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Summary
Background The infantile spasms syndrome is an early-onset epileptic encephalopathy presenting in the first 2 years
of life, often with severe developmental consequences. The role of the gut microbiota and metabolism in infantile
spasms remains unexplored.

Methods Employing a brain injury neonatal rat model of infantile spasms intractable to anticonvulsant medication
treatments, we determined how the ketogenic diet and antibiotics affected specific microbial communities and the
resultant circulating factors that confer spasms protection in the infantile spasms model. To confirm a role of kynur-
enine metabolism pathway in spasms protection, indoleamine 2,3-dioxygenase 1 was pharmacologically inhibited
and comprehensive metabolomics was applied.

Findings We show that antibiotics reduced spasms and improved the effectiveness of the ketogenic diet when given
in combination. Examination of the gut microbiota and metabolomics showed the downregulation of indoleamine
2,3-dioxygenase 1 and upregulation of hippocampal kynurenic acid, a metabolite with antiepileptic effects. To further
test the involvement of indoleamine 2,3-dioxygenase 1, a specific antagonist 1-methyltryptophan and minocycline, an
antibiotic and inhibitor of kynurenine formation from tryptophan, were administered, respectively. Both treatments
were effective in reducing spasms and elevating hippocampal kynurenic acid. A fecal microbiota transplant experi-
ment was then performed to examine the contribution of the gut microbiota on spasm mitigation. Transplant of
feces of ketogenic diet animals into normal diet animals was effective in reducing spasms.

Interpretation These results highlight the importance of tryptophan-kynurenine metabolism in infantile spasms
and provide evidence for new-targeted therapies such as indoleamine 2,3-dioxygenase 1 inhibition or microbiota
manipulation to promote kynurenic acid production as a strategy to reduce spasms in infantile spasms.
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Introduction
Infantile spasms (IS) is a debilitating epileptic encepha-
lopathy that affects 1/5000 children.1 Principal clinical
features include frequent epileptic spasms occurring in
infancy, abnormal inter-ictal EEG termed hypsarrhyth-
mia and developmental arrest or regression.1 Patients
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Research in context

Evidence before this study

Infantile spasms (IS) is a debilitating epileptic encepha-
lopathy occurring in infancy. Patients with IS are at high
risk of mortality and severe long-term neurodevelop-
mental disability if effective treatments are not insti-
tuted early. However currently available treatments
(ACTH and vigabatrin) are often ineffective and are
associated with toxic side effects. A growing body of
evidence shows the essential role of the gut micro-
biome in regulating diverse physiological processes
including neural function via the gut-brain axis. In an
infant model of symptomatic IS induced in neonatal
rats we've previously reported that the ketogenic diet is
efficient in reducing spasms occurrence. However, the
role of gut microbiota and metabolism remains unclear.

Added value of this study

Employing a brain injury model of IS intractable to cur-
rently available firstline treatments, we show that antibi-
otics alone reduced seizures and improved the
effectiveness of the ketogenic diet (KD) when given in
combination. When examining the metabolomics and
microbiome profiles of the animals (antibiotics, KD,
KD + antibiotics), our results revealed alterations to the
kynurenine pathway including upregulation of kynur-
enic acid and a downregulation of indoleamine 2,3-
dioxygenase 1 (IDO1) activity as revealed by a reduction
in the kynurenine /tryptophan ratio. Inhibition of IDO1
with a specific antagonist and minocycline (single anti-
biotic) worked to elevate kynurenic acid concentrations
and reduce seizures.

Implications of all the available evidence

These data provide evidence for new-targeted therapies
such as IDO1 inhibitor or microbiota manipulation
against infantile spasms.
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with IS are at high risk of mortality and severe long-
term neurodevelopmental disability if effective treat-
ments are not instituted early.2 However currently avail-
able treatments (ACTH and vigabatrin) are often
ineffective and are associated with toxic side effects.3

Patients with IS have abnormal tryptophan (TRP)
levels that are normalized in those who respond to
ACTH.4 Subsequent studies have reported significantly
lower levels of kynurenine (KYN) and 5-hydroxyindole-
acetic acid in the cerebrospinal fluid of patients with
IS.5�7 These studies support a role for abnormal TRP
metabolism in the pathogenesis of IS. TRP is an essen-
tial amino acid that is the sole precursor of serotonin
and the neuroendocrine hormone melatonin. TRP is
metabolized by two main pathways; either conversion to
serotonin (5-HT; 1% of metabolism) or metabolism via
the KYN pathway (95% of metabolism) by indoleamine
2,3-dioxygenase 1 (IDO1).8 The metabolic products of
KYN are quinolinic acid (QA) or kynurenic acid (KA),
which subsequently activates or inhibits neurotransmis-
sion, respectively.8 Notably, QA is lastly converted to
NAD+, which regulates important metabolic enzymes.

Pathological imbalance in the production of QA ver-
sus KA can have profound effects on cerebral excitabil-
ity.9 Intraventricular administration of KYN is well
documented to potentiate seizures,10,11 while adminis-
tration of the ketogenic diet (KD), which is an alterna-
tive treatment for patients with IS12�14 reduces KYN in
both plasma as well as the KYN/TRP ratio in the hippo-
campus.15 Inflammation is a known inducer of the KYN
pathway through IDO1,16 the rate-limiting enzyme in
the KYN pathway in the brain.

The role of the gut microbiota in mediating TRP
availability and metabolism is increasingly recognized.17

More than 90% of the body’s 5-HT is synthesized in the
gut and studies show that both antibiotic administration
and germ-free mice have severely reduced levels of 5-HT
in both the serum and colon compared to convention-
ally-colonized controls.18 The specific mechanisms
whereby the gut microbiota communicates with the
brain to modulate spasms remain elusive. While gut
dysbiosis has been reported in patients with drug-resis-
tant epilepsy,19 analysis of fecal microbiota in children
with refractory epilepsy are inconsistent, likely due to
varied etiologies and treatment regimes.20�22

Traditionally, IS are classified into symptomatic,
cryptogenic and idiopathic. To date, there is a paucity of
basic knowledge about the role of the gut microbiota in
the context of symptomatic IS. Herein, we employ the
triple-hit model,23 to examine the emerging link
between the gut microbiota and TRP metabolism in IS.
We sought to determine how the KD and antibiotics
affected specific microbial communities and the resul-
tant circulating factors that confer spasms protection in
the IS model. Comprehensive metabolomics profiling
revealed alterations to the KYN pathway including upre-
gulation of KA and a downregulation of IDO1 activity as
revealed by a reduction in the KYN/TRP ratio. To con-
firm a role of this pathway in spasms protection, IDO1
was pharmacologically inhibited with positive results.
Taken together, data show that targeting the microbiota
and its downstream targets involving TRP metabolism
may serve as an approach to modulating spasms occur-
rence in IS.
Methods

Animals
All procedures were performed under the guidelines of
the Canadian Council on Animal Care and had ethics
approval by the Health Sciences Animal Care Commit-
tee at the University of Calgary (Approval ID. AC16-
0271). All animal experiments were conducted on off-
spring of Sprague-Dawley rats. The neonatal Sprague-
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Dawley rats were obtained from Sprague Dawley
females (Charles River Laboratories) bred in house, in
full compliance with the institutional guidelines of
the University of Calgary’s Health Sciences Animal
Care Committee. The day of birth was considered as
P0 and on P3 the litters were culled to 8 pups. Pups
were divided into two experimental settings: (1) lesion
pups that received doxorubicin/lipopolysaccharide/p-
chlorophenylalanine, (2) lesion pups that received
saline. The triple-hit model is the only fully validated
model of symptomatic infantile spasms that mimics
IS in infants.24 On P4, intracerebral infusions of
doxorubicin and lipopolysaccharide were made stereo-
taxically under hypothermia anesthesia. Pups were
positioned in a stereotaxic frame for neonatal rat sur-
gery (Benchmark Angle One, MyNeurolab.com, St.
Louis MO). Doxorubicin was injected into the right
lateral ventricle followed by lipopolysaccharide into
the right parietal cortex. The following coordinates
were used: doxorubicin (5 µg/2.5 µL): 2.68 mm ante-
rior to lambda; 1.1 mm lateral to sagittal suture;
3.3 mm deep; lipopolysaccharide (3 µg/1.5 µL):
2.55 mm anterior to lambda; 1 mm lateral to sagittal
suture; 1.7 mm deep. After the injections the skin
was closed with Vetbond� and the pups were allowed
to recover on a heating pad before giving access to
food and water. At P5 morning, pups were injected
with p-chlorophenylalanine 200 mg/kg i.p. Sterile
saline was used as the vehicle for the three injections.
Pups were individually placed in beakers warmed in a
water bath (45 °C) and filled with bedding material
(31�33 °C) in a specific pathogen free facility. Artifi-
cial rearing was started once the pups have fully
recovered from the anesthesia. Pups were randomly
assigned (based on body weight) to either a normal
milk diet (1.7:1, fats to carbohydrate/protein ratio) or
the ketogenic diet (4:1, fats to carbohydrate/protein
ratio; made in house) from P4 to P7 or P12. Loss of
body weight < 20%, abdominal distension, and/or an
infection at the incision site that prevents us from
suturing were assumed a humane endpoint. Rats
meeting the humane endpoints were excluded from
the study. Treatment and measurements were per-
formed at the same time of experimental endpoints
and in a random order to minimize potential con-
founders.
Antibiotic treatment
On P5, the pups were randomly assigned for antibiotic-
treated or untreated group. A broad-spectrum antibiotic
mixture was added in the milk at the daily dosage of
20mg/kg vancomycin (V2002, Sigma), 50 mg/kg neomy-
cin (N6386, Sigma), 50 mg/kg ampicillin (A9393, Sigma)
and 10 mg/kg metronidazole (M3761, Sigma). All dosages
refer to the available therapeutic dosages used in clinics.
Body weight was measured twice per day.
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1-Methyltryptophan (1-MT) administration
1-MT was administered subcutaneously at the dose of
50 mg/kg as previously described.25 The injections were
given twice daily twice daily at 12 h intervals from P5 to
P6 and once at P7 morning. 1-MT was dissolved in
0.1 M NaOH and adjusted pH to using 1 M HCl.
Minocycline treatment
On P5, the pups were randomly assigned to groups
treated with or without minocycline. According to previ-
ous reports,26,27 a dosage at 50 mg/kg body weight was
chosen for administration. Minocycline was given orally
with milk.
Fecal microbiota transplantation
Fresh feces were collected from P7 rats fed with keto-
genic diet. 200 µL 20% glycerol was added to 0.02 g
feces and thoroughly re-suspended to prepare fecal
supernatants. Each mixture was further centrifuged at
376 xg for 5 min at 4 °C to remove sediment of undi-
gested dietary materials. 100 µL of the supernatant was
orally gavaged to recipient rats twice on P4 after surgery
and at P5 in the morning.
Behavioral spasms
The behaviors of the pups were continuously monitored
from P4 (surgery day) to P7 (day of sacrifice). The
behavioral spasms characterized by rapid extension and
flexion movements were recorded using video system
with Sirenia software (Pinnacle Technology, Lawrence,
KS, USA), based on previously described criteria.24 A
spasm was blindly recorded when there is an abrupt
onset of flexion of the trunk with forward tonic exten-
sion of the limbs at the height of the spasm (flexion
spasms), or a sudden hyper-extension of the back with
tonic posturing of the limbs (extension spasms).
Bacterial genomic DNA extraction and 16S rRNA high-
throughput sequencing
The bacterial genomic DNAs from fecal samples of P7
and 12 rats were isolated using the FastDNA� SPIN Kit
for Feces (Cat. No. 116570200; MP Biomedicals, Santa
Ana, CA) and quantified using the high-sensitivity
dsDNA Qubit Kit (Invitrogen, Carlsbad, CA, USA). The
16S V3 and V4 region was amplified with 12.5 ng
extracted DNA, 5 mL barcoded fusion primers,28 12.5 mL
2X KAPA HiFi Hot Start Ready Mix (KAPA Biosys-
tems). The DNA libraries were prepared using the Nex-
tera XT DNA Sample Preparation (Illumina) and the
amplicon was purified using AMPure XP beads.
Sequencing was performed on an Illumina MiSeq plat-
form with the MiSeq V3 600 cycle sequencing kit for
paired-end sequencing. All the procedues are conducted
in the Core DNA facility of University of Calgary.
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The sequence demultiplexing and removal of indices
were performed blindly using the bacterial metagenom-
ics workflow in the MiSeq Reporter software (Illumina).
Sequences were then processed with Mothur Version
1.35.129 following the online MiSeq standard operating
procedure (https://www.mothur.org/wiki/MiSeq_
SOP).30 Reads with exact barcode matching, two nucleo-
tide mismatch in primer matching or containing
ambiguous characters were removed. Very low abun-
dant features were filtered using default options; mini-
mum count 4 and low-count filter based on 20%
prevalence in samples. To adjust for even sequencing
depth, the numbers of sequences were rarefied to the
same amount as the minimum number of sequence
detected. Since the microbiome dataset is sparse and
compositional,31 the data were transformed using cen-
tered log-ratio prior to statistical analysis. Operational
taxonomic units (OTUs) were clustered based on a 97%
sequence similarity against Greengenes 13_5 database.
The sequence reads were further analyzed using the
16S Metagenomics app (version 1.0.1; Illumina) for tax-
onomy assignment. The data were transformed into
centered log-ratio and used for PLS-DA analysis follow-
ing the instruction by mixMC from the mixOmics R
package.32 The metagenomics prediction of the 16S
rRNA data were conducted using PICRUSt.33 Data from
the metagenomics prediction output were also trans-
formed into centered log-ratio and used for subsequent
statistical analysis. A leave-out-out cross-validation
approach was used to evaluate the PLS-DA model by
MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/).
Parameters including goodness of fit values R2 and
accuracy value were provided. To further evaluate the
model performances, we performed a linear Fisher Dis-
criminant Analysis with stepwise variable selection
(SPSS software, version 24.0; IBM, Chicago, IL, USA).
Fisher Discriminant Analysis could identify the combi-
nation of predictor variables that discriminates between
the control and baseline groups. Selection of predictor
variables was based on Wilk’s lambda and the corre-
sponding F-statistic, entering all variables with a p-
value < 0.05 into the model. F value was set at Fentry=
3.84 and Fremoval=2.71. Classification and regression
analyses used the leave-one-out cross-validation to pro-
vide a statistically independent assessment of model
predictions. The discriminant scores and confusion
matrices from Fisher Discriminant Analysis were
ploted. A random forest anlysis was performed with
MicrobiomeAnalyst (https://www.microbiomeanalyst.
ca). MicrobiomeAnalyst could identify important varia-
bles at different taxa level using OTU abundance tables
as input datasets.
Metabolic fingerprinting with LC-QTOF-MS
Sample preparation. Sample preparation was carried out
as previously described.34,35 For serum samples, protein
precipitation and metabolite extraction were performed
by adding 50 mL of serum to 200 mL of cold (�20 °C)
100% methanol (LC/MS grade). Samples were vortexed
and centrifuged at 14000 xg for 10 min at 4 °C. The
supernatant was evaporated to dryness at 45 °C in a
SPD 111 V speed-vac system (Thermo Savant Instru-
ments, Holbrook, NY, USA). The residues were washed
again with 100 mL 50% methanol and centrifuged at
14000 xg for 15 min. The supernatant was filtered with
0.2 µm HPLC grade centrifugal tubes. Then 90 mL of
the supernatant was collected and pooled to prepare the
Quality Control (QC) samples. Hippocampal tissues
(»10 mg, wet weight) were weighed and added to
200 mL cold methanol:water (2:1). Piperazine was used
as an internal standand.

Sample analysis. Samples were analyzed blindly
using an Agilent 6550 iFunnel Q-TOF LC/MS system
(Agilent, Santa Clara, CA, USA). Metabolite separation
was performed on an ACQUITY UPLC HSS T3 column.
A gradient elution with 100% water was used as mobile
phase A and 100% acetonitrile as mobile phase B. Elu-
tion was started with 5% B held for 1.5 min then a linear
gradient of B from 5 to 100% for 14 min, held at 100%
B for 3 min. Finally, the column was re-equilibrated for
2 min. The injection volume was 2 µL for serum and
5 µL for hippocampus. Data were collected in ESI posi-
tive ionization modes. The ESI needle voltage was held
at ground and the capillary voltage set at 4000 V.
Source conditions were as follows: sheath gas flow, 10 L
min-1; sheath gas temperature, 340 °C; nebulizer, 45
psig; drying gas temperature, 150 °C; drying gas flow,
18 L min-1; nozzle voltage, 0 V; fragmentor, 175 V.
Nitrogen was used as source gas and as collision gas.
Spectra were acquired over the mass range m/z
50�1000 at acquisition rate 3 spectra s-1. Reference
ions for internal MS correction were introduced via the
other sprayer and appear per spectra. The reference
ions used were 121.050873 m/z and 922.009798 m/z
for positive mode. QC samples were run every 10 sam-
ples to check the reproducibility. Raw data were con-
verted to mzXML format by ProteoWizard 3.0 package
and uploaded to XCMS online (https://xcmsonline.
scripps.edu/).36 Median-fold change normalization and
Pareto scaling were applied for the extracted peak
abundance. Metabolites were identified against MET-
LIN,37 Human Metabolome Database (http://www.
hmdb.ca/),38 and MassBank (https://massbank.eu/).
For multivariate analysis, partial least squares dis-
criminant analysis (PLS-DA) models were obtained
using SIMCA 13.0 (Umetrics, Umea, Sweden). A p-
value was calculated in cross-validation analysis of
variance (CV-ANOVA) to estimate the significance of
the PLS model. Variable importance of projection
(VIP) scores were assessed in order to rank each
metabolite for their degree of discrimination within
the model. The discriminated metabolites between
groups were defined with a VIP > 1.0 by PLS-DA
www.thelancet.com Vol 76 Month February, 2022
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analysis, P < 0.01, FDR-ajusted p value < 0.05. The
metabolic pathways were analyzed using MetaboAna-
lyst 4.0 (https://www.metaboanalyst.ca/).39
Statistical analysis
The normality of data distribution was assessed with a
Kolmogorov-Smirnov test. For comparisons between >

2 groups, one-way ANOVA followed by Turkey's post-
hoc test (organ weight, metabolomics data, microbial
diversity indices). To analyze specific microbiota
changes, univariate analyses of selected species (after
centered log-ratio transformation) were performed by
Kruskal�Wallis ANOVA with Dunn’s post-hoc test.
Above tests were conducted with GraphPad Prism ver-
sion 6.0 (GraphPad Software, San Diego, CA). Data of
body weight gain were analyzed using one-way ANOVA
with repeated-measures and the Bonferroni post-hoc
test in SPSS (SPSS version 24.0; SPSS Inc., Chicago,
Illinois). Effects of diet or lesion as fixed factors were
analyzed using a full-factorial general linear model
ANOVA with type III sums of squares in SPSS (SPSS
version 24.0; SPSS Inc., Chicago, Illinois). A false dis-
covery rate correction was applied for multiple tests
where applicable. Significant differences were indicated
by *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. #p-value between 0.05 and 0.1 indi-
cated a trend toward a significant effect. Sample size
was determined to achieve a power of 0.8 for ANOVA
test using the G*Power 3.1.9.2. To acquire unbiased
data, the investigator who administered the treatment
was the only person aware of the treatment group allo-
cation. Another technician and research assistant evalu-
ated the behavioral and biochemical analysis, who were
blind to the types of treatments.
Ethics statement
All procedures were performed under the guidelines of
the Canadian Council on Animal Care and had ethics
approval by the Health Sciences Animal Care Commit-
tee at the University of Calgary (Approval ID. AC16-
0271).
Role of funding source
Funders provided financial support for this study, and
played no role in study design, data collection, data anal-
yses, interpretation, or writing of the study.
Results

KD alters gut microbiota composition in the infantile
spasm model
From postnatal day (P) 5�12, we observed a decrease
(P < 0.001) in the number of spasms in ketogenic diet
and intracerebral lesion pups (KDL) compared to
www.thelancet.com Vol 76 Month February, 2022
normal diet and intracerebral lesion pups (NDL).40 The
KD significantly reduced (P = 0.004) the number of
spasms at P7 (mean§sem: 2.5§0.2) than rats received
normal diet (ND; mean§sem:4.5§0.5; Figure 1a). To
build on this work and explore the mechanisms by
which the diet is protective, we examined the role of the
gut microbiota in the fecal matter of P12 rats treated
with ND or KD. A total of 151676 § 2301 (mean §
SEM) reads were obtained per sample. KD increased
alpha-diversity, as shown by higher numbers of opera-
tional taxonomic units (OTUs) (P = 0.008 for NDL vs.
KDL, Figure 1b) and the Chao1 (P = 0.01 for NDL vs.
KDL) and ACE indices (P < 0.001 for NDL vs. KDL)
(Figure 1c). There were no differences in these meas-
ures (P = 0.674, 0.906, and 0.167 for OTU numbers,
Chao1, and ACE, respectively) between rats with spasms
and sham-operated control rats treated with the KD.
There were also no differences in the Shannon index
(measurement of community richness and evenness,
Fig. S1a) between the groups (P = 0.335). The principal
component analysis of microbial communities was
shown as a reflection of how KD changed microbial
structure (Fig. S1b). A PLS-DA model showed that the
component 1 explained 16.5% of the total structural vari-
ation in gut microbiota, whereas component 2
accounted for 11.5% (Figure 1d). Samples from ND and
KD were clustered separately (Figure 1d). The goodness
of fit values (R2) and accuracy value were 0.86 and
0.44, respectively, in the leave-one-out cross-validation
test. A Fisher Discriminant Analysis showed that 56.4%
of cross-validated grouped cases correctly classified,
with the confusion matrices shown in Fig. S1c. In
sham-operated animals, the KD significantly changed
the microbial structure (AMOVA P < 0.001). In com-
parison, the KD tended to change the microbial struc-
ture in lesioned animals (AMOVA P = 0.079, Table S1).
By analyzing the relative abundance of bacterial taxa, we
showed that lesioned pups had lower abundance of Fir-
micutes compared to saline-treated animals (Plesion=
0.01, Fig. S1d). We found that there were significant die-
tary effects of the KD on Enterococcaceae (P = 0.003),
Streptococcaceae (P < 0.001) and Staphylococcaceae
(P = 0.013, Figure 1e). Streptococcus, Staphylococcus, and
Lactococcus were among the top important variables as
showed by the random forest analysis (Figure 1f). Nota-
bly, KD increased the relative abundances of Streptococ-
cus infantis (P = 0.001), S. lactarius (P < 0.001), S.
thermophilus (P < 0.001), Lactococcus lactis (P = 0.005)
and decreased Lactobacillus johnsonii (P = 0.019) and
Escherichia coli (P = 0.011) compared to ND both in
saline and lesioned rats (Figure 1g).

To further study the functional implications of the
altered microbiota, we then predicted metagenomic
potential using PICRUSt. The overall distribution of
samples was shown in Figure 1h. The relative abun-
dance of microbial genes related to phenylalanine, tyro-
sine and TRP metabolism (ko00400) was higher in
5
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Figure 1. The ketogenic formula changes the fecal microbiome. (a) The number of spasms. (b) The number of OTUs in saline or
lesion pups fed with normal or ketogenic formula. (c) Chao1 and ACE indices. (d) PLS-DA analysis of the microbiota composition at
the OTU level. (e) Respresentative microbial families that were significantly affected by diet or lesion treatment. (f) Random Forest
analysis of the genus features accounting for the microbiota variation. (g) Normalized abundances of dominant OTUs in the fecal
microbiome, with right histogram showing mean value per group. (h) PLS-DA analysis of the data at KEGG pathway level from meta-
genomics predection. (i) Alterations of phenylalanine, tyrosine and tryptophan metabolism based on the metagenomics predection.
n = 10, 10, 10, 9 for NDS, KDS, NDL, and KDL, respectively. Data are presentd as mean§SEM (a, b, c, e, i). Student’s t test (a), One-way
ANOVA with Turkey’s post-hoc test (b, c, i), full-factorial general linear model ANOVA with type III sums of squares (e): *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. ND, normal diet; NDL, normal diet and intracerebral lesion; NDS, normal diet and intracere-
bral saline treatment; KD, ketogenic diet; KDL, ketogenic diet and intracerebral lesion; KDS, ketogenic diet and intracerebral saline
treatment; OTU, operational taxonomic unit.
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lesioned rats fed KD than lesioned rats fed ND
(ANOVA, P = 0.039; Figure 1i). These results clearly
revealed that KD altered microbial communities in the
neonatal rats.

To investigate possible contribution of the altered
gut microbiota to TRP metabolism, we analyzed the
presence of TRP metabolism enzymes in the bacteria
affected. We searched for the presence of microbial
genes affected by antibiotics employing available
information in UniProt, NCBI Genome and the
BRENDA database. As shown in Table S2, Lactococ-
cus lactis species within Lactococcus can produce TRP
2,3-dioxygenase that metabolizes TRP into KYN,
while both Lactococcus lactis and Streptococcus thermo-
philus species can produce aromatic-amino-acid
transaminase that metabolizes TRP into indole-3-lac-
tate. These species may be involved in the alteration
of TRP metabolism.
KD affects metabolic status, especially TRP metabolism
To gain further insights of the KD on TRP metabolism
we performed metabolomics profiling of serum metabo-
lites on P12 rats. We observed a distinct sample distribu-
tion of KD rats from ND rats (Figure 2a), showing the
KD to change overall metabolite composition. Among
the discriminant metabolites (Figure 2b, Table S3), we
found higher TRP, pyridoxal 5’-phosphate, KA and
lower 5-hydroxytryptophan, glutamylaspartic acid in
KDL pups compared to NDL pups. Significantly
changed metabolites were examined by pathway analy-
sis, that identified the enrichment of phenylalanine,
tyrosine and TRP biosynthesis (P < 0.001, Figure 2c) in
KD vs ND lesioned pups. Moreover, KD affected a set of
metabolites known to have anticonvulsant effects, such
as b-hydroxybutyric acid,41 fructose 1,6-bisphosphate,42

and KA43 (Figure 2b). The ratio of KYN to TRP (KYN/
TRP) and KA to KYN (KA/KYN) is widely used as
www.thelancet.com Vol 76 Month February, 2022



Figure 2. The ketogenic diet affects metabotype. (a) Partial least squares discriminant analysis (PLS-DA) of metabolomics pofiles. (b)
Heatmap of discriminant metabolites with Variable importance of projection >1. (c) Pathway analysis of discriminant metabolites.
Pathways with impact > 0.1 and p < 0.05 are highlighted. (d) The ratio of kynurenine to tryptophan (IDO1 indicator) and kynurenic
acid to kynurenine (KAT indicator). (e) Summary of alterations in tryptophan metabolism after ketogenic diet treatment. n = 6, 4, 9,
7 for NDS, KDS, NDL, and KDL, respectively. Data are presentd as mean§SEM (d). One-way ANOVA followed by Turkey's post-hoc
test (d): *p < 0.05. IDO1, indoleamine 2, 3-dioxygenase 1; ND, normal diet; KAT, kynurenine aminotransferase; KD, ketogenic diet;
KYN, kynurenine; KA, kynurenic acid; PLP, pyridoxal phosphate; TRP, tryptophan.
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indicators of IDO1 and KYN aminotransferase (KAT)
enzyme activation, respectively.44,45 In the present
study, when compared with ND saline pups (NDS),
lesioned pups fed with ND had a higher (P = 0.014)
KYN/TRP ratio, that was decreased by KD treatment
(P = 0.039, Figure 2d). Overall, serum metabolomics
analysis implicated alterations in TRP-KYN metabolism
with lesion induction (Figure 2e).
Microbiota manipulation by antibiotic intervention
reduces spasm frequency
To determine if gut microbiota manipulation is
related to spasm occurrence, we treated rats with a
www.thelancet.com Vol 76 Month February, 2022
broad-spectrum antibiotic cocktail (20 mg/kg vanco-
mycin, 50 mg/kg neomycin, 50 mg/kg ampicillin
and 10 mg/kg metronidazole) administered through
their formula daily for 3 days. We then focused on
the spasms and microbial alterations on P7 where
we have previously observed a maximum reduction
of spasms by the KD.40 The 3-days treatment of KD
induced ketosis in the pups (Figure S2). On P7, we
noted a significant reduction in spasm frequency in
lesioned rats treated with antibiotics, both in rats fed
ND (P < 0.001) or KD (P = 0.039, Figure 3a). Com-
bined treatment with oral KD and antibiotics is most
effective in reducing spasm frequency, with a 2.5-
fold reduction compared to ND lesioned rats.
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Figure 3. Antibiotic effects on spasms frequency and fecal micribiome. (a) Number of spasms per hour. n = 8, 12, 17 15 from NDL,
NDL+Abx, KDL, KDL+Abx groups, respectively. (b) PLS-DA analysis of the microbiota composition after antibiotic treatment at the
OTU level. (c) Abundances of bacteria at the genus level. (d) Random Forest analysis of the genus. (e) PLS-DA analysis of the KEGG
pathway data from PICRUSt analysis. (f) Alterations of the microbial tryptophan 2,3-dioxygenase. (g) Alterations of the micro-
bial tryptophan 2-monooxygenase. (a�g): n = 6, 6, 12, 10, 12, 10 for NDS, KDS, NDL, NDL+Abx, KDL, KDL+Abx groups,
respectively. Data are presentd as mean§SEM (a, f, g). One-way ANOVA followed by Turkey's post-hoc test (a), Krus-
kal�Wallis ANOVA with Dunn’s post-hoc test (f, g): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. NDL, normal diet
and intracerebral lesion; NDS, normal diet and intracerebral saline treatment; NDL+Abx, normal diet and intracerebral lesion
with oral antibiotics; KDL, ketogenic diet and intracerebral lesion; KDS, ketogenic diet and intracerebral saline treatment;
KDL+Abx, ketogenic diet and intracerebral lesion with oral antibiotics.
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Together, these results suggest that manipulation of
the gut microbiota has protective effects.

To examine potential alterations in microbial species
in response to KD and antibiotics, the fecal microbiota
on P7 was profiled. A total of 117201 § 2475 reads were
obtained per sample. The antibiotics used induced a
change in the microbiome composition rather than fully
depleting the microbiome. Samples from antibiotic-
treated animals were clustered separately from those in
non-antibiotic groups as shown in the PCA (Fig. S3)
and PLS-DA plot (Figure 3b). The goodness of fit values
(R2) and accuracy value of PLS-DA model were 0.49
and 0.46, respectively, in the leave-one-out cross-valida-
tion test. A Fisher Discriminant Analysis showed that
64.3% of cross-validated grouped cases correctly classi-
fied, with the confusion matrices shown in Fig. S4.
Antibiotic treatment significantly affected the microbial
composition compared to non-antibiotic groups fed the
same diet (P = 0.002 for NDL+Abx vs. NDL, P < 0.001
for KDL+Abx vs. KDL, Table S4). KDL+Abx pups also
differed from NDL+Abx pups (AMOVA P = 0.013,
Table S4). Firmicutes and Proteobacteria were the dom-
inant bacteria accounting for more than 95% of total
bacteria composition in all groups. At the genus level,
we noted a similar effect of antibiotics in NDL or KDL
rats, including higher abundances of Streptococcus
(Pdiet=0.001), Lactococcus (Pdiet=0.001) and lower abun-
dances of Lactobacillus (Pdiet= 0.016) and Enterococcus
(Pdiet<0.001, Figure 3c). Streptococcus, Lactococcus, and
Enterococcus were also among the top features by mean
decrease accuracy in the random forest analysis
(Figure 3d).
www.thelancet.com Vol 76 Month February, 2022
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Based on the above results, we further analyzed if the
IS protocol could have an impact on microbiome com-
position by comparing microbiome difference of NDS
and NDL. On P7, NDL rats had a numerically higher
Staphylococcus (P = 0.067) than NDS, no effects on
diversity and other phyla (mainly Firmicutes and Pro-
teobacteria) and genera, which means the effects were
minor. On P12, the overall a-diversity was similar in
terms of the number of OTUs between NDS and NDL
(P = 0.28). NDL rats had higher relative abundance of
Firmicutes than NDS (P = 0.043). In addition, rats were
randomized to assigned for NDS and NDL. Equal diets
were offered. So we suppose that the effects of IS proto-
col on the microbiome gradually showed up with lesion
induction (probably similar at baseline).
Antibiotic intervention affects microbial and host
metabolism of tryptophan
TRP metabolism is implicated in epilepsy pathogene-
sis.46 We investigated whether the compositional altera-
tions by antibiotics were reflected in microbial TRP
metabolism. Samples from antibiotic-treated animals
were clustered separately from those in non-antibiotic
groups as shown in the PLS-DA plot (Figure 3e). Micro-
bial functional prediction analysis using PICRUSt
found an increase in KEGG Orthology related to TRP
2,3-dioxygenase (P < 0.001 for NDL vs. NDL+Abx,
P < 0.001 for KDL vs. KDL+Abx) and TRP 2-monooxy-
genase (P < 0.001 for NDL vs. NDL+Abx, P < 0.001 for
KDL vs. KDL+Abx) by antibiotic treatment (Figure 3f
and g). Supporting these results, the microbial metabo-
lite indole-3-acetamide produced by TRP 2-monooxyge-
nase, was increased in the serum of Abx rats (P < 0.001
for both NDL vs. NDL+Abx and KDL vs. KDL+Abx,
Figure 4a).

The relative concentrations of KA and xanthurenic
acid were increased in the serum of KDL+Abx rats com-
pared to NDL (P < 0.001, Figure 4a). Compared to
NDL pups, KDL (P = 0.036) and KDL+Abx (P = 0.009)
had an increase in the KA/KYN ratio in serum
(Figure 4b), indicating an increase in KAT activity. In
the hippocampus, KDL+Abx tended to increase
(P = 0.071) the relative concentration of g-aminobutyric
acid compared to NDL+Abx (Figure 4c). Meanwhile,
KDL pups had lower ratio of KYN/TRP (indicator of
IDO1 activity; P = 0.018) and higher KA/KYN ratio
(P = 0.036) than NDL pups (Figure 4d), demonstrating
an alteration of TRP metabolism toward KA production
(Figure 4e).
Inhibitor of TRP metabolism, IDO1 reduces spasm
frequency
IDO1 is a key enzyme in TRP catabolism, determining
the fate of the amino acid.8 As determined in the afore-
mentioned results, lesioned pups fed with ND had a
www.thelancet.com Vol 76 Month February, 2022
higher IDO1 ratio than saline pups, which was lowered
after KD treatment, indicating a potential mechanism
whereby reduced IDO1 may underlie the anticonvulsant
effects of KD. To test this hypothesis, we used a specific
IDO1 antagonist, 1-methyltryptophan (1-MT), to test if
IDO1 inhibition affected spasms frequency. Compared
with KDL pups, NDL (P = 0.020) and KDL+1-MT
(P = 0.023) pups had higher body weight gain
(Figure 5a). Compared with NDL pups, NDL+1-MT
(P = 0.022) or KD+1-MT (P < 0.001) reduced spasms
frequency (Figure 5b). We then profiled the serum and
hippocampus metabolites to gain metabolic insights
into the improvement of spasm by 1-MT treatment.
Analysis of serum metabolomics profiles showed dis-
tinct metabolite compositions after 1-MT (CVANOVA
P = 0.004), as visualized by the separated cluster of
samples in the PLS-DA scatter plot (Figure 5c). Among
the discriminant metabolites with VIP> 1, we identified
metabolites involved in TRP metabolism (KA, 5-HT,
KYN, etc) and mitochondrial metabolism (ADP, dodeca-
noylcarnitine, etc.) (Figure 5d). The pathway analysis of
the discriminated metabolites identified significant
alterations in TRP metabolism (P = 0.002, pathway
impact > 0.1, Figure 5e). Interestingly, compared with
NDL pups, KD alone or in combination with 1-MT treat-
ment increased the relative concentration of KYN
(P = 0.023 and 0.017, respectively) and KA (P < 0.001
and 0.012, respectively) in serum, and KDL+1-MT also
increased (P = 0.035) indole-3-acetamide (Figure 5f), a
microbial derived indole metabolite.

In the hippocampus, metabolomics profiles were
also distinct across groups (CVANOVA P = 1.20E-07,
Figure 5g). Discriminant metabolites involved in TRP
metabolism were also identified in the hippocampus,
such as indoleacetaldehyde, pyrodoxamine, and KA
(Figure 5h). Pathway analysis indicated the alteration of
TRP metabolism (Figure 5i). Compared with NDL
group, 1-MT treatment with ND or KD increased the rel-
ative concentration of KYN (P = 0.002 and P < 0.001,
respectively), KA (P = 0.019 and P < 0.001, respec-
tively), and pyridoxamine (P < 0.001 and P = 0.001,
respectively), a cofactor involved in KYN metabolism
(Figure 5j), as also summarized in Figure 5k. Since KA
is a known anticonvulsant metabolite, these results
implicate the potential role of KA in mediating the anti-
convulsant effects of 1-MT inhibition.

To validate the IDO1 inhibition hypothesis, we used
another alternative IDO1 inhibitor, minocycline.47 KD
and minocycline combination also increased body
weight gain compared to KDL pups (P = 0.014,
Figure 6a). The frequency of spasms was reduced in
NDL+minocycline (P < 0.001) and KDL+ minocycline
(P < 0.001) pups compared to NDL pups, while no dif-
ference was found between KDL and KDL+Minocycline
pups (P = 0.563, Figure 6b). To investigate the potential
metabolism-related mechanism, we then profiled the
metabolites in the serum and hippocampus.
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Figure 4. Antibiotics affect tryptophan-kynurenine metabolism. (a) Relative concentration of tryptophan metabolites in serum. (b)
The ratio of kynurenine to tryptophan (IDO1 indicator) and kynurenic acid to kynurenine (KAT indicator) from serum profiles. n = 11,
10, 13, 14 for NDL, NDL+Abx, KDL, KDL+Abx groups, respectively (a, b). (c) Heatmap of discriminant metabolites in hippocampus. (d)
The ratio of kynurenine to tryptophan and kynurenic acid to kynurenine in the hippocampal profiles. n = 13, 14, 14, 14 for NDL, NDL
+Abx, KDL, KDL+Abx groups, respectively (C, D). (e) Summary of antibiotic effects on metabolism. Data are presentd as mean§SEM
(a, b, d). One-way ANOVA followed by Turkey's post-hoc test (a, b, d): *p < 0.05. NDL, normal diet and intracerebral lesion; NDL+Abx,
normal diet and intracerebral lesion with oral antibiotics; KDL, ketogenic diet and intracerebral lesion; KDL+Abx, ketogenic diet and
intracerebral lesion with oral antibiotics; IDO1, indoleamine 2, 3-dioxygenase 1; KAT, kynurenine aminotransferase; KYN, kynurenine;
KA, kynurenic acid; PLP, pyridoxal phosphate; TRP, tryptophan.
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Minocycline treatment led to distinct metabolite profiles
both in NDL and KDL pups (CVANOVA P < 0.001)
(Fig. S5a), such as the changed glycerophospholipid
metabolites (PS(6:0/6:0), PC(0:0/5:0)) and vitamin B6
metabolites (pyridoxamine) (Fig. S5b and S5c). Among
TRP metabolites, NDL+minocycline (P = 0.044) and
KDL+minocycline (P = 0.206) tended to increase TRP
relative to NDL groups (Figure 6c). KDL+minocycline
pups had higher relative abundances of metabolites in
serotonin pathway (5-hydroxy-L-TRP [P = 0.014], N-ace-
tyl-5-methoxykynuramine[P < 0.001]), and microbial
metabolite indoleacrylic acid (P = 0.046) than NDL
pups (Figure 6c). In the hippocampus, a different
sample distribution of minocycline-treated pups was
also observed (CVANOVA P < 0.001, Fig. S5d),
mainly due to the change of metabolites involved in
mitochondrial metabolism (adenosine monophos-
phate, acetylcarnitine) and TRP metabolism (KA, 6-
Hydroxymelatonin) (Fig. S5e and S5f). Among TRP
metabolites, NDL+minocycline and KDL+minocy-
cline increased KA compared to NDL (P = 0.009
and 0.002, respectively) in the hippocampus
(Figure. 6d). Overall, both 1-MT and minocycline
shifted TRP metabolism toward KA production in
the hippocampus that may be involved in the anti-
convulsant effects.
www.thelancet.com Vol 76 Month February, 2022



Figure 5. Effects of pharmacological inhibitor of IDO1 on body weight, spasms frequency, and metabotype. (a) Body weight gain in
pups treated with or without 1-methyltryptphan. n = 14, 10, 20, 15 for NDL, NDL+1-MT, KDL, KDL+1-MT groups, respectively. (b)
Spasm frequency in pups treated with or without 1-methyltryptphan. n = 8, 9, 17, 10 for NDL, NDL+1-MT, KDL, KDL+1-MT groups,
respectively. (c) Partial least squares discriminant analysis of serum metabolomics pofiles. (d) Discriminant metabolites in serum. (e)
Pathway analysis of serum discriminant metabolites. (f) Representative metabolites involved in kynurenine metabolism from serum
profiles. n = 10�13 (c�f). (g) Partial least squares discriminant analysis of hippocampal metabolomics pofiles. (h) Discriminant
metabolites in hippocampus. (i) Pathway analysis of hippocampal discriminant metabolites. (j) Representative metabolites involved
in kynurenine metabolism from hippocampal profiles. n = 10�14 (G�J). (k) Summary of trypophan metabolism affected by 1-MT
treatment. Data are presentd as mean§SEM. One-way ANOVA with repeated-measures and Bonferroni post hoc test (a): different
letters indicate significant difference, p < 0.05. One-way ANOVA followed by Turkey's post-hoc test (b, f, j): *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. IDO1, indoleamine 2, 3-dioxygenase 1; KAT, kynurenine aminotransferase; NDL, normal diet and intra-
cerebral lesion; KDL, ketogenic diet and intracerebral lesion.
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Effects of fecal microbiota transplantation on spasms
occurrence
To further investigate whether direct microbiota manip-
ulation affects spasms, we performed a pilot fecal micro-
biota transplantation trial administering fecal
microbiota slurry from KDL pups to NDL pups. Com-
pared with NDL pups, the pups receiving microbiota
transplantation had higher body weight although not
significant during the study (P = 0.555, Figure 6e). How-
ever, microbiota transplantation in NDL pups signifi-
cantly reduced (P = 0.023) the frequency of spasm to
the level similar with lesioned pups fed KD, all of which
www.thelancet.com Vol 76 Month February, 2022
were lower than NDL pups (Figure 6f). The ratio of
KYN/TRP was lower in the microbiota transplanted
pups than NDL (P = 0.002, Figure 6g), which indicates
the possibility of using microbiota transplantation in
the context of anticonvulsant studies.
Discussion
In the present study, we demonstrated that manipula-
tions affecting TRP metabolism, possibly via the gut
microbiota, altered the occurrence of IS. Employing a
rodent model of IS that recapitulates key features of the
11



Figure 6. Effects of minocycline and fecal microbiome transplantation on spasms. (a) Body weight gain in pups treated with or with-
out minocycline. (b) Effects of minocycline on spasm frequency in pups. n = 8, 7, 14, 9 for NDL, NDL+minocycline, KDL, KDL+minocy-
cline groups, respectively. (c) Effects of minocycline on trypophan metabolites in serum. (d) Effects of minocycline on trypophan
metabolites in hippocampus. n = 9�14 (c, d). (e) Effects of fecal microbiome transplantation on body weight gain in pups. (f) Effects
of fecal microbiome transplantation on spasm frequency in pups. (g) Ratio of KYN/TRP. n = 11, 6, 8, 9 for NDL, NDL+FMT, KDL groups,
respectively (e, f, g). Data are presentd as mean§SEM. One-way ANOVA with repeated-measures and Bonferroni post hoc test (a, e):
different letters indicate significant difference, p < 0.05. One-way ANOVA followed by Turkey's post-hoc test (b, c, d, f, g): *p < 0.05,
**p < 0.01, ***p < 0.001. Mino, minocycline; FMT, fecal microbiota transplantation.
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condition, we observed that antibiotics worked on their
own to reduce spasms and improve the effectiveness of
the KD when given in combination, which was associ-
ated with changes in TRP-KYN metabolism. Pharmaco-
logical inhibition of IDO1 increased KA production and
was neuroprotective in the IS model. Thus a combina-
tion of KD with antibiotics or IDO1 inhibition may offer
an alternative therapy in IS. Finally, we also demon-
strated that fecal microbiota transplant from specific
bacterial species induced by the KD provided protection
against spasms.

Interestingly, the KD increased the relative abun-
dance of Lactococcus and Streptococcus, microbes that are
capable of metabolizing TRP that were further
increased after antibiotics treatment. Species within
Lactococcus have high capability to metabolize choles-
terol and tolerate antibiotics such as neomycin, which
may give rise to the increase of these species.48 Whether
specific bacterial strains or their metabolites directly
contribute to spasm amelioration remains unknown.
Nevertheless, fecal transplant from lesioned rats treated
with the KD to untreated lesioned rats produced anti-
spasms effects which indicates that the gut microbiota
is involved in the mechanism of action of the KD in IS
which we postulate is due to a microbiota-mediated
effect on TRP metabolism.

Analysis of the gut microbiota revealed an increase
in the Chao1 and ACE indices, an estimate of species
richness and a-diversity, after the ketogenic diet. This
finding is discordant with other studies showing either
no change in a-diversity in children aged 2.2-
15.3 years,20 or a decrease in a-diversity with the diet in
adult mice or children aged 1.2-10.3 years.49 Firmicutes
and Bacteroidetes are dominant in the gut microbiota of
these subjects. In the present study, the neonatal micro-
biota is premature with dominance of Firmicutes and
Proteobacteria. The reason for the discordance in alpha
diversity may be due to the fact that the spasms are
induced in neonatal rats at an age when the microbiota
is still developing. An effect of the artificial rearing
method or epilepsy model type also has not been
excluded.

Results of the present study suggest that the gut
microbiota may mediate spasm frequency via TRP
www.thelancet.com Vol 76 Month February, 2022
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metabolism, changes in circulating microbial indole
derivatives and KYN metabolites. It is well documented
that the gut microbiota is a major factor influencing
TRP metabolism.50 Gut microbes encode enzymes
metabolizing TRP into 5-HT, KYN and indole metabo-
lites affecting TRP availability in vivo.50,51 In the KDL
pups receiving antibiotics, microbial KYN metabolism
was enhanced and indole derivatives such as indole-3-
acetamide and indolelactic acid were increased in circu-
lation, indicating the possible contribution of microbial
TRP metabolism by the gut. It is also worth noting that
the identified indole derivatives are precursors of aryl
hydrocarbon receptor ligands, molecules known to exert
anti-inflammatory activity.52,53 From the present study,
we cannot rule out the possibility that the anti- spasms
effects of antibiotics are mediated through immune
mediators as upregulation of inflammatory neuropa-
thology is involved in epilepsy in early childhood.54

The use of antibiotics in epilepsy treatment is contro-
versial. In a clinical report, children with drug-resistant
epilepsy who received individual-specific antibiotic treat-
ment (e.g. amoxicillin/clavulanic acid or clarithromycin)
exhibited less frequent seizures in 5 children who were
taking anti-seizure medications (e.g. valproic acid, clo-
bazam, levetiracetam) and in 1 child being treated with
both anti-seizure medications and the ketogenic diet.
The beneficial effects of antibiotics were eliminated
after their cessation.55 One of the tetracyclines, minocy-
cline also reduced seizure frequency in a rat model of
pilocarpine-induced status epilepticus.56 In the present
study, KD in combination with clinically relevant antibi-
otic combinations (vancomycin, neomycin, ampicillin
and metronidazole) reduced spasm frequency. How-
ever, antibiotics such as penicillin and cephalosporins,
have the opposite effects, inducing seizures and inter-
fering with the activity of anti-seizure medications.57

Reasons for this discrepancy are unknown, but may be
due to a complex interplay between the direct effects of
antibiotics on cerebral excitability58 and indirectly
through the gut microbiota as our results indicate.

Another finding is the overall trend toward an
increase in the KA/KYN ratio (KAT indicator) within
the circulation and hippocampus after KD or KD+Abx
treatment, in comparison to the NDL group, possibly
leading to higher levels of circulating KA. Metabolism
of KYN into KA by KAT may be compromised in IS, as
earlier studies have found lower KA in the cerebrospinal
fluid of IS patients.46,59 The KYN hypothesis, namely
low production of KA from KYN, has been proposed in
IS pathogenesis.9 In support of this hypothesis,
enhancement of brain KA production has been found to
regulate epileptogenesis in adult rats.60,61 A recent
study further verified that KD intervention increased
the concentration of KA, decreased KYN and seizure fre-
quency in patients with refractory epilepsy.62

In the present study, the KDS and KDL rat pups
showed similar values of KYN/TRP ratio. However, the
www.thelancet.com Vol 76 Month February, 2022
NDL showed increased KYN/TRP ratio relative to NDS,
indicating altered tryptophan metabolism after lesion
induction. Consistent with this finding, a recent study
by Deng and colleagues63 also reported the increased
KYN/TRP ratio in the serum of epilepsy patients. The
elevated KYN/TRP ratio in NDL rats is likely due to the
induction of spasms which is normalized by the KD.

We further showed that IDO1 inhibition by 1-methyl-
tryptophan or minocycline reduces spasms frequency, a
finding that implicates KA in seizure susceptibility.
IDO1 attracted our attention for two reasons. First, the
association between IDO1 and neurodevelopmental dis-
order is well-established.64 Second, this pathway was
significantly decreased following gut microbiota manip-
ulation. IDO1 activation has been shown to promote co-
morbid depression in mice with chronic temporal lobe
epilepsy,65 while IDO1 inhibition ameliorated depres-
sion-like behaviors.25,65 In addition, IDO1 inhibition
also ameliorated neuropathic pain in adult rats induced
by intrathecal catheter implantation.66 Consistent with
the altered levels of KA in infantile spasms, inhibition
of TRP-2,3-dioxygenase (functionally homologous to
IDO1) increased KA formation, ameliorated neurode-
generation and improved locomotor performance in
fruit fly models of Alzheimer’s, Parkinson’s, and
Huntington’s diseases.64 Overall, these findings indi-
cate that IDO1 may serve as a target for treating intracta-
ble infantile spasms.

Based on the current findings, we can not rule out
the microbiome-independent effects of antibiotics on
seizure protection. Neomycin and vancomycin are non-
absorbable antibiotics incapable of crossing the blood-
brain barrier and become concentrated in the gut. Some
antibiotics have direct neuronal impacts. For instance,
ampicillin could regulate the expression of glutamate
transporter EAAT2 that is neuroprotective in organo-
typic spinal cord slice cultures from rats.67 Upregula-
tion of glutamate transporter in astrocyte has been
shown to reduce seizure frequency in a mouse model of
temporal lobe epilepsy induced by intrahippocampal
kainic acid.68 This is interesting and could be examined
in future studies. Another limitation of the present
study is that the mechanism of FMT in reducing
spasms remains unclear. It is unknown whether the
reduced spasms after FMT is due to alterations in
microbiome composition or residual dietary molecules
from the KD itself. Due to the pilot nature of the FMT
study, we have not profiled the microbiome composition
after FMT. It is one of the future interests to expand the
dataset from the FMT trial. Additionally, due to the
naÿve nature of the newborn pups, the stool was quite
tiny < 10 mg per pup. To yield enough amount of DNA
for sequencing, several stool samples were merged. In
doing so, the samples used for microbiome and metabo-
lome were not corresponding to each other, which
greatly hindered a correlation analysis based on micro-
biome-metabolome data.
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In conclusion, our study reveals that KD and/or anti-
biotics change the gut microbiota and reduce spasm
severity in a symptomatic rat model of IS. In addition,
transplant of faeces from lesioned pups fed the KD to
lesioned pups fed the normal milk diet reduced the fre-
quency of spasms to a level similar to KD fed animals.
Our results show strong evidence that these effects of
the gut microbiota on IS are mediated by pathways
involving TRP metabolism. Future studies are needed
to determine whether the gut microbiota can be manip-
ulated in the clinic to mitigate spasms frequency, possi-
bly by the administration of specific probiotics.
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