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Background: Diabetic retinopathy (DR) is one of the major causes of vision impairment. Z-ligustilide (3-butylidene-4,5-di-
hydrophthalide; Z-LIG) is an important volatile oil from the Chinese herb Angelica sinensis (Oliv.) Diels. It has
been extensively studied and reportedly has anti-inflammatory, antioxidant, antitumor, analgesic, vasodilato-
ry, and neuroprotective effects. Its effects on DR, however, remain obscure. In this study, we attempted to ex-
plore the protective effects of Z-LIG on retinal dysfunction and the potential underlying mechanisms.

Material/Methods: A diabetic rat model was constructed with streptozotocin injection. Three study groups were constituted: control
(CON), diabetic model (DM), and DM+Z-LIG. The DM+Z-LIG group was injected intraperitoneally with 10 mg/kg
of Z-LIG. The other groups received the same volume of 3% solution of polysorbate 80. After a 12-week inter-
vention, a series of assessments were performed, including tests for retinal function, morphology, and molec-
ular biology.

Results: Z-LIG treatment significantly elevated b-wave and OPs2-wave amplitude and thickened the inner layer of the
nucleus of the retina, and the outer plexiform and nuclear layers (INL+OPL+ONL). Moreover, the rate of apop-
tosis and expression of bcl-2- associated X protein (BAX) and cleaved-Caspase-3 were clearly reduced, and the
expression of bcl-2 was raised by Z-LIG in retinas of diabetic mice. In addition, the levels of retinal proinflam-
matory cytokines interleukin-1 and tumor necrosis factor-o. were downregulated by Z-LIG. Furthermore, Z-LIG
inhibited expression of vascular endothelial growth factor-o. (VEGF-cr) at the mRNA and protein levels.

Conclusions: Z-LIG can inhibit inflammatory response and cell apoptosis in retinas of diabetic rats by repressing the VEGF-o.
pathway. Therefore, it may serve as a potential therapeutic agent for DR.
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Background

Diabetes mellitus (DM) is quickly becoming a global epidem-
ic [1]. In 2017, there were more than 400 million patients with
diabetes worldwide, and the number is expected to rise to 700
million by 2045 [2]. Diabetic retinopathy (DR), a neurovascular
complication of DM, is one of the most prevalent causes of vi-
sion loss in elderly adults all over the world [3].

Clinically, DR is characterized by primary blood vessel impair-
ment, which causes sight-threatening pathologic neovascular-
ization, tissue ischemia, and hypoxia. Moreover, DR is seen in
about one-third of patients with diabetes, and one-tenth of
patients with DR are clinically diagnosed with significant vi-
sion impairment [4,5]. The pathogenesis of DR involves path-
ological processes and signaling pathways, such as ischemia,
an inflammatory response to oxidative stress, accumulation
of advanced glycation end products (AGEs), and overactiva-
tion of protein kinase C (PKC) [6-8]. These events upregulate
the level of vascular endothelial growth factor (VEGF), a po-
tent factor in angiogenesis, transforming VEGF from having a
favorable effect on physiology to inducing negative processes
such as, acceleration of neovascularization, survival of vascu-
lar endothelial cells, promotion of vascular diosmosis and pro-
apoptotic molecules including BAX and Caspase-3, and acti-
vation of various other inflammatory factors [8,12]. A colossal
inflammatory reaction induced by VEGF alone and combined
with other inflammatory mediators that it elicits aggravates
the endothelial dysfunction that arises during the progression
of DR [13-16]. The inflammatory events, as one of the primary
promoters of DR, play a vital role in transforming non-prolifer-
ative DR into proliferative DR [17]. Retinal neovascularization
is the hallmark of proliferative DR. Furthermore, inflammato-
ry mediators have been reported to lead to the morphologi-
cal and functional pathological changes that characterize pro-
gression of DR [18,19].

Apoptosis, as one of the most pivotal pathological processes in
DR, disrupts vascular homeostasis and inevitably accelerates
the development of DR [20-25]. Therefore, effectively regu-
lating inflammation and apoptosis in DR is an alternative ap-
proach to treating the condition. An intricate milieu of dysreg-
ulated proinflammatory mediators in the diabetic retina, such
as interleukin (IL)-1, IL-6 and tumor necrosis factor-o, (TNF-o)
has been linked to both neurovascular dysfunction and forma-
tion of acellular capillaries [18,26]. Inflammation also may up-
regulate production of reactive oxygen species (ROS), trigger-
ing retinal cell apoptosis and giving rise to significant damage
to the retina’s function and structure as a result of DNA inju-
ry, lipid peroxidation, and mitochondrial dysfunction [27,28].
This, in turn, damages the integrity of the blood retinal barri-
er, inducing retinal microvascular occlusion and causing isch-
emic retinal changes. In addition, the increased oxidative stress
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further perturbs the balance of redox reactions, stimulating re-
cruitment of inflammatory cells and augmenting production of
inflammatory cytokines and proteins, such as IL-1 and TNF-q,
which in turn aggravates retinal neuron damage and causes
cell death [29,30]. Moreover, the actions of these proinflam-
matory cytokines may culminate in activation of caspases, ex-
acerbating apoptosis in the retina.

Z-ligustilide (3-butylidene-4,5-dihydrophthalide; Z-LIG), which
is considered one of the most essential volatile oils in the rhi-
zomes of the umbelliferous plants Diels, has various pharma-
cological effects, including conferring resistance to oxidation,
protection from inflammation, and neuroprotection [31,32]. In
a model of oxygen-glucose deprivation injury, Z-LIG has been
shown to ameliorate the permeability of the blood-brain bar-
rier through the VEGF pathway [33]. Studies have shown that
Z-LIG can protect vascular endothelial cells damaged by oxida-
tive stress and rescue high-fat-diet-related atherosclerosis by
activating NRF2 genes downstream. Furthermore, related re-
search in a mouse model of STZ-induced diabetic nephropathy
demonstrated Z-LIG’s potential to inhibit oxidative stress and
inflammation by activating the NF-xB and NRF2 pathways [34].
Wang et al. showed that Z-LIG exerted potent neuroprotec-
tive effects on LPS-activated primary rat microglia in the treat-
ment of neuroinflammatory diseases by inhibiting the NF-xB
pathway [35]. A recent study showed that Z-LIG could atten-
uate ischemic brain injury via anti-apoptotic pathways [36].
Z-LIG also has been found to alleviate forebrain ischemic in-
jury specifically by regulating expression of apoptosis-related
proteins [37]. Thus, the potential effects of Z-LIG for prevent-
ing inflammation and apoptosis-induced ischemia and hypox-
ia to the vasculature, which is associated with conditions and
diseases such as brain injury, diabetic nephropathy, and ath-
erosclerosis, has been well-recognized. However, there exists
no evidence supporting applications of Z-LIG as an agent for
treating -DR (another condition involving the microvascular),
and its specific mechanism in that regard remains unclear.

In this paper, we explored the anti-apoptotic effect of Z-LIG on
STZ-induced retinal dysfunction in a diabetic rat model, eval-
uated the mechanism related to it, and found evidence sup-
porting a clinical pharmacological application for Z-LIG as an
alternative treatment for DR.

Material and Methods

Animals

All animal experiments were accordance with the Association
for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. Studies
were approved by the Institutional Laboratory Animal Care
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and Use Ethics Committee of Xi’an Jiaotong University. Adult
male Sprague-Dawley rats weighing 180 g to 220 g were pur-
chased from Air Force Medical University Laboratory Animal
Center (Xi’an, China). Animals were housed at a suitable tem-
perature (22°C to 24°C) in a 12-hour light/dark cycle-controlled
laboratory environment and free access to rat chow and water.

Induction of diabetes and drug intervention

Male Sprague-Dawley rats were acclimated to the laborato-
ry animal room for 5 days before the study began. Then, they
were rendered diabetic with a single dose of intraperitoneal-
ly-injected streptozotocin (STZ; Sigma-Aldrich, UK; 60 mg/kg
in citrate buffer, pH 4.4). A week later, blood glucose levels
in the rats were assessed by Roche glucometer (ACCU-CHEK
Performa, Germany) using tail-prick blood samples. Rats with
blood glucose concentrations ranging from 16.7 mmol/L to
33.3 mmol/L were presumed to have DM and were used in this
study. Moreover, Z-LIG (purity >98%, CAS number: 4431-01-0,
Cat. L115724, Aladdin) was dissolved in a 3% (w/v) solution
of polysorbate 80 (TW-80). Subsequently, 24 rats with suc-
cessfully controlled DM were chosen and randomly divided
into 2 groups: DM and DM+Z-LIG group (n=12 in each group).
For 12 consecutive weeks after establishment of the diabet-
ic rat model, the groups were administered equal volumes
of 3% solution of TW-80 and 10 mg/kg Z-LIG, respectively.
Simultaneously, 12 citrate-buffer-injected, age-matched nor-
mal rats were used as the control group (3% solution of TW-
80, equal volume). The administration method was intraperi-
toneal injection, once a day.

Full-field electroretinograms

Twelve weeks after the diabetes model was established, full-
field electroretinograms (ffERGs) were performed with the EPIC-
4000 Visual Electrodiagnostic Testing System (LKC Technologies,
Gaithersburg, Maryland, United States). The rats were placed
in a dark room overnight for dark adaptation and anesthetized
with ketamine (150 mg/kg). After their pupils were dilated with
atropine eye drops, ffERGs were recorded with a corneal elec-
trode and steel needle electrode placed on the cheek and the
tail. ERG testing was conducted with the previously described
approach [38], which is in accordance with International Society
for Clinical Electrophysiology of Vision guidelines. To prevent
corneal infection, levofloxacin eye drops (Suzhou, China) were
applied once daily after the ffERGs were performed.

Histopathological examination

To evaluate the histologic characteristics of diabetic rat reti-
nas, hematoxylin & eosin (HE) staining was performed. After
intraperitoneal injection of a lethal dose of sodium pentobar-
bital, rats were euthanized by cervical dislocation under deep
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anesthesia, and their eyes were quickly removed. The eyes
were immersed for 24 hours in a 4% paraformaldehyde solu-
tion and embedded in paraffin blocks, from which 5-pm sec-
tions were cut. The paraffin sections were stained using the
HE staining protocol. The thicknesses of the internal limiting
membranes (ILM), inner nuclear layer (INL), outer plexiform lay-
er (OPL), and outer nuclear layers (ONL) were measured. Three
measurements were made at adjacent locations (250 um) in
the optic nerve, and the average of 12 measurements from
4 eyes was recorded as the representative value. Microscopic
images were digitally captured with a light microscope (Leica,
Heidelberg, Germany).

ELISA

To evaluate proinflammatory cytokine activity in the diabetic
rat retina, an enzyme-linked immunosorbent assay (ELISA) was
performed for estimation of retinal levels of IL-1 and TNF-a.
Dissected retinas were homogenized in lysis buffer and cen-
trifuged at 10 000 revolutions for 15 minutes to extract ret-
inal proteins. Protein concentrations were detected with a
bicinchoninic (BCA) protein assay (Beyotime, China). Aliquots
(100 pL) of each supernatant were used to calculate the lev-
els of proinflammatory cytokines IL-1 and TNF-a with specif-
ic ELISA kits (Sigma, United States), following the manufac-
turer’s instructions.

Real-time quantitative polymerase chain reaction

Total RNA was abstracted from the retinal tissues with a TRIzol
reagent (Invitrogen, California, United States). Then, the RNA
was reverse-transcribed into complementary DNA with an
RTase kit (TaKaRa, Otsu, Japan), in accordance with the man-
ufacturer’s instructions. Polymerase chain reaction (PCR) was
amplified with the Applied Bio-system 7500 Fast Real-Time PCR
System (Foster City, California, United States). Specifically, 1 pg
of total cDNA was added per 20 pL of reaction buffer with ROX
Reference Dye (50x) and SYBR® Premix Ex Tag™ Il (Tli RNaseH
Plus) (2x). The PCR primers employed were as follows. The
primers of VEGF-o. were 5’-GAGCAACGTCACTATGCAGATC-3’
(forward) and 5’-TTTCTCCGCTCTGAACAAGG-3’ (reverse). The
primers of GAPDH were 5’-CAAGTTCAACGGCACAGTCAA-3’ (for-
ward) and 5’-CGCCAGTAGACTCCACGACA-3’ (reverse). Cycling
conditions were 15 seconds of polymerase activation at 95°C,
followed by 30 cycles at 95°C for 7 seconds and at 55°C for
30 seconds. The 224 method was applied to analyze the rel-
ative transcript levels. All experiments were repeated 3 times.

Determination of retinal expression of VEGF-0,, BAX, bcl-2,
and Caspase-3 proteins

Western blotting was performed to assess VEGF-a, bcl-2, BAX
and Caspase-3 protein expression. Protein was isolated from
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retinas and BCA assay was applied to measure the total pro-
tein concentration. Western blots were applied with 20 mg
of protein in each lane and the gels were transferred onto
polyvinylidene difluoride membranes (Millipore, Billerica,
Massachusetts, United States) after electrophoresis. The
membranes were blocked with 5% nonfat dry milk for 1 hour
and then incubated in rabbit VEGF-o (Millipore, Billerica,
Massachusetts, United States; 1: 1000), BAX (Invitrogen,
Carlsbad, California, United States; 1: 2000), bcl-2 (Abcam,
Cambridge, Massachusetts, United States; 1: 500), Caspase-3
(Invitrogen, Carlsbad, California, United States; 1: 500) and
GAPDH (Abcam, Cambridge, Massachusetts, United States;
1: 2000) antibody solution for 12 hours at 4°C. The blots were
then washed with Tris Buffered Saline with Tween (TBST) buf-
fer and then incubated with goat anti-rabbit immunoglobu-
lin G secondary antibody (Zhuangzhi, Xi’an, China) solution
(1: 10 000) for 1 hour. The membranes were than washed
and exposed to Chemiluminescent Protein Detection System
(Bio-Rad, United States) to determine levels of protein signal-
ing. The protein load in the gels was evaluated by binding of
glyceraldehyde 3-phosphate dehydrogenase. Image) analysis
software was used for densitometric analysis of the protein.

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) staining

At the end of the 12-week study, the level of retinal apoptot-
ic cells was measured with TUNEL staining, using a fluores-
cence testing kit (Roche, United States). The sections were
paraffinized, hydrated, and incubated with a 20-pg/mL pro-
teinase K working solution at 37°C for 15 minutes following
the manufacturer’s protocols. The sections were rinsed with
PBS for 5 minutes and the process was repeated 3 times, and
TUNEL testing was performed in accordance with the manu-
facturer’s instructions. Fluorescent cells were detected under
a fluorescence microscope (BX-51, Olympus, Japan) and im-
aged at 400x magnification. Three measurements were made
at locations 250 pm from each optic nerve, and the average
of 12 measurements in 4 eyes was recorded as the represen-
tative value for each group.

Statistical analysis

Values were described as meantsignificant deviation (SD).
Statistical analyses were assessed with SPSS Software ver-
sion 19.0 (SPSS, Inc., Chicago, Illinois, United States). One-
way analysis of variance and Turkey’s test for post hoc anal-
ysis were performed to assess differences among the groups.
The level of significance was set at P<.05.
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Figure 1. Change in blood glucose levels. A significant increase
in blood glucose level is shown in the diabetic rats
(DM and DM+Z-Lig groups). Values are presented
meanzstandard deviation, n=12.

Results

Blood glucose levels

Changes in blood glucose concentrations were measured with
ACCU-CHEK Performa every week up to Week 12 after diabe-
tes had been induced in the rats. In diabetic rats injected with
STZ (DM group and DM+Z-LIG group), statistically significant
increases in levels of blood glucose were observed, compared
with levels in the animals in the CON group that had been in-
jected with vehicle control (Figure 1). Namely, high levels of
circulating glucose were sustained in the rat model during the
experimental period. However, there were no significant differ-
ences in blood glucose levels in the CON and DM+Z-LIG groups.

Full-field electroretinography

After 12 weeks of treatment, alterations in ERG in rats in the
different groups were measured, as previously described and
shown in Figure 2. The amplitudes of dark-adapted b waves
and OPs2 waves, and of light-adapted b waves were signifi-
cantly depressed in diabetic rats (DM and DM+Z-LIG groups)
compared with the control rats (CON group) (P<.05). However,
the DM+Z-LIG group had notable elevations in amplitudes of
dark-adapted b waves and OPs2 waves (P<.05 t0.01) compared
with those in the DM group. The difference between the DM
and DM+Z-LIG groups in amplitudes of light-adapted b waves
did not reach statistical significance.

HE staining of morphometric structure
After the 12-week Z-LIG intervention, HE staining was per-

formed on tissue sections from each group of rats. As shown
in Figure 3, the retinal inner nuclear and outer plexiform, and
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Figure 2. Z-LIG protects diabetic rat retinal function. (A) Amplitude of b wave (dark-adaptation 3.0 response). (B) Amplitude of OPs2
wave (dark-adaptation 3.0 response). (C) Amplitude of b-wave (light-adaptation 3.0 response). Values are presented as
meanzstandard deviation, n=12. * P<.05, ** P<.01, *** P<.001: DM group, DM+Z-LIG group vs. control group; # P<.05, # P<.01:

DM+Z-LIG group vs. DM group.

nuclear layers (INL+OPL+ONL) in the DM and DM+Z-LIG groups
were significantly thinner (P<.05 t0.001) than in the CON group.
Moreover, the retinal ILM in the DM group were thicker than in
the CON group (P<.001), while there was no significant differ-
ence between the CON and DM+Z-LIG groups (P>.05). However,
compared with the DM group, the DM+Z-LIG group had sig-
nificantly thinner INL+OPL+ONL (P<.001) and little retinal ILM
thickening (P<.001).

IL-1 and TNF-o. expression

After the 12-week Z-LIG intervention, expression of the proin-
flammatory molecules IL-1 and TNF-a was detected with ELISA.
As is shown in Figure 4, IL-1 expression in the DM and DM+Z-
LIG groups (P<.05 t0.01) was notably higher than in the CON
group. As for TNF-a, expression in the DM group (P<.01) was
significantly higher than in the CON group. However, expres-
sion of IL-1 and TNF-a. in the DM+Z-LIG group was lower than
in the DM group (P<.01).

VEGF-o. protein and mRNA expression

To further evaluate the underlying anti-inflammatory and an-
ti-angiogenic properties of Z-LIG, VEGF-a levels in both pro-
tein and mRNA were assessed by Western blotting and quan-
titative PCR (qPCR) after the 12-week treatment. As shown
in Figure 5A and 5B, protein expression of VEGF-a in the DM
and DM+Z-LIG groups was notably enhanced compared with
that in the CON group (P<.01). In contrast, VEGF-o protein ex-
pression in the DM+Z-LIG group was lower than that in the
DM group (P<.001). Moreover, as shown in Figure 5D, expres-
sion of VEGF-o. in mRNA level was inconsistent with results
obtained with Western blotting. The primers for VEGF-a. are
shown in Figure 5C.

Cell apoptosis

After the 12-week Z-LIG intervention, apoptosis was assessed
by TUNEL experiment and levels of apoptosis-related pro-
teins, including bcl-2, BAX, and Caspase-3, were detected with
Western blotting. As shown in Figure 6A and 6B, apoptosis was
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Figure 3. Z-LIG protects the morphometric structure of the retina in diabetic rats after 12 weeks of treatment. (A) Typical HE
staining image of the retina. (B) Thickness of retinal INL+OPL+ONL. (C) Thickness of the retinal ILM. GCL — ganglion cell
layer; ILM — internal limiting membrane; INL — inner nuclear layer; IPL — inner plexiform layer; IS/OS — photoreceptor inner
segment/outer segment; ONL — outer nuclear layer; OPL — outer plexiform layer. Values are presented as mean+standard
deviation, n=4. * P<.05, *** P<.001: DM group, DM+Z-LIG group vs. control group; ## P<.001: DM+Z-LIG group vs. DM group.

remarkably elevated in the DM and DM+Z-LIG groups compared
with the CON group (P<.001), particularly in retinal ONL and
INL. In comparison with the DM group, the DM+Z-LIG group
exhibited a significantly decreased rate of apoptosis (P<.001).
As shown in Figures 6C-6F, expression of BAX and cleaved-
Caspase-3 in the DM (P<.001) and DM+Z-LIG groups (P<.05
t0.001) was notably higher than in the CON group. In addition,
expression of bcl-2 in the DM group, but not in the DM+Z-LIG
group, was less than in the CON group (P<.001). However, ex-
pression of BAX and cleaved-Caspase-3 in the DM+Z-LIG group
was lower than in the DM group (P<.05 t0.001). Moreover, the
level of bcl-2 in the DM+Z-LIG group was increased compared
with the DM group (P<.01). These results were in accordance
with those obtained with TUNEL.

Discussion

In the present study, we found that Z-LIG could ameliorate DR-
related damage to retina function and structure by inhibiting
inflammation and apoptosis. Diabetes was induced in rats with
a single 60-mg/kg STZ injection, which has been widely used
to mimic DM in other animal models [39].

A related study showed a reduced b wave amplitude in rats
7 weeks after STZ induction of diabetes [40]. Declining ERG
is widely regarded as a typical feature of DR. It is reported
that the amplitudes of the OPs progressively decrease with
the progression of DR, making it a useful clinical measure-
ment in the diagnosis and the prediction of the progression
of DR [41]. Declining b waves in both dark- and light-adapt-
ed 3.0 response are specific indicators of ERG that correlate
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Figure 5. Z-LIG decreases diabetes-induced expression of VEGF-a in protein and mRNA in the retina after 12 weeks of treatment.
(A) VEGF-o. representative western blots with the respective loading control (GAPDH). (B) The protein expression of VEGF-o
(GAPDH%). (€) The primers of VEGF-a.. (D) The mRNA expression of VEGF-o. (CON%). Data are presented as percentage of
control and values are presented as mean + standard deviation, n=4. ** P<.01, *** P<.001: DM group, DM+Z-LIG group vs.

control group; ##* P<.001: DM+Z-LIG group vs. DM group.

with DR progression [42]. Moreover, ERG was used to evaluate
functional deficits in diabetic retina at earlier stages of the dis-
ease [43,44]. After the 12-week intervention, retinal function
in Z-LIG-treated diabetic rats was improved, both in b (dark-
adapted 3.0 response) and in OPs2. Therefore, Z-LIG can ame-
liorate retinal dysfunction and delay progression of DR.

HE staining showed that retinal INL+OPL+ONL thickness was
decreased, while retinal ILM thickness was increased after the

12-week study. Progressive retinal thinning is another crucial
feature of DR in patients and in experimental animals [45-57].
In clinical research, thinning of the inner retina and thickening
of the ILM have been observed in association with DM, even in
earlier-stage retinopathy, indicating progression of DR [48-50].
Z-LIG may have a protective effect on retinal function and also
act to rescue the retinal structure, possibly by mediating elec-
trical activity in retina cells.
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Figure 6. Z-LIG attenuates retinal cell apoptosis after 12 weeks of treatment. (A) Representative TUNEL images. (B) Expression of
TUNEL (CON%). (C) Representative Western blots (BAX, bcl-2, procaspase and cleaved-Caspase-3), with their respective
loading controls (GAPDH). (D) Relative density of immunoblot of BAX. (E) Relative density of immunoblot of bcl-2. (F) Relative
density of immunoblot of cleaved-Caspase-3. Data are presented as percentage of control (or pro-Caspase-3) and values are
presented as mean+SD, n=4. * P<.05, *** P<.001: DM group, DM+Z-LIG group vs. control group; * P<.01, ## P<.001: DM+Z-LIG

group vs. DM group.

The deleterious functional and structural pathological alter-
ations in the retina occurred at the same time as detrimen-
tal reactions to the regulators of apoptosis and inflammation.
In our results, levels of BAX, a pro-apoptotic protein, and of
cleaved-Caspase-3, an apoptosis effector protein, were signif-
icantly elevated in the retinas of diabetic rat. Moreover, bcl-2,
an apoptosis suppressor protein, was notably downregulat-
ed. Accordingly, we speculated that a massive number of cells
in the retinas of rats with DR underwent apoptosis. Our find-
ings were similar to those of Oshitari et al., who observed in-
creased expression of Caspase-9, Caspase-3, and BAX in sec-
tions of retina from patients with DM [24]. Using the TUNEL
method, apoptosis also was identified in the present study.
We found that apoptosis tends to be concentrated in the ONL
and INL of diabetic retinas. We theorized that death in a se-
ries of cells endangered retinal function and structure, lead-
ing to progression of DR pathology. Our findings are consis-
tent with other research, which showed that apoptosis is one
of the most pivotal pathological reactions in DR [20,22-24].
Loss of retinal ganglion cells occurred at 6 weeks, and retinal
INL and ONL thinning occurred at 10 weeks after onset of STZ-
induced hyperglycemia in mice [51,52]. In our study, hypergly-
cemia-induced increases in apoptotic factors, such as BAX and

cleaved-caspase-3, were all reversed by treatment with Z-LIG.
Expression of the apoptosis suppressor protein bcl-2 was mark-
edly increased. Thus, the anti-apoptotic pathway may play a
role in Z-LIG’s therapeutic properties. Moreover, we observed
significant upregulation of levels of the inflammatory factors
IL-1 and TNF-o in the retinas of diabetic rats, which indicated
that a significant inflammatory response had occurred. After
12-week Z-LIG treatment, the inflammatory response was ame-
liorated in retinas of diabetic rats, suggesting that Z-LIG has
remarkable anti-inflammatory effects.

To further investigate how Z-LIG exerts its anti-inflammatory
and anti-apoptotic actions, expression of VEGF-q, the key insti-
gator in pathological neovascularization, was assessed. Many
studies have demonstrated that overexpression of VEGF stim-
ulates certain pro-apoptotic proteins, triggering a cascade of
signaling events that leads to endothelial cells apoptosis [7,53].
Another study found that hyperglycemia-induced oxidative
stress is responsible for overexpression of VEGF, which negates
the positive role that the protein usually plays physiologically
in upregulating cell survival, while simultaneously resulting in
increased pathological events [15]. In our study, results con-
firmed by gPCR and Western blotting revealed that levels of
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expression of VEGF-o in the diabetic retina were significantly
increased, suggesting that the VEGF-a, signaling pathway was
overactivated. We reckoned that this may be one of the possi-
ble causative factors of inflammation and apoptosis in retinas
of diabetic mice. In addition, related studies have found that
VEGF-a is quite a vicious inflammatory mediator, and overreg-
ulation of it results in a robust inflammatory response [54,55].
Moreover, several studies have confirmed that by modulating
various inflammatory and apoptotic pathways, VEGF-related
pathological pathways are involved in damage to retinal blood
vessels and endothelial cells at the molecular level [15,53,56].
VEGF-a is known to play a significant role in disease progres-
sion, especially in retinal tissue neovascularization and mac-
ular edema, the 2 major lesions seen in patients with DR. Of
note, Z-LIG clearly reduced expression of mRNA and protein
by VEGF-a. and had effects similar to those of an VEGF-o in-
hibitor. That indicates that Z-LIG effectively suppresses acti-
vation of the VEGF-a pathway in diabetic retinas.

Despite these findings, whether Z-LIG can modulate VEGF-a sig-
naling directly or indirectly is unknown. In DR, hypoxia-inducible
factor-1ar (HIF-1a) is recognized as the transcription factor of
VEGF and it is a pivotal contributor to diabetes- and ischemia-
induced retinal inflammation, vascular leakage, and neovascu-
larization [57-59]. Hyperglycemia has been reported to regu-
late HIF-1a protein stability by interfering with its proteasome
degradation [60]. Extensive research has been done to investi-
gate the mechanism of interaction between HIF-1o and VEGF,
and the sites at which HIF-1c is combined with VEGF [61-63]. In
addition, some studies have demonstrated that VEGF transcrip-
tion is dynamically and strictly regulated by activation of extra-
cellular signal-regulated protein kinases 1 and 2, CCAAT enhanc-
er binding protein beta, c-Fos, and HIF-1a. signaling pathways in
the rat retina [63,64]. Recent studies have shown that Z-LIG can
inhibit the HIF/VEGF pathway to attenuate ischemia/reperfu-
sion-induced brain injury [33,65]. We speculated that Z-LIG may

References:

—_

. Ting DS, Cheung GC, Wong TY: Diabetic retinopathy: Global prevalence, ma-
jor risk factors, screening practices and public health challenges: A review.
Clin Exp Ophthalmol, 2016; 44: 260-77

. Cho NH, Shaw JE, Karuranga S et al: IDF Diabetes Atlas: Global estimates

of diabetes prevalence for 2017 and projections for 2045. Diabetes Res
Clin Pract, 2018; 138: 271-81

. Das A, Stroud S, Mehta A, Rangasamy S: New treatments for diabetic ret-
inopathy. Diabetes Obes Metab, 2015; 17: 219-30

. Kempen JH, O’Colmain BJ, Leske MC et al: The prevalence of diabetic reti-
nopathy among adults in the United States. Arch Ophthalmol, 2004; 122:
552-63

. Yau JW, Rogers SL, Kawasaki R et al: Global prevalence and major risk fac-
tors of diabetic retinopathy. Diabetes Care, 2012; 35: 556-64

. Cheung N, Mitchell P, Wong TY: Diabetic retinopathy. Lancet, 2010; 376:
124-36

. Wu MY, Yiang GT, Lai TT, Li CJ: The oxidative stress and mitochondrial dys-
function during the pathogenesis of diabetic retinopathy. Oxid Med Cell
Longev, 2018; 2018: 3420187

N

w

S

S}

[=2)

~

ANIMAL STUDY

play a significant role in mediating HIF-1c. expression or active-
ly participate in the interaction of multiple pathways that regu-
late VEGF secretion in ischemic/hypoxic retinopathy. However,
the underlying regulatory mechanism is largely conjectural and
remains to be further explored in our future study.

Ultimately, our convincing structural, functional, and molec-
ular data have demonstrated that Z-LIG, a multifunctional li-
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ble of protecting the structure, restoring the function, reducing
cell apoptosis, and inhibiting proinflammatory factors IL-1 and
TNF-a. in the retinas of diabetic rats, and its activity is relat-
ed to the VEGF pathway. Therefore, we have identified a new
mechanism of action (MOA) by which Z-LIG helps prevent the
damage caused to the retina by DM. To our knowledge, this
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Conclusions

In conclusion, our study demonstrated that Z-LIG plays a sig-
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ing expression of bcl-2 and suppressing expression of BAX
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