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and Lgals3) were significantly up-regulated in RIRI,
and 8 of them were significantly down-regulated in
DHF+RIRI and the expression level of 7 DEGs was
almost recovered with the same as Sham (Figure 5).
Moreover, there were 2 genes (Nefm and Pakl)
down-regulated in RIRI and reversed by DHF (Figure
5). These results proved the RNA-seq analysis was
credible.

BDNF/TrkB signaling pathway is activated in
RIRI after DHF administration

To make clear about the role of BDNF-TrkB
signaling in RIRI regulation, the expression levels of
BDNF and TrkB in retina after RIRI were firstly tested
by western blot. Interestingly, the precursor form of
brain-derived neurotrophic factor (proBDNF) was
increased after RIRI but reduced after DHF treatment,

while the mature BDNF showed reverse expression
pattern (Figure 6A and B). As a ligand for mature
BDNF, the TrkB did not have any expression changes,
however, the expression of phosphorylated TrkB
(pTrkB) was lower in RIRI than Sham and restored by
DHEF treatment (Figure 6A and B). The downstream
factors, pAkt/Akt and pErk/Erk, were also
monitored in different groups in our study. They all
inhibited by RIRI and can be restored by DHF (Figure
6A and B). Caspase 3 and Bax increased in RIRI but
restored by DHF, however Bcl-2 was inhibited in RIRI
and also restored by DHF (Figure 6C and D). These
results suggested that DHF activated BDNF/TrkB
signaling pathway and reduced the level of apoptosis
induced by RIRI.

Figure 4. RNA-seq analysis on Sham, RIRI, and DHF+RIRI in rat. (A) Histogram of deferentially expressed genes (DEGs) between different groups. (B) Venny analysis between
DEGs in RIRI vs Sham and DEGs in DHF+RIRI vs RIRI. (C) Expression heatmap of 619 reversed genes. (D and E) GO enrichment analysis and KEGG enrichment analysis based

on the reversed genes.
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Figure 5. Expression validation of differently expressed genes by qRT-PCR. ***P < 0.001, **P < 0.01, *P < 0.05 for RIRI compared with Sham, ###P < 0.001, ##P < 0.01, #P <
0.05 for DHF+RIRI compared with RIRI, by T-test (n = 3 determinations for each).

common pathological change in ophthalmology
and many ophthalmic diseases with high
intraocular pressure cause damages to visual
function through several mechanisms include
inflammatory cascade, free radicals and calcium

Potential relationship between Furin and
BDNF

Furin maybe an important regulator of BDNF
(30-33). To validate this, we detected their

expression level in retina by immunofluorescence.
The results showed that Furin and BDNF
colocalized in most areas in retina and both of them
were deduced after RIRI (Figure 7). These results
suggested that the expressions of Furin and BDNF
were positively correlated and Furin might execute
the role of processing proBDNF to mBDNF.

Discussion

Retinal ischemia-reperfusion injury (RIRI) is a

overload [19]. In this study, we investigate the
neuroprotective effects of DHF on retinal and optic
neurons in RIRI rat models for the first time. We
confirmed that RIRI could increase apoptosis and
inflammation level in the retinas of rat. DHF inhibit
astrocyte activation, inflammation and apoptosis
level in RIRI by activating TrkB/Akt/NF-kB
signaling and regulating Bcl-2/Bax apoptosis
signaling.
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Figure 6. Expression alteration of BDNF/TrkB and apoptosis pathway. (A and B) Western blot analysis and statistics on proBDNF, mBDNF, TrkB, pTrkB, Erk1/2, pErk1/2. (C
and D) Western blot analysis and statistics on Caspase3, Bax, and Bcl-2. **P < 0.001, **P < 0.01, *P < 0.05 for RIRI compared with Sham, ###P < 0.001, ##P < 0.01, #P < 0.05
for DHF+RIRI compared with RIRI, by T-test (n = 3 determinations for each).
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Figure 7. Expressions of Furin and BDNF in retinas of rat. Anti-BDNF (green stained) and anti-Furin (red stained) were used to detect their expression levels in retina by
immunofluorescence. Both of them were deduced after RIRI. The average flourescence intensity was calculated by Image ] and the histogram was made by GraphPad Prism 8. *P
< 0.05 for RIRI compared with Sham by T-test (n = 3 determinations for each). Bars = 50 ym.
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As a nerve growth factor, BDNF plays an
important role in the growth and development of
nerve cells and the maintenance of nerve cell survival.
A series of studies have documented that the decrease
of BDNF in protecting neuronal survival following
diverse types of retinal injuries [7-8]. It is reasonable
to believe that increasing BDNF levels can improve
nerve cell survival based on not only restoring normal
BDNF levels in retina tissue to maintain nerve cell
vitality but also using more BDNF to stimulate nerve
cell growth. Compared with BDNF injection or
expression, the DHF (a mimetic flavonoid of BDNF)
administration has its advantages in crossing the
blood brain barrier when administered systemically
and inducing TrkB response more quickly,
enduringly, and robustly [20]. Despite in vitro studies
suggest protective effects of DHF against excitotoxic
and oxidative stress on RGC lines and high glucose
induced apoptosis on retinal pigment epithelial (RPE)
cell [21], few studies have explored the
neuroprotective effects of DHF in the stressed retina.
We have examined that DHF administration
ameliorates apoptosis level of retina induced by RIRL
Similar to our findings, recent studies have shown
that DHF protects immature retina against
hypoxic-ischemic injury [12], protects retinal ganglion
cells against chronic intermittent hypoxia [13] and
intraorbital optic nerve transection [14], and inhibits
optic nerve degeneration in Wolfram syndrome rat
model [22].

The retina is a component of the central nervous
system (CNS) and its stress response is like that of
CNS. Pathological conditions such as ischemia,
neurodegeneration and inflaimmation lead to
activation of astrocytes are associated with an
up-regulation of the intermediate filament GFAP
[16-18]. Previous reports indicated that RIRI led to a
higher expression level and immune mobility of
GFAP [23,24]. We also found that astrocytes were
activated by detecting GFAP immunofluorescence in
RIRI retina and the GFAP mRNA was also
up-regulated in RNA-seq analysis and qRT-PCR
confirmation. Moreover, DHF can inhibit the
expression of GFAP, indicating that DHF can reduce
reactivation of astrocytes after RIRI. We found the
NF-kB mediated inflammatory signaling pathway
was activated in RIRI reversed by DHF treatment.
Previous reports indicated that the activated
astrocytes secreted inflammatory factors such as
TNEF-a, IL-1B, IL-6, IFNy, and COX-2, which in turn
further promoted astrocyte activation, forming a
vicious cycle [25]. We speculated that DHF might
inhibit the activity of astrocytes through Akt/NF-kB
signaling and reduced the levels of inflammatory
factors to protect the nerve cells in ischemic retina like

previous report about the roles of RNase on RIRI [24].
However, the precise mechanism on DHF and
reactivation of astrocytes still needs to be explored in
further study.

Previous studies have shown that DHF has
neuroprotective effects with increasing nerve cell
survival neurotrophic activities in psychiatric diseases
by mediating MAPK/Erk, PI3K/Akt, and PLCy
signaling pathways following TrkB activation [26, 27].
DHF could have a similar effect in TrkB signaling
which agrees with our present findings. Our data
showed that DHF promoted TrkB phosphorylation
and up-regulated the expression of BDNF, and
increased the Erk phosphorylation and Akt
phosphorylation level. However, DHF protected RIRI
retina via not only TrkB signaling pathway but also
other mechanisms such as antioxidant and
antiinflammatory effects [28]. Moreover, our results
showed that RIRI increased the BDNF precursor
(proBDNF) level and decreased the mature BDNF
(mBDNF) level, which increased neuronal cell
apoptosis. ProBDNF can mediate the apoptosis of
nerve cells after binding to the p75NTR receptor [29].
Interestingly, the proBDNF and mBDNF levels were
restored to normal conditions after systematic DHF
administration. It was speculated that the function of
proprotein convertases like Furin that activates the
precursor protein into a biologically active form was
returned to normal in RIRI retina under systematic
DHF administration [30,31]. Furin protein could
convert proBDNF to mBDNEF, which not only
promoted the survival of nerve cells and the growth
of axons and dendrites by activating mBNDEF/TrkB
pathway but also reduced nerve cell apoptosis by
inhibiting proBDNF/P75NTR pathway. In some
studies, it has been found that MMP activation can
lead to increased BDNF release and TrkB activation in
cortical neuron cultures [32,33]. The increase of
intracellular zinc levels can increase MMP activity
and BDNF expression [34]. In the future study, the
relationship between BDNF and Furin (or MMP)
needs to be clarified in the pathological process of
RIRI, which could be helpful in delaying the apoptosis
of optic nerve cells as much as possible and
promoting the survival of retinal nerve cells, and
provide more beneficial treatment method for
protecting the visual function of RIRI patients.

In this study, RNA sequencing was used to
discover differently expressed genes in RIRI and to
further explore the genes and enriched pathways that
were reversed by DHF administration. We found a lot
of differently expressed genes have been discovered
to be involved in RIRI. For example, Gfap and Casp3
were up-regulated after RIRI. KEGG analysis also
showed that the NF-kappa B signaling pathway,
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Jak-STAT signaling pathway, Toll-like receptor
signaling pathway, PI3K-Akt signaling pathway, TNF
signaling pathway, MAPK signaling pathway,
Calcium signaling pathway, cAMP signaling
pathway, and Apoptosis were significantly enriched.
These findings were in agreement with previous
studies [12,35-41]. Different expression profile
between RIRI and DHF+RIRI revealed reversed
pathways responsible for DHF treatment. Several
reversed pathways were overlapped with DHF
induced BDNF/TrkB signaling, such as PI3K-Akt
signaling pathway and Ras signaling pathway. And
the other reversed pathways were indirect effects with
the RIRI improvement and were also found in other
studies, such as Toll-like receptor signaling pathway
and NF-kappa B signaling pathway [40,41].

In summary, the present study revealed that
systemic administration of DHF activates the
BDNF/TrkB/NF-kB pathway to alleviate apoptosis
and inflammation of RIRI to the retina and ganglion
cells. Moreover, the reactivation of astrocyte was
inhibited and mBDNF/proBDNF ratio was increased
after DHF administration which led to decreased
levels of apoptosis and increased levels of nerve cell
survival. Therefore, the DHF treatment could be used
as a potential therapeutic drug for ischemic
ophthalmopathy in clinical practice.
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