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Abstract
Background

IDO1 is the initial and rate-limiting enzyme that metabolizes tryptophan (TRP) to kynurenine (KYN). IDO1-
dependent neurotoxic KYN metabolism plays a crucial role in pathogenesis of many neurodegenerative
disorders. However, the function of IDO1 in epilepsy is still unclear.

Methods

Patients with epilepsy and controls were enrolled. Male C57BL/6 mice and IDO1 knockout (KO) mice were
subjected to intraperitoneal injection of lithium and pilocarpine to induce epilepsy. The level of IDO1 and
concentrations of TRP and KYN in the patients with epilepsy and epileptic mice were evaluated by
enzyme-linked immunosorbent assay (ELISA) and liquid chromatography-mass spectrometry (LC-MS)
respectively. Then, SRS and neuronal damage was compared between KO and wild-type (WT) mice in
lithium-pilocarpine-induced epilepsy. To explore underlying pathways involved in IDO1 de�ciency,
concentrations of kynurenic acid (KYNA) and quinolinic acid (QUIN), glial cells activation, major pro-
in�ammatory cytokines, and antioxidant enzymes activity were measured by LC-MS,
immunohistochemistry and ELISA.

Results

In this study, IDO1 level and KYN/TRP ratio were increased in the patients with epilepsy and epileptic
mice. IDO1 de�ciency attenuated the frequency, duration and severity of SRS and improved neuronal
survival. Additionally, IDO1-/- epileptic mice showed a progressive decline in QUIN production, glial cells
activation and pro-in�ammatory cytokines and enhanced antioxidant enzymes activity.

Conclusions

IDO1 deletion alleviated SRS and neuronal damage in the chronic period after SE through a reduction in
IDO1-dependent neurotoxic metabolites, which �nally inhibited pro-in�ammatory cytokine production and
glial cells activation and improved antioxidant enzymes activity. Our study demonstrates that IDO1 may
be involved in the pathogenesis of epilepsy and has potential to be a therapeutic target for the treatment
of epilepsy.

Introduction
Epilepsy is one of the most common chronic neurological disorders, characterized by spontaneous and
recurrent brain seizures, affecting around 65 million people worldwide[1, 2]. Despite the availability of
antiepileptic drugs, approximately 30% of patients fail to control seizures. Temporal lobe epilepsy (TLE) is
the most common type of epilepsy and often progress refractory to pharmacologic treatment[3].
Understanding the mechanisms of the epileptic seizure of TLE is of great importance.
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IDO1 is an intracellular enzyme that catalyzes the �rst and rate-limiting step in the conversion of TRP into
KYN pathway. Then, KYN can be metabolized to KYNA, 3-hydroxykynurenine (3-HK) and QUIN. QUIN is
involved in the regulation of N-methyl-D-aspartate (NMDA) receptor function and immunoregulation.
Besides, 3-HK and QUIN play an essential role in free radical production[4]. Mounting evidence indicates
that pathological activation of the KYN pathway is involved in neurodegenerative disorders. Increased
KYN content and IDO1 activity have been detected in the blood of Huntington’s disease patients[5]. It has
been reported that neurons in the striatum of IDO1 KO mice become less sensitive to QUIN-induced
neurotoxicity[6]. The elevated expression of IDO1, which results in the upregulation of the KYN pathway,
has been observed in Alzheimer's disease brain[7]. Also, our previous research demonstrated that
activation of IDO1 contributes to epilepsy-associated depressive-like behaviour. IDO antagonist 1-
methyltryptophan eases depressive-like behaviour but fails to relieve spontaneous seizures[8]. However, a
recent study suggested that IDO1 deletion promotes seizures and neuropathogenesis during acute TMEV
encephalitis[9]. In this study, we found that serum KYN/TRP ration was increased both in the patients
with primary epilepsy and patients with seizure secondary to autoimmune encephalitis. IDO1 is
upregulated by in�ammatory mediators, such as interleukin-1β (IL-1β), IL-6, tumour necrosis factor α
(TNF-α) and interferon-γ[10]. Thus, IDO1 is expected to be activated in seizure secondary to encephalitis.
However, whether IDO1 is involved in the development of primary epilepsy is still unclear.

Therefore, in this study, we explored the role of IDO1 in the development of epilepsy. We examined IDO1
level and KYN/TRP ratio in the patients with epilepsy and epileptic mice. Then, we induced SE in IDO1-/-

mice and investigated the changes in SRS, neuronal loss, KYN metabolites, in�ammation response and
oxidative stress.

Methods
Subjects

Twenty-one patients with epilepsy and thirteen controls were recruited from the Neurology Department of
Nanfang Hospital, Southern Medical University. Twenty-one patients with epilepsy were classi�ed as
patients with primary epilepsy group (n=10) and patients with seizure secondary to autoimmune
encephalitis group (n=11) according to the cause of epilepsy. Moreover, 21 patients with epilepsy
consisted of 11 patients with status epilepticus and 10 patients without status epilepticus. All patients
were diagnosed by their supervisory doctors according to criteria established by the International League
Against Epilepsy[11]. As controls, none of these subjects had a history of epilepsy, other neurological
diseases, or exposure to antiepileptic drugs. The study was approved by the ethics committee of the
Nanfang Hospital, Southern Medical University.

Animals

Male C57BL/6 mice (6-8 weeks of age) were purchased from the Experimental Animal Center of Southern
Medical University (Guangzhou, China). The IDO1 KO mice were obtained from the Jackson Laboratory
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(Bar Harbor, ME, USA) and WT littermates were produced by heterozygous mating. The results of gene
identi�cation of IDO1-/- mice were presented in the Supplementary Fig. S1. Animals were maintained in
speci�c pathogen-free facilities with a temperature of (22 ± 1℃) and a 12h light/12h dark cycle and were
offered free access to standard food and water. All animal procedures in this study were approved by the
Institutional Animal Care and Use Committee of Southern Medical University (Permit Number: 00197090).

Status epilepticus induction and monitoring of spontaneous recurrent seizures

Mice were intraperitoneally (i.p.) injected with lithium chloride (127 mg/kg, Sigma-Aldrich, St Louis, MO,
USA), then 20 hours later were injected with pilocarpine hydrochloride (30 mg/kg, i.p., Sigma-Aldrich, St
Louis, MO, USA) to induce SE. To reduce the peripheral side effects of pilocarpine, methyl scopolamine
nitrate (1 mg/kg; i.p., Tokyo Chemical Industry, Tokyo, Japan) was given 30 min before pilocarpine
administration. The severity of behavioural seizures was graded according to Racine’s scale[12]. Only
mice with at least stage 3 were selected for further experimentation. Diazepam (15 mg/kg, i.p., King York,
Tianjin, China) was administered to terminate behavioural seizures at 2 hours after SE.

Mice received video monitoring of SRS from day 28 to day 41 after SE. In the pilocarpine model of
epilepsy, only generalized convulsive stage 4 and 5 seizures were detected[13-17]. All video recordings
were analyzed by independent investigators blinded to the study.

Preparation of blood and CSF samples

Blood samples were collected to vacuum tubes and then allowed to coagulate at room temperature for 30
min. Serum was separated by centrifugation at 3,000 g for 15 min. CSF samples were collected by
lumbar puncture and centrifuged at 1,000 g for 10 min. All serum and CSF samples were stored at -80℃
until analysis.

Biochemical analyses

IDO1 level in the serum and CSF of subjects were detected by human indoleamine 2,3-dioxygenase (IDO)
ELISA Kit (Cusabio Biotech, Wuhan, China) following the manufacturer’s instructions. Frozen
hippocampal tissues were diluted in ice-cold PBS with a concentration of 10% (w/v) after weighing and
were homogenized. Then, tissue homogenates were centrifuged at 4 °C for 15 min, and supernatants were
collected to detection. The levels of in�ammatory factors, such as IL-1β, IL-6, TNF-α in the serum and
supernatant of hippocampal tissues, were measured by ELISA (Boshen Biotechnology, Nanjing, China).
IDO1 level in the serum and supernatant of hippocampal tissues were assessed using mouse
indoleamine 2,3-dioxygenase 1 (IDO1) ELISA Kit (Cusabio Biotech, Wuhan, China). The activity of SOD,
GSH-Px, and CAT and MDA content in the serum and supernatant of hippocampal tissues were measured
using the detection kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instructions.

LC-MS analysis of TRP, KYN, QUIN and KYNA

https://www.baidu.com/link?url=dUPtP0i8C-ynwLhtEzlnF2ePQVFDTWsocQWxhZ2p_UQm6GZ9hVGVFYb1R8YhO_VotBct3Amcq8Cbsd362v_vW-giiKtR6KAPdKKqki6_Xca&wd=&eqid=b0329582000012c2000000065ec72e71
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Hippocampal tissues were thawed and then homogenized in ice-cold extraction solution. Homogenates
were centrifuged at 4 °C for 10 min and supernatants were collected to analysis.

The concentrations of TRP, KYN, QUIN and KYNA in the serum, CSF and tissues solution were determined
by combination of high performance liquid chromatography (LC-30AD, Shimadzu, Kyoto, Japan) and a
triple quadruple mass spectrometry (Triple Quad 4500, AB Sciex, Boston, MA, USA). The parameters of
mass spectrometer and the mobile phase were prepared as previously described[18]. The IDO1 activity
was determined by KYN/TRP ratio.

Histological examination

At the end of the experiments, mice were anaesthetized with sodium pentobarbital and transcardially
perfused with PBS. Brains were post-�xed in 4% paraformaldehyde for 24 hours at room temperature and
subsequently penetrated with 15% sucrose and 30% sucrose. Then brain tissues were sectioned into 6 µm
thick coronal slices. For H&E staining and Nissl staining, brain slices were stained with hematoxylin and
eosin, and toluidine blue, respectively. For immuno�uorescence staining, slices were incubated with
primary antibodies against NeuN (mouse, 1:200, Abcam, Temecula, CA, USA), GFAP (goat, 1:500, Abcam,
Temecula, CA, USA) and Iba1 (goat, 1:200, Novus Biologicals, Littleton, CO, USA). Slices were then
incubated with AlexaFluor 594-conjugated goat anti-mouse IgG (1:200, Carlsbad, CA, Invitrogen),
AlexaFluor 488-conjugated donkey anti-goat IgG (1:200, Abcam, Temecula, CA, USA) and AlexaFluor 594-
conjugated donkey anti-goat IgG (1:200, Abcam, Temecula, CA, USA) secondary antibodies respectively.
Images were observed and taken randomly for each sample under a microscope (Olympus, Tokyo,
Japan). Immuno�uorescence images were observed with a confocal microscope (Zeiss LSM 880, Carl
Zeiss, German).

Statistical Analysis

All data were statistically analyzed using SPSS 20.0 (IBM, Armonk, NY, USA). All graphics were generated
with GraphPad Prism 7 (GraphPad, La Jolla, CA, USA). Data were expressed as mean ± SD unless
otherwise indicated. Statistical signi�cance was evaluated by student’s t-test for comparisons between
two groups and one-way ANOVA with Tukey's for comparison within multiple groups. The Kruskal-Wallis
test was used to compare the IDO1 level and KYN/TRP ratio in clinical samples. Chi-square test was
performed to determine signi�cant differences in the severity of SRS. Mann-Whitney U-test was used for
comparison of the frequency of SRS between KO epileptic group and WT epileptic group. Value of P <
0.05 was considered as statistically signi�cant.

Results
1. IDO level and KYN/TRP ratio were elevated in the serum and CSF of patients with epilepsy.

To investigate the response of IDO1 to epilepsy, we �rst examined IDO level and concentrations of TRP
and KYN in the serum and CSF from patients with epilepsy and controls and then calculated the ratio of



Page 7/42

KYN to TRY. The background characteristics of all patients and controls are shown in Table 1. There were
no signi�cant differences on age or sex between patients with epilepsy and controls.

Patients with epilepsy showed a signi�cantly elevated IDO level and increased KYN/TRP ratio in the
serum and CSF as compared with controls (Figure 1A, 1D, 1J and 1G). Furthermore, patients with seizure
secondary to autoimmune encephalitis had a higher level of IDO in the serum than controls (Figure 1B).
And patients with status epilepticus exhibited a signi�cantly elevated IDO level in the serum as compared
with controls (Figure 1C). Besides, both patients with primary epilepsy and patients with seizure
secondary to autoimmune encephalitis displayed a progressively enhanced IDO1 activity (KYN/TRP ratio)
in the serum relative to controls (Figure 1H). IDO1 activity was signi�cantly increased in the serum of
patients with epilepsy as compared with controls, especially in patients with status epilepticus (Figure 1I).
Moreover, patients with status epilepticus had higher IDO1 activity in the CSF than controls (Figure 1L).
Collectively, these results indicated that an association might exist in human subjects between IDO1 and
epilepsy.

Table 1. The background characteristics of patients with epilepsy and controls.
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  Epilepsy Control

Total 21 13

Age (years) 33.05±20.95 34.23±17.26

Gender (female/male) 13/8 7/6

Course of epilepsy    

1 year 13 0

1-2 years 4 0

2 years 4 0

Taking AEDS 17 0

MRI    

Normal 6 0

Abnormal 13 0

Not available 2 0

Etiology    

Primary epilepsy 10 0

Seizure secondary to autoimmune encephalitis 11 0

Status epilepticus 11 0

Epileptic patients (without status epilepticus) 10 0

2. IDO1 level and KYN/TRP ratio were elevated in the serum and hippocampus of epileptic mice.

To further con�rm the changes of IDO1 in epileptic mice, we established lithium-pilocarpine-induced
epilepsy model and assessed IDO1 level and KYN/TRP ratio in the serum and hippocampus of mice at
six weeks after SE. As expected, IDO1 level and KYN/TRP ratio were signi�cantly elevated in the serum
and hippocampus of epileptic mice compared with controls (Figure 2A-D). These �ndings veri�ed that
there was a strong relationship between upregulation of IDO1 and epilepsy in these mice.

To evaluate the response of pro-in�ammatory cytokines in epileptic mice, levels of IL-1β, IL-6 and TNF-α
in the serum and hippocampus of mice were measured at six weeks after SE. Higher levels of IL-1β, IL-6
and TNF-α were detected in the serum and hippocampus of epileptic mice than that in controls (Figure
2E-J). 

3. IDO1 de�ciency attenuated SRS in the lithium-pilocarpine-induced epilepsy model.
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Next, IDO1 KO mice were used to observe the role of IDO1 in epileptic mice. We explored whether IDO1
would in�uence SRS in the mice lithium-pilocarpine-induced epilepsy model. No seizures were observed
during the experimental period in the control group. The de�ciency of IDO1 led to less frequency and
shorter duration of SRS as compared with the WT group in the pilocarpine model of epilepsy (Fig. 3A and
3B). Additionally, IDO1-/- group had markedly less percent of stage 5 seizures than WT group (Fig. 3C),
indicating that the IDO1 de�ciency attenuated the severity of SRS.

4. IDO1 de�ciency improved neuronal survival in the lithium-pilocarpine-induced epilepsy model.

Then, we determined whether IDO1 affected neuronal loss in epileptic mice. H&E staining was used to
evaluate the pathologic changes of the hippocampus at six weeks after SE in this model. The genetic
deletion of IDO1 exerted profound neuroprotection in hippocampal CA1 and CA3 regions of epileptic mice
compared with WT epileptic mice (Fig. 4A). Nissl staining and NeuN immunostaining were then
conducted to further examine the survival of neurons in hippocampal CA1 and CA3 regions of epileptic
mice. Compared to WT mice, IDO1-/- mice showed a signi�cantly increased number of surviving neurons
in the pilocarpine model of epilepsy (Fig. 4B-D and Fig. 5A-D). These results suggested that IDO1
de�ciency partly prevented seizure-induced hippocampal neuronal damage in this model.

4. IDO1 de�ciency reduced neurotoxic KYN metabolite in the lithium-pilocarpine-induced epilepsy
model.

We further investigated the impact of IDO1 on KYN pathway of TRP metabolism. To test this, we �rstly
measured concentrations of TRP and KYN in the serum and hippocampus of mice at six weeks after SE.
In WT mice, the concentration of KYN was signi�cantly increased in the serum and hippocampus of
epileptic mice in comparison to control group (Fig. 6B and 6E). In contrast, in IDO1-/- mice, the
concentration of KYN in the serum and hippocampus tissues was remarkably decreased in both epileptic
mice and control group (Fig. 6B and 6E). Consistently, KYN/TRP ratio was signi�cantly reduced in the
IDO1-/- mice as compared with WT mice (Fig. 6C and 6F). There was no signi�cant difference in the
KYN/TRP ratio between the model group and the control group in IDO1-/- mice.

We also examined changes in the concentrations of KYNA and QUIN in the hippocampus of mice at six
weeks after SE. No noticeable difference was found in the concentration of KYNA between WT epileptic
mice and IDO1-/- epileptic mice (Fig. 6G). However, QUIN production in hippocampal tissues from IDO1-/-

epileptic mice was less than that in WT epileptic mice (Fig. 6H). Furthermore, QUIN/KYNA ratio was lower
in IDO1-/- epileptic mice than that in WT epileptic mice (Fig. 6I). Taken together, IDO1 reduced neurotoxic
KYN metabolite production in epileptic conditions.

5. IDO1 de�ciency ameliorated in�ammatory responses and oxidative stress after SE.

To explore how in�ammatory processes affected by IDO1, astrocyte and microglial activation in the
hippocampus were analyzed at six weeks after SE. In control groups, scattered GFAP-positive astrocytes
distributed in the hippocampal CA1 and CA3 regions (Fig. 7A and 7C). In epileptic groups, hippocampal
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CA1 and CA3 regions were �lled with GFAP-positive astrocytes (Fig. 7A and 7C). Besides, IDO1-/- epileptic
mice displayed markedly decreased number of GFAP-positive astrocytes compared with WT counterparts
(Fig. 7B and 7D). Immuno�uorescence staining revealed that changes in activated microglia in the
hippocampus of epileptic mice were in concert with those in activated astrocytes (Fig. 8A and 8C). Of
note, the number of Ibal-positive microglial was less in the IDO1-/- epileptic mice compared with WT
epileptic mice (Fig. 8B and 8D).

Besides, ELISA results showed that levels of IL-1β, IL-6 and TNF-α in the serum and hippocampus were
signi�cantly lower in IDO1-/- epileptic mice than that in WT epileptic mice, (Fig. 9A-F). These results
indicated genetic IDO1 ablation has a protective role in epilepsy via modulating the in�ammatory
responses.

To assess the effect of IDO1 on oxidative stress, the activity of SOD, CAT, GSH-Px and MDA content were
detected in serum and hippocampus at six weeks after SE. Antioxidant enzymes activity were
signi�cantly enhanced in serum and hippocampus in IDO1-/- epileptic mice compared with WT epileptic
mice, as indicated by the higher levels of SOD, GSH-Px and CAT (Fig. 10A-C and E-G). Correspondingly,
MDA content was signi�cantly reduced in serum and hippocampus in IDO1-/- epileptic mice compared
with the WT epileptic mice (Fig. 10D and 10H). Our results indicated that IDO1 de�ciency provided a
protective effect against seizure-induced oxidative stress.

Discussion
In the current study, we found that IDO level and KYN/TRP ratio were increased in the serum and CSF of
patients with epilepsy. Additionally, IDO1 level and KYN/TRP ratio were also increased in the serum and
hippocampus of animal models. Deletion of IDO1 alleviated the severity of SRS. We further demonstrated
that IDO1 de�ciency offered increased neuron survival and decreased neurotoxic KYN metabolites, glial
cells activation, pro-in�ammatory cytokine production, and oxidative stress.

IDO1 is known to be the initial and rate-limiting enzyme in the KYN pathway of TRP metabolism. Recent
studies proposed that IDO1 is involved in neurological diseases. Published literature showed that IDO1
activity is increased in the blood of Huntington’s disease patients[19, 20]. It was reported that the
increased expression of IDO1 is observed in Alzheimer's disease brain[21-23]. As shown in a previous
study, IDO1 contributes to epilepsy-associated depression-like behaviour in the chronic temporal lobe
epilepsy. IDO1 antagonist 1-methyltryptophan attenuates depressive-like behaviour but not spontaneous
seizures[8]. However, a recent research indicates that IDO1 deletion increases the incidence of seizures
during acute TMEV encephalitis[9]. Here, we observed that IDO level and KYN/TRP ratio were raised in the
serum and CSF of patients with epilepsy. Noteworthy, both patients with primary epilepsy and patients
with seizure secondary to autoimmune encephalitis displayed increased serum KYN/TRP ratio compared
with controls. Meanwhile, regardless of whether patients had status epilepticus or not, KYN/TRP ratio
was increased in the serum. These results suggest that IDO1 is relevant to epilepsy. Then, this study
con�rmed that IDO1 level and KYN/TRP ratio were increased in serum and hippocampus from epileptic
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mice. Although we are unable to compare hippocampal IDO1 between patients with epilepsy and controls
due to practical and ethical reasons, animal experiments provide direct evidence that seizure attacks lead
to elevated IDO1 level and KYN/TRP ratio in the hippocampus.

High levels of pro-in�ammatory cytokines (e.g., IL-1β, TNFα, IL-6) have been detected in epileptogenic
tissue from patients and animal model[24, 25]. In�ammatory cytokines can upregulate the expression
and activity of IDO1. In line with this �nding, we found that IL-1β, IL-6 and TNF-a were increased in the
serum and hippocampus of epileptic mice. These pro-in�ammatory cytokines may be involved in
activating IDO1 in epileptic mice.

To further explore whether IDO1 could affect epilepsy, we established a lithium-pilocarpine-induced
epilepsy model in IDO1-/- mice and WT mice. We found that IDO1 de�ciency attenuated the severity of
SRS. A previous study showed that IDO1 deletion promotes Theiler’s virus-induced seizures[9]. Conversely,
our study revealed that IDO1 de�ciency attenuated SRS after status epilepticus in the lithium-pilocarpine
model of epilepsy. This difference may be a result of the different model in respective studies. In our
research, pilocarpine was used to induce epilepsy. Noteworthy, pilocarpine administration can reproduce
typical pathological changes, and SRS observed in patients with epilepsy. Thus, pilocarpine is widely
employed in basic epilepsy research. Therefore, our results suggest IDO1 might be involved in the
development of epilepsy.

Neuronal loss is one of the typical pathologic hallmarks of TLE[26, 27]. Seizures can lead to neuronal
damage in several regions of the brain, especially in limbic structures, causing neuronal injury in the
hippocampus[28]. Neuronal loss in the hippocampus, in turn, can cause neuronal hyperexcitability and
promote the progression of TLE. Our results were consistent with previous reports. In addition, IDO1-/-

model mice exhibited an increase of neuronal survival compared with WT model mice.

IDO1 degrades TRP to KYN and leads to the subsequent production of neuroactive KYN metabolites such
as KYNA, 3-HK, and QUIN[29]. While KYN metabolites can be produced in most brain cells such as
neurons, astrocytes, and microglia, the amount of the enzymes expressed varies greatly. QUIN is only
produced by activated microglia, but not by neurons or astrocytes in the brain[30-32]. QUIN acts as the
competitive NMDA receptor agonist and can evoke neurotoxicity by NMDA receptor activation, reactive
oxygen species production, and destabilization of the cytoskeleton. In contrast, KYNA acts as the NMDA
receptor antagonist and plays a protective role against excitotoxic-induced neuronal death[33]. Under
normal states, KYNA is mostly produced by astrocytes and involved in maintaining brain
homeostasis[34]. KYNA/QUIN ratio is used to evaluate the balance between neuroprotective and
neurotoxic metabolites, re�ecting neurotoxic challenge to the brain[7, 35, 36]. In the neuroin�ammatory
state, KYN metabolism is shifted toward an increased generation of QUIN in the microglia[7, 37]. Thus, we
hypothesized that IDO1 might mediate neurotoxic KYN metabolites to affect the pathogenesis of
epilepsy. Our study revealed that the targeted deletion of IDO1 remarkably decreased the production of
KYN in the serum and hippocampus. There was no signi�cant difference in the KYN/TRP ratio between
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epileptic group and control group in IDO1-/- mice. Furthermore, IDO1 de�ciency decreased concentration
of QUIN and increased KYNA/QUIN ratio in the hippocampus of epileptic mice.

It has been reported that IDO1 has immunoregulatory properties[10]. QUIN has a pro-in�ammatory effect
on astrocytes and upregulates pro-in�ammatory chemokines and cytokines in astrocytes[38]. Converging
evidence implicates that in�ammation is considered as an essential role in the pathogenesis of
epilepsy[39]. Neuroin�ammation arises in the brain after SE and is closely correlated with the process of
spontaneous recurrent seizures in the chronic period of epileptic mice. Neuroin�ammation is marked by
glial cells activation and production of in�ammatory cytokines in epileptic mice[40]. Herein, we
demonstrated that IDO1 de�ciency inhibited glial cells activation and reduced levels of IL-1β, IL-6 and
TNF-α. These �ndings suggest that IDO1 de�ciency ameliorated SRS partly via regulating in�ammatory
responses.

IDO1 is essential for the regulation of oxidative stress through the KYN pathway. QUIN may induce
oxidative stress in neurons and astrocytes[41, 42]. Recent studies indicated that oxidative stress is a
cause and a consequence of the epileptic activities in epilepsy[43]. During oxidative stress, antioxidant
defense systems can scavenge reactive oxygen species through enzymatic antioxidants such as SOD,
CAT, and GSH-Px and non-enzymatic antioxidants such as antioxidant vitamins, cofactors, coenzymes,
trace elements, and uric acid[44]. MDA is formed as one of the end-products of lipid peroxidation and can
act as an indicator of the latter[45]. Consistent with the literature, we revealed that IDO1-/- mice exhibited
reduced MDA content and increased activity of CAT, GSH-Px and SOD in the serum and hippocampus of
epileptic model. These may provide an explain for the protective effect of IDO1 de�ciency during the
development of chronic recurrent seizures.

Unfortunately, our results lack direct evidence to elucidate the underlying mechanism by which IDO1
regulate the development of epilepsy. More research should be conducted to clarify detailed mechanisms
of how IDO1 affects epilepsy in the future.

Conclusions
In summary, IDO1 is promptly induced in response to epilepsy. IDO1 de�ciency attenuated SRS and
neuronal loss in a lithium-pilocarpine-induced epilepsy model. IDO1 de�ciency reduced IDO-dependent
neurotoxic KYN metabolites, inhibited microglia and astrocyte activation, and decreased the production
of pro-in�ammatory factors as well as oxidative stress. Those results indicated that IDO1 might
contribute fundamentally to the progression of epilepsy. Our study provides evidence that IDO1 may be a
new therapeutic target for the treatment of temporal lobe epilepsy.
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IDO1: Indoleamine 2,3-dioxygenase 1; SRS: Spontaneous recurrent seizures; SE: Status epilepticus; TRP:
Tryptophan; KYN: Kynurenine; KO: Knock-out; ELISA: Enzyme linked immunosorbent assay; LC-MS: Liquid
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Figures

Figure 1

IDO level and KYN/TRP ratio were elevated in the serum and CSF of patients with epilepsy. (A-F) IDO level
in the serum and CSF of participants were evaluated by ELISA. (G-L) KYN/ TRY ratio in the serum and
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CSF of participants were shown. Data are presented as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P <
0.001 compared with controls.
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CSF of participants were shown. Data are presented as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P <
0.001 compared with controls.

Figure 2

IDO1 level and KYN/TRP ratio were increased in the serum and hippocampus of epileptic mice. (A, B)
IDO1 level in the serum and hippocampus of epileptic mice were evaluated by ELISA. (C, D) KYN/TRY
ratio in the serum and hippocampus of epileptic mice were shown. (E-J) Bar charts showing the levels of
IL-1β (E, H), IL-6 (F, I), and TNF-α (G, J) in the serum and hippocampus of epileptic mice. Data are
presented as mean ± SD, n=6 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared the control
group.
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IDO1 de�ciency attenuated SRS after SE. (A) SRS frequency in WT group and IDO-/- group. (B) SRS
duration in WT group and IDO-/- group. (C) SRS severity in WT group and IDO-/- group. Data are
presented as mean ± SD, n=10 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared with WT group.

Figure 3

IDO1 de�ciency attenuated SRS after SE. (A) SRS frequency in WT group and IDO-/- group. (B) SRS
duration in WT group and IDO-/- group. (C) SRS severity in WT group and IDO-/- group. Data are
presented as mean ± SD, n=10 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared with WT group.

Figure 3

IDO1 de�ciency attenuated SRS after SE. (A) SRS frequency in WT group and IDO-/- group. (B) SRS
duration in WT group and IDO-/- group. (C) SRS severity in WT group and IDO-/- group. Data are
presented as mean ± SD, n=10 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared with WT group.



Page 24/42

Figure 4

IDO1 de�ciency ameliorated neuronal injury. (A) H&E staining of the hippocampal CA1 and CA3 regions
(magni�cations 200×). (B) Nissl staining of hippocampal CA1 and CA3 regions (magni�cations 200×). (C,
D) Quantitative analysis of living neurons in hippocampal CA1 and CA3 regions by Nissl staining. Data
are presented as mean ± SD, n=4 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared with WT
control group; #P < 0.05, ##P < 0.01 ###P < 0.001 compared with WT model group.
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Figure 5

IDO1 de�ciency improved hippocampal neuron survival. (A, C) Immuno�uorescence staining of NeuN in
hippocampal CA1 and CA3 regions (magni�cations 400×). (B, D) Quantitative analysis of NeuN-positive
neurons in hippocampal CA1 and CA3 regions. Data are presented as mean ± SD, n=4 per group. ∗P <
0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared with WT control group; #P < 0.05, ##P < 0.01 ###P < 0.001
compared with WT model group.
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Figure 6

IDO1 de�ciency altered tryptophan metabolites. (A, B, D, E) LC-MS analysis to detect concentrations of
TRP and KYN in serum and hippocampus tissues of WT and IDO1–/– mice. (C, F) KYN/ TRY ratio in the
serum and hippocampus were shown. (G, H) LC-MS analysis concentrations of QUIN and KYNA in
hippocampus tissues from control and model of WT and KO mice. (I) KYNA/ QUIN ratio in the
hippocampus were shown. Data are presented as mean ± SD, n=6 per group. ∗P < 0.05, ∗∗P < 0.01
∗∗∗P < 0.001 compared with WT control group; #P < 0.05, ##P < 0.01 ###P < 0.001 compared with WT
model group.
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Figure 7

IDO1 de�ciency inhibited astrocyte activation in the hippocampus. (A, C) The representative images of
GFAP immunostaining in the hippocampal CA1 and CA3 regions (magni�cations 400×). (B, D)
Quanti�cation of GFAP-positive cells in the hippocampal CA1 and CA3 regions. Data are presented as
mean ± SD, n=4 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared with WT control group; #P <
0.05, ##P < 0.01 ###P < 0.001 compared with WT model group.
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Figure 8

IDO1 de�ciency inhibited microglial activation in the hippocampus. (A, C) The representative images of
Iba1 immunostaining in the hippocampal CA1 and CA3 regions (magni�cations 400×). (B, D)
Quanti�cation of Iba1-positive cells in the hippocampal CA1 and CA3 regions. Data are presented as
mean ± SD, n=4 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared with WT control group; #P <
0.05, ##P < 0.01 ###P < 0.001 compared with WT model group.
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Figure 9

IDO1 de�ciency reduced levels of IL-1β, IL-6 and TNF-α. (A-F) Bar charts showing the level of IL-1β (A, D),
IL-6 (B, E), and TNF-α (C, F) in the serum and hippocampus from control and model of WT and KO mice.
Data are presented as mean ± SD, n=6 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001 compared with
WT control group; #P < 0.05, ##P < 0.01 ###P < 0.001 compared with WT model group.
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Figure 10

IDO1 de�ciency alleviated oxidative stress. (A-H) Bar charts showing the activity of SOD (A, E), GSH-Px (B,
F), and CAT (C, G) and MDA content (D, H) in the serum and hippocampus from control and model of WT
and KO mice. Data are presented as mean ± SD, n=6 per group. ∗P < 0.05, ∗∗P < 0.01 ∗∗∗P < 0.001
compared with WT control group; #P < 0.05, ##P < 0.01 ###P < 0.001 compared with WT model group.
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