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Aryl hydrocarbon receptor dependent anti-inflammation and
neuroprotective effects of tryptophan metabolites on retinal
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Glaucoma is the major cause of irreversible blindness in the world characterized by progressive retinal neurodegeneration, in which
local inflammation in retina is involved in persistent loss of retinal ganglion cells (RGCs). In order to explore whether aryl
hydrocarbon receptor (AhR) and its agonists tryptophan metabolites are involved in the development of glaucoma, we collected
serum and retinas from non-glaucoma controls and patients with glaucoma. Results showed altered serum tryptophan metabolism
and reduced retinal AhR expression in glaucoma patients. We also showed intraperitoneally injection of tryptophan metabolite 2-(1
H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) down-regulated retinal local inflammation and protected RGC
apoptosis from retinal ischemia/reperfusion (IR) injury via AhR activation. We further revealed that ITE could inhibit inflammation in
BV2 microglia and alleviate the neurotoxicity of microglial conditioned medium to RGCs under IR. Finally, we illustrated the possible
mechanism that ITE limited ERK and NFkB dependent microglial inflammation. In summary, these findings suggest the critical role
of tryptophan metabolism and retinal AhR signaling in modulating local inflammation mediated by microglia in glaucoma, and
provide a novel avenue to targeting the intrinsically altered AhR signaling resulted from disturbed tryptophan metabolism for

glaucoma treatment.
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INTRODUCTION

Glaucoma is the leading cause of irreversible visual loss around
the world. Elevation of the intraocular pressure (IOP) is the major
risk factor of glaucoma, resulting in a series of pathophysiological
changes of the retina and finally causing loss of retinal ganglion
cell (RGC) and reduced visual field [1]. Intervention of IOP is the
consensus in glaucoma treatment. However, it cannot always
meet the goal to prevent the progress of visual loss even if the
major risk factor IOP is well controlled [2]. Besides, retinal local
inflammation mediated by glial cells is considered to be another
impactful etiology of neurodegeneration in glaucoma [3].
Although the adaptive roles are beneficial in early stage of tissue
repair, glial cells confer prolonged cytotoxicity to RGCs through
amplified inflammation [3, 4]. Substantial studies have identified
various sensors, transducers and cytokines linking the neuroin-
flammation of glial cells to RGC loss, but there are no drugs
targeting glial cells used in clinical treatment of glaucoma
currently [4-7]. At present, some synthetic molecules mainly
about inhibition the activation of glial cells with known anti-
inflammatory effects or antagonists of inflammatory sensors,
transducers and receptors on glial cells, are being studied for
therapeutic effect on limiting retinal inflammation and reducing
RGC loss [4, 8, 9]. However, the regulation of intrinsic changes that
associated with local inflammation during glaucoma remains

unclear. Treatment strategies aimed to intrinsically regulate the
dysregulated local inflammation in glaucoma may achieve
unexpected and satisfying results on the basis of IOP reduction
therapy.

Recently, tryptophan metabolism has been demonstrated to be
associated with immune and inflammation in central nerves
system (CNS) [10, 11]. Tryptophan is an essential amino taken from
diets, which can be metabolized by the host and the gut
microbiota. The host accounts for more than 90% of tryptophan
metabolism via two major pathways, the kynurenine pathway and
the serotonin pathway [12]. A small part of tryptophan will be
metabolized through the indole pathway mediated by gut
microbiota. Many effective metabolites such as 2-(1'H-indole-3'-
carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) are also
important products of tryptophan metabolism [13, 14]. Since first
discovery of their immunosuppressive effect [15], tryptophan
metabolites have attracted much attention in the field of
neurodegenerative diseases, including multiple sclerosis (MS)
[16]. The level of tryptophan microbial metabolites and kynur-
enines in serum and cerebrospinal fluid is significantly reduced in
patients with MS [10, 17, 18]. In a commonly used murine model
of MS, supplementation of tryptophan microbial metabolites
could obviously alleviate CNS inflammation through activation of
aryl hydrocarbon receptor (AhR) [10]. AhR was first known as a
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Fig. 1

Tryptophan metabolites and retinal AhR were abnormally expressed in glaucoma patients. A Metabolomics of serum from control

(n=4), PACG (n=3) and POAG (n = 3) patients to detect the differential tryptophan and tryptophan metabolites expression signatures.
B, C Histogram showing concentration of N-formyl-kynurenine and indole-3-propionic acid of three groups. D Immunofluorescence staining
showed reduced expression of AhR (red) in human retinal sections from PACG patients (n = 2) than that of Control group (n =2), and in mice
retinal sections from IR injury at day 1 (n = 3) than controls (n = 3). Cell nuclei were counterstained with DAPI (blue). GCL ganglion cell layer,
INL inner nuclear layer. Scale bar =50 pm. *P < 0.05, **P < 0.01, P value was obtained by one way ANOVA.

receptor of environmental pollutants such as polycyclic and
halogenic aromatic hydrocarbons [19]. The immune-regulatory
potential of AhR responding to endogenous tryptophan metabo-
lites to exert anti-inflammatory effects has been recently shown in
various diseases [20-23]. AhR is a ligand-activated transcription
factor that belongs to the PER-ARNT-SIM superfamily [20]. When
bound with ligands like tryptophan metabolites, AhRs translocate
into the nucleus with the combination of Ah receptor nuclear
translocator (ARNT), bind to the AhR-responsive DNA elements
and regulate the transcription of targeted genes [20]. Moreover,
Nuclear factor-kB (NFkB) has been reported to be one of the
targeted factors of AhR in CNS, which is a key transcriptional
activator in inducing glial cells mediated inflammation in
neurodegenerative diseases [24, 25]. Activation of AhR signifi-
cantly inhibited NFkB signaling, reduced levels of downstream
inflammatory cytokines like TNF-a, IL6 and CCL2 and relieved CNS
inflammation in MS models, while AhR deletion resulted in
increased nuclear localization of NFkB in microglia [10, 11]. As an
important part of nervous system, retina is considered to be an
extent of the brain. However, the role of tryptophan metabolism in
retinal neurodegeneration in glaucoma remains unexplored. Of
note, although reduced level of kynurenine in retina and serum
has been found in hereditary glaucoma model [26], the overall
tryptophan metabolism signature in glaucoma and the effects of
tryptophan metabolism on retinal neurodegeneration have not
been elucidated. Furthermore, whether AhR in microglia is
involved in the regulation of retinal local inflammation warrants
further exploration.

Here, we collected serum and retina samples from glaucoma
patients and non-glaucoma controls and detected significant
decrease of serum tryptophan metabolites and reduced retinal
AhR expression in glaucoma patients. We also showed that
supplementation of tryptophan metabolite ITE could inhibit retinal
inflammation and alleviate retinal injury in IR mice and limit
inflammation in BV2 microglia cell via AhR activation. Moreover,
cytokine antibody array revealed that ITE could significantly
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decrease the pro-inflammatory cytokines induced by LPS, while
increase the anti-inflammatory cytokine IL-10, thus reduce the
neurotoxicity of BV2 conditioned medium to RGCs under IR.
Finally, we revealed AhR activation by ITE could down-regulate
NFkB and ERK pathways in microglia to confer anti-inflammation
effect. Taken together, these findings establish a critical link
between perturbed tryptophan metabolism and dysregulated
inflammation mediated by reduced AhR activation of microglia in
glaucoma. We also highlight that supplementation of relative
endogenous metabolites aiming to refine intrinsic tryptophan
metabolism and AhR signaling may be a more effective strategy to
limit amplified inflammation associating local glial cells for
glaucoma treatment.

RESULTS

Altered tryptophan metabolism and AhR signaling was found
in glaucoma patients

As AhR ligands, tryptophan metabolites play important roles in
immune and inflammation regulation [20]. We first sought to
investigate whether tryptophan metabolism participate in the
development of glaucoma, and therefore targeted metabolomics
of serum from patients with primary open angle glaucoma
(POAG), primary angle-closure glaucoma (PACG) and non-
glaucoma controls were performed. There was a significant
decrease of serum tryptophan metabolites in both types of
glaucoma compared with controls and even lower level in POAG
patients compared with PACG patients (Fig. 1A). N-formyl-
kynurenine and Indole-3-propionic acid, the representative
metabolites of kynurenine pathway and indole pathway respec-
tively, were significantly reduced in POAG (Fig. 1B, C). Interestingly,
the level of tryptophan and serotonin were higher in POAG
patients than other groups (Fig. 1A). The accumulation of
tryptophan in POAG patients may be due to reduced catabolism
itself through indole and kynurenine pathways, which also caused
perturbed serotonin pathway and increased level of serotonin.
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Notably, tryptophan is an important source of AhR agonists that
can be metabolized into AhR ligands mainly via indole and
kynurenine pathways, but not the serotonin pathway [22]. This
means a significant reduce of AhR ligands generated by
tryptophan in glaucoma, especially POAG patients. Therefore, we
compared the retinal AhR expression of PACG patients and non-
glaucoma controls, given that the great difficulty of acquisition of
eyeball samples from POAG patients. Immunofluorescence stain-
ing of eyeball sections showed that AhR were spot-shaped
distributed in the inner retina in normal controls. Expectedly,
reduced AhR expression was found in the inner retina with PACG
compared with controls (Fig. 1D). Similar findings were also
showed in mice IR injury, a well-validated model of glaucoma
[27, 28] (Fig. 1D). The impaired AhR signaling in patients with
PACG indicated that immune and inflammatory factors may be
also involved in PACG, which is consistent with other studies that
revealed high level of inflammatory cytokines both locally and
systemically in PACG [29, 30]. Taken together, these findings
indicated that altered tryptophan metabolism and reduced
tryptophan derived AhR ligands may cause insufficient retinal
AhR activation in glaucoma. We next investigated whether AhR
signaling was involved in the development of glaucoma.

Tryptophan metabolite ITE alleviated retinal injury and
ameliorated retinal local inflammation in IR mice model via
AhR activation
ITE is an endogenous AhR agonist generated from tryptophan
metabolism [14]. Because of its non-toxic characteristic, ITE has
been considered as a benchmark AhR endogenous agonist in
various studies [31]. Here, we intraperitoneally injected ITE for
mice at the same time with induction of retinal IR injury. At day 7,
mice retinal-mount with RGC labeling showed that ITE could
significantly alleviate the RGC loss caused by IR (Fig. 2A). As shown
in Fig. 2B, a significant reduce of RGC number to 43.6% was
observed after IR, which was improved to 60.6% with ITE
treatment. Moreover, TUNEL staining showed that ITE also
significantly reduced RGC apoptosis induced by IR at day 1 (Fig.
2C). To examine how ITE could reduce RGC loss during IR, we next
explored the retinal inflammation status in mice. Due to the early
change of retina inflammatory factors, the mRNA level of TNF-q,
IL-1B and IL6, which are the most frequently induced cytokines
during inflammation, were found to be significantly up-regulated
at 24h after IR, while significantly down-regulated with ITE
administration (Fig. 2D-F). Similarly, treatment with ITE signifi-
cantly reduced the induction of TNF-q, IL-1 and IL6 at protein
level (Fig. 2G, H). These data indicated ITE could alleviate RGC
injury under IR through inhibiting retinal local inflammation.
Next, we further investigated whether AhR activation was
required for the protective role of ITE. As shown in Fig. 3A-C,
intraperitoneal injection of ITE significantly enhanced the mRNA
level of AhR directly targeted genes CYP1A1, CYP1A2 and CYP1B1,
indicating that the effect of ITE could cross through the blood-
retinal barrier (BRB) and activate retinal AhR after treatment for
24 hours. Further, the AhR antagonist CH223191 was used to
inhibit AhR activation [32], and differential morphological changes
were observed in retinal sections (Fig. 3D). The thickness of inner
plexiform layer (IPL) and retinal nerve fiber layer (RNFL) were
significantly decreased after IR, while ITE supplementation
markedly relieved the structural thinning (Fig. 3E, F). In addition,
ITE effectively attenuated cell loss in ganglion cell layer (GCL)
caused by IR (Fig. 3G). Importantly, these protective effects of ITE
were dampened after CH223191 treatment (Fig. 3D-G), confirm-
ing that the protective role of ITE was AhR dependent.

Tryptophan metabolite ITE limited LPS induced inflammation
in BV2 microglia via AhR activation

Given that microglia play the most important role in initiating and
amplifying inflammatory process during glaucoma [3], and
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previous studies have shown that microglial AhR play vital roles
in limiting CNS inflammation [11], we next demonstrated the
cellular localization of retinal AhR in human and mice sample. AhR
was found to be co-localized with IBA1, the marker of microglia in
controls, but not obvious in PACG (Fig. 4A), which may be due to
the decrease of retinal AhR expression in PACG. In similar, co-
localization of IBA1 and AhR was more demonstrable in controls
compared with IR mice retina (Fig. 4A). We also harnessed BV2
microglia cell to explore the mechanisms by which AhR activation
can protect against IR. In order to assess the efficacy on AhR
activation of ITE in BV2 microglia, which to our knowledge has not
been tested yet by others, we first examined the nucleus
translocation of AhR. A significant increase of nucleus/cytoplasm
AhR was found after ITE treatment either by nuclear-cytoplasm-
protein western blotting (Fig. 4B, C) or immunofluorescence
staining (Fig. 4D, E) in BV2 microglia, indicating the activation of
microglial AhR by ITE. Consistent with the results in vivo, ITE
supplementation resulted in a significant attenuation of the LPS
mediated induction of TNF-q, IL-1 and iNOS in BV2 microglia (Fig.
4F-H). However, the anti-inflammatory effect of ITE was obviously
weakened with the administration of AhR antagonist CH223191,
indicating that inflammation inhibition of ITE was AhR dependent
in BV2 microglia (Fig. 4l, J).

ITE limited the neurotoxicity of microglia conditioned medium
to mice retina under IR

In order to explore the effect of microglial AhR activation on
regulating retinal injury, we induced inflammation of BV2 cells by
LPS, with or without ITE pre-treatment, and collected BV2
concentrated conditioned medium (BV2-CCM) to intravitreally
inject to mice, aiming to detect the effect of microglia derived
cytokines regulated by AhR on retinal injury. Experimental
protocols were summarized in Fig. 5A. Due to the severe injury
at day 7 after IR, we collected retinas at day 3 in order to observe
the effects of BV2-CCM on mice retinas. Expectedly, in mice
without IR injury, LPS induced BV2-CCM injection had no effect on
the retinal thickness or cell number of GCL, indicating that RGC
pre-injury is an essential prerequisite for the susceptibility to
toxins. However, completely different results were shown under IR
injury (Fig. 5B, C). LPS-induced BV2-CCM (IR-LPS iBV2-CCM group)
significantly aggravated the retinal injury, manifested by the
further thinning of the IPL and RNFL, as well as the more
decreased cell number of GCL than unconditioned medium (IR-
uCM group). These further injuries were not seen in IR mice when
paired with injection of ITE + LPS induced BV2-CCM (Fig. 5B, C).
Moreover, injection of LPS-induced BV2-CCM aggravated retinal
apoptosis as shown by TUNEL staining in IR mice compared with
unconditioned medium (IR-uCM group). This aggravation was not
shown when injection of ITE + LPS-induced BV2-CCM (Fig. 5D).
Notably, although injured retinas were susceptible to LPS induced
microglial toxins, intravitreally injection of ITE 4 LPS-induced BV2-
CCM would not cause further neurotoxicity to retinas under IR (Fig.
5B, D). These results indicated the possibility that activation of AhR
by ITE could effectively relieve LPS-induced microglial neurotoxi-
city on IR retina via limiting the secretion of neurotoxins in
microglia.

ITE alleviated NFKB and ERK dependent inflammation via AhR
activation in BV2 microglia

In order to verify the role of microglial AhR mentioned above and
further elucidate the probable cytokines secreted from microglia,
inflammatory cytokine antibody array was used to detect a panel
of cytokines in BV2-CCM. As shown in Fig. 6A, LPS significantly
induced a broadscale of the pro-inflammatory cytokines, among
which inflammatory factors (such as TNFaq, IL-1a and IL6) and
chemokines (such as MCP-5, MCP-1 and TCA-3) were in the
majority. ITE treatment strongly reduced the level of these
cytokines. Importantly, the anti-inflammatory cytokine IL-10 was
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Fig.2 Tryptophan metabolite ITE alleviated retinal injury and ameliorated retinal inflammation state in IR mice model. Retinal ischemia/
reperfusion injury model was established with or without ITE (10 mg/kg) daily intraperitoneal injection, and mice were euthanatized after
7 days or 1 day for RGC survival investigation or 1 day to detect the expression of inflammatory cytokines. A Retinal flat mounts from Control,
IR and IR + ITE groups at day 7 to detect f-lll-tubulin (red) positive RGCs by immunofluorescence staining. B Histograms showing quantitation
of RGC survival percent in each group. C Apoptosis of the retina from Control, IR and IR + ITE groups at day 1 were detected by TUNEL (green)
staining. Cell nuclei were counterstained with DAPI (blue). GCL ganglion cell layer, INL inner nuclear layer, ONL outer nuclear layer. D-F mRNA
expression of TNFa, IL-1p and IL6 at day 1 were detected by qRT-PCR in the retina from Control, IR and IR + ITE groups. G, H Western blot
showing the protein expression of inflammatory cytokines TNFa, IL-1p and IL6 in retinas of IR at day 1 with or without ITE administration.
Control, control group; IR, ischemia/reperfusion injury; IR + ITE, IR with ITE treatment. A-B, D-H, n = 6-8 for each group; C, n = 4 for each group,
scale bars: 50 pm. All data are presented as mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001, P value was obtained by one way ANOVA followed
by multiple comparisons. Each dot in graphs represents data from an individual retina from mice.

increased with ITE administration (Fig. 6A), indicating the role of
ITE in maintaining the balance of pro- and anti-inflammation. To

positive regulation of cytokine production, which just explained
the anti-inflammatory role of ITE (Fig. 6B). Notably, among all the

make it further, Gene ontology (GO) analysis was performed and
top 20 biological processes that may be involved in microglia
mediated inflammation were revealed (Fig. 6B). We found a
predominant role of ITE in regulating some critical biological
functions, including cytokine-mediated signaling pathway and

SPRINGER NATURE

biological processes, extracellular signal regulated kinase (ERK)
cascade was also of great importance (Fig. 6B).

We next detected the phosphorylation of ERK by western blot
and demonstrated that ITE treatment significantly down-regulated
LPS-induced phosphorylation of ERK in BV2 microglia (Fig. 7A, B).

Cell Death and Disease (2023)14:92
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Fig.3 The protective role of ITE in alleviating retinal injury was AhR activation dependent. Retinal ischemia/reperfusion injury model mice
were intraperitoneally injected with ITE or CH223191 (10 mg/kg, inhibitor of AhR and abbreviated as CH below). A-C mRNA expression of
CYP1A1, CYP1A2, and CYP1B1 were detected by qRT-PCR in the retina of mice with or without ITE administration for 24 h. D H&E staining
showed different histology of retinas 7 days after IR. GCL ganglion cell layer, INL inner nuclear layer, ONL outer nuclear layer. Scale bars: 50 pm.
E-G Quantitative analysis of the thickness of inner plexiform layer and retina fiber layer and cell number of ganglion cell layer were shown in
histograms. Control, control group; ITE, ITE treatment; IR, ischemia/reperfusion injury; IR 4 ITE, IR with ITE treatment; IR + ITE + CH, IR with ITE
and CH223191 treatment, n =5-10 for each group. All data are presented as mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001, P value was
obtained either by Student’s t test or by one way ANOVA followed by multiple comparisons. Each dot in graphs represents data from an
individual retina from mice.

Given that NFkB is the key transcriptional factor that mediates the injury under IR in mice (Fig. 8), raising the possibility that intrinsic

neuroinflammation process of glaucoma [3, 25], NFkB was also regulation of AhR signaling by supplementation of tryptophan

detected. As shown in Fig. 7C, D, ITE treatment reduced almost metabolites can serve as a novel avenue for the treatment of

75% of phosphorylation of NFkB induced by LPS. Immunofluor- glaucoma.

escence staining and nuclear-cytoplasm-protein western blotting

were thus performed and revealed that ITE treatment significantly

reduced LPS induced translocation of NFkB from cytoplasm to DISCUSSION

nucleus (Fig. 7E-H), confirming the important role of ITE in limiting The prevalence of glaucoma is persistently increasing in recent

NFkB activation. Moreover, these reverse effects of ITE were years with aging of population [33]. It is noteworthy that

suppressed with the treatment of AhR antagonist CH223191 (Fig. progression of visual loss often exists even IOP is under control

7G-H), supporting the AhR dependent role in ITE inhibiting the by current therapeutic methods. How to prevent irreversible visual

activation of NFkB. Taken together, these results indicated that field defect and blindness caused by glaucoma remain challen-

AhR activation could down-regulate LPS-induced ERK and NFkB ging, and new strategy besides controlling the IOP is warranted. In

signaling in BV2 microglia and thus limit downstream the current study, we propose that the development of glaucoma

inflammation. may involve the insufficiency of microglial AhR activation in retina,
In summary, our results illustrated the unbalanced tryptophan which may be resulted from altered tryptophan metabolism in

metabolism in glaucoma patients and the role of AhR signaling in glaucoma patients. We also shed light on the potential of

retinal neuroprotection. Supplementation of tryptophan metabo- supplementation of tryptophan metabolites like ITE to attenuate
lite ITE could down-regulate ERK and NFkB dependent inflamma- retina inflammation and RGC loss under IR through inhibiting ERK
tion of microglia through AhR activation and thus alleviate retinal and NFkB pathway in microglia via AhR activation. Here the

Cell Death and Disease (2023)14:92 SPRINGER NATURE
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protective role of tryptophan metabolites/AhR pathway limiting
dysregulated local inflammation mediated by microglia in
glaucoma were studied in detail.

Tryptophan metabolic changes have been found in CNS
neurodegenerative diseases, and the role of tryptophan
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TNFa.

iNOS IL-1p

metabolism in both diagnosis and treatment has attracted much
attention in recent years [12, 34, 35]. Recently, tryptophan
metabolism in glaucoma has been studied gradually. Pulukool
et al. showed activated kynurenine pathway in POAG, which was
associated with microglia-mediated inflammation [36], while
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Fig. 4 ITE alleviated LPS induced inflammation via activating AhR in BV2 microglia. A Immunofluorescence staining showed co-location of
AhR (red) and IBA1 (green) in human and mice retinal sections from control group, while decreased retinal AhR expression in PACG patients
and mice IR injury model (at day 1). Cell nuclei were counterstained with DAPI (blue). GCL ganglion cell layer, INL inner nuclear layer. Scale
bar = 50 pm. B, C BV2 microglia was treated with ITE (1 pM) for 4 h. Subcellular fractionation was performed, SP1 and p-actin were served as
loading control for nucleus and cytoplasm respectively. Representative western blot analysis for AhR B and quantification of the ratio of
nuclear to cytoplasmic fraction C. D Immunofluorescence staining for AhR (red) to show its nuclear translocation after ITE treatment for 4 h
compared with Control. Cell nuclei were counterstained with DAPI (blue). Scale bar: 25 pm. E Quantification of nuclear/cytoplasmic fluorescent
intensity of AhR in Control and ITE groups. F BV2 cells were pre-treated with ITE for 4 h and followed by LPS (100 ng/ml) for 20 h. mRNA level
of iINOS was detected by qRT-PCR in BV2 microglia of Control, ITE, LPS and ITE + LPS groups. G, H Western blot of each group showing protein
expression of iNOS, IL-1p and TNFa in BV2 microglia. I, J CH223191 was added 24 h before ITE treatment. Western blot of each group showing
the protein level of iNOS, IL-1p and TNFa in BV2 microglia. All data are presented as mean + SEM. and are representative of at least three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, P value was obtained either by Student’s t test or by one way ANOVA followed by

multiple comparisons.

kynurenine was shown to be decreased in serum and retina of a
mice glaucoma model [26]. The different changes of metabolites
may come from different tissues and the complex regulation of
tryptophan metabolism, however, they all indicated the involving
of perturbed tryptophan metabolism in glaucoma. Here we
discovered that tryptophan metabolites, as a very important
category of AhR ligands, like N-formyl-kynurenine and indole-3-
propionic acid decreased significantly in the serum of POAG and
PACG patients, suggesting that AhR associated inflammation may
be involved in both POAG and PACG. Notably, the level of these
tryptophan metabolites was even lower in patients with POAG
than PACG, indicating that disturbed tryptophan metabolism and
related inflammation may play more important roles in POAG. It is
in line with widely accepted that neuroinflammation takes
significant roles in the development of POAG, while increased
IOP resulted from angle closure is considered to be the major
pathogenic factor of PACG [37]. Targeted metabolomics of human
serum tryptophan signature revealed AhR related pathways were
down-regulated, represented by decreased N-formyl-kynurenine
and indole-3-propionic for kynurenine and indole pathways
respectively in glaucoma patients. While the up-regulated
serotonin was also noted in glaucoma, which is not the widely
reported AhR related pathway (Fig. 1A-C). We thus postulated the
down-regulation of kynurenine and indole pathways resulted in
accumulation of tryptophan in glaucoma patients, which further
caused a compensatory up-regulation of serotonin pathway. In
this study, we focused on the effect of reduced AhR related
pathways on glaucomatous retina through local microglial
inflammation, while further studies are needed to investigate if
the increased serotonin pathway is also involved in the develop-
ment of POAG. Of note, the influence of peripheral dysregulated
tryptophan metabolism on retinal AhR indicated that there may
be a possible axis linked peripheral metabolism and the retina,
providing new evidence for proposed gut-retina axis mediated by
microbiota [38, 39]. Since tryptophan can be metabolized by
multiple pathways [40], the initial factor of disturbed tryptophan
metabolism in patients with glaucoma needs further investigation.

Substantial endeavors have been done to seek neuroprotective
therapy in glaucoma via modulating genetic and epigenetic
susceptibility, mitochondrial dysfunction, glia mediated local
inflammation, systemic dysregulation of T lymphocytes and
microbiota and so on [3]. Here, we postulated a new perspective
of supplementing endogenous tryptophan derived AhR ligands to
confer neuroprotection in glaucoma. We aimed to modulate the
intrinsic changes of tryptophan metabolism and AhR signaling
that affect microglia activity to inhibit local inflammation in
glaucoma [28, 41]. Previous study discussed the role of tryptophan
metabolism in POAG, mainly focusing on the association of
microglia mediated neurotoxicity [36]. However, it's worth noting
that microglia, on the one hand, involve in the pro-inflammatory
process through producing neurotoxic metabolites and cytokines,
on the other hand, also take part in the anti-inflammatory process
through AhR activation [20]. It is possible that the balance of these
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two aspects were perturbed during glaucoma. Moreover, admin-
istration of more down-stream tryptophan metabolites may be
more appropriate to confer neuroprotective effects, avoiding
produce of neurotoxic metabolites by microglia. In our study, the
strategy of activating AhR by the tryptophan metabolite ITE could
alleviate retinal inflammation, delay retina thinning and RGC loss
under IR (Figs. 2-3). Furthermore, AhR was shown to co-localize
with microglia in human and mouse retina, and activation of
microglia AhR could significantly limit ERK and NFkB mediated
inflammation and reduce its toxicity to neurons under IR injury
(Figs. 4-7). These results indicated the effective role of tryptophan
metabolism in regulating the amplified local inflammation
mediated by microglia in glaucoma through AhR, and provided
theoretical basis for clinical transformation. Previous clinical
research in glaucoma relevant to neuroprotection are mainly
consist of drugs that are synthetic small molecules (DNB-001, QPI-
1007, etc) or already used for other purposes (brimonidine,
memantine, etc) [42, 43]. The 2-year phase 3 clinical trial of over
2,000 patients with open-angle glaucoma showed no effects to
prevent glaucomatous progression by daily treatment with
memantine [43]. Crossing the BRB is an important factor affecting
the efficacy of glaucoma drugs [44, 45]. Notably, various
tryptophan metabolites have been demonstrated to be able to
effectively cross through the blood-brain barrier (BBB) to confer
their immunomodulatory effects in CNS [10, 46]. Our results also
indicated that the peripheral tryptophan metabolites could go
across the BRB to influence retinal AhR signaling. This addresses
the critical ability of these potential drugs to cross the BBB and
BRB, which may be a problem for other synthetic molecules
[47-49]. In the current study, although intraperitoneal injection
was used to determine the protective role of tryptophan
metabolites / AhR pathway in glaucoma, therapies focus on
regulating this pathway could be various. For example, investiga-
tion through oral administration is of great worth to explore in the
future. Taken together, our study offers novel insights into
glaucoma treatment by supplementation of AhR related trypto-
phan metabolites, and provides theoretical basis for future clinical
transformation of this insight to restore excessive inflammatory
activation mediated by disturbed tryptophan metabolism in
glaucoma.

MATERIALS AND METHODS

Human serum and eyeball sample collection

For serum collection, patients with primary open angle glaucoma, primary
angle closure glaucoma and cataract were recruited. Patients with
cataracts were served as non-glaucoma control. Individuals with any other
systemic diseases or eye diseases except ametropia were excluded. 2 mL
whole blood was extracted and coagulated at room temperature, followed
by centrifugated for 10 min (4 °C, 3000 g). The supernatant was collected
and transferred to liquid nitrogen immediately. For eyeball collection,
samples were obtained from patients who were scheduled for global
enucleation because of absolute period of glaucoma with unbearable pain
and from human donor eyes without any other eye diseases. The eyeball
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Fig. 5 ITE conferred retinal protection against microglia derived toxins induced by LPS in retinal IR injury. A Experimental protocols. LPS
was added for 20 h with or without ITE pre-treatment for 4 h. BV2 microglia were then washed with PBS and medium was changed. After
24 hours, BV-2 conditioned medium was collected and concentrated as LPS induced BV2-CCM or ITE + LPS induced BV2-CCM. Mice were
subjected to IR one hour before intravitreal injection with relative medium. Mice were euthanatized at day 3 after IR injury. B H&E staining of
frozen tissue sections showed retinas in Control or IR groups receiving different conditioned medium. GCL ganglion cell layer, IPL inner
plexiform layer, INL inner nuclear layer, ONL outer nuclear layer. Scale bar = 50 um. € Quantitative analysis of the thickness of inner plexiform
layer and retinal nerve fiber layer and cell numbers in ganglion cell layer in each group. D Apoptosis of the retina from Control and IR groups
were detected by TUNEL (green) staining. Cell nuclei were counterstained with DAPI (blue). Scale bar =50 pm. All data are presented as
mean + SEM, and are representative of 4-8 independent experiments. *P < 0.05, **P < 0.01. Compared with Control group: *P < 0.05, **P < 0.01,
##p < 0.001. P value was obtained either by Student’s t test or by one way ANOVA followed by multiple comparisons.

was immediately immersed in FAS eyeball fixture (Servicebio, Wuhan,
China) overnight and prepared for followed experiments. Demographic
and clinical characteristics of all the patients were listed in Table S1.

Serum metabolite analysis

Serum samples were subjected to targeted metabolomics analysis by
Shanghai Applied Protein Technology. Briefly, samples were prepared for
HPLC-MS/MS analysis on a UPLC system (Agilent 1290 Infinity UHPLC)
according to the protocol. MultiQuant was used for quantitative data
processing.

Mice

A total of 6-8 weeks old C57BL/6J mice were obtained from lJiesijie
(Shanghai, China) and were all female. Animals were housed on a 12 h light
and 12 h dark cycle. All animal experiments were conducted in adherence
with the guidelines prescribed by the Association for Research in Vision
and Ophthalmology (ARVO). Mice were randomly divided into relevant
groups for subsequent experiments.
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Retinal ischemia/reperfusion induction and treatment

Retinal ischemia/reperfusion (IR) model was inducted according to previous
studies [50]. Briefly, mice were anaesthetized intraperitoneally with zolitil/
dexmedetomidine mixture and were placed on a homeothermic heating
blanket to maintain body temperature at 37 °C during the procedure. Pupil of
the operative eye was dilated with 1% tropicamide (Santen Pharmaceutical
Co. Ltd) for 5min. Then the operative eye was subjected to local anesthesia
with 0.4% benoxinate drops (Santen Pharmaceutical Co., Ltd). 30-gauge
needle cannulated to a tube infusing sterile isotonic saline (0.9% NaCl) was
inserted into the anterior chamber and the needle was fixed on the back of
the mouse and the heating blanket with adhesive tape. The initial IOP of
mice was about 10 mmHg measured with Icare TonoLab (Icare Finland Oy,
Finland), and it reached at about 90 mmHg with elevating the saline bag 120
centimeters above the mouse eye, which lasted for 60 min. ITE (10 mg/kg,
Abmole, TX, USA) or CH223191 (10mg/kg, Abmole, TX, USA) was
intraperitoneally injected to mice at the same time with IR induction and
was administered daily subsequently. Mice were euthanatized at day 1, day 3,
and day 7 after IR injury for the following experiments, the number of each
group was given in relative figure legends.
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Fig. 6 ITE extensively inhibited secretion of LPS induced inflammatory cytokines in BV2 microglia. A RayBio mouse inflammatory cytokine
antibody array was applied to detect inflammatory cytokine signatures in BV2 microglia cell conditioned medium of three groups. Control,
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control group, n=4 in LPS and ITE + LPS groups.

RGC labeling and counting

Mice were euthanatized at day 7 after IR injury for RGC survival detection.
Retinas were carefully separated from fixed eyeballs and dissected to
retinal flat-mounts. Retinas were then permeabilized with 0.3% triton x-100
in PBS for 15 min and blocked with 5% goat serum (Boster, CA, USA) in
0.3% triton x-100 in PBS for 2 h at room temperature. After blocking, the
retinas were incubated overnight at 4 °C with the primary antibody beta IlI
tubulin  (1:1000; Abcam), followed by Alexa Fluor 594 anti-mouse
secondary antibody (1:200; Abbkine, CA, USA). Eight areas of each retinal
flat mount were taken by confocal microscopy, the immune-positive cells
were counted by Image) software, and the counts were averaged
according to previous studies [51].

Retinal histology and immunofluorescence

Mice were euthanatized at day 1 and 7 after IR injury and day 3 after
intravitreal injection under IR for retinal histology analysis. Mice were
infused with PBS to remove blood cells from retinas and perfused with 4%
paraformaldehyde (PFA) for 15 min before the eyeballs were removed.
Eyes were immersed in FAS eyeball fixture overnight and then embedded
with paraffin and sectioned (10um). Sections were stained with
hematoxylin and eosin (H&E) for retinal thickness analysis [52]. Images
were taken by microscopy. The thickness of inner plexiform layer (IPL) and
retinal nerve fiber layer (RNFL) were measured at the same distance from
the optic disc using ImagelJ software. The cell number in ganglion cell layer
(GCL) were counted in five consecutive fields from at least three different
sections. Human eyeballs were sectioned in the same way introduced
above and were prepared for immunofluorescence [53]. Primary antibodies
used were as follows: Aryl hydrocarbon receptor (AhR; 1:200; Abclonal,
Wuhan, China), lonized calcium binding adapter molecule 1 (IBA1; 1:500;
Servicebio, Wuhan, China).

Cell culture

The BV-2 murine microglia cell line was obtained from Cellcook Biotech
Co. Ltd (Guangzhou, China) and grown in DMEM medium (Gibco) with 4.5 g/L
D-Glutamine, 10 % FCS and 1 % penicillin/streptomycin in standard
environment. Cells were starved 24 hours before the following experiments.
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For protein phosphorylation detection, subcellular fractionation and immu-
nocytochemistry assay, ITE (1 uM) was added for 4 h following with LPS
(100 ng/ml, Sigma-Aldrich) for next 4 h. For quantitative RT-PCR and western
blot of inflammation cytokines, ITE (1 uM) was added for 4 hours following
with LPS (100 ng/ml) for next 20 hours. CH223191 (10 uM) was pre-treated for
24 h before ITE treatment if needed.

RNA extraction, reverse transcription, and quantitative RT-
PCR

For tissue RNA extraction, mice were euthanatized at day 1 after IR injury.
Total RNA from retinas was extracted using the TRIzol reagent (Invitrogen, CA,
USA) according to the manufacturer’s protocol. For cell RNA extraction, total
RNA from BV2 cells was extracted using the RNA extraction kit ((TaKaRa,
Tokyo, Japan). Reverse transcription was performed by PrimeScript RT
reagent Kit (Takara, Kyoto, Japan) following the manufacturer’s protocol. For
quantification of gene expression, real time polymerase chain reaction (PCR)
was performed using LightCycler 480 Il (Roche, Switzerland) with UNICON
gPCR SYBR Green Master Mix (Yeasen, Shanghai, China). The whole process
was as follows: samples were heated to 95°C for 10 min followed by 40
cycles of 95°C for 55, and 60°C for 20s. PCR reaction was carried out in
triplicate. Relative expression of mRNA was calculated using the 2 — A(ACT)
comparative method, with each gene normalized relative to the endogenous
reference gene for that sample. The primers used in the experiments were all
from Tsingke (Beijing, China) and were as follows: CYP1A1 forward 5-GTT
AACCATGACCGGGAACT-3' and reverse 5-GTGACCTTCTCACTCAAGCG-3/,
CYP1A2 forward 5-GCAGTGGAAAGACCCCTTTG-3' and reverse 5'- CCTTCTCG
CTCTGGGTCTTG-3/, CYP1B1 forward 5-CACCAGCCTTAGTGCAGACAG-3’ and
reverse 5-GAGGACCACGGTTTCCGTTG-3/, TNFa forward 5/-CCTCTCATGCACC
ACCATCA-3" and reverse 5- GCATTGCACCTCAGGGAAGA-3/, IL1i forward 5'-
GAAATGCCACCTTTTGACAGTG-3' and reverse 5-TGGATGCTCTCATCAGGA
CAG-3/, IL6 forward 5'-GTCCGGAGAGGAGACTTCAC-3' and reverse 5-CTGCAA
GTGCATCATCGTTGT-3/, CCL2 forward 5-GGCGGTCAAAAAGTTTGCCT-3’ and
reverse 5’- TTCTTCCGTTGAGGGACAGC-3/, iNOS forward 5-CAAGCACCTTGG
AAGAGGAG-3' and reverse 5'-AAGGCCAAACACAGCATACC-3/, beta-actin
forward 5-CACTGTCGAGTCGCGTCC-3’ and reverse 5- CGCAGCGATATCGTC
ATCCA-3'.
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and followed by LPS for 4 h. A, B Western blot showing the expression of p-ERK and ERK in BV2 microglia of Control, ITE, LPS and ITE + LPS
groups. C, D Western blot of each group showing the protein level of p-NFkB and NFkB in BV2 microglia. E Immunofluorescence staining to
detect different nuclear translocation state of NFkB (red) in each group. Cell nuclei were counterstained with DAPI (blue). Scale bar: 25 pm.
F Quantification of nuclear/cytoplasmic fluorescent intensity of NFkB in four groups. G, H CH223191 was added 24 h before ITE treatment and
subcellular fractionation separation experiments was performed. Representative western blot analysis for NFkB G and quantification of the
ratio of nuclear to cytoplasmic fraction H. All data are presented as mean = SEM. and are representative of at least three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, P value was obtained by one way ANOVA followed by multiple comparisons.

Protein extraction and western blotting

Retinas and BV2 cells were isolated and lysed with RIPA (Sangon, Shanghai,
China) according to the manufacturer’s protocol. Proteins were quantified
using the BCA Protein Assay Kit (Beyotime, Shanghai, China). Then the
proteins were separated by 10% SDS-page gels and transferred to the
PVDF membrane. Primary antibodies used to incubate overnight at 4 °C
were as follows: TNFa (1:1000; Abcam, Cambrige, UK), IL-1B (1:1000;
Proteintech, Chicago, IL, USA), IL-6 (1:1000; Proteintech, Chicago, IL, USA),
iNOS (1:1000; Affinity, USA), NFkB (1:1000; Proteintech, Chicago, IL, USA), p-
NFkB (1:1000; Abcam, Cambrige, UK), ERK1/2 (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA), p-ERK1/2 (1:1000; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), actin (1:1000; Abmart, Shanghai, China) and beta-
actin  (1:1000; Bioss, Beijing, China). Blots were developed using
chemiluminescence (Beyotime, Shanghai, China) and were quantified
using Image J software. Band signals was normalized to actin or beta-actin.

Subcellular fractionation and immunoblot analysis

Cytoplasm and nucleus fractions were extracted using the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China) according
to the manufacturer's protocol. Primary antibodies used were as follows:
NFkB (1:1000; Proteintech, Chicago, IL, USA), AhR (1:1000; Abclonal, Wuhan,
China), beta-actin (1:1000; Bioss, Beijing, China), actin (1:1000; Abmart,
Shanghai, China), SP1(1:1000; Abcam, Cambrige, UK) and Histone-
H3(1:1000; Proteintech, Chicago, IL, USA). Band signals was normalized
to beta-actin /actin (cytoplasm) or SP1/Histone-H3 (nucleus).

Immunocytochemistry

Cells were fixed with 4% PFA for 15 min, permeabilized and blocked with
5% goat serum (Boster, CA, USA) in 0.3% triton x-100 in PBS for 30 min at
room temperature. Cells were then incubated with primary antibodies AhR
(1:1000; Abclonal, Wuhan, China) or NFkB (1:1000; Proteintech, Chicago, IL,
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USA) overnight at 4 °C, followed by Alexa Fluor 594 anti-mouse secondary
antibody (1:200; Abbkine, CA, USA). Cell nuclei were counterstained with
DAPI (Invitrogen, CA, USA).

BV2-conditioned medium preparation and intravitreal
injection

Cells supernatants were filtered through a 0.45-pm syringe filter, then
concentrated using the Amicon Ultra-15 centrifugal filter device with
molecular weight cut-off 3-kDa (Merck Millipore, American) [54]. Concen-
trated conditioned medium (CCM) was then desalted twice with DPBS. The
protein concentration was analyzed using the BCA Protein Assay Kit
(Beyotime, Shanghai, China) and normalized to the same with DPBS for the
following experiments. For intravitreal injection, two microliters of CCM or
unconditioned medium was injected into the vitreous of IR and control
eyes. Eyeballs were removed three days later for the follow-up
experiments.

Apoptosis detection

Retinal apoptosis was detected using the TdT-mediated dUTP nick-end
labeling (TUNEL) assay kit (Servicebio, Wuhan, China) according to the
manufacturer’s protocol. Digital images were captured by confocal
microscopy.

Inflammatory cytokine antibody array

Cytokines in the BV2-conditioned medium were detected using G-Series
Mouse Inflammation Array 1 (RayBiotech, Inc., Norcross, GA, USA) according
to the manufacturer’s protocol. In brief, 100 ul sample diluent was added to
each well, blocked for 30 min and incubated for 1 h at room temperature.
Fluorescence signal was visualized by a laser scanner and data were
extracted using the GAL file along with the microarray analysis software.
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Fig. 8 AhR dependent anti-inflammation and neuroprotective effects of tryptophan metabolites on retinas under ocular hypertension.
Disturbed serum tryptophan metabolism and reduced AhR agonists are shown in glaucoma state, which result in reduced microglial AhR
activation. Amplified local inflammation mediated by microglia, which are ERK and NFkB signaling dependent, could cause significant
neurotoxicity to RGCs under ocular hypertension (a, left). However, tryptophan metabolism is normal and there are enough AhR agonists in

healthy state. Supplementation of tryptophan metabolites such as ITE

could significantly inhibited ERK and NFkB dependent local

inflammation and attenuated retinal injury under ocular hypertension via AhR activation (b, right). In summary, AhR activation by tryptophan

metabolites play anti-inflammation and neuroprotective roles in glaucoma.

Statistical analysis 5.
GraphPad Prism 8.0.2 was used for the statistical analysis. Data were
presented as mean+SEM and p<0.05 was considered statistically
significant. The two-sided t-test was used to perform statistical analysis 6.
between individual groups, and the one-way ANOVA followed by a
Turkey's test was used between multiple groups. Heatmap was generated
based on Z-score analysis. 7.

DATA AVAILABILITY 8.
All data included in this study are available upon request by contact with the
corresponding author.
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