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ABSTRACT
The cornea is a load-bearing tissue. Lower biomechanical properties in the local tissue of keratoconic cornea
evoke mechanical stress increase. Inﬂammatory cytokines have been shown to be over-expressed in patients with
keratoconus. However, how mechanical stimuli are involved in the production of inﬂammatory cytokines in keratoconus remains unclear. The objective of the study is to determine the role of mechanical stretch in the regulation of inﬂammatory cytokines and the underlying mechanisms in keratoconus. Human keratoconic ﬁbroblasts
(hKCFs) were subjected to 12% cyclic mechanical stretch at 0.1 Hz or in static conditions as controls. N-acetyl
cysteine (NAC) and pyrrolidine dithiocarbamate and pyrrolidine dithiocarbamate (PDTC) were used to inhibit
reactive oxygen species (ROS) production and NF-κB pathway respectively. ROS production was measured using
2’,7’-dichlorodihydroﬂuorescindiacetate probe. Conditioned media and cell lysates were collected for protein
assessment. Cyclic stretch-induced a higher production of intercellular cell adhesion molecule-1 (ICAM-1), tumor
necrosis factor α (TNF-α), interleukin (IL)-6, and IL-8 in hKCFs than static controls. ROS was also elevated in
response to cyclic stretch. Inhibition of ROS or NF-κB attenuated stretch-induced ICAM-1, TNF-α, IL-6, and
IL-8. Inhibition of stretch-induced ROS production by NAC also attenuated NF-κB activation. Our ﬁndings suggest that mechanical stretch may induce the release of inﬂammatory cytokines by activating oxidative stress and
NF-kB pathway, and ROS may positively control NF-κB signaling. Over-expression of inﬂammatory cytokines
induced by mechanical stretch may play a role in progression of keratoconus.
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1 Introduction
Keratoconus (KC) is a progressive corneal ectasia disorder associated with corneal thinning and
irregular astigmatism that leads to reduced visual performance [1]. Some risk factors that include genetic,
mechanical, environmental factors, and their possible combinations are believed to be linked to the
etiology of KC [2]. As a load-bearing tissue, the cornea is mainly subjected to biaxial tensile stress under
the intraocular pressure (IOP) in vivo. It is well established that KC is characterized by a marked
This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
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degradation of the extracellular matrix, resulting in a focal reduction in biomechanical properties. A decrease
in thickness and the biomechanical properties of corneas will provoke larger tensile stress across the
keratoconus corneas compared to healthy ones. This will force keratoconic corneas to deform to a great
amount under IOP, and the stress across the cornea will be redistributed as the tissue bulges [3].
Therefore, it’s important to explore the role of mechanical stress during the development of KC.
Recent studies indicate that the pathogenesis of KC may involve complex chronic inﬂammatory events [4,5].
Inﬂammatory cytokines, such as interleukin-1β (IL-1β)/-4/-5/-6/-8, tumor necrosis factor alpha (TNF-α), and
intercellular cell adhesion molecule-1(ICAM-1), have been shown to be over-expressed in patients with KC
in the tear ﬁlm and corneas [6,7]. Moreover, inﬂammatory cytokines can facilitate generation of proteolytic
enzymes such as matrix metalloproteinases (MMPs) and lead to focal tissue destruction [8], e.g., TNF-α
increased MMP-1 expression via IL-6 in human keratoconic ﬁbroblasts (hKCFs) [9]. Ocular cells are capable
of producing proinﬂammatory cytokine in response to mechanical stretch in vitro [10–12]. Our previous
studies showed that cyclic stretch was involved in the regulation of MMPs and their inhibitors (tissue
inhibitors of metalloproteinases, TIMPs) in corneal ﬁbroblasts [13,14]. It is well accepted that wearing contact
lenses, eye rubbing, and ultraviolet irradiation can induce inﬂammation features in KC [15]. However, the
role of mechanical stimuli in the expression of inﬂammatory cytokines in KC remains unclear.
The effect of oxidative damage in corneal cells [16,17] and tissue [18,19], tear ﬁlm [20] and serum
[21,22] from KC patients suggested that oxidative stress was involved in KC. Oxidative stress in KC
causes an increase in ROS and a decrease in antioxidants, which may result in subsequent degradation
and thinning of the corneal tissue [23,24]. Previous studies showed that hKCFs have an inherent,
hypersensitive response to oxidative stressors [16,17]. It is well accepted that ROS and the nuclear factor
κ-light-chain-enhancer of activated B cells (NF-κB) regulate a wide variety of genes involved in
inﬂammatory responses in many cell types by mechanical stretch [25–27]. However, the role of oxidative
stress and NF-κB activation in the hKCFs has not explored.
The goal of this study was to investigate whether cyclic stretch could induce the release of inﬂammatory
cytokines in hKCFs and its possible pathway. First, hKCFs was subjected to cyclic stretch, and ROS
generation and the expression of inﬂammatory cytokines were determined. Then, we showed that the
cyclic stretch-induced increase in inﬂammatory cytokines via ROS generation could be attenuated by
ROS scavengers and NF-kB inhibitors. Our results may provide clues to understanding the mechanisms
behind KC from mechanobiology view.
2 Material and Methods
2.1 Isolation and Culture of KC Fibroblasts
The discarded KC cornea tissue was collected from the patients with KC defect who received corneal
transplantation in Shanxi Eye Hospital (Taiyuan city, China). The study was conducted with the approval
of the Ethics Committee of Shanxi University (No. SXULL2019041) after obtaining the consent from the
patient. In brief, the epithelial sheet and endothelial layer of the cornea was removed mechanically; and
the remaining tissue was treated with 1 mg/ml type II collagenase (Thermo scientiﬁc, USA) at 37°C until
a single-cell suspension was obtained. Isolated cells were cultured in complete ﬁbroblasts medium (FM)
(consisting of 2% fetal bovine serum, 1% penicillin/streptomycin, and 1% ﬁbroblasts growth supplement)
(Gibico, USA) in a humidiﬁed atmosphere of 5% CO2/95% air at 37°C.
hKCFs (passages 2∼3) were harvested with 0.25% trypsin and EDTA, then seeded onto at a density of
30,000 per cm2 for further experiments.
2.2 Cyclic Stretch
Mechanical stretch was applied on several ocular cell types, such as corneal ﬁbroblasts [13,14], scleral
ﬁbroblasts [28], trabecular meshwork cells [11] and retinal glial (Müller) cells [10]. Loading regimens varied
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from different research groups, with frequency from 0.03 Hz to 1 Hz, strain amplitude 0.45% to 20%, and
duration from 30 min to 72 h. Considering the thickness and modulus of the cornea will decrease in the
keratoconus, and IOP will increase during eye rubbing, the strain across the cornea may becaome larger
than the normal one. In this study, hKCFs were seeded on six-well Bioﬂex® plates (Flexcell Int. Corp.,
Hillsborough, NC, USA) with silicon membrane bottoms coated with type I collagen. When the cell
density reached 80% conﬂuence, the medium was removed and replaced with basic FM medium. Then
the cells were subjected to Flexcell® Tension Plus™ system (FX-4000, Flexcell Int. Corp., Hillsborough,
NC, USA) with an elongation rate of 12%, 0.1 Hz, for 3 h and 9 h, respectively. Unstretched cells were
treated as static controls.
For signaling pathway studies, cells were pretreated with the 0.5 mM N-acetyl cysteine (NAC) as a ROS
scavenger, or NF-κB inhibitor pyrrolidine dithiocarbamate (PDTC; 20 μM, Sigma, USA) for 1 h prior to
stretch. Conditioned medium and cells lysates were harvested after stretch.
2.3 Detection of Intracellular Reactive Oxygen Species (ROS)
Intracellular ROS production was measured using 2’,7’-dichlorodihydroﬂuorescindiacetate probe (DCFHDA; Sigma, USA). After the stretch, cells were rinsed with phenol red-free DMEM and loaded with 10 μM
DCFH-DA in phenol red-free DMEM for 40 min at 37°C. The cells were then washed three times with PBS,
and changed to fresh phenol red-free DMEM. Images were captured on an inverted ﬂuorescent microscope
(IX71; Olympus, Japan), and analyzed using Image Pro Plus 5.2 Software (Media Cybernetics, USA).
2.4 Western Blotting Analysis
The western blotting analysis was used to investigate the effects of cyclic stretch on the expression of
inﬂammatory cytokines and signaling pathways. Brieﬂy, equal amounts of cell lysates or conditioned
medium were fractionated by SDS-PAGE and electrically transferred onto a polyvinylidene diﬂuoride
membrane. Non-special protein reaction was blocked with TBST containing 5% non-fat milk. The
membranes were incubated overnight with primary antibodies against IL-1β, IL-6, IL-8, TNF-α, ICAM-1
(dilution ratio 1:200), NF-κB, p-NF-κB (dilution ratio 1:500), and β-actin (dilution ratio 1:1000) (Bio-High
Technology, Shijiazhuang, Hebei, China) at 4°C followed by incubation with HRP-conjugated secondary
antibodies (dilution ratio 1:1000) for 1 h at room temperature. The enhanced chemiluminescent substrate
was used to visualize protein bands according to the manufacturer’s recommended instructions.
2.5 Statistical Analysis
Statistical analysis was performed using SPSS 18.0. All data were analyzed using one-way ANOVA
tests followed by turkey post hoc tests. P value below 0.05 was considered statistically signiﬁcant.
Results are presented as the mean ± standard deviation of three independent experiments.
3 Results
3.1 Cyclic Stretch Increases the Expression of IL-6, IL-8, TNF-α, and ICAM-1 in hKCFs
In order to evaluate the effects of cyclic stretch on the expression of inﬂammatory cytokines in hKCFs,
cells were subjected to 12% elongation, 0.1 Hz for 3 h and 9 h respectively. Compared with static controls,
cyclic stretch alone signiﬁcantly increased the protein production of ICAM-1, TNF-α, IL-6, and IL-8 (P <
0.05), while there were no signiﬁcant changes in IL-1β for 3 h. The trend was similar in 9 h treatment
groups (Fig. 1). These results indicated that cyclic stretch facilitated production of inﬂammatory cytokines
in hKCFs in vitro.
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Figure 1: Cyclic stretch induces inﬂammatory cytokines in hKCFs in vitro. Cells were subjected to cyclic
stretch with an elongation rate of 12%, 0.1 Hz in the presence or absence of 0.5 mM NAC or 20 μM
PDTC for 3 h or 9 h. Protein expression levels were then evaluated by western blotting. Unstretched cells
were treated as static controls. β-Actin was used as a loading control for cell lysates or conditioned
medium. The indicated quantitative data refer to ratio to static control for 3h. Data are presented as mean ±
standard deviation of three independent experiments. *P < 0.05, vs. static control group; #P < 0.05 vs. cyclic
stretch only. NAC, N-acetyl cysteine, a ROS scavenger; PDTC, pyrrolidine dithiocarbamate, a NF-κB inhibitor
3.2 Inﬂammatory Cytokines Induced by Cyclic Stretch are Down-Regulated by ROS Inhibition
Oxidative stress is demonstrated to be induced by mechanical stress in different types of cells, such as
endothelial cells [25], epithelial cells [27], and mesenchymal stem cells [29]. In this study, we hypothesized
that the effects of cyclic stretch on the expression of inﬂammatory cytokines might be mediated via ROS
production. To test this hypothesis, the intracellular ROS generation was analyzed in hKCFs under cyclic
stretch. Our results showed that the intracellular ROS generation increased signiﬁcantly when hKCFs
were subjected to cyclic stretch compared with static control (P < 0.05) (Fig. 2). To evaluate the role of
ROS in the expression of inﬂammatory cytokines in hKCFs, the expression of inﬂammatory cytokines in
hKCFs were detected in the presence of 0.5 mM NAC as a ROS scavenger under cyclic stretch. NAC
signiﬁcantly reduced the expression of ICAM-1, TNF-α, IL-6, and IL-8 in hKCFs exposed to cyclic
stretch, but had no obvious effect on the expression of IL-1β (P > 0.05) (Fig. 1). These results indicate
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that up-regulation of inﬂammatory cytokines induced by a cyclic stretch is at least partly mediated via ROS
generation in hKCFs.

Figure 2: Intracellular ROS generation increased in hKCFs under stretched condition. Cells were subjected
to cyclic stretch with an elongation rate of 12%, 0.1 Hz for 3 h or 9 h. Representative images of cells stained
with DCFH-DA probe. Scale bar: 100 μm. The indicated quantitative data refer to ratio to static control. Data
are presented as mean ± standard deviation of three independent experiments. *P < 0.05, vs. static control
group. DCFH-DA, 2’,7’-dichlorodihydroﬂuorescindiacetate
3.3 Cyclic Stretch Induces the Expression of Inﬂammatory Cytokines via NF‑κB Pathway
It’s well accepted that the NF‑κB pathway is one of major signaling pathways in mediating the expression
of inﬂammatory cytokines [30]. In order to explore the role of NF‑κB activation in the expression of
stretch‑induced inﬂammatory cytokines, phosphorylation of the NF‑κB protein p65 (p‑p65) was detected,
and NF‑κB inhibitor, PDTC was used to conﬁrm the results. As shown in Fig. 3, cyclic stretch increased
the expression of p‑p65 compared with the static controls (P < 0.05). However, treatment with 20 μM
PDTC partly inhibited the expression of p‑p65 (P < 0.05). Furthermore, treatment with PDTC could
attenuate the protein production of ICAM-1, TNF-α, IL-6, and IL-8 induced by cyclic stretch (P < 0.05),
but had no obvious effect on the expression of IL-1β (P > 0.05) (Fig. 1). These results indicate that the
increase of inﬂammatory cytokines production induced by a cyclic stretch is at least partly mediated via the
activation of NF‑κB pathway in hKCFs. Moreover, inhibition of stretch-induced ROS production by NAC
attenuated NF-κB activation (Fig. 3), suggesting that ROS may positively control NF-κB signaling.

Figure 3: Cyclic stretch induces inﬂammatory cytokines of hKCFs via NF-κB pathway, and ROS positively
control NF-κB activity hKCFs were subjected to cyclic stretch with an elongation rate of 12%, 0.1 Hz in the
presence or absence of 0.5 mM NAC or 20 μM PDTC for 3 h or 9 h. Protein expression levels were then
evaluated by western blotting. Unstretched cells were treated as static controls. β-Actin was used as a
loading control for cell lysates. The indicated quantitative data refer to ratio to static control for 3 h. Data
are presented as mean ± standard deviation of three independent experiments. *P < 0.05, vs. static control
group; #P < 0.05 vs. cyclic stretch only. NAC, N-acetyl cysteine, a ROS scavenger; PDTC, pyrrolidine
dithiocarbamate, a NF-κB inhibitor
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4 Discussion
Herein, we mainly focus on the generation of inﬂammatory cytokines because they have been shown to
be over-expressed in the patients with KC [6,7,9], and inﬂammation is closely related with the focal tissue
destruction [8]. During the progressive bulge of the diseased cornea, the corneal tissue is subjected to
constant and increasing mechanical forces [3]. Mechanical stimuli have been demonstrated to play a key
role in many diseases related to inﬂammatory events, such as glaucoma, atherosclerosis, and ventilatorinduced lung injury [11–13,25,31]. Thus, we hypothesize that mechanical stimuli may be one of the
activators of the inﬂammation cytokines production in the development of KC. The present study
demonstrated that cyclic stretch signiﬁcantly elevated levels of ICAM-1, TNF-α, IL-6, and IL-8 via
oxidative stress and NF-κB pathways in hKCFs.
In our previous study, we found that the major difference between human normal corneal (NC) and KC
ﬁbroblasts is that basic levels of MMPs, inﬂammatory cytokines, and ROS were higher in KC ﬁbroblasts
than those of NC ﬁbroblasts [9,31]. In addition, both NC (human and rabbit) and KC (human) ﬁbroblasts
showed almost similar respond in the expression of MMPs, inﬂammatory cytokines, TIMPs, collagen I,
and LOXs in the presence of cyclic stretch [13,14], inﬂammatory cytokines [9,31], and H2O2 (data
unpublished). Generally, such stimulus up-regulate MMPs and inﬂammatory cytokines in both NC and
KC ﬁbroblasts, while TIMPs and LOXs showed converse trend in NC and KC cells, with increase in NC
cells, and decrease in KC ones [9,13,14,32]. Recent study showed that the oxidative stress imbalances
found in KC were caused by defects in ROS/nitrogen species (ROS/RNS) removal rather than increased
ROS/RNS production [33].
Cyclic stretch had a biphasic effect in regulating MMP-2, and IL-1β had combined effects on the
regulation of MMP-2 and -9 expression with cyclic stretch in normal rabbit corneal ﬁbroblasts [13,14].
Cyclic stretch was also applied on hKCFs in vitro, which increased levels of MMP‑1 and ‑3 and IL‑6,
while reduced levels of TIMP‑1 and ‑2 [34]. In this study, we showed that cyclic stretch alone
signiﬁcantly increased the protein production of ICAM-1, TNF-α, IL-6, and IL-8 compared to static
controls. Our previous study demonstrated that IL-6 could mediate the TNF-a-induced MMP-1 expression
in hKCFs [9]. We conﬁrmed that hKCFs could sense the mechanical stretch by releasing inﬂammatory
cytokines, which may promote the expression of MMPs and contribute to degradation of extracellular
matrix (ECM) components.
As important regulators of proinﬂammatory gene expression, NF-κB has been intensively studied in
stretched cardiovascular and pulmonary cells [25–27]. However, the mechanisms of inﬂammatory
cytokines production in hKCFs in response to mechanical stretch remain unclear. We found that
mechanical stretch-activated pathway by enhancing phosphorylation of NF-κB p65. Moreover, inhibition
of NF-κB by PDTC (NF-κB inhibitor) signiﬁcantly blocked stretch-induced expression of TNF-a, IL-6,
IL-8, and ICAM-1 in hKCFs. The activation of NF-κB has been found the critical linkage with a wide
variety of human diseases related to the chronic inﬂammation [30]. Our ﬁndings highlight the important
role of NF-κB in regulating the expression of inﬂammatory cytokines in hKCFs in response to
mechanical stretch.
Data suggested that oxidative damage was involved in KC [16–22]. ROS are another key signaling
molecule involved in the progression of inﬂammatory diseases [35,36]. In this study, we found that cyclic
stretch promoted the generation of ROS in hKCFs in response to mechanical stretch. In our further
experiment, NAC, a known ROS scavenger could reduce inﬂammatory cytokines production in the
presence of cyclic stretch. These ﬁndings imply that cyclic stretch induces inﬂammatory responses in
hKCFs via generation of ROS. ROS are central to the regulation of many inﬂammatory events. On the
one hand, ROS can stimulate inﬂammatory cytokines production by activating NF-κB. On the other hand,
ROS generation can be induced by inﬂammatory cytokines, which further promotes NF-κB activation
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[37]. It is worth mentioning that NAC has antioxidant and anti-inﬂammation roles, and has been reported to
be beneﬁcial in some chronic clinical diseases related with inﬂammation, such as obstructive pulmonary
disease and other pulmonary diseases, hepatic diseases and injuries, cysticﬁbrosis, human
immunodeﬁciency virus infection, and septic shock [37]. This ﬁnding indicates that the inhibition of ROS
by NAC might provide a novel treatment strategy to reduce inﬂammatory cytokines for KC, and is worth
application in clinical practice in the future.
Research in humans is limited because of ethical issues, therefore, it is important to establish animal model.
Due to multiple etiologies of KC (biochemical, genetic, and environmental factors), it’s difﬁcult to establish a
standard animal model of KC. So far, keratoconus was experimentally induced in mice [38] or rabbits [39] by
injecting collagenase in the cornea with special focus on the role of collagen in histopathological mechanisms
of the disease. Liu et al. reported that collagenase type II caused a marked increase in mean keratometry and
central cornea thickness in rabbit corneas, and induced an increase in ROS generation [38]. This study showed
that the Nrf‑2/HO‑1 pathway may be activated by sulforaphane to resist the oxidative stress response of KC,
and prevent the progression of KC. It would be interesting to investigate whether mechanical stress will be
involved in ROS and inﬂammatory cytokines generation, and the possible signal pathway using KC animal
model in the future study.
In summary, the results of our study suggest that mechanical stretch can activate the release of
inﬂammatory cytokines in hKCFs. Stretch-induced inﬂammatory cytokines may be mediated through the
generation of ROS and activation of the NF-κB signaling pathways. Over-expression of inﬂammatory
cytokines induced by mechanical stretch may aggravate the cascade of extracellular matrix degenerative
events and accelerate the development of keratoconus. Understanding the signal pathways mediating the
induction of inﬂammatory cytokines in hKCFs will enable us to devise a potential therapeutic approach to KC.
Availability of Data and Materials: The datasets used and/or analyzed during the present study are
available from the corresponding author on reasonable request.
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