJ) to halt the
reaction, then washed in phosphoric acid, washed in ethanol, dried,
and counted in nonaqueous scintillant (National Diagnostics, Atlanta,
GA). PKCε activity is expressed as picomoles of phosphate incorpo-
rated per minute per milligram of total cellular protein.

Glutathione measurement. Murine lungs were homogenized in two
volumes of 0.5 N perchloric acid in a Bullet Blender. The extracts
were centrifuged at 10,000 revolutions/min for 5 min and the super-
natants treated with a 10% solution of tri-n-butylphosphine in dim-
ethylformamide to reduce and deconjugate the thiols. After deprotein-
ization, the thiols were derivatized with 7-fluorobenzo-2-oxa-1,3-
diazole-4-sulfonamide (7), filtered through a 0.22-�m membrane
filter, and high performance liquid chromatography (HPLC) was used
to determine the GSH level, as previously described (29). A Varian
HPLC system was equipped with a Prostar 210 HPLC pump, coupled
to a Prostar 410 autosampler that was connected to a Phenomenex
Luna 5-�m C18 analytical column (250 mm � 4.6 mm). A C18 5-�m
guard column (Phenomenex) was used in front of the analytical
column; a Prostar 363 Fluorescence detector was operated at an

excitation wavelength of 385 nm and an emission wavelength of 515
nm. The mobile phase, pumped at 1.5 ml/min, consisted of 0.1 mol/l
potassium dihydrogen phosphate (adjusted to pH 2.1 with orthophos-
phoric acid) containing 10% acetonitrile.

Statistical analysis. The data is represented as scatter plots with
error bars representing standard error (SE). Statistical analysis was
performed using GraphPad Prism software. Either a Student’s t-test or
analysis of variance with Tukey test for multiple comparisons was
performed as appropriate. A P value of �0.05 was considered signif-
icant.

RESULTS

Pharmacological inhibition of PKC� in old mouse tracheal
rings speeds cilia. We prepared tracheal rings from BALB/c
mice aged 2 mo (young; n � 10) and 22–24 mo (old; n � 13).
We measured CBF using SAVA before and after treatment
with the novel PKC inhibitor Ro-31-8220 for 4 h. The novel
PKC isoforms include PKC epsilon (ε), delta (	), theta (
), and
eta (�). Of the novel PKC isoforms, PKCε plays the largest
role in the mediation of cilia slowing (2). The baseline CBF in
young mice was 18.47 � 0.37 Hz and dropped to 12.92 � 0.32
Hz in the old mice (P � 0.0001) (Fig. 1). After treatment with
Ro-31-8220 for 4 h, the young tracheal rings remained stable at
17.82 � 0.54 (P � 0.64), whereas the old tracheas increased to
17.02 � 0.22 Hz (P � 0.0001) (Fig. 1). There was no differ-
ence in CBF between the young and old Ro-31-8220-treated
rings (P � 0.43) (Fig. 1).

Because Ro-31-8220 blocks not only PKCε but all of the
novel PKC isoforms (	, 
, �), we also treated the mouse
trachea with a more specific inhibitor, PKCε 141 (Millipore,
Billerica, MA). PKCε 141 is a thienoquinoline that disrupts the
interaction between PKCε and its anchoring protein, RACK2
(45). This mechanism allows it to be a more specific inhibitor
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Fig. 2. Inhibition of the interaction between PKCε and RACK2 restores cilia
beat frequency (CBF) in old mice. Tracheal rings were prepared from young
(2 mo; n � 12) and old (22–24 mo; n � 10) BALB/c mice. Once again, the old
mice had significantly slowed CBF compared with young (P � 0.001). PKCε
141 (100 �M), which inhibits the interaction between PKCε and RACK2,
restored the CBF slowing in the old tracheal rings after 4 h of treatment (P �
0.0001).
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Fig. 3. PKCε knockout (KO) mice are spared from cilia beat frequency (CBF)
slowing of aging. Tracheal rings were cut from young (2–4 mo) and old
(12–18 mo) wild-type (WT) and PKCε KO mice. These mice were on a
C57BL/6 background and were raised side by side. There was a significant
decrease in CBF in the old WT mice (P � 0.005), compared with the young
WT mice. The old KO mice had the same CBF as the young KO mice. Young
WT, n � 12; old WT, n � 18; young KO, n � 10; old KO, n � 16.
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than Ro-31-8220. BALB/c tracheal rings were collected from
young and old mice. Young mice had a baseline CBF of
17.68 � 0.64 Hz, whereas old mice were slower at
11.51 � 0.86 (P � 0.001). After treatment with PKCε 141, the
young had no change (P � 0.99) in CBF, whereas the old had
a 4.6-Hz increase to 16.11 � 0.25 Hz (P � 0001) (Fig. 2).

PKC� KO mice are protected from the ciliary slowing of
aging. Tracheal rings from young and old WT and KO animals
(on a C57BL/6 background) were prepared. Average CBF was
as follows: young WT 13.16 � 0.47 (n � 12), old WT
10.69 � 0.46 Hz (n � 18), young KO 12.61 � 0.48 Hz (n �
10), old KO 12.69 � 0.53 Hz (n � 16) (Fig. 3). The old WT
were significantly slower than the young WT (P � 0.005) and
the old KO (P � 0.01). There was no difference between

young WT and young KO (P � 0.90) or old KO (P � 0.91)
(Fig. 3).

siRNA knock-down of PKC� in old and young murine
tracheal rings. Tracheal rings were prepared from young (2–4
mo; n � 7) and old (22–24 mo; n � 11) C57BL/6 mice. They
were then treated with a nontargeting (scramble) siRNA or
siRNA targeted to PKCε. Compared with scramble control, the
rings treated with PKCε-targeted siRNA showed a decrease in
PKCε protein of 79 � 4% (n � 8, P � 0.001). A representative
blot is shown (Fig. 4A). The antibody we used for these
experiments and those used in Figs. 4 and 5 is specific to
PKCε, as shown by positive staining in WT C57BL/6 mouse
lung tissue at 86 Kd and no staining in the PKCε KO mouse
tissue (Fig. 4B).

Fig. 4. siRNA knockdown of PKCε speeds
cilia beat frequency (CBF) in old tracheal
rings. A: tracheal rings were prepared from
young (2 mo) and old (22–24 mo) C57BL/6
mice. The rings were treated with a nonspe-
cific (scramble) siRNA or an siRNA targeted
to PKCε. At baseline, the old tracheal rings
had a slowed CBF compared with the young
tracheal rings (P � 0.003). After treatment
with PKCε siRNA, the young rings had no
change in their CBF, whereas the old rings
had a significant increase in CBF (P �
0.004). B: representative blot showing
knockdown of PKCε in tracheal rings. On
average, in the old mice, PKCε was de-
creased to 49 � 6% SE of the nontargeting
control (n � 11, P � 0.002). C: at baseline,
the young mice treated with scramble siRNA
had a CBF of 11.56 � 0.24 Hz, whereas the
old mice treated with scramble siRNA were
significantly slower at 9.92 � 0.29 Hz (P �
0.003).
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Fig. 5. Human airway epithelial cells grown at air-liquid interface (ALI) have slowed cilia beat frequency (CBF) with aging, which is restored with PKCε siRNA.
Airway epithelial cells were collected from young (age 19–40 yr; n � 5) and older (age 65–82 yr; n � 5) donors. They were cultured at ALI with nontargeting
(scramble siRNA) or PKCε-targeted siRNA. Each reaction was performed in triplicate, and the mean CBF of the 3 wells is reported. A: representative blot
showing knockdown of PKCε in human ALI. On average, PKCε was decreased 30 � 4% SE compared with nontargeting control (n � 10, P � 0.0017). B: PKCε
activity was significantly decreased in cells treated with PKCε siRNA compared with a scramble control (SCR). C: there was a significant decrease in CBF in
the older samples at baseline, and CBF was restored by siRNA of PKCε.
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At baseline, the young mice treated with scramble siRNA
had a CBF of 11.56 � 0.24 Hz, whereas the old mice treated
with scramble siRNA were significantly slower at 9.92 � 0.29
Hz (P � 0.003) (Fig. 4C). The CBF of the old mice was
significantly increased after treatment with PKCε siRNA com-
pared with scramble siRNA (P � 0.004) (Fig. 4). There was no
difference between old mice treated with PKCε siRNA and
young mice treated with scramble siRNA (P � 0.99).

siRNA of ALI in young and old humans. We cultured airway
epithelial cells derived from younger donors (age 19–42; n �
5) and older donors (age 65–82 yr; n � 5). The cells were
treated with either a nontargeted, scramble siRNA or siRNA
targeted to PKCε. We were able to decrease the expression of
PKCε in the cells to 70 � 0.04% of the nontargeted siRNA
levels (n � 10) (P � 0.002). A representative blot is shown
(Fig. 5A). Likewise, PKCε activity was significantly decreased
with siRNA treatment compared with a scramble control (Fig.
5B). To determine whether cells from aged donors maintained
elevated PKCε after multiple passages, we measured PKCε
activity in submerged cultures at passage 1 and passage 5. The
PKCε activity was unchanged throughout multiple passages,
with an activity level of 283.3 � 40.6 (n � 5) at passage 1 and
350.9 � 42.1 (n � 5, P � 0.28) at passage 5.

We measured a significant decrease in CBF in the ALI in
older compared with younger donors. In the samples treated
with scramble siRNA, the younger donors had an average
CBF of 7.01 � 0.22, whereas the older donors had a CBF of
4.69 � 0.62 Hz (P � 0.02). The older cells treated with
PKCε siRNA increased their CBF to 6.47 � 0.47 Hz (P �
0.01) (Fig. 5C).

Role of oxidative stress in cilia slowing of aging. Oxidative
stress is known to increase with aging. To determine whether
changes in lung oxidant burden were occurring in our murine
model of aging, we measured glutathione levels from whole
lung homogenate from 2-, 12-, and 24-mo old BALB/c mice.
Glutathione is a naturally occurring antioxidant. We measured
a significant decline in glutathione between the 2- mo-old
(48.9 � 6.1 nmol/gram) and 24-mo-old mice (30.8 � 2.2
nmol/gram; P � 0.04) (Fig. 6A). This decrease in antioxidant
protection occurs at the same age that we measure decreases in
CBF and increases in PKCε activity (1).

To determine whether decreasing oxidative stress could
improve CBF in older mice, we treated 2-, 12-, and 24-mo-old
BALB/c mouse tracheal rings with several antioxidants, in-
cluding catalase, N-acetyl-L-cysteine (NAC), and MitoTempo.
Each of these antioxidants had no effect on the CBF of young
mice but increased the CBF of older mice (Fig. 6, B–D).
Catalase increased CBF ~2 Hz in both the 12- and 24-mo-old
mice. NAC increased CBF ~2 Hz in the 24-mo-old mice. To
determine whether diminishing oxidative stress would decrease
PKCε, we treated NHBE from “younger” (age 19–40 yr; n �
5) and “older” donors (age 65–82 yr; n � 5) with catalase,
NAC, and MitoTempo for 1 h, then measured PKCε activity.
We noted a decrease in PKCε activity in the older cells treated
with antioxidants. Treatment with catalase for 1 h in older cells
significantly decreased PKCε activity (P � 0.0001, n � 5).
MitoTempo also decreased PKCε This suggests that antioxi-
dants increase CBF through decreasing PKCε activity.

Mucociliary transport velocity is diminished in ALI derived
from older humans. Mucociliary transport velocity was mea-
sured in ALI derived from younger (age 19–40 yr; n � 5) and

older (age 65–82 yr; n � 5) donors in triplicate. A represen-
tative image of the path traveled by one bead is shown (Fig.
7, A–F). The position of the bead is marked every frame (0.04
s), and the velocity is calculated. Longer distances between
marks indicate faster velocities. The cells derived from
younger donors traveled significantly faster, at an average of
5.0 � 0.53 mm/s, whereas the cells derived from older donors
had a significantly slower velocity at 1.28 � 0.51 mm/s (P �
0.0001) (Fig. 7G). After treatment with Ro-33-8220 (10 �M
for 4 h), CBF of the older cells increased to 4.01 � 0.39 mm/s
(P � 0.003). After treatment with PKCε 141 (200 �M for 4 h),
the bead velocity of the older cells increased to 4.68 � 0.39

Fig. 6. Antioxidants improve cilia beat frequency (CBF) and PKCε activity.
Glutathione, a naturally occurring antioxidant, was measured in 2-, 12-, and
24-mo-old mice (A). There was a significant decline in glutathione in the older
mice. This indicates a higher oxidant burden in the older mice. CBF was
measured from 2-, 12-, and 24-mo-old BALB/c tracheas at baseline and 4 h
after treatment with catalase (1,400 units/ml) (B), N-acetyl-L-cysteine (NAC;
100 �M) (C), or MitoTempo (100 �M) (D), a mitochondrial-specific antiox-
idant. With each treatment, there was an increase in CBF in the older animals
(n � 5–12/group *P � 0.05, **P � 0.01, ***P � 0.001 ****P � 0.0001.)
Normal human bronchial epithelial (NHBE) cells from older human donors
were treated with catalase (1, 400 units/ml), NAC (100 �M), or MitoTempo
(100 �M) for 1 h, and PKCε activity was measured (E). We noted a decrease
in PKCε activity in the older cells treated with antioxidants. This was
statistically significant for catalase and MitoTempo (n � 5).
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(P � 0.0001). We confirmed that PKCε activity was decreased
after treatment with Ro-33-8220 and PKCε 141 (Fig. 7, H and
I). The younger cells did not have a significant change in bead
velocity with Ro-33-8220 (6.38 � 0.64 mm/s) or PKCε 141
(5.99 � 0.72 mm/s).

DISCUSSION

In this series of experiments, we show that multiple methods
of inhibiting PKCε lead to improvements in the ciliary slowing
of aging. We have shown that this is true in ex vivo and in vivo
mouse models of aging as well as in cells derived from younger
and older human donors. We also demonstrate an association
of cilia slowing with oxidant burden in our murine aging
model. This complements our previous findings that CBF is
slowed in aging in both C57BL/6 and BALB/c mice (1) and
correlates with increases in PKCε mRNA, protein, and activity
(1). In addition, we have shown that these mechanisms are
important in human as well as mouse aging.

We demonstrated that inhibition of the novel PKC isoforms
(PKCε, 	, 
 and �) with the compound Ro-31-8220 had no
effect on cilia from young mice but sped the cilia of old mice
(Fig. 1). The more specific inhibitor PKCε 141, which inhibits
the interaction between RACK2 and PKCε, similarly increased

the CBF in aged mouse cilia back to baseline and had no effect
on the young cilia. This is consistent with our previous work
showing that there is no RACK1 targeting protein in human or
bovine ciliated cells (50). This allows a RACK2 inhibitor to be
especially effective. Likewise, siRNA knockdown of PKCε in
old mouse tracheal rings increases CBF, despite relatively
inefficient knockdown of PKCε in these thick tracheal rings.
We have also shown that PKCε KO mice are spared the ciliary
slowing of aging. This suggests that in the mouse, this phe-
nomenon is specific to PKCε, and other PKC isoforms do not
compensate for its loss over time.

To determine how PKCε is upregulated in aging, we first
measured glutathione levels in the lungs of young and old
mice. Not surprisingly, we found that glutathione levels are
decreased in aging (Fig. 6A). Others have measured decreased
glutathione levels in old rat lungs (9, 15) and old mouse lungs
(18). Glutathione dietary supplementation has been shown to
protect from alcohol-induced ciliary dysfunction in mice fed
alcohol in their drinking water (48). We have also shown that
treatment with antioxidants such as NAC, catalase, and Mito-
Tempo can increase baseline CBF in older tracheal rings (Fig.
6, B–D). NAC has been shown to both increase and decrease
CBF, depending on the concentration (38). However, some of

Fig. 7. Human air-liquid interface (ALI) from older donors has impaired bead clearance. Airway epithelial cells were collected from young (age 19–40 yr;
n � 5) and older (age 65–82 yr; n � 5) donors and were cultured at ALI in triplicate. When they were fully ciliated, all mucus was washed off, and fluorescent
beads were placed on the apex of the ciliated cells. High-speed video of the bead motion was collected, and the velocity of the beads was measured. In each
frame, the position of the bead was marked, and the images were superimposed to show the path of the bead. Longer distances between the marks indicate faster
speeds. Representative images of younger (A), older (B), older treated with the PKCε inhibitor Ro-31-8220 (Ro; 10 �M for 4 h) (C), and older cells treated with
the PKCε inhibitor PKCε 141 (141; 200 �M for 4 h) are shown (D). Younger cells treated with Ro (10 �M for 4 h) (E). Younger cells treated with 141 (200
�M for 4 h) (F). The average velocity of the beads for each condition (n � 15) (****P � 0.0001, ***P � 0.003, *P � 0.01) (G). The bead velocity is slowed
in the older cells and returns to baseline with both inhibitors of PKCε. Inhibition of PKCε in younger cells has little effect on bead transport velocity. H: PKCε
activity is significantly decreased in cells from older donors with treatment with Ro (10 �M for 1 h). I: PKCε activity is significantly decreased in cells from
older donors with treatment with PKCε141 (200 �M for 1 h).
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that effect may be because of changing mucus rheology. Our
experiments were done in a mucus-free state to avoid this.
Catalase has been shown to be protective against ciliary slow-
ing in other oxidative stress situations such as infection (21).
Our work shows that it is also effective in aging.

Adding to the translational importance of our work, we show
that the ciliary slowing of aging is maintained in human airway
epithelial cells after culture at ALI (Fig. 5). The baseline CBF
in the young human cells are lower than other reports of human
CBF for several reasons. First, to be consistent with our mouse
methods, the CBF was read at room temperature. In addition,
the siRNA transfection also contributes to some ciliary slow-
ing; however, we think that including a scramble control is
essential to this experiment.

Over the last 40 years, several groups have reported an
age-related slowing of CBF in both the upper (22, 31) and
lower respiratory tract of humans (47) and several experimen-
tal animal models, including mice (1, 16), dogs (51), and
guinea pigs (26). In contrast, others have reported no changes
in CBF with aging. All of these reports have been focused on
nasal cilia. Jorissen et al. (27) reported no change in nasal CBF
with aging; however, these patients were being evaluated for
ciliary dyskinesia, so cannot be considered normal subjects.
Another study measured nasal mucociliary transport using a
gamma camera and did not measure any age-associated
changes. This study, however, reports diminished clearance in
all subjects, young and old, compared with other studies.

CBF is reported to directly correlate with mucociliary trans-
fer speed. As early as 1977, Goodman et al. (14) reported that
mean tracheal mucus velocity was significantly slower in
nonsmoking older humans (age 55–70) (5.7 mm/min) com-
pared with younger (age 19–28) (9.7 mm/min), as measured by
bronchoscopic observation of test particle movement. They
further report that 10% of older subjects had no motion at all
of the test particles (14). This work is consistent with the
dramatic slowing of CBF and bead velocity we see in our older
human samples (Fig. 7).

Our work begins to dissect out the mechanism of why CBF
slows as we age. Activation of PKC is implicated in the
slowing of mammalian cilia (32, 33, 35, 54). More recently,
PKCε has been shown to slow cilia in a variety of circum-
stances, including bacterial infection (2, 44, 53), coexposure to
cigarette smoke and alcohol (57), and aging (1). We speculate
that the oxidative stress associated with aging upregulates
PKCε not only at the level of kinase activity but also at a
transcriptional level. This is supported by our previous findings
that PKCε mRNA and protein are increased in aged mice (1).
Moreover, this elevation of PKCε activity appears to be con-
served after several passages, suggesting that it may be up-
regulated at an epigenetic level. Further study is required to
determine whether this occurs because of changes in histone
modifications, DNA methylation, or DNA damage, which can
also be associated with aging.

Our work also has important limitations. Although muco-
ciliary clearance is proportional to CBF (4), mucociliary clear-
ance speeds can also be affected by mucus characteristics. This
is especially apparent in diseases with thick mucus such as
cystic fibrosis (46) and chronic obstructive pulmonary disease
(23). There are very little data that mucus in the lung changes
with human aging. There are, however, data that Muc5ac, a
major secreted mucin, decreases in aging mice (16). There are

also data that mucus characteristics in other organs change with
aging, such as the eye (19) and gastrointestinal tract (17, 40).
Our experiments were performed in a mucus-depleted state, so
we are unable to determine what effects potential mucus
changes in aging could have, but these experiments maximized
our ability to measure the role of CBF.

In conclusion, both human and mouse CBF slows with
aging. Aging is associated with increased oxidant stress, which
activates PKCε and slows CBF.
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