Tohoku J. Exp. Med., 2024, 263, 185-193

Germacrone Protects against NF-kB-Mediated Inflammatory
Signaling, Apoptosis, and Retinal Ganglion Cell Survival in a Rat
Glaucoma Model
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Retinal ischemia-reperfusion (I/R) is a pathological phenomenon that causes cellular destruction in several
ocular disorders, so there is a need for novel possible neuroprotective drugs. Researchers have reported
numerous neuroprotective effects of Germacrone (GM). Therefore, this study aimed to elucidate the
underlying processes of GM that may contribute to glaucoma development. 40 healthy rats underwent
retinal ischemia-reperfusion (I/R) damage. The animals were divided into control, I/R-induced, GM-1d, and
GM-7d. After 7 days of I/R, mice were sacrificed and retinal tissue removed. An enzyme-linked
immunosorbent assay (ELISA) was used to assess retinal Malondialdehyde (MDA) and 8-OHdG levels
after oxidative injury. The Fluro-Gold (FG) labelling assay counted retinal ganglion cells (RGC) before and
after labelling. DNA from retinal tissue RNA was amplified. Western blotting and real-time qRT-PCR were
utilised to assess Bax, Casapses-3, Bcl-2, retinal NF-kB, and COX-2 expression. Retinal cell apoptotic
mediator expression was measured by a TUNEL assay. Retinal I/R damage increases ganglion cell death.
Long-term GM treatment (GM-7d) reduced NF-«kB activation and raised COX-2 expression, which suggests
antioxidant potential. TUNEL-positive apoptotic cells were reduced in long-term GM-treated rats. In
GM-treated retinas, the Bax-Bcl-2 ratio was identical to the control group and significantly different from the
I/R group. GM reduces I/R-induced retinal cell damage by inhibiting RG cell death. Seven days after GM
therapy, histology showed retinal tissue loss. NF-kB signaling and intrinsic mitochondrial apoptosis are
possible mechanisms that may be attenuated by GM and are attributed to a retinal protective effect.
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mated that more than eighty million individuals worldwide

Introduction will be afflicted by glaucoma by 2020 (Allison et al. 2020).

Induction of retinal ischemia/reperfusion (I/R) damage
in experimental animals is a frequently used approach to
replicate various vision-threatening diseases, including the
pathogenic nature of acute glaucoma, hypertensive or dia-
betic retinopathy, and retinal vascular occlusion (Hsu et al.
2020). Glaucoma is characterized by a group of abnormali-
ties that cause irreversible vision defects, primarily the
excessive degeneration of retinal ganglion cells (RGCs) and
their axons. The Progression of RGCs and their inability to
regenerate or repair them can produce irreversible visual
impairment (Vernazza et al. 2021). Glaucoma is the lead-
ing cause of visual impairment after cataracts, and it is esti-

Following ageing, certain abnormal increases in IOP
are the most appropriate risk factors for inflammation,
oxidative stress, gliosis, excitotoxicity, and ischemia (Sun
et al. 2022). A transient increase in intraocular pressure
(IOP) to promote retinal I/R damage is the most studied
animal model for retinal-linked abnormalities. Interruption
of retinal blood flow causes several metabolic changes that
promote retinal cell damage via the formation of free
radicals, thereby increasing the expression of inflammatory
cytokines. Retinal I/R damage should ideally produce RGC
degeneration and induce loss of the inner nuclear layer,
resulting in extensive inner retinal cell apoptosis (Hsu et al.
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2020). The pathological changes observed in patients
diagnosed with acute glaucoma or retinal ischemic insults
match the animal model of retinal I/R insults. Glaucoma,
RGC degeneration, and cellular damage are caused by
apoptosis via the cell death pathway. Furthermore, several
investigations have provided supporting evidence that the
mitochondrial-mediated intrinsic pathway is involved in
glaucoma (Allison et al. 2020; Vernazza et al. 2021). This
activation then triggers the expression of caspase-3,
ultimately leading to the mortality of RGCs. Multiple
studies have shown that Bax, a Bax-pro-apoptotic mediator
identified as a critical regulator of the intrinsic
mitochondrial apoptotic pathway as well as protecting
RGCs from apoptosis, is an ideal therapeutic target (Luo et
al. 2018).

Therefore, several studies have attempted to explore
potential neuroprotective agents that prevent glaucoma,
including antioxidants such as flavonoids and astaxanthin.
Garcia-Medina et al. (2020) have combined these agents
with IOP-lowering therapy to achieve significant protection
against glaucoma. Despite promising experimental
outcomes through intensive efforts, these agents did not
produce a significant protective effect against glaucoma
progression in clinical measurements. No neuroprotective
agents are available to treat glaucoma-related abnormalities
(Van de Velde et al. 2015). To prevent or slow down the
loss of RGCs, preserve RGCs, and restore function through
the entire mechanism ideal to treat glaucoma, it is necessary
to identify potential and clinically efficacious
neuroprotective agents (Vishwaraj et al. 2022).

Germacrone (GM) is a potential bioactive
sesquiterpene metabolite largely obtained from the
Zingiberaceae family of medicinal plants. GM has been
reported to have numerous pharmacological applications,
including antioxidant, anti-inflammatory, anticancer, and
neuroprotective effects. Several studies have shown that
GM has significant protective effects on various cancer
cells, including breast (Alam et al. 2022), liver (Sharifi-Rad
et al. 2020), prostate (Hashem et al. 2022), brain, and
esophageal cancer cells, which typically induce apoptosis
through cell cycle arrest and modulation of various
signaling molecules or pathways involved in cancer cell
proliferation and progression (Riaz et al. 2020). In addition,
GM treatment of chemo-resistant breast cancer cells
combined with adriamycin could suppress bcl-2
upregulation, which indicates an anti-apoptotic condition,
and upregulate the expression of the pro-apoptotic proteins
p53 and Bax. Additionally, it was observed that GM
organisms have the ability to suppress the MDR1 promoter,
consequently inhibiting the expression of P-glycoprotein.
This discovery provides insights into the role of GM in the
restoration of drug resistance in breast cancer cells (Xu et
al. 2019). In addition, GM is highly efficient in inhibiting
glioma and inducing apoptosis of glioma cells through
overexpression of p53 and Bax and controlled expression of
bcl2 (Kaloni et al. 2023). The cytotoxic effect of GM on

retinoblastoma cells indicates the probable anti-proliferative
effect of GM on cancer cell proliferation (Hashem et al.
2022).

Numerous studies have investigated the ability of GM
to reduce inflammation under various pharmacological and
experimental conditions. GM treatment of neonatal rats
with acute lung injury restored pro-inflammatory cytokine
expression and induced anti-inflammatory mediator
expression. Furthermore, lipopolysaccharide-induced
inflammatory tissue damage is significantly lowered by
GM, which exhibits anti-inflammatory potential (Tang et al.
2018). Nevertheless, the potential anti-inflammatory effects
of GM in other circumstances, especially in the examination
of retinal I/R in rodents, have not been explored. Oxidative
stress and inflammation are the key factors in the
pathogenesis of retinal I/R damage. Hence, it is suggested
that GM has the potential to enhance oxidative stress and
inflammation, thereby protecting retinal ganglion cells
against /R damage. Additionally, the efficiency of GM in
the regulation of NF-kB was identified, and the regulation
of retinal inflammation signaling in an animal model of
rapid intraocular pressure-I/R damage was assessed.

Materials and Methods

Study area
The research was carried out in Hanzhong Central
Hospital, China, between July and September 2023.

Chemicals and reagents

In the present study, Germacrone (GM) (> 98%) was
purchased from Nanjing Puyi Biological Technologies.
80HdG and MDA test kits were obtained from the Nanjing
Jiancheng Bioengineering Institute in Nanjing, China.
Rabbit antibodies targeting proteins associated with apopto-
sis (Bcl-2, Bax, cleaved caspase-3, NF-xB, and COX-2)
were purchased from Abcam (Cambridge, UK and Santa
Cruz Biotechnology, Inc., Dallas, TX, USA). Rabbit tubu-
lin and goat anti-rabbit IgG for peroxidase were acquired
from Santa Cruz Biotechnology.

I/R damage model

Forty Sprague-Dawley (SD) (250-300 g; 8-10 weeks
old) were used. All animals were supplied ad libitum with
food and water in a controlled temperature and humidity-
maintained chamber with a 12-hour light/dark cycle.
Retinal I/R insult surgery was performed under aseptic con-
ditions with pentobarbital sodium anesthesia. Every possi-
ble effort was undertaken and adhered to lessen the suffer-
ing of animals; 0.5% proparacaine hydrochloride solution
was used for corneal analgesia, and 0.5% tropicamide with
phenylephrine was used to maintain pupillary dilatation. To
maintain body temperature (37°C), the animals were placed
on a heated table with temperature control.

After analgesia application and dilatation of the pupil,
a 30-gauge infusion needle was cannulated in the left eye of
the anterior chamber, and the infusion needle was con-
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nected to a glass container with normal saline placed 150
cm above the eye. This accelerates saline flow; thus, the
IOP was raised and maintained at 130 mmHg for a 60-min-
ute time slot. Before and after I/R surgery, Tobramycin, an
Ophthalmic gel, was used as an antibiotic to prevent bacte-
rial infection of the eyes. Restoration of retinal blood flow
and white colour in the fundus area indicate successful
ischemia/reperfusion of the retina. In all experiments, the
left eye alone was used (Chai et al. 2018; Alarcon-Martinez
et al. 2019). The investigational measures adhered to the
strategies outlined in the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and Hanzhong
Central Hospital’s Ethics Committee on Animal
Experiments approved the animal study protocol. (Reg No.
4367/2022/GM/I/R/2022).

Animals and treatment group

All animals were divided into four groups (n = 10)
according to the treatment measures.

Group 1: Surgical procedures to initiate I/R damage
were not performed and were considered the control group
(Control group).

Group 2: Retinal ischemia/reperfusion damage induced
through acute glaucoma, followed by the procedure
described above. Furthermore, rats were administered a
solitary I.P. administration of normal saline (I/R group).

Group 3: Animals received a single-dose I.P. injection
of GM (200 mg/kg bw) before and after 24 h of I/R damage
(GM+1d) GM-1d.

Group 4: After 1 hour of I/R, animals received intra-
peritoneal injections of GM (200 mg/kg bw) for up to 7
days (GM+7d) GM-7d.

After 7 days of I/R, all the animals were sacrificed and
Retinal tissue from each group of animals was collected and
stored for further analysis.

Measurement of retinal oxidative damage markers

To measure oxidative damage-related parameters, lev-
els of MDA and 8-OHdG in the retina were estimated using
ELISA. The experiments were performed according to the
manufacturer’s instructions. The variation in light absor-
bance was measured at 450 nm using a microplate reader
(Bio-Rad, Richmond, CA, USA).

Counting and labeling retinal ganglion cells

Retrograde tagging of RGCs was conducted 7 days
before the introduction of I/R in rats, as reported in previ-
ous studies (Pang et al. 2020; Fu et al. 2021). A 5% solu-
tion of Fluoro-Gold (FG) (Sigma-Aldrich, St. Louis, MO,
USA) was used for RGC labeling. Briefly, 2 mL of FG was
introduced into the superior colliculi of animals under anes-
thesia assisted by a stereotaxic apparatus to ensure zero
moments. After 7 days of FG labeling, a retinal I/R insult
was induced following the procedures mentioned earlier
(Guruvaiah et al. 2018; Wu et al. 2019).

After the study, the eyeballs of each animal were enu-

cleated after euthanasia and preserved for 1 h at ambient
temperature in 4% paraformaldehyde. Retinal tissue sam-
ples were meticulously sliced and flat-mounted on glass
slides using 10% glycerol in PBS (Sigma-Aldrich Corp.,
Beijing, China) after washing with PBS. Images of
FG-labeled RGCs were captured using a fluorescence
microscope (Olympus Optical, Tokyo, Japan). RGCs were
calculated in four microscopic fields using Image Pro Plus
(version 6.0). RGCs in the retinal tissue were counted in
each animal group, and the counted area in RGCs per
square millimetre (RGCs/mm?).

gRT-PCR

Retinal tissue was extracted using TRIzol (Invitrogen
Life Technologies, Carlsbad, CA, USA) to obtain whole
RNA. Reverse transcription reactions were performed
using the HiScript® II 1% Strand Complementary DNA
Synthesis Kit (Vazyme Biotech Co., Ltd., Nanjing, Jiangsu,
China). The cDNA product was processed by PCR using
specific primers, and DNA amplification was carried out
according to the methodology described by Guruvaiah et al.
(2018). The data were normalized to rat f-actin, and the
densitometric values of each mRNA were calculated.

Western blot assessment

The animals were euthanized 24 h after the loss of GM
treatment. The total protein content derived from the tissue
was acquired by lysing the tissue specimen in RIPA buffer,
followed by treatment with protease inhibitors. The iso-
lated proteins were assessed using a BCA protein assay kit
(Beyotime, Beijing, China). Protein segregation was per-
formed using a 10% SDS-PAGE gel (40 g per lane).
Subsequently, the separated proteins were transferred onto
poly-vinylidene difluoride (PVDF) membranes obtained
from Millipore (Bedford, MA, USA). Tris-buffered saline
with a 1% Tween 20 (TBST) mixture and 5% skimmed
milk was used as a blocking solution. The nitrocellulose
membrane was then incubated with anti-iINOS, TNF-a,
IL-1, p53, Bax, Bcl-2, phosphorylated p38, and anti-f-actin
primary antibodies at 4°C overnight. The membrane was
then exposed to a diluted secondary antibody coupled with
horseradish peroxidase (HRP) in TBS for 60 min at ambient
temperature. The absorbance of the band was determined
using DAB, and the band intensities were estimated using
ImageJ software (National Institutes of Health, Bethesda,
MA, USA).

TUNEL -Apoptosis assay

To assess the efficacy of GM in I/R-induced apoptosis,
retinal cross-sections were marked using a TdT-mediated
dUTP nick-end labeling technique. This approach was used
to identify the DNA fragmentation pattern resulting from
the apoptotic signaling mechanism, where the terminal end
was labeled. To investigate the DNA fragmentation pattern,
the TUNEL test is carried out using retinal cryosections at
the instructions of Millipore Corp., USA.
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Histopathology

Histochemical analysis of the retinas from both the
control and experimental groups was performed on day 7
after 1 h of treatment. Next, 4% paraformaldehyde in PBS
was used for the tissue fixation. Hematoxylin and eosin
(H&E), which penetrates the head of the optic nerve, was
used to stain the vertical meridian slices of each eye that
were 1 mm in length. Furthermore, we measured the thick-
ness of various layers to identify ischemic reperfusion-
induced damage and GM-mediated changes in the eye after
7-day treatment. The outer nuclear (ONL) and inner
nuclear (INL) plexiform layers (IPL) were measured from
the inner limiting membrane to the epithelial pigment as the
total retinal area. In each sample, the same region of the
retina was observed to identify changes in the thickness of
various retinal layers, possibly 1 mm ahead of the optic
nerve head.

Statistical assessment

The Statistical assessment was provided as mean + SD
with P < 0.05, indicating significance. ANOVA and
GraphPad Prism’s Student’s t-test were used to assess the
data from the tested groups.

Results

GM restored I/R induced retinal tissue loss and RGCs

In the present study, Hematoxylin and eosin (H&E)
staining was used to investigate the histological modifica-
tions of the retina after GM treatment in rats to assess the
beneficial effects of GM on the reorganization of retinal
ganglion cells after retinal I/R damage (Fig. 1). The control
group exhibited a retinal thickness of 4.3 ym, which was
within the normal range. However, the animals in the I/R
group showed noticeable tissue loss and a reduced retinal
thickness of 1.9 yum. In contrast, the /R+GM-7d group

Relative Thickness Of retinal Layers (um)

Fig. 1. GM treatment restored the tissue loss made by I/R injury.
Retinal cross-sections showed tissue degeneration after I/R injury, which was significantly restored after 7 days of GM
treatment. Representative H&E staining images from the control, I/R, single-dose germacrene-treated, and 7-day GM
treatment groups following I/R. Images were obtained at 20 x magnification. Data are presented as mean = SEM (n =

10, ***P < 0.05 vs. Control; “*P < 0.05, vs. I/R).
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showed a significant reduction in retinal damage induced by
I/R. Additionally, the retinal thickness in this group (3.9
um) was also close to normal levels. However, animals
treated with a single dose of GM before I/R showed some
degree of tissue loss (2.1 um). The administration of long-
term GM therapy before and after I/R has been shown to
have a substantial effect on reducing the extent of retinal
structural damage and preserving retinal integrity, com-
pared to the use of GM in conjunction with I/R alone.

GM inhibits retinal I/R damage and promotes apoptosis of
RGCs

To evaluate the potential of GM to mitigate apoptosis
in retinal I/R damage, the TUNEL test was performed 24 h
after the induction of I/R damage and subsequent adminis-
tration of GM. The retinal slices of animals subjected to I/
R damage demonstrated a reduced survival rate of 22%
(RGCs) in positively stained animals (Fig. 2A). This reduc-
tion in RGC survival was observed across multiple layers
of the retina, including the outer and inner nuclear layers as
well as the ganglion cell layer. In contrast, the control
group exhibited a 100% survival rate of RGCs. However,
changes related to apoptosis were significantly mitigated by
prolonged administration of GM. Specifically, GM-1d
exhibited a 28% increase in RGC survival, whereas GM-7d
showed a 52% increase in RGC survival. Fig. 2B illustrates
a visual representation of the data and the concept being
discussed.

GM inhibits I/R injury and declines the retinal cells’
apoptosis

To further examine the impact of GM on the retina,
TUNEL labeling was used to assess the potential effects of
GM on apoptosis. Compared with the control group, the I/
R group exhibited a significant increase (39%) in the num-
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ber of TUNEL-positive cells. A significant fluorescent sig-
nal of TUNEL-positive cells was detected in GM-1d, with a
prevalence of 36%, and in GM-7d, with a prevalence of
17.8% (Fig. 3A, B).

GM treatment suppressed apoptosis mediator molecules
Furthermore, the expression patterns of the apoptosis-
associated genes Bax, Bcl-2, and cleaved caspases, both in
the form of mRNA and protein, were examined. The
mRNA expression data and western blotting demonstrated
that retinal I/R damage dramatically increased Bax expres-
sion (1.7) 24 h after I/R (P < 0.05), which was considerably
recovered after lengthy GM therapy (Fig. 4A) at GM-1d
(1.5) and GM-7d (1.2) (P < 0.05). While I/R damage had a
low impact on the Bcl-2 expression pattern (0.5) of I/

Control

GM-1d

R+GM-1d, neither was the Bcl-2 level markedly altered (P
< 0.05) by GM treatment after 7 days of I/R damage (1.05)
(Fig. 4B). The activation of caspase-3 is crucial for apop-
totic cell death. Western blotting and mRNA expression
analysis of cleaved caspase-3 showed that I/R damage had
an impact level of 1.5. However, GM-d expressed a reduc-
tion in the impact level (1.35) of caspase-3, and GM-d7
expressed an impact level of 0.95 (Fig. 4C). The expres-
sion pattern of caspase-3 activation observed by western
blotting was highly similar to the mRNA expression pattern
observed by gqRT-PCR. Together, these results demonstrate
that GM could control the apoptosis of RGCs induced by 1/
R damage, possibly by altering the expression pattern of
apoptosis-related molecules.
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Fig 2. The effect of GM on RGC apoptosis was measured by retrograde labeling of RCGs by Fluro Gold. Seven days before

retinal I/R injury.

(A) 14 days after the I/R injury FG labeled cells in flat-mounted retinas were observed under fluorescence microscopy
and magnification of 20 x. (B) The FG-labeled cells were quantified and expressed in terms of the percentage of surviv-
ing cells and data presented as Mean + SEM (***P < 0.05 vs. Control. “*P < 0.05 vs. I/R).
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Fig. 3. Seven days of GM administration following retina I/R injury declines the retinal cells apoptosis.
Localization of positive cells is shown in green, and 4',6-diamidino-2-phenylindole (nuclei, blue). (B) Data are present-
ed as the mean = SEM obtained from three triplicate values. (***P < 0.05 vs. control, “*P < 0.05 vs. I/R).
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GM treatment reduced the retinal I/R damage associated
with oxidative stress and inflammation

Several reports have shown that I/R damage is linked
to the production of excessive oxidative stress markers and
the activation of inflammatory mediators, which in turn
promote cell death in the retina. ELISA analysis of oxida-
tive stress markers showed that post-I/R damage abruptly
elevated the levels of MDA and 8-OHdG (15) (Fig. 5A, B)
markers (P < 0.05) compared to the control group.
However, the changes in oxidative stress markers were sig-
nificantly mitigated by prolonged administration of GM.
Furthermore, the effect of GM on oxidative stress-induced
inflammatory events in retinal I/R damage was assessed.
Western blotting analysis of inflammatory signaling mole-
cules such as NF-xB and COX-2 (Fig. 5C) showed that in
the I/R damage group, a considerable elevation in the
expression of these molecules was observed, which was
largely restored after long-term GM treatment. Consistent
with I/R damage and inflammatory mediators, consistent
results were observed in both the ELISA analysis of oxida-
tive stress markers and the expression of inflammatory sig-
naling molecules after GM treatment. The findings of these
trials indicate that GM therapy may restore I/R damage-
induced inflammation in the retina.

Discussion

Several in vivo investigations have shown that GM
organisms possess noteworthy neuroprotective capabilities
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in mitigating pathophysiological alterations induced by
cerebral ischemia (Wu et al. 2019; Kaloni et al. 2023). A
wide variety of signaling cascades are involved in the
pathophysiology of retinal glaucoma, including oxidative
stress (Chen et al. 2015), inflammation (Levkovitch-Verbin
2015), glia activation (Fan Gaskin et al. 2021), ER stress
(Ha et al. 2015), glutamate excitotoxicity (Basavarajappa et
al. 2023), mitochondrial dysfunction (Garcia-Medina et al.
2020), ischemia (Van de Velde et al. 2015), and ischemia.
Numerous pharmacological studies have provided evidence
that GM exhibits a diverse range of beneficial effects and
has considerable promise in inhibiting the development of
different cancer cells while avoiding hazardous repercus-
sions (Sharifi-Rad et al. 2020; Alam et al. 2022; Hashem et
al. 2022). However, in situ studies on GM have not
explored the effects of GM on acute glaucoma-induced reti-
nal ganglion cell degeneration and related abnormalities
(Van de Velde et al. 2015).

Therefore, this study aimed to assess the beneficial
effects of GM against RGC degeneration in an animal
model and gain insights into the association of basic
molecular mechanisms with acute glaucoma-induced
ischemia/reperfusion insults. In animals, I/R damage was
established by the free flow of saline into the anterior region
through cannulation of the left side of the eye, apparently
elevating the IOP to 130 mmHg for the 60 min time plan.
Retinal I/R damage insults are highly similar to acute
glaucoma conditions, which are well-established animal
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Fig. 4. Effect of GM on apoptosis-related proteins expression pattern in SD rats after retina I/R injury.
Seven days after GM administration following I/R, mRNA expression patterns of pro-apoptotic protein Bax (A), anti-
apoptosis related Bcel-2 (B), and cleaved caspase-3 (C). Values are expressed as the mean £ SEM, (n = 10, ***P < 0.05

vs. Control, “*P < 0.05 vs. I/R).
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models of retinal ganglion cell damage (Vishwaraj et al.
2022).

In our study, the quantification of oxidative stress
markers demonstrated that the accumulation of 8OHdG and
lipid peroxidation resulted in MDA returning to near
normalcy after 7 days of GM treatment following I/R
injury. Gliosis is another mechanism linked to glaucoma,
and activation of reactive gilia in the retina is associated
with berm promoting the expression of pro-inflammatory
mediators, resulting in the apoptosis of RGCs (Garcia-
Bermudez et al. 2021; Alam et al. 2022). In addition, the
phosphorylation of NF-«xB stimulates its nuclear
translocation, which makes it transcriptionally active. This
activation plays a key role and may involve a wide variety
of biological processes linked to oxidative, excitotoxic, and
inflammatory events (Singh and Singh 2020). Previous
studies have suggested that astrocytes, one of the reactive
glial cells exposed to various stimuli, can rapidly increase
the pro-inflammatory molecule COX-2, which in turn
causes secondary damage to RGCs (Padovani-Claudio et al.
2023).

Control IR
NF-kB

COX-2
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In our study, the expression patterns of the
inflammatory mediator molecules NF-xB and COX-2 were
examined by western blotting. Western blotting revealed
that 7 days of GM treatment following retinal I/R damage
noticeably inhibited the expression of inflammatory
mediators. Therefore, it was confirmed that GM could
normalize the oxidative stress caused by I/R, which was
confirmed by ELISA analysis of the respective marker,
subsequently suppressing the inflammatory activation of
NF-xB and causing an obvious downregulation of pro-
inflammatory mediators, as evidenced by blotting analysis.

In this study, FG labeling-assisted quantification of
RGCs was considered a key index for assessing the thera-
peutic impact of GM following a retinal I/R insult. A retro-
grade labeling procedure was used to count RGCs that sur-
vived I/R. However, retinal I/R impedes axonal transport
and encourages the loss of RGCs (Vernazza et al. 2021). In
our study, 50-60% of RGCs were also preserved by long-
term GM, and this effect was confirmed by retrograde label-
ing of RGCs using the Fluoro-Gold (FG) labeling assay.
Histopathological analysis revealed that I/R-induced retinal
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Fig. 5. Long-term Germacrone administration alleviates oxidative stress in RGCs and also suppresses the inflammatory me-
diators following retinal I/R injury.
The 80HAG (A) and lipoperoxidation product (MDA) (B) resulting from oxidative stress were efficiently attenuated by
7 days of GM treatment compared to a single dose of GM after I/R injury. Further, western blotting analysis of inflam-
matory mediator molecules NF-«B (C) and (D) COX-2 showed that GM-7d significantly preserved inflammatory cas-
cade activation.
Values are expressed as the mean = SEM, (n = 10, ***P < (.05 vs. Control, “*P < 0.05 vs. I/R)
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tissue loss and structural integrity were restored, and the
thickness was restored to normal in long-term GM (7-day)-
treated animals.

In glaucomatous conditions, the programmed cell
death pathway was reportedly involved in the death of
RGCs and the mammalian system; apoptosis can be acti-
vated whether extrinsically or intrinsically (Maes et al.
2017). A crucial event connected to the stimulation of the
intrinsic pathway, which in turn triggers the activation of an
irreversible apoptotic cascade, is the transport of cyto-
chrome C from the mitochondria to the cytoplasm. This
process is frequently involved in apoptotic signaling-medi-
ated mitochondrial dysfunction (Luo et al. 2018).

According to previous studies, the pro-apoptotic Bax
molecule mediates the initiation of the intrinsic apoptotic
process, which controls the mitochondrial process. Bcl-2
may obstruct the release of cytochrome c into the nucleus,
which interferes with the action of Bax and prevents intrin-
sic apoptosis (Luo et al. 2018). The caspase-3 molecule, an
essential apoptosis mediator, may also play a role in both
the internal and extrinsic cell death pathways.
Consequently, key molecules in apoptosis-related research
may include caspase-3, the anti-apoptotic molecule Bcl-2,
and the pro-apoptotic protein Bax (Luo et al. 2018). In our
study, both gqRT-PCR of mRNA expression analysis and
western blotting of protein expression analysis of apoptosis-
related molecules appeared consistent and in previous stud-
ies. The I/R-induced downregulation of Bax and
Caspases-3 was markedly downregulated by long-term GM
treatment.

Furthermore, compared to the I/R group, the expres-
sion of anti-apoptosis-linked Bcl-2 was considerably ele-
vated in the GM-7d group. Furthermore, TUNEL analysis
of the apoptosis marker area showed a considerable
decrease in apoptotic cells in the GM-7d group compared to
that in the I/R group. TUNEL staining also strongly agreed
with western blotting and mRNA expression analysis of
apoptotic mediators. Previous investigations have revealed
that GM has neuroprotective properties in animal cerebral
I/R; further, this effect is related to anti-oxidative and anti-
apoptotic characteristics. Furthermore, GM treatment sig-
nificantly restored Bax and Caspaes-3 expression, while the
level of Bcl-2 was significantly reduced, and the mecha-
nism of the anti-apoptotic effect was consistent with the
results of our studies (Wu et al. 2019; Kaloni et al. 2023).
A single-dose i.p. injection of GM was administered to ani-
mals (Group 3) to assess the effects of GM before and after
I/R damage. Our results indicate that after I/R damage, 7
days of long-term GM (GM-7d) treatment could exert bet-
ter retinal protection than preventive and single-dose GM
treatment.

Based on our findings, GM has potent anti-inflamma-
tory and antioxidant characteristics, which may potentially
safeguard retinal ganglion cells (RGCs) against inflamma-
tory issues. GM therapy in an experimental rat model of
retinal I/R injury has shown many beneficial benefits, such

as its ability to reduce inflammation, counteract oxidative
stress, and prevent cell death. Our experiment confirms the
potential of GM as an effective chemical to protect against
retinal damage resulting from acute glaucoma-induced isch-
emia/reperfusion (I/R).

Conclusion

The results of this study show that GM may be able to
protect RGCs from inflammatory problems because it has
strong anti-inflammatory and antioxidant properties. In an
experimental rat model of retinal I/R damage, GM treat-
ment demonstrated many favorable effects, including anti-
inflammatory, antioxidant, and anti-apoptotic capabilities.
The results of our investigation provide support for the
notion that GM may possess the capacity to serve as a
promising compound for safeguarding against retinal dam-
age caused by acute glaucoma-induced I/R.
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