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Abstract: Primary cilia mediate the interactions between cells and external stresses. Thus, dysregula-
tion of primary cilia is implicated in various ciliopathies, e.g., degeneration of the retina caused by
dysregulation of the photoreceptor primary cilium. Particulate matter (PM) can cause epithelium
injury and endothelial dysfunction by increasing oxidative stress and inflammatory responses. Pre-
viously, we showed that PM disrupts the formation of primary cilia in retinal pigment epithelium
(RPE) cells. In the present study, we identified 2-isopropylmalic acid (2-IPMA) as a novel inducer
of primary ciliogenesis from a metabolite library screening. Both ciliated cells and primary cilium
length were increased in 2-IPMA-treated RPE cells. Notably, 2-IPMA strongly promoted primary
ciliogenesis and restored PM2.5-induced dysgenesis of primary cilia in RPE cells. Both excessive
reactive oxygen species (ROS) generation and activation of a stress kinase, JNK, by PM2.5 were
reduced by 2-IPMA. Moreover, 2-IPMA inhibited proinflammatory cytokine production, i.e., IL-6 and
TNF-α, induced by PM2.5 in RPE cells. Taken together, our data suggest that 2-IPMA ameliorates
PM2.5-induced inflammation by promoting primary ciliogenesis in RPE cells.

Keywords: primary cilia; 2-IPMA; particulate matter (PM2.5); inflammation; RPE cells

1. Introduction

Within the homeostasis maintenance process, cellular responses to environmental
signals involve multiple and complex communication pathways. Atmospheric pollutants
cause serious health problems; indeed, the premature death of 3.7 million people annually
worldwide is linked to air pollution [1,2]. Fine particulate matter (PM) in air pollution
comprises coarse and fine fractions with aerodynamic diameters < 2.5 µm (PM2.5); these are
composed of several molecules including toxic heavy metals, ionic elements, and polycyclic
aromatic hydrocarbons. PM can cause epithelium injury and endothelial dysfunction. It
can penetrate the nasal cavity and bronchial cilia and thereby induce inflammation, asthma,
chronic bronchitis, and renal injury through increased oxidative stress and inflammatory
responses [3–5]. Moreover, PM can induce eye injury as well as increase the risk of vascular
damage and neurotoxicity [6,7].

Primary cilia, i.e., microtubule-based organelles, function as antennae for sensing the
extracellular environment and they mediate the interactions between cells and external
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stimuli including chemical and mechanical stresses [8,9]. Specifically, primary cilia are
dynamically regulated, highly conserved organelles that emanate from the surface of most
human cells [10]. Their major role is to recognize extracellular signals such as growth
factors, nutrients, and hormones; thus, the cilium membrane harbors various receptors, ion
channels, and signaling components such as Sonic hedgehog (Shh) and PDGF receptors [9].
Consistently, primary cilia play important roles in signal transduction during development,
cell migration, and cell death as well as in the cell cycle. Thus, dysregulation of primary
cilia by loss of ciliary proteins increases cell death [11,12]. In contrast, enhanced primary
ciliogenesis reduces ischemic injury [13]. Therefore, dysregulation of primary cilia underlies
a number of human diseases and syndromic disorders termed “ciliopathies” [9]. For
example, degeneration of the retina is a frequently observed clinical ciliopathy caused
by dysregulation of photoreceptor primary cilia [14]. As both ADP-ribosylation factor-
like protein 13B (ARL13B) and Smoothened (Smo) are localized to primary cilia, these
proteins are commonly used as markers to monitor primary ciliogenesis [15]. In addition,
intraflagellar transport protein 88 (IFT88), a core anterograde protein, is critical for ciliary
assembly and maintenance [16].

Recently, our group showed that PM2.5 reduces the number of primary cilia by
increasing cellular stress [17]. Although several regulators involved in primary ciliogen-
esis have been identified, the role played by primary cilia in PM2.5-mediated cellular
stress in retinal pigment epithelium (RPE) cells and the regulators of this process remain
poorly understood. In the present study, we identified 2-isopropylmalic acid (2-IPMA)
from metabolite library screening as a novel inducer of primary ciliogenesis. In our test,
2-IPMA strongly promoted primary ciliogenesis in RPE cells and restored PM2.5-induced
dysgenesis of primary cilia. In addition, we found that 2-IPMA efficiently inhibited oxida-
tive stress and inflammation caused by PM2.5 in RPE cells.

2. Materials and Methods
2.1. Cell Culture

Human telomerase-immortalized RPE cells and RPE/Smo-GFP cells stably expressing
Smo-GFP proteins were kindly provided by Dr. Kim, J (KAIST, Daejeon, Korea). RPE
and RPE/Smo-GFP cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 1% penicillin–streptomycin (Invitrogen, Carlsbad,
CA, USA).

2.2. Image-Based Fecal Metabolite Library Screening

The RPE/Smo-GFP (3 × 103) cells were seeded in 96-culture-well plates for the image-
based fecal metabolite screening library (MetaSci, Toronto, ON, Canada). Following 24 h
incubation after seeding, each metabolite of the fecal metabolite library (20 or 100 µM)
was added to each well. Cells were then cultured for a further 24 h before cells with
activated ciliogenesis were observed under a fluorescence microscope (IX71, Olympus,
Tokyo, Japan). SAG was used as a positive control. The experiments were repeated twice
with consistent results.

2.3. Reagents

PM2.5 was collected on a Teflon filter (Zefluor; Pall Life Science, Ann Arbor, MI, USA)
using a low-volume air sampler consisting of a cyclone (2.5-µm size cut, URG-2000-30EH),
two upstream denuders (annular, URG-2000-30 × 242-3CSS), a Teflon filter (ZefluorTM

2.0 µm; Pall Life Sciences, Mexico City, Mexico), a backup filter, and a backup denuder
in series. The collection started at approximately 10:00 a.m.; the filters were replaced
every 24 h and the flow rate was 16.7 L/min. The sampling region was located 35 km
southeast of downtown Seoul, Korea (37.34◦ N, 127.27◦ E; 167 m above sea level). The
filter was sonicated in ethanol (EtOH) for 30 min, the EtOH was evaporated, and then the
PM2.5 was resuspended in deionized water. The PM was collected using a high-capacity
air collector with a quartz filter. Chemical reagents, including Hoechst 33342, SP600125,
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2-IPMA, Anisomycin, and NAC were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and SAG (Smoothened agonist) was purchased from Calbiochem (San Diego, CA, USA).
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Rockville, MD, USA).

2.4. Gene Knockdown

For gene expression knockdown, cells were transfected with previously validated
siRNA targeting human IFT88 (5′-CCGAAGCACUUAACACUUA-3′) and negative scram-
bled siRNA (5′-CCUACGCCACCAAUUUCGU-3′) using Lipofectamine 2000 (#11668019,
Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s
protocol. The siRNAs were synthesized from Genolution (Seoul, Korea). At 48 h post
transfection, the cells were further treated with the indicated reagents.

2.5. Oxidative Stress Measurement

Intracellular ROS levels were measured using a fluorescent dye, 2′,7′-dichlorofluorescein
diacetate (H2DCF-DA) (Invitrogen, Carlsbad, CA, USA), which is converted into the highly
fluorescent 2′,7′-dichlorofluorescein (DCF) in the presence of oxidants. Briefly, cells were
plated in 24-well plates. With or without prior application of drugs for 24 h, the cells were
then incubated with H2DCF-DA (20 µM) in serum-free medium for 40 min (IX71 with
488 nm excitation filter). Relative ROS ratio was presented as the change in fluorescence of
drug-treated samples compared with that of control samples.

2.6. Western Blot Analysis

All lysates were prepared in 2 × Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8,
25% (v/v) glycerol, 2% (w/v) sodium dodecyl sulfate (SDS), 5% (v/v) β-mercaptoethanol,
and 0.01% (w/v) bromophenol blue (Bio-Rad, Hercules, CA, USA)). All cellular proteins
were quantified using Bradford solution (Bio-Rad) according to the manufacturer’s instruc-
tions. The samples were then separated using SDS-polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene fluoride membrane (Bio-Rad). After blocking with 4%
(w/v) skim milk in Tris-buffered saline plus Tween (TBST; 25-mM Tris, 140-mM sodium
chloride, and 0.05% (v/v) Tween® 20), the membranes were incubated overnight with the
following specific primary antibodies: Actin (Millipore, MA, USA), phosphor-JNK and
JNK (Cell Signaling Technology, Danvers, MA, USA), and IFT88 (Proteintech, Chicago, IL,
USA). For protein detection, the membranes were incubated with horseradish peroxidase
(HRP) conjugated secondary antibodies (Cell Signaling Technology).

2.7. Cilia Staining and Counting

For the staining of primary cilia, cells were washed with cold phosphate-buffered
saline (PBS) and then fixed with 4% (w/v) paraformaldehyde dissolved in PBS containing
0.1% (v/v) Triton X-100. Subsequently, the cells were blocked with PBS containing 1%
bovine serum albumin and incubated overnight at 4 ◦C with primary antibodies against
ARL13B (17711-1-AP, 1:1000 Proteintech, Chicago, IL, USA) in 1% bovine serum albumin.
After washing, the cells were incubated with Alexa Fluor 488-conjugated secondary anti-
bodies at room temperature for 1 h. The cells were then treated with Hoechst 33,342 dye
(H3570, 1:10,000 Thermo-Fisher, Waltham, MA, USA) for nuclear staining. Cilia images
were observed using a fluorescence microscope. Cilia were counted in about 200 cells
under each experimental condition (n = 3). The ciliated cell percentage was calculated as
follows: (Total number of cilia/Total number of nuclei in each image) × 100. Cilia lengths
were measured using the Free-hand Line Selection Tool of Cell Sense Standards software
(Olympus Europa Holding GmbH, Hamburg, Germany) and the average cilium lengths
were calculated. Analysis of graph data was performed with GraphPad Prism 8 (GraphPad
Software, San Diego, CA, USA).
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2.8. ELISA Assay

The cytokine levels of cell culture supernatants were determined using ELISA. Human
IL-6 and TNF-α in cell culture supernatants were separately determined by ELISA kits
from BD biosciences (San Jose, CA, USA) and Abcam (Cambridge, MA, USA) according to
the manufacturer’s instructions.

2.9. Statistical Analysis

Data were obtained from at least three independent experiments and are presented
as means ± standard error of the mean (SEM). Statistical evaluation of the results was
performed using one-way analysis of variance. Data were considered significant where
p values were <0.05.

3. Results and Discussion
3.1. 2-IPMA Promotes Primary Ciliogenesis in RPE Cells

Primary cilia are strongly associated with various cellular processes such as cell
signaling and development [18]. Visual detection systems for biological proteins and
metabolites are essential, and Smo protein accumulates on primary cilia; therefore, it is
widely used as a cilium marker [10,19]. To identify metabolites for regular ciliogenesis, we
previously developed a cell-based screening system using RPE cells that stably express a
fluorescent protein fused with Smo (RPE/Smo-GFP) [20]. Using this screening system, we
screened a library containing ~550 fecal metabolites. From the screening, we identified
2-isopropylmalic acid (2-IPMA) as well as several other putative candidates. IPMAs are
intermediate in the biosynthesis of leucine (Figure 1A) [21]; however, the effects of IPMAs
on primary cilia have not yet been elucidated. To verify the screening results, RPE/Smo-
GFP cells were treated with either SAG or 2-IPMA at different concentrations (20 and
100 µM) (Figure 1B). SAG, an agonist for Smoothened, was used as a positive control to
increase primary ciliogenesis. As shown in Figure 1B,C, treatment with 2-IPMA strongly
increased the formation of primary cilia in RPE/Smo-GFP cells (Figure 1B,C). Moreover,
the increased primary ciliogenesis was efficiently blocked by depletion of IFT88 expression
(Figure 1D,E), suggesting that 2-IPMA is a strong inducer for primary ciliogenesis. In
addition, a cell viability assay showed that 2-IPMA is not cytotoxic at a high concentration
(~500 µM) in RPE cells (Figure 1F).
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for 24 h. (B) Cells were imaged by fluorescence microscopy. White arrows indicate the primary cilia. (C) The ciliated
cells and cilium length of the cells were measured under a fluorescence microscope. (D,E) RPE/Smo-GFP cells transiently
transfected with either scrambled siRNA (Sc) or targeted siRNA for IFT88 (siIFT88) were treated with 2-IPMA (100 µM) for
24 h. (D) Cells were imaged by fluorescence microscopy. (E) The ciliated cells and cilium length of the cells were measured.
(F) RPE cells were treated with different concentrations of 2-IPMA and cell viability was measured by the CCK-8 assay after
24 h. Data are presented as the mean ± SEM (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001, n.s = not significant). Scale bar: 5 µm.

3.2. 2-IPMA Inhibits PM2.5-Mediated Ciliary Dysgenesis in RPE Cells

Recently, our group showed that PM2.5 induces cellular stress by degenerating pri-
mary cilia in RPE cells and keratinocytes [17]. Thus, we further addressed the effects of
2-IPMA on ciliogenesis in PM2.5-treated RPE cells. RPE/Smo-GFP cells were treated with
PM2.5 in the presence or absence of 2-IPMA and then primary ciliogenesis was observed.
Consistent with previous reports, exposure to PM2.5 decreased both ciliated cells and
cilium length in RPE cells (Figure 2). Importantly, the dysregulated primary cilia were
markedly restored in combination with 2-IPMA in RPE cells, suggesting that 2-IPMA
inhibits PM2.5-mediated ciliary dysgenesis. Since PM2.5 increases cellular damage via
excessive generation of reactive oxygen species (ROS) in various tissues, we additionally
investigated the effect of 2-IPMA on ROS production. Consistently, cellular ROS levels
were considerably increased by treatment with PM2.5 in RPE cells. However, the ex-
cessive ROS were dramatically removed by treatment of RPE cells with either 2-IPMA
or N-acetylcysteine (NAC), an ROS scavenger (Figure 3A,B). These results indicate that
2-IPMA has an antioxidant activity. We further examined this antioxidant activity during
primary ciliogenesis in PM2.5-treated cells. As shown in Figure 3C,D, both 2-IPMA and
NAC restored the PM2.5-induced loss of primary cilia, suggesting that the antioxidant
activity of 2-IPMA recovered ciliary dysgenesis in PM2.5-treated cells.
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Figure 2. 2-IPMA inhibits PM2.5-mediated ciliary dysgenesis in RPE cells. (A,B) RPE/Smo-GFP cells were exposed to
PM2.5 (50 µg/mL) in the presence or absence of SAG (1 µM) and 2-IPMA (100 µM) for 24 h. (A) Cells were imaged by
fluorescence microscopy. (B) The ciliated cells and cilium length of the cells were counted under a fluorescence microscope.
(C,D) RPE cells were exposed to PM2.5 (50 µg/mL) in the presence or absence of SAG (1 µM) and 2-IPMA (100 µM) for 24 h.
(C) The cells were stained with ARL13B antibody (green) and Hoechst dye (blue). (D) The ciliated cells and cilium length of
the cells were measured. Data are presented as the mean ± SEM (n = 3, ** p < 0.01). Scale bar: 5 µm.
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3.3. 2-IPMA Inhibits Activation of JNK and Production of Proinflammatory Cytokines in
PM2.5-Treated RPE Cells

We next addressed the potential regulatory mechanism of 2-IPMA-mediated cilio-
genesis in PM2.5-treated cells. Since c-Jun NH2-terminal kinase (JNK), a stress response
kinase, mediates PM2.5-induced cellular damage [17,22], we examined PM2.5-mediated
JNK activation. As expected, PM2.5 treatment promoted JNK phosphorylation, which was
blocked by SP600125, a JNK inhibitor (Figure 4A). In particular, treatment with 2-IPMA
also suppressed JNK activation in PM2.5-treated cells as well as SP600125 (Figure 4A).
Importantly, an immunostaining assay with primary cilia showed that the decrease in
ciliated cells and cilium length was completely recovered by either SP600125 or 2-IPMA
in PM2.5-treated cells (Figure 4B,C). In addition, we found that treatment of anisomycine,
known as a JNK activator, suppressed the ciliogenesis induced by 2-IPMA in PM2.5-treated
RPE cells (Figure 4D).

It has been reported that exposure to PM2.5 induces inflammation by activating var-
ious stress signals [23,24]. Moreover, the JNK pathway plays multiple roles in various
inflammation-associated conditions [5]. Thus, we further investigated the role of 2-IPMA
in the PM2.5-mediated inflammation response by measuring levels of proinflammatory
cytokines, specifically IL-6 and TNF-α, in cell culture supernatants. Consistently, PM2.5
treatment increased expression levels of IL-6 and TNF- α, which were significantly sup-
pressed by 2-IPMA in RPE cells (Figure 5A,B). Because IFT88 regulates anterograde IFT,
loss of IFT88 disrupts cilia assembly. Thus, we additionally investigated the effects of
primary ciliogenesis on inflammation in PM2.5-treated cells. Interestingly, we found that
the reduction in proinflammatory cytokines by 2-IPMA was substantially restored by
inhibition of primary ciliogenesis via IFT88 knockdown in PM2.5-treated cells (Figure 5).
Taken together, these results suggest that 2-IPMA recovers ciliary dysgenesis caused by
PM2.5 by inhibiting JNK activation and inflammation in RPE cells.
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Figure 5. 2-IPMA inhibits pro-inflammation cytokine production of IL-6 and TNF-α induced by PM2.5 in RPE cells.
RPE cells transfected with either scrambled siRNA (Sc) or siRNA against IFT88 (siIFT88) were further exposed to PM2.5
(50 µg/mL) with 2-IPMA (100 µM) for 24 h. Then the expression levels of IL-6 (A) and TNF-α (B) in the culture condition
were measured using an ELISA assay. The reduced expression of IFT88 was measured by Western blotting (C). (n = 3,
* p < 0.05, ** p < 0.01, and *** p < 0.001).
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The RPE cells are monolayered pigmented cells located just outside the neurosensory
retina that nourish retinal visual cells; RPE is firmly attached to the underlying choroid and
overlying retinal visual cells [25]. Therefore, dysfunction of the RPE is associated with vari-
ous retinopathies including age-related macular degeneration and diabetic retinopathy [26].
Both oxidative stress and inflammation responses have been indicated as major toxic mech-
anisms underlying retinopathies and cancers [27,28]. Consistently, an injury caused by
oxidative stress and inflammation on RPE cells can eventually cause retinal atrophy and
subsequently lead to the pathogenesis of age-related macular degeneration [29–31]. No-
tably, PM2.5 can induce oxidative stress and inflammation in various epithelial cells [31–33].
It has been reported that rats exposed to PM2.5 show decreased retinal thickness [34]. More-
over, PM2.5 treatment causes retinal dysfunction by promoting the epithelial–mesenchymal
transition of RPE cells [35], suggesting that PM2.5 induces retinal dysfunction.

In the current study, we identified 2-IPMA as a potent primary cilia inducer from a
library screening. From this screening, we also identified known inducers of ciliogenesis,
such as β-carotene, niacinamide, and N-acetylglucosamine, as well as 2-IPMA [36–38].
However, 2-IPMA is a metabolite that has yet to be studied in detail [39,40]. Previously, it
was reported that 2-IPMA is an intermediate in the biosynthesis of leucine [21] and it has
been identified in the metabolite profiles of white wines [39,40]. However, the physiological
role played by 2-IPMA in cells had yet to be evaluated. Here, we showed that 2-IPMA
has antioxidant and anti-inflammatory effects on PM2.5-induced cell stress by promoting
primary ciliogenesis in RPE cells (Figures 3 and 5).

Primary cilia regulate diverse cellular processes during signaling to maintain home-
ostasis [9]; thus, ciliary dysgenesis is a cause of various diseases, i.e., ciliopathies, including
hydrocephalus, infertility, airway diseases, and polycystic diseases of the kidney, liver, and
pancreas, as well as retinal diseases and defects of hearing and smell [41]. Recently, we
reported that primary cilia reduce oxidative stress to promote cell survival in neuronal
cells [42]. Blockade of primary ciliogenesis promotes neuronal loss and motor disability
in Parkinson’s disease models [42]. Loss of primary cilia also promotes mitochondria-
dependent cell death in thyroid cancer [12]. Consistently, Choi et al. showed that primary
cilia enhance retinal ganglion cell survival after axotomy [43]. These results indicate that
primary cilia have protective effects by reducing oxidative stress. In the present study, we
found that 2-IPMA sufficiently removes excessive ROS production but almost completely
restores ciliary dysgenesis induced by PM2.5 in RPE cells (Figure 3).

To evaluate the underlying mechanism of 2-IPMA in primary ciliogenesis, we inves-
tigated JNK, a cellular stress response kinase, and found that 2-IPMA strongly inhibited
PM2.5-induced JNK activation (Figure 4). JNK contributes to various pathological con-
ditions including neurodegenerative and metabolic diseases [44,45]. Although further
studies are needed to elucidate the action mechanism, our group and other groups have re-
cently demonstrated that the JNK pathway mediates oxidative stress in response to PM2.5
exposure [17,22]. Inhibition of JNK by a chemical inhibitor, SP600125, recovered PM2.5
exposure-induced dysregulated primary cilia in RPE cells [17]. Since JNK is involved in
the action of 2-IPMA in PM2.5-treated cells, further investigations into the JNK activation
mechanism related to signaling and molecular targeting of 2-IPMA will be required to
elucidate the functions of 2-IPMA as an inducer of primary ciliogenesis.

It has been reported that the JNK pathway is also involved in PM2.5-triggered in-
flammatory responses in epithelial cells [46]. Numerous studies have demonstrated the
significant induction of proinflammatory cytokines in diabetes patients; moreover, dia-
betic retinopathy is the most common microvascular complication of diabetes and the
leading cause of retinopathy [47]. In addition, PM2.5 induces inflammation and cell death
in human trabecular meshwork cells to trigger ocular hypertension and glaucoma [48].
Given these previous findings, we chose to assess proinflammatory cytokine levels and
found that RPE cells exposed to PM2.5 showed a large increase in the secretion of IL-6 and
TNF-α, which are both associated with retinopathy [27,47]. Moreover, 2-IPMA significantly
ameliorated production of these inflammatory cytokines in PM2.5-treated RPE cells, which
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was reversed by inhibition of ciliogenesis (Figure 5). Our results indicate that 2-IPMA
has protective effects against-PM2.5-induced inflammation, which arise by promotion of
primary ciliogenesis in RPE cells.

In conclusion, we demonstrated that 2-IPMA ameliorates PM2.5-induced RPE dys-
function by promoting primary ciliogenesis. Although additional mechanistic and in vivo
studies are still required, our findings suggest that 2-IPMA is a potential therapeutic agent
for retinopathies associated with loss of primary cilia.

Author Contributions: Conceptualization: J.Y.C., J.-E.B.; investigation: J.Y.C., J.-E.B., D.S.J., J.B.K.,
N.Y.P., Y.H.K., H.J.L., S.H.K. (Seong Hyun Kim), S.H.K. (So Hyun Kim); resources: H.B.J., H.-W.N.,
H.C.; data curation: J.Y.C., J.-E.B.; writing—original draft preparation: J.Y.C., J.-E.B., D.-H.C.; writing—
review and editing: J.Y.C., J.-E.B., D.-H.C.; project administration: D.-H.C.; funding acquisition:
J.-E.B., H.-Y.R., H.-S.L., Z.Y.R., D.-H.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the National Research Foundation of Korea funded by
the Ministry of Science & ICT (2020R1A2C2003523 and 2020R1A4A1018280) and the Ministry of
Education (NRF-2020R1I1A1A01074053).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: H. B. Jeon is an employee at ENCell and H. Na and H. Choi are employees at
the AMOREPACIFIC Corporation. All other authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Anderson, J.O.; Thundiyil, J.G.; Stolbach, A. Clearing the air: A review of the effects of particulate matter air pollution on human

health. J. Med. Toxicol. 2012, 8, 166–175. [CrossRef] [PubMed]
2. Krutmann, J.; Liu, W.; Li, L.; Pan, X.; Crawford, M.; Sore, G.; Seite, S. Pollution and skin: From epidemiological and mechanistic

studies to clinical implications. J. Dermatol. Sci. 2014, 76, 163–168. [CrossRef]
3. Chuang, K.J.; Chan, C.C.; Su, T.C.; Lee, C.T.; Tang, C.S. The effect of urban air pollution on inflammation, oxidative stress,

coagulation, and autonomic dysfunction in young adults. Am. J. Respir. Crit. Care Med. 2007, 176, 370–376. [CrossRef]
4. Filep, Á.; Fodor, G.H.; Kun-Szabó, F.; Tiszlavicz, L.; Rázga, Z.; Bozsó, G.; Bozóki, Z.; Szabó, G.; Peták, F. Exposure to urban PM1 in

rats: Development of bronchial inflammation and airway hyperresponsiveness. Respir. Res. 2016, 17, 26. [CrossRef]
5. Chenxu, G.; Minxuan, X.; Yuting, Q.; Tingting, G.; Jinxiao, L.; Mingxing, W.; Sujun, W.; Yongjie, M.; Deshuai, L.; Qiang, L.; et al.

iRhom2 loss alleviates renal injury in long-term PM2.5-exposed mice by suppression of inflammation and oxidative stress. Redox
Biol. 2018, 19, 147–157. [CrossRef]

6. Gillespie, P.; Tajuba, J.; Lippmann, M.; Chen, L.C.; Veronesi, B. Particulate matter neurotoxicity in culture is size-dependent.
Neurotoxicology 2013, 36, 112–117. [CrossRef] [PubMed]

7. Xie, W.; You, J.; Zhi, C.; Li, L. The toxicity of ambient fine particulate matter (PM2.5) to vascular endothelial cells. J. Appl. Toxicol.
2021, 41, 713–723. [CrossRef] [PubMed]

8. Ishikawa, H.; Marshall, W.F. Ciliogenesis: Building the cell’s antenna. Nat. Rev. Mol. Cell Biol. 2011, 12, 222–234. [CrossRef]
[PubMed]

9. Anvarian, Z.; Mykytyn, K.; Mukhopadhyay, S.; Pedersen, L.B.; Christensen, S.T. Cellular signalling by primary cilia in develop-
ment, organ function and disease. Nat. Rev. Nephrol. 2019, 15, 199–219. [CrossRef] [PubMed]

10. Satir, P.; Pedersen, L.B.; Christensen, S.T. The primary cilium at a glance. J. Cell Sci. 2010, 123, 499–503. [CrossRef] [PubMed]
11. Hoang-Minh, L.B.; Deleyrolle, L.P.; Nakamura, N.S.; Parker, A.K.; Martuscello, R.T.; Reynolds, B.A.; Sarkisian, M.R. PCM1

depletion inhibits glioblastoma cell ciliogenesis and increases cell death and sensitivity to temozolomide. Transl. Oncol. 2016, 9,
392–402. [CrossRef] [PubMed]

12. Lee, J.; Park, K.C.; Sul, H.J.; Hong, H.J.; Kim, K.H.; Kero, J.; Shong, M. Loss of primary cilia promotes mitochondria-dependent
apoptosis in thyroid cancer. Sci. Rep. 2021, 11, 4181. [CrossRef] [PubMed]

13. Yu, P.; Wang, L.; Tang, F.; Zeng, L.; Zhou, L.; Song, X.; Jia, W.; Chen, J.; Yang, Q. Resveratrol pretreatment decreases ischemic
injury and improves neurological function via sonic hedgehog signaling after stroke in rats. Mol. Neurobiol. 2017, 54, 212–226.
[CrossRef]

14. Chen, H.Y.; Welby, E.; Li, T.; Swaroop, A. Retinal disease in ciliopathies: Recent advances with a focus on stem cell-based therapies.
Transl. Sci. Rare Dis. 2019, 4, 97–115. [CrossRef]

http://doi.org/10.1007/s13181-011-0203-1
http://www.ncbi.nlm.nih.gov/pubmed/22194192
http://doi.org/10.1016/j.jdermsci.2014.08.008
http://doi.org/10.1164/rccm.200611-1627OC
http://doi.org/10.1186/s12931-016-0332-9
http://doi.org/10.1016/j.redox.2018.08.009
http://doi.org/10.1016/j.neuro.2011.10.006
http://www.ncbi.nlm.nih.gov/pubmed/22057156
http://doi.org/10.1002/jat.4138
http://www.ncbi.nlm.nih.gov/pubmed/33496025
http://doi.org/10.1038/nrm3085
http://www.ncbi.nlm.nih.gov/pubmed/21427764
http://doi.org/10.1038/s41581-019-0116-9
http://www.ncbi.nlm.nih.gov/pubmed/30733609
http://doi.org/10.1242/jcs.050377
http://www.ncbi.nlm.nih.gov/pubmed/20144997
http://doi.org/10.1016/j.tranon.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27661404
http://doi.org/10.1038/s41598-021-83418-3
http://www.ncbi.nlm.nih.gov/pubmed/33602982
http://doi.org/10.1007/s12035-015-9639-7
http://doi.org/10.3233/TRD-190038


Molecules 2021, 26, 5409 10 of 11

15. Larkins, C.E.; Aviles, G.D.G.; East, M.P.; Kahn, R.A.; Caspary, T. Arl13b regulates ciliogenesis and the dynamic localization of Shh
signaling proteins. Mol. Biol. Cell 2011, 22, 4694–4703. [CrossRef]

16. Pazour, G.J.; Baker, S.A.; Deane, J.A.; Cole, D.G.; Dickert, B.L.; Rosenbaum, J.L.; Witman, G.B.; Besharse, J.C. The intraflagellar
transport protein, IFT88, is essential for vertebrate photoreceptor assembly and maintenance. J. Cell Biol. 2002, 157, 103–114.
[CrossRef]

17. Bae, J.E.; Choi, H.; Shin, D.W.; Na, H.W.; Park, N.Y.; Kim, J.B.; Jo, D.S.; Cho, M.J.; Lyu, J.H.; Chang, J.H.; et al. Fine particulate
matter (PM2.5) inhibits ciliogenesis by increasing SPRR3 expression via c-Jun activation in RPE cells and skin keratinocytes. Sci.
Rep. 2019, 9, 1–9. [CrossRef]

18. Singla, V.; Reiter, J.F. The primary cilium as the cell’s antenna: Signaling at a sensory organelle. Science 2006, 313, 629–633.
[CrossRef] [PubMed]

19. Hu, G.; Jia, H.; Zhao, L.; Cho, D.H.; Fang, J. Small molecule fluorescent probes of protein vicinal dithiols. Chin. Chem. Lett. 2019,
30, 1704–1716. [CrossRef]

20. Shin, J.H.; Kim, P.S.; Kim, E.S.; Park, S.J.; Jo, Y.K.; Hwang, J.J.; Park, T.J.; Chang, J.W.; Seo, J.H.; Cho, D.H. BIX-01294-induced
autophagy regulates elongation of primary cilia. Biochem. Biophys. Res. Commun. 2015, 460, 428–433. [CrossRef]

21. Strassman, M.; Ceci, L.N. Enzymatic formation of α-isopropylmalic acid, an intermediate in leucine biosynthesis. J. Biol. Chem.
1963, 238, 2445–2452. [CrossRef]

22. Wang, Y.; Tang, N.; Mao, M.; Zhou, Y.; Wu, Y.; Li, J.; Zhang, W.; Peng, C.; Chen, X.; Li, J. Fine particulate matter (PM2.5) promotes
IgE-mediated mast cell activation through ROS/Gadd45b/JNK axis. J. Dermatol. Sci. 2021, 102, 47–57. [CrossRef]

23. Wang, X.; Chen, M.; Zhong, M.; Hu, Z.; Qiu, L.; Rajagopalan, S.; Fossett, N.G.; Chen, L.C.; Ying, Z. Exposure to concentrated
ambient PM2.5 shortens lifespan and induces inflammation-associated signaling and oxidative stress in drosophila. Toxicol. Sci.
2017, 156, 199–207.

24. Guan, L.; Geng, X.; Stone, C.; Cosky, E.E.; Ji, Y.; Du, H.; Zhang, K.; Sun, Q.; Ding, Y. PM2.5 exposure induces systemic inflammation
and oxidative stress in an intracranial atherosclerosis rat model. Environ. Toxicol. 2019, 34, 530–538. [CrossRef]

25. Chrzanowska, M.; Modrzejewska, A.; Modrzejewska, M. New insight into the role of the complement in the most common types
of retinopathy-current literature review. Int. J. Ophthalmol. 2018, 11, 1856.

26. Das, U.N. Diabetic macular edema, retinopathy and age-related macular degeneration as inflammatory conditions. Arch. Med.
Sci. 2016, 12, 1142. [CrossRef]

27. Forrester, J.V.; Kuffova, L.; Delibegovic, M. The Role of Inflammation in Diabetic Retinopathy. Front. Immunol. 2020, 11, e583687.
[CrossRef]

28. Zhang, J.; Duan, D.; Song, Z.; Liu, T.; Hou, Y.; Fang, J. Small molecules regulating reactive oxygen species homeostasis for cancer
therapy. Med. Res. Rev. 2021, 41, 342–394. [CrossRef]

29. Green, A.J.; McQuaid, S.; Hauser, S.L.; Allen, I.V.; Lyness, R. Ocular pathology in multiple sclerosis: Retinal atrophy and
inflammation irrespective of disease duration. Brain 2010, 133, 1591–1601. [CrossRef]

30. Mao, H.; Seo, S.J.; Biswal, M.R.; Li, H.; Conners, M.; Nandyala, A.; Jones, K.; Le, Y.Z.; Lewin, A.S. Mitochondrial oxidative stress in
the retinal pigment epithelium leads to localized retinal degeneration. Invest. Ophthalmol. Vis. Sci. 2014, 55, 4613–4627. [CrossRef]

31. Sim, H.; Lee, W.; Choo, S.; Park, E.K.; Baek, M.C.; Lee, I.K.; Park, D.H.; Bae, J.S. Sulforaphane Alleviates Particulate Matter-Induced
Oxidative Stress in Human Retinal Pigment Epithelial Cells. Front. Med. 2021, 8, 906. [CrossRef] [PubMed]

32. Yang, L.; Liu, G.; Lin, Z.; Wang, Y.; He, H.; Liu, T.; Kamp, D.W. Pro-inflammatory response and oxidative stress induced by specific
components in ambient particulate matter in human bronchial epithelial cells. Environ. Toxicol. 2016, 31, 923–936. [CrossRef]
[PubMed]

33. Yue, W.; Tong, L.; Liu, X.; Weng, X.; Chen, X.; Wang, D.; Lu, Z.; Xu, Y.; Chen, Y. Short term Pm2.5 exposure caused a robust lung
inflammation, vascular remodeling, and exacerbated transition from left ventricular failure to right ventricular hypertrophy.
Redox Biol. 2019, 22, 101161. [CrossRef]

34. Kim, S.; Park, H.; Park, H.; Joung, B.; Kim, E. The acute respiratory exposure by intratracheal instillation of Sprague–Dawley rats
with diesel particulate matter induces retinal thickening. Cutan. Ocul. Toxicol. 2016, 35, 275–280. [CrossRef] [PubMed]

35. Lee, H.; Hwang-Bo, H.; Ji, S.Y.; Kim, M.Y.; Kim, S.Y.; Park, C.; Hong, S.H.; Kim, G.Y.; Song, K.S.; Hyun, J.W.; et al. Diesel
particulate matter2.5 promotes epithelial-mesenchymal transition of human retinal pigment epithelial cells via generation of
reactive oxygen species. Environ. Pollut. 2020, 262, 114301. [CrossRef]

36. Kim, D.; Kim, Y.; Kim, Y. Effects of β-carotene on expression of selected microRNAs, histone acetylation, and DNA methylation
in colon cancer stem cells. J. Cancer Prev. 2019, 24, 224. [CrossRef] [PubMed]

37. Zhou, X.; Fan, L.X.; Li, K.; Ramchandran, R.; Calvet, J.P.; Li, X. SIRT2 regulates ciliogenesis and contributes to abnormal
centrosome amplification caused by loss of polycystin-1. Hum. Mol. Genet. 2014, 23, 1644–1655. [CrossRef]

38. Tian, J.L.; Qin, H. O-GlcNAcylation regulates primary ciliary length by promoting microtubule disassembly. iScience 2019, 12,
379–391. [CrossRef]

39. Skogerson, K.; Runnebaum, R.O.N.; Wohlgemuth, G.; De Ropp, J.; Heymann, H.; Fiehn, O. Comparison of gas chromatography-
coupled time-of-flight mass spectrometry and 1H nuclear magnetic resonance spectroscopy metabolite identification in white
wines from a sensory study investigating wine body. J. Agric. Food Chem. 2009, 57, 6899–6907. [CrossRef]

40. Ricciutelli, M.; Moretti, S.; Galarini, R.; Sagratini, G.; Mari, M.; Lucarini, S.; Vittori, S.; Caprioli, G. Identification and quantification
of new isomers of isopropyl-malic acid in wine by LC-IT and LC-Q-Orbitrap. Food Chem. 2019, 294, 390–396. [CrossRef]

http://doi.org/10.1091/mbc.e10-12-0994
http://doi.org/10.1083/jcb.200107108
http://doi.org/10.1038/s41598-019-40670-y
http://doi.org/10.1126/science.1124534
http://www.ncbi.nlm.nih.gov/pubmed/16888132
http://doi.org/10.1016/j.cclet.2019.06.039
http://doi.org/10.1016/j.bbrc.2015.03.050
http://doi.org/10.1016/S0021-9258(19)67991-3
http://doi.org/10.1016/j.jdermsci.2021.02.004
http://doi.org/10.1002/tox.22707
http://doi.org/10.5114/aoms.2016.61918
http://doi.org/10.3389/fimmu.2020.583687
http://doi.org/10.1002/med.21734
http://doi.org/10.1093/brain/awq080
http://doi.org/10.1167/iovs.14-14633
http://doi.org/10.3389/fmed.2021.685032
http://www.ncbi.nlm.nih.gov/pubmed/34222291
http://doi.org/10.1002/tox.22102
http://www.ncbi.nlm.nih.gov/pubmed/25533354
http://doi.org/10.1016/j.redox.2019.101161
http://doi.org/10.3109/15569527.2015.1104329
http://www.ncbi.nlm.nih.gov/pubmed/26653369
http://doi.org/10.1016/j.envpol.2020.114301
http://doi.org/10.15430/JCP.2019.24.4.224
http://www.ncbi.nlm.nih.gov/pubmed/31950022
http://doi.org/10.1093/hmg/ddt556
http://doi.org/10.1016/j.isci.2019.01.031
http://doi.org/10.1021/jf9019322
http://doi.org/10.1016/j.foodchem.2019.05.068


Molecules 2021, 26, 5409 11 of 11

41. Fliegauf, M.; Benzing, T.; Omran, H. Cilia: Hair-like organelles with many links to disease. Nat. Rev. Mol. Cell Biol. 2007, 8,
880–893. [CrossRef]

42. Bae, J.E.; Kang, G.M.; Min, S.H.; Jo, D.S.; Jung, Y.K.; Kim, K.; Kim, M.S.; Cho, D.H. Primary cilia mediate mitochondrial stress
responses to promote dopamine neuron survival in a Parkinson’s disease model. Cell Death Dis. 2019, 10, 952. [CrossRef]

43. Choi, B.K.; D’Onofrio, P.M.; Shabanzadeh, A.P.; Koeberle, P.D. Stabilization of primary cilia reduces abortive cell cycle re-entry to
protect injured adult CNS neurons from apoptosis. PLoS ONE 2019, 14, e0220056.

44. Mehan, S.; Meena, H.; Sharma, D.; Sankhla, R. JNK: A stress-activated protein kinase therapeutic strategies and involvement in
Alzheimer’s and various neurodegenerative abnormalities. J. Mol. Neurosci. 2011, 43, 376–390. [CrossRef]

45. Schulz, E.; Dopheide, J.; Schuhmacher, S.; Thomas, S.R.; Chen, K.; Daiber, A.; Wenzel, P.; Münzel, T.; Keaney, J.F., Jr. Clinical
perspective. Circulation 2008, 118, 1347–1357. [CrossRef] [PubMed]

46. Jia, Y.; Li, X.; Nan, A.; Zhang, N.; Chen, L.; Zhou, H.; Zhang, H.; Qiu, M.; Zhu, J.; Ling, Y.; et al. Circular RNA 406961 interacts
with ILF2 to regulate PM2.5-induced inflammatory responses in human bronchial epithelial cells via activation of STAT3/JNK
pathways. Environ. Int. 2020, 141, 105755. [CrossRef] [PubMed]

47. Semeraro, F.; Morescalchi, F.; Cancarini, A.; Russo, A.; Rezzola, S.; Costagliola, C. Diabetic retinopathy, a vascular and inflamma-
tory disease: Therapeutic implications. Diabetes Metab. 2019, 45, 517–527. [CrossRef] [PubMed]

48. Liu, H.; Li, J.; Ma, Q.; Tang, J.; Jiang, M.; Cao, X.; Lin, L.; Kong, N.; Yu, S.; Sood, A.; et al. Chronic exposure to diesel exhaust may
cause small airway wall thickening without lumen narrowing: A quantitative computerized tomography study in Chinese diesel
engine testers. Part. Fibre Toxicol. 2021, 18, 14. [CrossRef]

http://doi.org/10.1038/nrm2278
http://doi.org/10.1038/s41419-019-2184-y
http://doi.org/10.1007/s12031-010-9454-6
http://doi.org/10.1161/CIRCULATIONAHA.108.784289
http://www.ncbi.nlm.nih.gov/pubmed/18809807
http://doi.org/10.1016/j.envint.2020.105755
http://www.ncbi.nlm.nih.gov/pubmed/32388272
http://doi.org/10.1016/j.diabet.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/31005756
http://doi.org/10.1186/s12989-021-00406-1

	Introduction 
	Materials and Methods 
	Cell Culture 
	Image-Based Fecal Metabolite Library Screening 
	Reagents 
	Gene Knockdown 
	Oxidative Stress Measurement 
	Western Blot Analysis 
	Cilia Staining and Counting 
	ELISA Assay 
	Statistical Analysis 

	Results and Discussion 
	2-IPMA Promotes Primary Ciliogenesis in RPE Cells 
	2-IPMA Inhibits PM2.5-Mediated Ciliary Dysgenesis in RPE Cells 
	2-IPMA Inhibits Activation of JNK and Production of Proinflammatory Cytokines in PM2.5-Treated RPE Cells 

	References

