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Oxidative stress induced by high glucose (HG) plays an important role in the mechanism of diabetic cataract. Evidence has shown
that effects from oxidative stress induced damage of lens or human lens epithelial (HLE) cells. Antioxidant supplementation is a
plausible strategy to avoid oxidative stress and maintain the function of lens. Ghrelin have been used in treatment of many
diseases. In this study, we found that ghrelin attenuated HG-induced loss of cell viability, reduced oxidative damage, and cell
apoptosis in HLE cells. Ghrelin inhibited apoptosis through the downregulation of Bax and the upregulation of Bcl-2. Our
results suggest that ghrelin could be considered as a promising therapeutic intervention for diabetic cataract. We also observed
rat lens transparent in cultured media and examined lens histopathological changes. The results showed that ghrelin could
inhibit the histopathological injury of lenses and ultrastructural changes induced by HG. In conclusion, ghrelin may play a role
in the treatment of ocular diseases involving diabetic cataract.

1. Introduction

Diabetic cataract is a complex disease of the lens that is
related to high-glucose (HG) conditions [1]. Evidence has
shown that oxidative stress induced by HG plays a signifi-
cant role during the formation of diabetic cataract [2, 3].
Human lens epithelial (HLE) cells are monolayer subepithe-
lial cells that are easily affected by the external environment
[4, 5]. In this research, HG (30mM) was used as an inducer
of oxidative stress to explore the possible mechanism of anti-
oxidative stress in HLE cells.

Antioxidant supplementation is a reasonable strategy to
maintain the function of HLE cells and avoid oxidative stress
[6]. However, to date, there is no effective way to inhibit oxi-
dative stress-induced damage in HLE cells without adverse
effects.

Ghrelin, a 28-amino-acid peptide hormone, is a recently
discovered multifunctional gastrointestinal peptide hormone
in rats and humans. Ghrelin confers many benefits to the

human body: modulating tension stress, relieving anxiety,
regulating glucose metabolism, stimulating appetite, enhanc-
ing gastric motility, improving cardiac function, and modu-
lating immunity and inflammation [7–9]. It also has a
variety of effects in the eye, including reducing intraocular
pressure in an animal model of acute ocular hypertension,
inhibiting the apoptosis of retinal ganglion cells (RGCs),
protecting RGCs from rotenone invasion, and reducing the
formation of retinal neovascularization [10–13]. Moreover,
our previous studies showed that ghrelin considerably
reduced H2O2-induced HLE cell apoptosis and impeded
opacification of the lenses [14]. In this research, we investi-
gated the role of ghrelin in protecting HLE cells from HG
injury and explored the corresponding mechanisms.

2. Materials and Methods

2.1. Materials and Reagents. HLE cells obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
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USA), ghrelin (St Louis, MO, USA), 3-(4,5-dimethyl-thiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT, Beyotime Insti-
tute of Biotechnology, Shanghai, China), Dulbecco’s modified
Eagle’s medium (DMEM, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), Annexin V−fluorescein isothiocya-
nate (FITC)/propidium iodide (PI) (BD Biosciences, Moun-
tain View, CA, USA), trypan blue (Zeye Institute of
Biotechnology, Shanghai, China), acridine orange/ethidium
bromide (AO/EB, Solarbio of Biotechnology, Beijing, China),
anti-Bax, anti-Bcl-2 antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and hematoxylin–eosin (HE) kit (Jin-
qiao Biotechnology, Zhongshan, China).

2.2. Cell Viability Assay. HLE cells were cultured in DMEM
media containing 10% heat-inactivated fetal bovine serum
(FBS; HyClone, UT, USA), 100U/mL streptomycin, and
100U/mL penicillin for 24 h and then exposed to serum
starvation for 12 h. To test the effect of ghrelin on cell viabil-
ity, cells were cultured in normal medium (5.5mM glucose),
and different concentrations of ghrelin (0.01μM, 0.1μM,
and 1μM) were added. To test the effect of ghrelin on HG-
induced cell viability, ghrelin (0.1μM) was added 2h before
high-glucose medium (HG, 30mM glucose) was added for
24 h. Then, the cells were incubated with 10μL of MTT
(5mg/mL) for 4 h, and absorption at 490 nm was measured
by a microplate reader (SpectraMax iD3, CA, USA). Cell
morphological changes were detected by light microscopy.
In the following experiments, cells were divided into the
control group, ghrelin group, HG group, and HG+ ghrelin
group.

2.3. Basal ROS Level. Cells were stained with 2′,7′-dichlor-
ofluorescin diacetate (DCF-DA) at 37°C for 30min. Cells
were then washed twice with prewarmed PBS. Fluorescence
changes were measured by fluorescence spectrophotometry
at 485 nm (excitation)/535 nm (emission).

2.4. Apoptosis Assays. The cells were then stained with try-
pan blue and acridine orange/ethidium bromide (AO/EB)
dual staining and analyzed for the morphological examina-
tions under the fluorescent microscope. Apoptotic rate ð%Þ
= number of apoptotic cells/total number of cells.

2.5. Annexin V-FITC/PI Fluorescent Staining. Cells were
collected and centrifuged at 1,000 × g at 4°C for 5min and
then suspended in 400μL binding buffer (containing 5μL
FITC and 5μL PI) for 20min in the dark. The apoptosis
percentage was detected by flow cytometry (Beckman Coul-
ter, Inc., CA, USA), and the data were analyzed using a
FACSCanto flow cytometer (Becton-Dickinson, Mountain
View, CA, USA). The second quadrant and third quadrant
of the flow cytometry data were calculated as the number
of apoptotic cells. In addition, trypan blue staining was
quantified as a second detection method for apoptotic cells.
Trypan blue storage solution (0.4%) was prepared, and the
dyeing time was controlled within 3min.

2.6. Transmission Electron Microscopy. The cells were col-
lected and fixed overnight in 2% glutaraldehyde solution at
4°C. Postfixation for 1 h with 1% OsO4, gradient alcohol

dehydrated the pellets and then embedded in epoxy resin
for 24 h. 70 nm thick sections were cut and collected with
copper mesh. The slices were stained with uranyl acetate
and lead citrate for 15min and observed under transmission
electron microscope (JEM 1200).

2.7. Western Blot Assay. The proteins were extracted and
separated by SDS-PAGE and electrotransferred onto nitro-
cellulose membranes. Mouse anti-Bax polyclonal antibody
(1 : 500, sc-7480) and mouse anti-Bcl-2 polyclonal antibody
(1 : 500, sc-71022) were used as primary antibodies, and
primary antibodies were detected using goat anti-mouse
secondary antibodies (1 : 10000, Zhongshan Golden Bridge,
Guangzhou, China). Blots were visualized using an enhanced
chemiluminescence detection system, and the intensity of the
protein bands was analyzed by Image Studio Lite software.

2.8. Lenses’ Incubation and Observation of Lens
Transparency. The animals in the present study were treated
in accordance with the guidelines of the ARVO (Association
for Research in Vision and Ophthalmology), and the animal
experiments were approved by the Institutional Animal Care
and Use Committee of Zhejiang University School of Medi-
cine. 12 male Wistar rats (average weight 190 g) obtained
from Zhejiang University (laboratory animal license number:
SYXK (Zhejiang Province) 2018-0016) were anesthetized
with diethyl ether and then killed by cervical dislocation.
The eyes were enucleated, and the lenses were removed at
once and immersed in 24-well plates containing 2mL of
DMEM medium in each well. A total of 24 lenses were
divided into four groups (n = 6) as follows: group I: glucose
5.5mM, group II: glucose 5.5mM+ghrelin 1μM, group III:
glucose 55mM, and group IV: glucose 55mM+ghrelin
1μM. Lenses were cultured at 37°C for 48 h, and the appear-
ance of each lens was immediately photoed by placing the
lens over a light source containing a grid, then removed
from the culture medium and examined for morphological
changes.

2.9. HE Staining. The paraffin-embedded lenses were dehy-
drated with a graded series of increasing ethanol concentra-
tions, then were cut into 4μm thick sections and embedded
in Epon mixture. HE staining was performed for morpho-
logical observation.

2.10. TUNEL Staining. After paraffin sections were dewaxed,
TUNEL staining solution was added and incubated in 37°C
for 2 h. The sections were put into 3% hydrogen peroxide
solution prepared with methanol and incubated in the dark
for 15 minutes; after the slices were dried, the freshly
prepared DAB color developing solution was added, then
control the developing time under the microscope; the
positive is that the nucleus is brownish yellow, then wash
the slices with tap water to stop the color developing.

2.11. Statistical Analysis. All experiments were performed in
triplicate, and data was expressed as the mean ± standard
deviation (SD). One-way analysis of variance (ANOVA)
was used for statistical analysis with the aid of the software
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GraphPad Prism 6.0 (GraphPad Software, Inc., USA). A
value of P < 0:05 was considered statistically significant.

3. Results

3.1. Ghrelin Inhibited HG-Induced HLE Cells’ Cytotoxicity.
Ghrelin concentrations of 0.01μM, 0.1μM, and 1μM were
selected to detect the safety of ghrelin in HLE cells. The
results showed that the concentration had no significant
effect on cell viability (Figure 1(a)), the viability of cells was
95:53 ± 2:92%, 97:55 ± 2:04%, 101:4 ± 2:21%, and 99:75 ±
2:93%, respectively, and 0.1 μΜ (the highest value) ghrelin
was chosen for subsequent experiments. HG destroyed cell
viability, and exposure to 30mM glucose resulted in an
approximately 50% loss of cell viability (Figure 1(b)); ghrelin
pretreatment of HLE cells showed protective effects against
HG damage. The morphology of HLE cells was also exam-
ined. Cells in the control group and ghrelin group were uni-
formly spindle-shaped, but in the HG group, the space
between cells decreased, and the cell shape decreased. In the
HG+ghrelin group, changes in cell morphology were less
pronounced (Figure 1(c)).

3.2. Ghrelin Decreased Intracellular Reactive Oxygen Species
(ROS) Generation. To further examine the role of HG-
induced oxidative stress in HLE cells, ROS levels within cells
were detected using the H2DCFDA probe. The results
showed that HG markedly enhanced the production of
ROS; however, when ghrelin was added, there was a signifi-
cant reduction in ROS levels (Figure 2).

3.3. Ghrelin Inhibited Cell Apoptosis. Trypan blue staining,
AO/EB, and flow cytometry showed that ghrelin exerts
its antiapoptosis effects. As shown in Figures 3(a)–3(f),
HG-treated cells showed typical apoptotic morphological
features such as blue nuclei by trypan blue staining and
orange condensed nuclei by AO/EB staining. Similarly,
the data of flow cytometry suggested that the percentage
of apoptotic cells increased significantly after HG treat-
ment, and ghrelin significantly decreased the cell apoptosis
rate (HG, 47:10 ± 1:61%; HG+ghrelin, 23:53 ± 1:02%).

Ultrastructural changes in HLE cells were detected by
transmission electron microscopy. In control group, the
ultrastructure was normal, the nuclei were intact, and the
morphology of mitochondria and Golgi bodies was normal.
In contrast, cells treated with HG were swollen, and vacuoles
were found; swellings of nucleus were obvious; organelles
were ruptured or fragmented. The images indicated that
HG-treated cells were undergoing an apoptotic procedure.
The ultrastructure of cells in HG+Ghrelin group was signif-
icantly improved than that in HG group (Figure 3(g)).
Transmission electron microscopy showed that ghrelin
could preserve the ultrastructural changes induced by HG.

Western blot analysis showed that ghrelin pretreatment
decreased the protein expression of proapoptotic Bax and
enhanced the expression of antiapoptotic Bcl-2 (Figures 3(h)
and 3(i)).

3.4. Visual Examination and Histological Analysis. Appear-
ance of lenses was captured by microscope. It can be clearly

seen that lenses in control group and ghrelin group remained
transparent during the incubation period, and the gridlines
under the lenses were clearly visible. Lenses in HG group
showed extensive thick pacification involving the entire lens,
with total clouding of gridlines, which nearly cannot be seen,
and the increased lens opacity induced by diabetic condition
was attenuated by treatment with ghrelin; lenses in HG+
ghrelin group showed minimal clouding of gridlines, and
gridlines are still visible (Figure 4(a)). HE staining showed
an (closely and regularly) orderly arrangement of fiber cells
in the control group and ghrelin group, HG treatment
induced the irregular arrangement of fiber cells, and the
lenses exhibited expanded extracellular lacunae, and empty
cells can be seen between cells (Figure 4(b)). TUNEL staining
showed that the nuclei in control group and ghrelin group
were blue and uniform in size; nuclei in HG group are large
and deeply stained brown, and there were more vacuoles
between lens cells; in HG+ghrelin group, the number of
brown cells decreased (Figure 4(c)), which suggested that
the morphological changes induced by HG were blocked by
ghrelin.

4. Discussion

Diabetic cataract, also known as metabolic cataract, often
occurs in both eyes and progresses rapidly; the lens may
exhibit complete opacity in days, weeks, or months [15]. In
diabetes mellitus, blood sugar is increased, and glucose in
the lenses is also increased. Glucose is converted into sorbi-
tol, which cannot pass through the lenses’ capsule mem-
brane and accumulates in the lenses in large quantities.
Osmotic pressure in the lenses then increases, HLE cells
swell and denature, and the lenses become opaque [16, 17].

HG status is associated with metabolic disorders such as
type 2 diabetes mellitus. The HG condition induces oxida-
tive stress, resulting in cell damage [18]. Many investigations
have indicated that ROS generated by HG leads to protein
degradation, which is similar to that observed with diabetic
cataract [19, 20].

The most effective way to delay the progression of cata-
racts is to supplement antioxidants. Drugs that inhibit the
level of ROS in HLE cells are considered to be effective; they
are the primary method to treat oxidative damage to the
lenses [21]. Ghrelin plays an important role in cardiovascu-
lar, nervous system, immune, metabolic, reproductive, endo-
crine, and other physiological processes [22–25]. Ghrelin is
an endogenous “brain-gut” peptide and is safe for humans.
It could reduce apoptosis induced by various pathological
stimuli, such as hydrogen peroxide and high glucose [14,
26, 27]. In this study, ghrelin significantly inhibited HG-
induced cell oxidative stress and injury.

The antiapoptosis effect of ghrelin in the eye has been
reported by many researchers. Shenwen Liu showed that
ghrelin can protect rat retinal ganglion cells against rote-
none via restoring mitochondrial functions and inhibiting
apoptosis in RGC-5 cells [28]. Shimada tested the effect
of Des-ghrelin in human retinal microvascular endothelial
cells and found that Des-ghrelin could reduce hydrogen
peroxide-induced damage by decreasing ROS production,

3Journal of Diabetes Research



increasing antioxidant enzymes such as MnSOD and CAT
expression [29]. Our previous results also confirmed the
protective effect of ghrelin on lenses tissue and HLE cells
[14]. In this experiment, we changed the inducer of oxida-
tive damage from H2O2 to HG and used different experi-
mental methods to further verify the protective effect of
ghrelin on HLE cells.

We further detected the ultrastructural changes in HLE
cells by transmission electron microscopy. In control group,
Golgi body is arched or hemispherical in appearance and
composed of many flat vesicles, and mitochondria exist in
the cytoplasm of cells and are generally in the shape of short
rods or globe. Cells in HG group showed morphological fea-
tures of apoptosis, including formation of vacuoles and
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Figure 2: Ghrelin inhibited HG-induced HLE cell oxidative stress. (a) Effect of ghrelin on basal ROS level in HLE cells measured by
H2DCFDA fluorescent probe. (b) Quantitative analyses of intracellular ROS generation in HLE cells. ∗P < 0:05 vs. control group;
#P < 0:05 vs. HG group.
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Figure 1: MTT assay for the survival rate of HLE cells. (a) HLE cells were treated with different concentrations of ghrelin (0 μM, 0.01μM,
0.1 μM, or 1μM) for 24 h. (b) Cells were pretreated with ghrelin (0.1 μM) for 2 h and then exposed to HG for 24 h. (c) Morphological
observation of HLE cells, about 400 cells were detected by light microscope in each picture. ∗P < 0:05 vs. control group; #P < 0:05 vs. HG
group.
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Figure 3: Continued.
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swelling of nucleus. Treatment with ghrelin preserved the
normal cell morphology.

Bax and Bcl-2 can regulate apoptosis, and they are two
important members of Bcl-2 family. The decrease of Bax
and increase of Bcl-2 level indicate that the resistance of cells

to apoptosis is enhanced, which should be the mark of pro-
tective drugs. The results showed that ghrelin inhibited
apoptosis by downregulating Bax and upregulating Bcl-2 in
HG-treated HLE cells. In addition, pretreatment with
ghrelin decreased the expression of Bax and enhanced the
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Figure 3: Ghrelin inhibited HG-induced HLE cell apoptosis. HLE cells were incubated with ghrelin (0.1 μM) for 2 h and then exposed to
HG for 24 h. (a) The number of trypan-positive cells was quantified, and at least 100 cells per dish were counted. (b) Quantitative
analyses of the apoptosis rate in HLE cells. (c) AO/EB double stain of HLE cells after a treatment with ghrelin. (d) Quantitative analyses
of the apoptosis rate in HLE cells. (e) Flow cytometric analysis was used to detect apoptosis rate. (f) Quantitative analyses of the
apoptosis rate. (g) Ultrastructural changes in HLE cells induced by HG using transmission electron microscopy. (h) The expressions of
Bax and Bcl-2 were detected by Western blot. (i) Quantitative analysis of Bax expression intensity relative to actin. (j) Quantitative
analysis of Bcl-2 expression intensity relative to actin. ∗P < 0:05 vs. control group; #P < 0:05 vs. HG group.
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expression of Bcl-2 protein, which suggest that ghrelin may
rearrange Bax/Bcl-2 ratio by inactivate the intrinsic signaling
pathway.

Rat lenses’ organ culture studies have been a powerful
experimental tool to elucidate the effect of statins on cataract
formation. In vitro lenses’ organ culture showed that HG
can promote lenses turbidity, and the clarity of cataractous
rat lenses was improved after ghrelin intervention; histolog-
ical examination further verified that HG can damage lens
epithelial cells, and lens epithelial cells disorder were signif-
icantly improved when ghrelin added. These results suggest
that ghrelin cannot only delay the occurrence of HG-
induced oxidative damage in diabetic cataract but also pro-
tect HLE cells and reduce cell apoptosis.

In general, we concluded that HG could induce HLE
cell apoptosis; pretreatment with ghrelin induced a sub-
stantial protection against HG-induced apoptosis, and this
protection likely occurs through a reduction in Bax/Bcl-2
ratio. These multifunctional effects and safety of ghrelin
make it a potential new therapy for patients with diabetic
cataract.

Data Availability

The datasets used and/or analyzed during the current study
are available from the corresponding authors on reasonable
request.

Additional Points

Key Messages. (1) Ghrelin inhibits apoptosis by downregu-
lating Bax and upregulating Bcl-2. (2) Ghrelin could be a
promising treatment for diabetic cataract.
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