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Roscovitine ameliorates endotoxin-induced
uveitis through neutrophil apoptosis
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Abstract. Neutrophils have been recognized as critical
response cells during the pathogenesis of endotoxin-induced
uveitis (EIU). Apoptosis of neutrophils induced by roscovitine
has previously been demonstrated to ameliorate inflammation
in several in vivo models. The present study aimed to assess
whether roscovitine ameliorates EIU. EIU was induced in
female C57BL/6 mice by a single intravitreal injection of
lipopolysaccharide (LPS; 250 ng). The mice were divided
into three groups as follows: LPS alone, LPS plus vehicle,
LPS plus roscovitine (50 mg/kg). The mice were euthanized
12, 24, 48 and 72 h after LPS-induced uveitis. Accumulation
of inflammatory cells in the vitreous body was confirmed by
immunohistochemistry, and quantified following hematoxylin
and eosin staining. Terminal deoxynucleotidyl transferase
dUTP nick-end labeling was performed to detect of apoptotic
cells. The mRNA levels of inflammatory cytokines were
analyzed by reverse transcription-quantitative polymerase
chain reaction and the changes in protein levels were analyzed
by western blotting. Inflammatory cells accumulated in the
vitreous near the optic nerve head and the quantity peaked
at 24 h after LPS injection. Immunohistochemistry revealed
that the majority of the inflammatory cells were neutrophils.
The number of infiltrating cells was similar in the LPS and
LPS plus vehicle groups, while there were significantly less
in the roscovitine group at 24 h. Apoptosis of neutrophils was
observed between 12 and 48 h after roscovitine injection,
while no apoptosis was observed in the other groups. The
mRNA expression levels of GMCSF, CINC-1 and ICAM-1
peaked at 12 h after LPS injection, and decreased to normal
levels at 72 h. This trend in mRNA expression was similar in
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the LPS and LPS plus vehicle groups; however, the expres-
sion levels decreased more quickly in the roscovitine group
at 24 and 48 h. Following roscovitine administration, upregu-
lated cleaved caspase 3 expression levels and downregulated
Mcl-1 expression levels were observed. In conclusion, rosco-
vitine ameliorates EIU by effecting neutrophil apoptosis.
Timely apoptosis of neutrophils may be an effective process to
promote the amelioration of ETU.

Introduction

Uveitis is one of the most harmful ocular conditions and can
affect any part of the eye. In developed countries, uveitis
affects ~200/100,000 people in the general population,
and 35% of patients suffer severe visual impairment (1,2).
Endotoxin-induced uveitis (EIU) is an animal model of human
uveitis induced by lipopolysaccharide (LPS), a component of
the outer membranes of gram-negative bacteria (3,4). A major
pathological characteristic of EIU is the ocular infiltration of
inflammatory cells (5).

The polymorphonuclear leucocyte, or neutrophil, has long
been recognized as an early and key response cell in the patho-
genesis of EIU (6,7). Through the production of proteolytic
enzymes and toxic intermediates, neutrophils are essential for
innate immunity (8). However, these defense processes, which
occur through destroying and digesting extraneous matter,
are potentially deleterious to tissues (9). Thus, it is vital that
neutrophils are cleared in a timely manner following achieving
their physiological function (10,11). As the removal of neutro-
phils relies on apoptosis or necrosis, it is critical that the
neutrophils undergo apoptosis to maintain the intact plasma
membrane (12).

Roscovitine, also termed Seliciclib or CYC202, is a selec-
tive cyclin-dependent kinase inhibitor (CDKi) originally
designed to suppress tumor cell growth and division (13-15).
Notably, this ability to inhibit the cell cycle and induce
apoptosis, particularly in polymorphonuclear leukocytes,
subsequently improved the resolution of inflammation (16).
Its pro-resolution has been demonstrated in several in vivo
models, including pleurisy, arthritis and meningitis (16,17).

Therefore, the present study aimed to assess whether
roscovitine promoted the apoptosis of neutrophils and subse-
quently attenuated the inflammatory response in an ETU
mouse model.
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Materials and methods

Animals. Female C57BL/6 mice (age, 6-8 weeks; weight,
18-20 g) were purchased from Southern Medical Univer-
sity (Guangzhou, China). All the animal procedures were
performed according to the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. The protocol was approved
by the Animal Care and Use Committee of the Zhongshan
Ophthalmic Center of Sun Yat-Sen University (Guangzhou,
China; ethics approval no. 2014-055).

The mice were housed in a temperature controlled envi-
ronment (22+1°C; humidity, 55+5°C) with a 12-h light/dark
cycle and access to food and water ad libitum. The mice were
divided into three groups: i) LPS group, in which mice were
intravitreally injected with LPS; ii) LPS plus vehicle group, in
which mice were intravitreally injected with LPS and subse-
quently treated with the vehicle of roscovitine; iii) roscovitine
group, in which mice were intravitreally injected with LPS and
subsequently treated with roscovitine. Age-matched untreated
mice were used as controls.

Induction of EIU. To induce EIU, each mouse eye received a
single intravitreal injection of 1 ul sterile pyrogen-free saline,
containing 250 ng E. coli 055:B5 endotoxin (Sigma-Aldrich,
St. Louis, MO, USA).

The injection was performed, according to a previous
study (18). Briefly, the pupils were dilated by the instillation
of one drop of 5% tropicamide (Santen Pharmaceutical Co.,
Ltd., Osaka, Japan). One drop of 1% tetracaine was admin-
istered for local anesthesia. Intravitreal injections (1 ul) were
administered in the right eye using sterile syringes fitted with
a 30-gauge needle (Hamilton Bonaduz AG, Bonaduz, Swit-
zerland).

Administration of roscovitine. The mice received a single intra-
peritoneal injection of 50 mg/kg of roscovitine 10 min after the
intravitreal injection of LPS. The dose of 50 mg/kg roscovitine
is safe and a high dose of 2 g/kg is well-tolerated (19,20).
Roscovitine was purchased from Selleck Chemicals
(Houston, TX, USA). The solution was made, according
to a previous study (21). Briefly, roscovitine was initially
dissolved in dimethyl sulfoxide (1 volume). A carrier solu-
tion was produced from a diluent containing 10% Tween 80
(Guanghua Sci-Tech Co., Ltd., Guangzhou, China), 20% N,
N-dimethylacetamide (Guanghua Sci-Tech Co., Ltd.) and 70%
polyethylene glycol 400 (Guanghua Sci-Tech Co., Ltd.).

Histopathology. The mice were sacrificed by cervical dislo-
cation at 12, 24, 48 and 72 h after LPS-induced uveitis. The
eyes were enucleated and fixed in 4% paraformaldehyde at
room temperature overnight. The eyeballs were embedded in
paraffin. Serial 5-pm sections were cut through the cornea-optic
nerve axis. Paraffin-embedded serial sections were deparaf-
finized in xylene, rehydrated through a graded ethanol series,
and washed with phosphate-buffered saline (PBS). The tissue
sections were stained by hematoxylin and eosin (Shanghai
Huntz Enterprises Co., Ltd., Shanghai, China). The number of
stained cells in the vitreous body near the optic nerve head
were quantified under light microscopy (n=6 per group).
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Immunohistochemistry. The mice were sacrificed by cervical
dislocation at 12, 24, 48 and 72 h after LPS-induced uveitis.
The enucleated eyes were fixed with 4% paraformaldehyde,
embedded in paraffin, cut into 5-um serial sections and depar-
affinized. Antigen retrieval was performed by heating sections
in a microwave oven in citrate buffer [0.01 mol/l (pH 6.0)] for
30 min. Endogenous peroxidase was eliminated by incubation in
3% hydrogen peroxide in PBS for 10 min, and the tissue sections
were washed in PBS for 5 min three times, and incubated in
10% goat serum (Biosharp, Hefei, China) for 2 h. The tissue
sections were incubated with rabbit polyclonal antibodies against
cluster of differentiation 177 (CD177; dilution, 1:100; Abcam,
Cambridge, UK cat. no. ab203025) overnight at 4°C, followed
by a goat anti-rabbit horseradish peroxidase (HRP)-conjugated
secondary antibody (dilution, 1:1,000; Abcam; cat. no. ab97200)
for 1 h at 37°C and stained with peroxidase. The stained cells in
the vitreous body near the optic nerve head were observed under
light microscopy (n=6 per group).

Terminal deoxynucleotidyltransferase dUTP nick-endlabeling
(TUNEL). TUNEL was performed for the in sifu detection of
apoptotic cells using the tetramethylrhodamine-red-based
in situ Death Detection kit from Roche Diagnostics (Roche
Diagnostics, Shanghai, China). The mice were euthanized
12, 24, 48 and 72 h after LPS-induced uveitis. Following
antigen retrieval, as described for immunohistochemistry,
the paraffin-embedded serial sections were incubated with
the TUNEL reaction mixture for 1 h at 37°C in a humidified
atmosphere in the dark. TUNEL-positive cells were visualized
with a fluorescence microscope (n=6 per group).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR) analysis of the inflammatory cytokines. Total
RNA was extracted from the freshly enucleated eyeball using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.
Waltham, MA, USA), according to the manufacturer's instruc-
tions. cDNA was generated using the PrimeScript RT reagent
kit (Takara Biotechnology Co., Ltd., Dalian, China) at 37°C
for 15 min, followed by 85°C for 5 sec and then maintained
at 4°C. RT-qPCR was performed according to the manufac-
turer's instructions using a Bio-Rad C-1000 Thermal Cycler
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The primer
sequences are listed in Table I. All primers were purchased
from Invitrogen (Thermo Fisher Scientific, Inc.).

RT-qPCR was performed in a 20 pl reaction mixture using
the FastStart Universal SYBR-Green Master reagent (Roche
Diagnostics) on an ABI PRISM 7000 sequence detection
system (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The PCR conditions were as follows: 1 cycle at 95°C for
10 min, followed by 40 cycles at 95°C for 15 sec and 60°C for
1 min. The 2-24% method was used to estimate the relative
transcript levels (22). The levels of GAPDH amplification were
used to normalize each sample Cq value. Units are expressed
as relative quantification (n=6 per group).

Western blotting. Freshly enucleated eyeballs were homog-
enized and solubilized in a radioimmunoprecipitation assay
lysis buffer containing 1% phenylmethylsulfonyl fluoride
(Biocolors, Shanghai, China). The total protein concentration
was determined using a bicinchoninic acid protein assay kit
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Table I. Sequences of primers for reverse transcription-polymerase chain reaction.

Gene Forward Reverse

IL-1 5'-GAAATGCCACCTTTTGACAGTG-3' 5"TGGATGCTCTCATCAGGACAG-3'
GMCSF 5'-TGGAAGCATGTAGAGGCCATCA-3' 5'-GCGCCCTTGAGTTTGGTGAAAT-3'
CINC-1 5'-GTCATAGCCACACTCAAG-3' 5'-CCATCAGAGCAGTCTGTC-3'
ICAM-1 5'-AGATGACCTGCAGACGGAAG-3' 5'-GGCTGAGGGTAAATGCTGTC-3'
GAPDH 5'-AGGTCGGTGTGAACGGATTTG-3' 5'-TGTAGACCATGTAGTTGAGGTCA-3'

IL-1, interleukin-1; GMCSF, granulocyte-macrophage colony-stimulating factor; CINC-1, cytokine-induced neutrophil chemoattractant 1;
ICAM-1, intercellular adhesion molecule 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 1. Hematoxylin and eosin-stained evaluation of inflammatory cells in the vitreous near the optic nerve. The quantity of inflammatory cells increased,
peaked at 24 h after LPS injection, and subsequently decreased gradually to normal levels at 72 h in the three groups. In the roscovitine group cell numbers
were lower at the respective time points, the difference was significant at 24 h. "P<0.05 vs. the LPS group. Magnification, x100, scale bar=100 ym. LPS,

lipopolysaccharide.

(Cwbiotech, Beijing, China), and detected using a microplate
reader (BioTek Instruments, Winooski, USA). A total of 15 ug
protein lysate was resolved on 10, 12 or 15% SDS-PAGE gels
(MDBio, Qingdao, China), according to the molecular weight
of the target protein, and was subsequently transferred onto
nitrocellulose membranes (EMD Millipore, Billerica, MA,
USA). The blots were blocked with 5% bovine serum albumin
(Sigma-Aldrich) and probed overnight at 4°C with primary
antibodies as follows: Rabbit polyclonal cleaved caspase 3
(dilution, 1:1,000; Cell Signaling Technology, Inc., Danvers,
MA, USA; cat. no. 9661), rabbit polyclonal cyclooxygenase 2
(COX-2; cat. no. abl5191), rabbit polyclonal phosphorylated
nuclear factor (NF)-kB p65 (cat. no. abl6502) and rabbit

monoclonal myeloid cell leukemia 1 (Mcl-1; cat. no. ab32087),
all diluted at 1:1,000 and obtained from Abcam. The blots
were washed with Tris-buffered saline with Tween-20 and
incubated with a goat anti-rabbit HRP-conjugated secondary
antibody (dilution, 1:1,000; cat. no. ab6721) for 2 h at 37°C.
The blots were developed using Immobilon™ Western Chemi-
luminescent HRP Substrate (EMD Millipore). The bands were
analyzed using Image J software (Version 1.43; National Insti-
tutes of Health, Bethesda, MD, USA). The measurements were
repeated in triplicate for each experiment (n=6 per group). To
ascertain that the blots were loaded with equal quantities of
proteins, they were also incubated with an antibody against
B-actin (1:1,000; Abcam; cat. no. ab8229).
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Figure 2. Immunohistochemistry of inflammatory cells in the vitreous body near the optic nerve. The inflammatory cells were labeled with CD177, indicating
that the majority of cells in the vitreous were neutrophils. Magnification, x200, scale bar=10 gm.
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Figure 3. Terminal deoxynucleotidyl transferase dUTP nick-end labeling analysis measured the apoptosis of neutrophils following the administration of
roscovitine. Apoptosis occurred at 12, 24 and 48 h, but no marked detection was observed at 72 h after roscovitine injection. Apoptosis was limited in the

inflammatory cells in the vitreous body. Magnification, x200.

Statistical analysis. Data was analyzed using GraphPad
Prism (version 6.0; GraphPad Software, Inc., La Jolla, CA,
USA). All values are expressed as the mean + standard
deviation. The results were analyzed by one-way analysis of
variance followed by a Bonferroni post-hoc test for multiple
comparisons. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Neutrophils infiltration occurs following LPS injection;
however, less accumulation is observed in the roscovitine

group. Hematoxylin and eosin staining revealed that the
inflammatory cells accumulated in the vitreous body close to
the optic nerve head following LPS injection (Fig. 1). In the
three groups, the quantity of inflammatory cells increased,
peaked at 24 h after LPS injection, and subsequently
decreased gradually to normal levels at 72 h. The cells
numbers were similar in the LPS and LPS plus vehicle groups
at identical time points, while cell numbers were lower in the
roscovitine group at the respective time points. In particular,
the number of inflammatory cells was significantly lower in
the roscovitine groups compared with the LPS group at 24 h
(P=0.037).
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Figure 4. Reverse transcription-quantitative polymerase chain reaction analysis of mRNA expression for inflammatory cytokines. The relative expression level was
similar in the LPS and LPS plus vehicle groups at the identical time points, whereas the relative mRNA expression levels were lower in the roscovitine group at the
respective time point. The results for IL-1 were significant at 24 and 48 h when compared with the LPS group (P=0.042 and 0.033, respectively). The difference
of GMCSF was significant at 24 h when compared with LPS groups (P=0.026). "P<0.05 vs. the LPS group. LPS, lipopolysaccharide; IL-1, interleukin-1; GMCSF,
granulocyte-macrophage colony-stimulating factor; CINC-1, cytokine-induced neutrophil chemoattractant 1; ICAM-1, intercellular adhesion molecule 1.

Immunohistochemistry demonstrated that the infiltrating
inflammatory cells were labeled with CD177, indicating that
the majority of cells in the vitreous were neutrophils (Fig. 2).

Apoptosis of neutrophils is observed following the adminis-
tration of roscovitine. The TUNEL assay demonstrated that
apoptosis occurred at 12, 24 and 48 h; however, no significant
detection was observed at 72 h after roscovitine injection
(Fig. 3). Apoptosis was observed in the inflammatory cells in
the vitreous body only, and no apoptosis was observed in the
retinal cells. No apoptosis was observed in untreated or other
groups at the 24 h time-point after LPS injection.

Inflammatory response decreases following administra-
tion of roscovitine. RT-qPCR analysis demonstrated that the
mRNA expression level of interleukin 1 increased, peaked
at 24 h after LPS injection, and decreased gradually by 72 h.
The mRNA expression levels of granulocyte-macrophage
colony-stimulating factor (GMCSF), cytokine-induced neutro-
phil chemoattractant 1 (CINC-1) and intercellular adhesion
molecule 1 /CAM-I) peaked at 12 h, then decreased rapidly

to the normal levels (Fig. 4). The relative mRNA levels were
similar in the LPS and LPS plus vehicle groups at the iden-
tical time points, while the relative levels were lower in the
roscovitine group at the respective time points. In particular,
the mRNA levels of interleukin 1 in the roscovitine groups
were significantly reduced compared with the LPS group at 24
(P=0.042) and 48 h (P=0.033).

Western blot analysis revealed that the protein expres-
sion level of COX-2 was markedly increased at 12 and 24 h;
however, the level decreased to almost normal levels at 48 and
72 h in the four groups (Fig. 5). The expression of COX-2 was
significantly lower in the roscovitine group compared with
the control groups at 24 (P=0.021) and 72 h (P=0.035). A
similar trend was observed in the levels of phosphorylated
NF-«xB p65, and compared with the LPS group, significantly
less expression was observed in the roscovitine group at 48 h
(P=0.047).

Roscovitine promotes apoptosis upregulating the caspase 3
and downregulating the Mcl-1 expression levels. Western blot
analysis demonstrated that the expression of cleaved caspase 3
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Figure 5. Roscvovitine promotes apoptosis through increased expression of cleaved caspase 3 and decreased expression of Mcl-1. The expression of COX-2,
phosphorylated NF-kB and Mcl-1 were increased at 24 h, but decreased gradually over time. The expression of COX-2 was significantly different between the LPS
and roscovitine groups at 24 and 72 h (P=0.021 and 0.035, respectively). The expression of phosphorylated NF-xB was significantly decreased at 48 h (P=0.047).
The expression of cleaved caspase 3 was markedly increased in the roscovitine group at 24 h (P=0.029). No statistically difference was observed in Mcl-1 expres-
sion among the groups. "P<0.05 vs. the LPS group. LPS, lipopolysaccharide; COX-2, cyclooxygenase-2; NF-«B, nuclear factor-«kB; Mcl-1, myeloid cell leukemia 1.

was markedly increased in the roscovitine group at 24 h
compared with the untreated group (P=0.029), whereas it was
maintained at similar levels at other time points (Fig. 5). The
expression level of Mcl-1 increased and was maintained at a
stable level at different time points following LPS injection,
compared with the untreated group. In addition, the Mcl-1
expression of the roscovitine group was higher compared with
the untreated group; however, it was lower than other groups.

No statistically significant difference was observed in Mcl-1
expression levels among the groups.

Discussion
Polymorphonuclear leucocytes are the predominant infiltrating

cell in EIU. In the present study, a selective CDKi was applied
as a potential drug and the results demonstrated that resolution
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of inflammation was accelerated through the increased apop-
tosis of neutrophils.

The CDKs are part of a family of serine/threonine protein
kinases, and their ability to regulate the cell cycle has made
them an attractive target for anticancer therapies (13). The
preliminary research was initiated in marine starfish oocytes
in the late 1970s, and 21 CDK genes were discovered in
the human genome. Of these, 11 are considered as classical
CDKs (15,23).

Roscovitine is a 2,6,9-trisubstituted purine first synthe-
sized in 1997. It is a selective inhibitor of CDK 1,2,5,7 and 9
isoforms, and is capable of actively promoting apoptosis (23).
In multiple myeloma cells, MacCallum et al (13) reported that
roscovitine induces cell death by inhibition of RNA poly-
merase II-dependent transcription and downregulation of
Mcl-1. Rossi et al (16) identified that roscovitine treatment
results in caspase 3 cleavage. Additionally, Rossi ef al demon-
strated that roscovitine abrogates the antiapoptotic effects
of important survival factors, including dibutyryl-cAMP,
GMCSF and LPS (16). These survival factors utilize the major
inflammatory signaling pathways, phosphoinositide 3-kinase,
NF-«kB, Janus kinase/signal transducers and activators of tran-
scription and mitogen-activated protein kinases, to augment
neutrophil survival (24).

However, neutrophils are terminally differentiated cells
and remain in the G, phase, therefore, roscovitine may be
considered to have no effect (25). Notably, previous in vitro
analysis demonstrated that human neutrophils express CDK1,
CDK?2 and CDKS5 (16). Furthermore, although no change in
the protein expression of CDK1 or CDK?2 was demonstrated,
changes in the function of CDK and expression of their binding
partner cyclins were observed (16,26). Rossi ef al (16) demon-
strated a prompt reduction in CDK1 activity during induction
of apoptosis by the activating Fas antibody, CH11. Once
apoptosis has been engaged, the neutrophil secretory activity
is sequestered; the cells remain intact and are phagocytosed by
macrophages (27). Phagocytosis of apoptotic cells stimulates
macrophages to polarize into an M2 or pro-resolution pheno-
type (28).

EIU in mice results in a prominent posterior vitritis and
an accumulation of inflammatory cells in the vitreous near
the optic nerve head (29). Previous histological studies have
revealed an infiltration of leucocytes between 4 and 6 h after
LPS injection, and cell numbers increasing to a maximum
at 24 h (30). The neutrophil is consistently the first cell type
to arrive at a site of inflammation, to phagocytose a variety
of foreign particles. Neutrophils also produce chemokines,
including CINC-1, to attract more inflammatory cells, and
express adhesion molecules, including ICAM-1, to facilitate
cell migration (31,32).

In the present study, neutrophils predominantly accu-
mulated in the vitreous near the optic nerve head, as
demonstrated by histological analysis, and their quantity
peaked at 24 h after LPS intravitreal injection. Addition-
ally, apoptosis was observed in the TUNEL analysis, and
the downregulated protein expression levels of Mcl-1 and
upregulated expression of cleaved caspase-3 were observed
following the administration of roscovitine. Following the
apoptosis of neutrophils, lower mRNA expression of /L-/
and NF-«kB p65 phosphorylation were observed, indicating
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that roscovitine promotes inflammatory resolution. Further-
more, lower mRNA expression levels of GMCSF, CINC-1
and ICAM-1 were observed following roscovitine treatment,
which assists in explaining the lower quantity of neutrophils
in the vitreous of the roscovitine group. Thus, the adminis-
tration of roscovitine promoted the apoptosis of neutrophils
accumulated in the vitreous following LPS stimulation, and
the increased apoptosis of neutrophils accelerated the resolu-
tion of EIU.

Suppressed neutrophil apoptosis has been detected
in patients with inflammatory diseases, including pneu-
monia, sepsis and rheumatoid arthritis, where enhanced
neutrophil apoptosis ameliorates the prognosis. The study
by Rossi et al (16) reported that roscovitine markedly
enhanced the resolution of established neutrophil-dependent
inflammation in carrageenan-elicited acute pleurisy, bleo-
mycin-induced lung injury and passively-induced arthritis in
mice. Koedel et al (17) reported that roscovitine significantly
improved the resolution of the inflammation following pneu-
mococcal infection and accelerated the recovery. A previous
study by Hoogendijk et al (33) reported that roscovitine
reduced lung inflammation induced by lipoteichoic acid and
Streptococcus pneumonia.

In conclusion, roscovitine ameliorated EIU by altering
neutrophil apoptosis. Timely apoptosis of neutrophils may be
an effective process to promote the resolution of EIU.
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