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therapy are often restricted to a specific calorie amount to 
maximize the benefits of the diet; this is because carbohy-
drate intake is further reduced upon caloric restriction. 
Regardless of dietary makeup, caloric restriction per se is 
known to be neuroprotective/antiepileptic (1, 4). Down-
regulation of neuronal excitability corresponds with reduc-
tion of glucose levels clinically and in animal studies (5) 
and KDs have proven to be neurologically beneficial for 
epileptic conditions such as childhood epilepsies includ-
ing infantile spasms. Other conditions, such as multiple 
sclerosis, Alzheimer’s disease, and brain cancer, may also 
be treatable with KDs (5). It is likely that caloric restric-
tion and KDs influence metabolic pathways and brain ex-
citability in a similar manner (4). Among other indicators, 
studies on the therapeutic effects of KDs in rodents argue 
for a reinforcement of anticonvulsant actions of KDs by 
calorie restriction and hypoglycemia (4). Diversion of 
glucose from glycolytic degradation has anti-seizure ef-
fects; therefore, a link between energy regulation and 
therapeutic actions of these therapies is likely (4). Despite 
links to specific cellular signaling pathways, key targets 
of the KD alone or in combination with mild caloric re-
striction remain to be explored to fully understand how 
these therapies can be exploited to maximize their neuro-
protective and, specifically in regard to epilepsy, their anti-
seizure effects.

The kynurenine (KYN) pathway is an oxidative sequence 
converting the essential amino acid tryptophan (TRP) to 
nicotinamide and consequently to the enzyme cofactor 
nicotinamide adenine dinucleotide (6). Involvement of 
KYNs in the development and progression of many central 
nervous system diseases has been implicated as several 
pathway intermediates are modulators of glutamate and 
nicotinic receptors, inflammatory responses, and oxidative 
stress (6). While alterations in the KYN pathway have been 
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Ketogenic diets (KDs) are a popular therapy for refrac-
tory pediatric epilepsies (1, 2). The drastic reduction of 
carbohydrate intake diverts glucose utilization in favor of 
ketone bodies produced from fatty acids in the liver (2). In 
addition to provision of alternate fuels and induction of 
changes in the brain’s energy reserve, acid-base balance, 
lipid profile, and levels of amino acid neurotransmitters 
are altered by KDs (1–3). Epilepsy patients on this dietary 
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found in epilepsy, Parkinson’s disease, anxiety disorders, 
stroke, and Alzheimer’s disease, the most compelling evi-
dence for abnormalities in the KYN pathway occurs in 
Huntington’s disease (7, 8). In fact, many conditions that 
are characterized by imbalances of cellular homeostasis, 
mitochondrial function, and oxidative stress show altera-
tions in the KYN metabolic pathway (9). Many pathway me-
tabolites are attributed distinct redox properties (9) and 
pathway activation is linked to the induction of oxidative 
stress (6). KYN, synthesized from TRP, can be converted to 
various metabolites; some of these are considered neuro-
protective [e.g., kynurenic acid (KA)], while others are 
neurotoxic [e.g., 3-hydroxykynurenine (3-HK) and quino-
linic acid (QA)] (10). The neuroprotective and neurotoxic 
effects of KA and QA, respectively, arise from their relation-
ship to the N-methyl-d-aspartate receptor whereby KA is a 
receptor antagonist and QA is a receptor agonist (11). The 
N-methyl-d-aspartate receptor is a popular therapeutic tar-
get in epilepsy therapy and N-methyl-d-aspartate receptor 
antagonists have been shown to have antiepileptic proper-
ties. Overall, the KYN pathway is of interest in the quest to 
discover targets that can be utilized to modulate diverse 
diseases. While progress has been made in the elucidation 
of the interplay of KYN pathway metabolites and health 
and disease, questions remain to be answered (8–11). Re-
cent progress in profiling technologies offers opportuni-
ties to address this challenging issue.

Metabolomics approaches, i.e., the assessment of changes 
in small molecules, can suggest specific metabolites, metabo-
lite groups, and pathways that are altered in a particular set-
ting. A specific metabolome, for example from plasma, tissue, 
or urine, can reflect changes induced by disease, treatment, 
or genetics. Due to the infancy of the field, metabolomics 
data have to be carefully evaluated not only by software tools 
but also manually to ensure key metabolites and metabolic 
pathways affected in an experimental setting are accurately 
identified. Follow-up experiments using targeted methods 
can help to provide confidence in identification, fill gaps, 
and validate hypotheses. For these reasons, targeted ap-
proaches that help investigators gain a more detailed under-
standing of pathway modulation are generally required 
following less specific metabolomics studies. Therefore, this 
study comprises a combination of targeted and untargeted  
analyses, in both plasma and hippocampal tissue, to provide 
a comprehensive understanding of how small molecule pat-
tern changes in plasma and the hippocampus relate to a KD.

Plasma generally reflects systemic changes; however, it 
may suggest alterations of metabolites and metabolic path-
ways in specific tissues, e.g., certain brain regions in the 
case of neurological/epileptic disorders. However, com-
partmentalization needs to be taken into account; for ex-
ample, not every compound readily crosses the blood-brain 
barrier. In the case of many epilepsies, a brain region of 
particular interest is the hippocampus as many significant 
disease-related alterations are known to occur here (12–
14). The goal of this study was to elucidate the mecha-
nisms by which KD and caloric restriction may exert 
their anti-seizure effects and which changes are induced by 
these regimens generally. Metabolomics profiling in plasma 

and hippocampal tissue of rats fed a KD or control diet 
(CD) either ad libitum (AL) or calorically restricted (CR) 
to 90% of the recommended intake suggested alterations 
in the TRP/KYN degradation pathway. Changes in levels 
of pathway metabolites were further investigated by tar-
geted assays; these included HPLC-MS/MS and HPLC 
coupled with electrochemical detection (ECD) revealing 
subtle alterations in specific pathways, primarily in plasma.

MATERIALS AND METHODS

Animal study
Animal studies were approved and monitored by the Animal 

Care and Use Committee of the University of Colorado Denver 
(Aurora, CO) and carried out in accordance with approved guide-
lines. Research was designed based on previous studies con-
ducted in our laboratory and carried out as previously described 
[CD-calorically restricted (CCR), KD-calorically restricted (KCR)] 
(12, 13). In addition, groups of animals with unrestricted access to 
food were studied to gain detailed insights into the effects of mild 
caloric restriction versus AL feeding of the respective diets [CD-ad 
libitum (CAL), KD-ad libitum (KAL)]. Male Sprague Dawley 
rats (P28 at study beginning) were fed a KD (#F3666; Bio Serv, 
Flemington, NJ) or a CD (#F3517; BioServ) either AL or calorie-
restricted to 90% of the recommended daily requirement for a 
duration of 3 weeks (n = 6 per group). Rats were euthanized after 
3 weeks by decapitation under CO2 anesthesia and tissue and 
plasma samples were collected.

Sample preparation
HPLC-MS metabolomics analysis. One hundred microliters of 

plasma or tissue homogenate (1:10 tissue:water with 0.1% ammo-
nium acetate and 0.03% butylated hydroxytoluene) were used per 
sample for analysis as described previously (15). Briefly, internal 
standards were added as quality controls for metabolite extrac-
tion, i.e., creatinine-d3, D-glucose-13C6, valine-d8, testosterone-d2, 
C17 ceramide, FA unsaturated C19:1, heptadecenoic acid, and cis-
10-nonadecenoic acid. A modified two-step methyl-tert-butyl ether 
liquid-liquid extraction based on the Bligh-Dyer extraction method 
was used to extract aqueous metabolites and lipids from plasma 
and tissue samples.

HPLC-MS/MS assay for the targeted, quantitative assessment of the 
TRP/KYN degradation pathway. Fifty microliters of plasma or tis-
sue homogenate were diluted 1:1 with 0.2% acetic acid containing 
the isotope-labeled internal standards. One hundred microliters 
of acetonitrile were added, samples vortexed for 5 min, and cen-
trifuged at 13,000 g for 10 min. Supernatants were diluted 1:1 with 
0.2% acetic acid. A calibration curve containing all analytes in the 
range of 1–10,000 ng/ml in phosphate-buffered saline was pre-
pared accordingly.

HPLC-ECD assay for the targeted, quantitative assessment of the TRP/
KYN degradation pathways. Frozen hippocampi were sonicated 
in ice-cold 0.1 N perchloric acid, centrifuged at 13,000 g at 4°C 
for 15 min, and supernatants were collected.

Instrumental, data, and statistical analysis
HPLC-MS metabolomics analysis. Lipids were separated on an 

Agilent 1290 UHPLC system using an Agilent Zorbax RRHD  
SB-C18, 1.8 m, 2.1 × 100 mm column with 60:36:4 isopropanol: 
acetonitrile:water + 0.1% formic acid and water + 0.1% formic acid 
as mobile phases. Aqueous metabolites were separated on an Agi-
lent 1200 HPLC system using a Phenomenex Kinetex HILIC, 
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2.6 m, 2.1 × 50 mm column and 90% acetonitrile with pH 5.85 
mM acetic acid and 50% acetonitrile with pH 5.85 mM acetic 
acid as mobile phases. Reference masses were infused using an 
isocratic pump with a splitter.

Samples were analyzed by HPLC-MS on Agilent TOF instru-
ments (model 6210 TOF, lipids; model 6510 Q-TOF, aqueous 
fraction) with electrospray source in positive and negative ioniza-
tion mode with the following parameters: gas temperature: 300°C; 
drying gas: 12 liters/min; nebulizer: 30 psig; VCap: 4,000 V; mass 
range: m/z 50–1700; spectra: two per second; fragmentor: 120 V.

Relative standard deviations for internal standards were <20%. 
Molecular features were extracted from raw data using Mass 
Hunter software (Agilent Technologies, Santa Clara, CA). Molec-
ular features were mass and retention time aligned using Mass 
Profiler Professional. Aligned features were filtered for minimum 
relative frequency (present in at least 50% of all samples per con-
dition). Final peak lists were searched against the Human Metabo-
lome Database (http://www.hmdb.ca), Lipid Maps (http://www.
lipidmaps.org), Metlin (https://metlin.scripps.edu), and the Kyoto 
Encyclopedia of Genes and Genomes (http://www.genome.jp/
kegg) databases for preliminary identifications. Statistical analysis 
of metabolomics data was performed using Mass Profiler Profes-
sional and one-way ANOVA combined with Student-Newman-Keuls 
adjustment for multiple pairwise comparisons within a metabo-
lite and Benjamini-Hochberg false discovery rate adjustment for 
multiple metabolites.

HPLC-MS/MS assay for the targeted, quantitative assessment of the 
TRP/KYN degradation pathways. Samples (10 l injection vol-
ume) were analyzed using an AB Sciex API 5500 QTrap mass spec-
trometer (Sciex, Concord, ON, Canada) coupled with an Agilent 
1100 HPLC system equipped with a Phenomenex F5, 3.0 × 2.1 
mm column. Column temperature was kept at 60°C and 0.2% for-
mic acid in water (mobile phase A) and acetonitrile (mobile 
phase B) were used to elute metabolites at a flow rate of 650 l/min. 
The gradient for elution is described in supplemental Table S1. The 
mass spectrometer was run in multiple reaction monitoring mode. 
Adducts and corresponding transitions as described by Mazarei 
et al. (16) were monitored with slight modifications (supplemen-
tal Table S2). Data were analyzed using AB Sciex Analyst software 
version 1.6.2. Statistical analysis of HPLC-MS/MS data was per-
formed using SPSS software (version 24.0; IBM/SPSS, Armonk, 
NY) and two-way ANOVA combined with Tukey’s post hoc test.

HPLC-ECD assay for the targeted, quantitative assessment of the TRP/
KYN degradation pathway. An aliquot (20 l) of the supernatant 
solution was analyzed using an HPLC system equipped with an 
electrochemical detector (CoulArray system, Model 5600; ESA, 
Boston, MA) as described previously (17, 18). Statistical analysis of 
HPLC-ECD data was performed using SPSS software (version 24.0) 
and two-way ANOVA combined with Tukey’s post hoc test.

RESULTS

Initially, using an untargeted metabolomics methodol-
ogy, we discovered metabolic changes in plasma and tissue 
in multiple pathways and metabolites (S. Heischmann et al., 
unpublished observations). Briefly, taurine metabolism, 
steroid hormone biosynthesis, arginine and proline me-
tabolism, vitamin D3 metabolism, dopamine metabolism, 
eicosanoids, and acylcarnitines were targets of a KD and/
or mild caloric restriction. In addition, several metabolites 
of or related to the KYN pathway were affected. The num-
bers of affected metabolites within/associated with the 
KYN pathway were quite substantial: seven metabolites of 
or associated with the KYN pathway, including two enzyme 

cofactors, were discovered to be changed by the regimens 
using untargeted metabolomics analysis. For example, 
plasma picolinic acid in KAL versus CAL animals was one of 
several molecules showing significant statistical differences 
(P = 0.0002, upregulated). Because of the particular impor-
tance of this pathway in respect to many diseases and epilepsy 
in particular, we decided to elucidate/reaffirm the role of 
individual pathway components by targeted methodologies.

KYN pathway and related metabolites
The direction of regulation for each comparison and the 

respective types of methods by which the KYN pathway  
and associated metabolite concentrations were assessed/ 
validated are summarized in Fig. 1. This map of the KYN 
pathway and associated metabolites was created based  
on Majewski et al. (8) and the Kyoto Encyclopedia of 
Genes and Genomes pathway map rn00380 (Tryptophan 
Metabolism; http://www.genome.jp/kegg/pathway/map/
map00380.html). Figure 2 shows changes of KYN pathway 
metabolites and associated metabolites across the four ex-
perimental groups. Please note that HPLC-MS metabolo-
mics analysis revealed only changes in plasma metabolites. 
The plasma KYN pathway metabolites TRP, 5-hydroxyin-
doleacetic acid, KYN, KA, xanthurenic acid (XA), and pico-
linic acid all had significant interaction effects in the 
two-way ANOVA (e.g., the effect of diet was dependent on 
access) and displayed similar profiles in post hoc testing 
suggesting downregulation of the respective metabolites in 
the CCR, KAL, and KCR groups versus the CAL group 
(Fig. 2; for P values for comparison of metabolite levels by 
two-way ANOVA please refer to supplemental Table S3). 
Especially in the case of plasma TRP, KYN, and KA, the 
similar profiles are likely due to local synthesis of KYN from 
TRP and KA from KYN (9). There were also significant in-
teraction effects for plasma 3-HK, which was significantly 
lower in KAL versus CAL animals, and for plasma QA, 
which was significantly lower in the CCR group than in all 
other groups. Plasma nicotinamide was unchanged. Plasma 
serotonin (also known as 5-hydroxytryptamine), anthra-
nilic acid, and 3-HIAA were below the limit of quantitation 
of our HPLC-MS/MS assay. Hippocampal KYN was signifi-
cantly downregulated in the CCR, KCR, and KAL groups 
versus the CAL group (3.6- to 6.3-fold changes); in fact, the 
concentration profile in the hippocampus reflected plasma 
concentrations of KYN likely due to the blood-brain barrier 
permeability of KYN. While hippocampal TRP, XA, pico-
linic acid, and nicotinamide were unchanged, serotonin, 
5-hydroxyindoleacetic acid, KA, AA, 3-HK, 3-HIAA, and QA 
were below the limit of quantitation. However, 5-hydroxy-
indoleacetic acid and serotonin concentrations did not 
change in the hippocampus as assessed by HPLC-ECD. In 
plasma, the cofactors pyridoxal and isopyridoxal of the  
enzymes kynureninase and kynurenine aminotransfer-
ase I, II, and III had significant interaction effects and 
were downregulated in restricted groups (except for iso-
pyridoxal in KCR vs. CAL animals). The KA/QA index had 
a significant interaction effect and was highest in the 
plasma of CCR animals compared with the CAL, KAL, and 
KCR groups; the KAL and KCR groups showed decreases 



A ketogenic diet affects tryptophan metabolism 961

versus the CAL group (Fig. 3; for P values for comparison 
of metabolite ratios by two-way ANOVA please refer to sup-
plemental Table S4). The KA/3-HK, KYN/3-HK, and KYN/
TRP ratios also had significant interaction effects and post 
hoc testing indicated that they were significantly lower in 
the plasma of CCR, KAL, and KCR versus CAL animals. 
The hippocampal KYN/TRP ratio was also highest in the 
CAL group.

CR animals that were fed a CD showed mostly down-
regulation of KYN metabolism compared with AL animals 
(first arrow within each box, CCR versus CAL; Fig. 1), while 
KYN pathway regulation did not differ between AL ani-
mals of the respective groups (fourth arrow/symbol, KCR 
versus KAL; Fig. 1). Overall, the regulation patterns in 
Fig. 1 show a mostly downregulated plasma KYN pathway 
under a KD in comparison to a CD (second and third arrow 

Fig. 1. Key elements of the KYN pathway and associated metabolites. Arrows in orange (plasma) and black (hippocampus) boxes show the 
regulation of the respective metabolites for the six comparisons in the following order: CCR versus CAL, KAL versus CAL, KCR versus CCR, 
KCR versus KAL, KCR versus CAL, and KAL versus CCR. Numbers indicate the respective methods of assessment: 1, LC-MS metabolomics 
analysis; 2, LC-MS/MS; 3, LC-ECD. Concentrations of metabolites shown in gray boxes were not assessed. Graphs of metabolite concentra-
tions with detailed statistical comparison are shown in Fig. 2. LOQ, limit of quantitation.
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a CD (fifth arrow, KCR vs. CAL; Fig. 1) and no difference 
between regimens, respectively (sixth arrow, KAL vs. CCR; 
Fig. 1).

within each box, KAL vs. CAL and KCR vs. CCR; Fig. 1). 
Comparison of KCR versus CAL and KAL versus CCR ani-
mals shows mainly an upregulation of the pathway under 

Fig. 2. Changes in metabolites of or (possibly) related to the KYN pathway in plasma (gray plots) and hippocampi (black plots) in rats 
fed according to the four dietary regimens, CAL, CCR, KAL, and KCR. Data are presented as the mean + standard error of the mean (n = 6). 
A: Changes assessed by HPLC-MS metabolomics analysis. B: Changes assessed by HPLC-MS/MS. C: Changes assessed by HPLC-ECD. P values 
for comparison by two-way ANOVA are reported in supplemental Table S3. For comparisons between groups, Tukey’s post hoc tests were 
used (*P < 0.05, **P < 0.01, ***P < 0.001).
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DISCUSSION

Glucose not only plays a role in multiple non-neurological 
diseases such as obesity and diabetes (5), but also neurologi-
cal disorders such as Parkinson’s disease, Alzheimer’s dis-
ease, and epilepsy. Although epilepsy is a complex syndrome 
that can arise from a broad array of alterations in the brain’s 
metabolism, the KD is effective as an acute as well as a long-
term treatment in many cases (19). KDs are believed to exert 
anticonvulsant effects primarily via increases in ketone bod-
ies (5); however, correlation of blood ketone body levels and 
seizure control is often poor (5). Other potential, often-
discussed mechanisms are increases of the anticonvulsant 
adenosine, changes in amino acids and neurotransmitters, 
such as disruption of glutamatergic synaptic transmission, 
and activation of adenosine triphosphate-sensitive potassium 

channels (2). Overall, despite many hypotheses and a few 
validated targets such as amino acid metabolism (3), re-
dox systems and mitochondria (13, 14), and the Nrf2 
pathway (15), the mechanisms of action of KDs remain 
largely unknown. Hence it is reasonable to expect that 
yet unknown mechanisms including pathway changes as-
sociated with KDs are involved. Improved knowledge of 
said mechanisms and pathways targeted by KDs will likely 
contribute to more efficient treatment of the large popu-
lation of patients with refractory epilepsy and potentially 
other neurological and non-neurological diseases. Here 
we used an untargeted metabolomics profiling strategy 
to identify a pathway that was affected by a KD and con-
secutively followed up with targeted methodologies to 
gain a detailed understanding of the modulation of this 
pathway.

Fig. 3. Graphs of specific KP metabolite ratios as measured by LC-MS/MS in plasma (gray plots) and hippocampus (black plots) of rats fed 
the respective diets and caloric amounts (A). KYN pathway metabolite ratios (B). Arrows in orange (plasma) and black (hippocampus) boxes 
show the regulation of the respective metabolites for the six comparisons in the following order: CCR versus CAL, KAL versus CAL, KCR 
versus CCR, KCR versus KAL, KCR versus CAL, and KAL versus CCR (C). KA/QA, KA/3-HK, and KYN/3-HK were not calculated for the 
hippocampus, as the respective metabolite concentrations were below the limit of quantitation. Data are presented as mean + standard error 
of the mean (n = 6). P values for comparison by two-way ANOVA are reported in supplemental Table S4. For comparisons between groups, 
Tukey’s post hoc tests were used (*P < 0.05, **P < 0.01, ***P < 0.001).
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KYN pathway and related metabolites
Although the majority of pathway metabolites are affected, 

KD- or CD-induced changes in the KYN pathway have not 
been reported before with one exception: -hydroxybutyrate 
was reported to increase brain synthesis of KA in vitro (brain 
cortical slices and primary glial cultures) (20). This finding is 
inconsistent with our in vivo results that showed downregula-
tion of plasma KA under a ketogenic regimen. This discrep-
ancy may be due to differences in the preparations (in vitro vs. 
in vivo studies) or the different brain regions examined.

Early studies on links between KYN pathway metabolites 
and seizures suggested involvement of brain KYN and de-
rivatives in the development of epileptic seizures (21–26). 
For example, Lapin (23) found that intraventricular injec-
tion of KYN and intraperitoneal injection of KYN or QA po-
tentiated/prolonged the convulsant action of common 
convulsants such as strychnine, while nicotinic, anthranilic, 
and picolinic acid did not affect the action of convulsants. It 
is also reported that l-kynurenine sulfate, QA, and nicotinic 
acid have excitatory effects when injected intraperitoneally 
in immature rats; in mature rats the same doses are ineffec-
tive (21). In the same study, TRP metabolites produced mo-
tor excitement and seizures in adult mice suggesting that 
the described effects are caused by penetration of metabo-
lites through the immature blood-brain barrier. Changes in 
the KYN pathway have also been reported following trau-
matic brain injury in humans (27) where KYN, KA, and QA 
were elevated in the cerebrospinal fluid of traumatic brain 
injury patients. Interestingly, these reports and the above 
mentioned early studies on the potential of KYN and deriva-
tives to induce seizures are consistent with our data for high 
KYN and KA in the CAL group; the highest KYN concentra-
tions were found in the plasma and hippocampus of CAL 
animals and KA concentrations in the plasma of the CAL 
group. Because traumatic brain injury is a common etiologi-
cal factor underlying acquired epilepsy, changes in the KYN 
pathway may be altered during the process of epileptogen-
esis. In conjunction with our findings, this argues for a 
role of specific metabolites or enzymes altered in the KYN 
pathway as contributors to seizures and epileptogenesis. 
However, the general downregulation of the plasma KYN 
pathway under a KD as well as caloric restriction argues for 
changes in TRP or a metabolite upstream of TRP being the 
key target of the two dietary regimens.

KYN can be converted via three different enzymatic routes 
(28). The enzyme kynurenine 3-monooxygenase converts 
KYN to the neurotoxin 3-HK and is one of the key nodes of 
the KYN pathway (28, 29). Kynurenine aminotransferase 
transforms KYN to the neuroprotectant KA and kynureni-
nase to anthranilic acid. Kynurenine 3-monooxygenase in-
hibition or deficiency causes an accumulation of KYN and 
consecutively increased synthesis of KA. In fact, investiga-
tion and consideration of kynurenine 3-monooxygenase 
inhibition is becoming increasingly popular in the quest 
for treatment options for a variety of neurodegenerative 
diseases (29, 30). This is especially true as kynurenine 
3-monooxygenase inhibition not only leads to increased 
KA levels but also leads to a decrease in extracellular gluta-

mate levels in the brain (30). Kynurenine 3-monooxygen-
ase inhibitors such as JM6 and Ro-61-8048 do not cross the 
blood-brain barrier but, after oral administration, change 
concentrations of extracellular KYN metabolites in the 
brain and exert neuroprotection in animal models of neu-
rodegenerative diseases (30, 31). Plasma KA is not expected 
to affect brain pools of KA significantly as only a small por-
tion crosses the blood-brain barrier (32) and KA has to be 
synthesized locally from KYN via kynurenine aminotrans-
ferase. This fact and our data argue for similar profiles of 
KYN and KA in the plasma and hippocampus and relatively 
unrestricted conversion of KYN to KA. Hippocampal KA 
levels of our study animals therefore may be similarly regu-
lated as plasma KYN and KA as well as hippocampal KYN. 
Considering that KA is attributed neuroprotective proper-
ties, it is surprising that hippocampal and plasma KYN and 
plasma KA were downregulated in KD-fed versus CD-fed 
groups in our study. The downregulation of the neuropro-
tective metabolite KA in KD-fed animals is inconsistent with 
the perceived neuroprotective effects of KA increases due 
to kynurenine 3-monooxygenase inhibition as currently in-
vestigated to ameliorate progression of neurodegeneration 
(9). Interestingly, several studies suggest that increased con-
centrations of KA (serum and/or cerebrospinal fluid) as 
they occur due to kynurenine 3-monooxygenase deficiency 
may be linked to cognitive deficits, brain disorders such as 
schizophrenia, and liver disorders (33–35). A health ben-
efit of the KD may therefore be downregulation of plasma 
KA concentrations. These studies and our data argue for a 
more complex relationship of kynurenine 3-monooxygenase 
activity and regulation of KYN, 3-HK, and KA concentrations 
in order to achieve neuroprotection in a particular setting.

A recent study reports elevated indoleamine 2,3- 
dioxygenase (responsible for conversion of TRP to the KYN 
precursor N-formylkynurenine) activity in patients with id-
iopathic generalized epilepsy (36). Microglial indoleamine 
2,3-dioxygenase and kynurenine 3-monooxygenase are also 
reported to be induced in a mouse model of temporal lobe 
epilepsy (37). Induction/increased activity of these enzymes 
may lead to enhanced production of 3-HK and other pathway 
metabolites under pathologic conditions. While a discussion 
on metabolite changes seen in our study versus changes in 
individual enzymes, their activities, and related metabolites 
based on the results of those studies may be speculative, it 
is plausible that a downregulation of the pathway as seen in 
our study may have therapeutic effects and may counteract 
changes in enzyme induction/activities.

Another aspect that may factor into the regulation of the 
KYN pathway due to the KD is the fact that specific miner-
als and vitamins, such as vitamin B6’s active form pyridoxal-
5′-phosphate, play a role as cofactors of enzymes that 
regulate the pathway (8). The catalytic actions of kynuren-
ine aminotransferase (converting KYN to KA and 3-HK to 
XA) and aromatic l-amino acid decarboxylase (converting 
5-hydroxytryptophan to serotonin) depend on pyridoxal, a 
specific form of vitamin B6, as cofactor. Decreased amounts 
of pyridoxal and isopyridoxal (a vitamer of the vitamin B6 
complex) in the plasma of CCR- and KCR-fed animals may 
likely be due to restricted food intake as pyridoxine (a vita-
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mer of pyridoxal and isopyridoxal) is supplied with the 
diets in fairly similar amounts (12.8 mg/kg in the CD vs. 
12.1 mg/kg in the KD). Reduction in pyridoxal-5′-phosphate 
availability, as eventually indicated by decreased amounts 
of the precursors pyridoxal and isopyridoxal found in our 
study in plasma in CCR versus CAL and KAL animals, has 
been shown to alter the activity of tryptophan hydroxylase 
and kynurenine aminotransferase. However, a lack of 
kynurenine aminotransferase cofactor corresponds only in 
part with plasma KA concentrations across the four groups. 
It does not explain anthranilic acid concentrations (synthe-
sized via kynurenine 3-monooxygenase). Plasma levels of 
3-HK, KA, XA, and serotonin seem to be influenced by the 
type of diet (KD vs. CD) more than by caloric intake and 
argue against effects of enzyme activity due to cofactor 
availability on metabolite concentrations.

A high ratio of brain KA/QA is considered neuroprotec-
tive in various neurological conditions such as mood disor-
ders (10). Other putative neuroprotective indices are brain 
KA/3-HK and KYN/3-HK; a high ratio, respectively, is associ-
ated with neuroprotection (10). Interestingly, the KAL and 
KCR groups showed significantly lower plasma indices than 
the CAL group, the KA/QA index of the CCR group was 
significantly higher than of the three other groups (Fig. 3). 
The fact that a low KA/QA ratio, as seen particularly in the 
plasma of KAL and KCR animals, according to the currently 
available literature should even increase seizure activity ar-
gues against the KD’s benefits being mediated via changes 
in the KYN pathway. A high ratio of KYN/TRP (an indicator 
of indoleamine 2,3-dioxygenase activity) in the blood of 
patients with advanced Huntington’s disease is reported 
suggesting high indoleamine 2,3-dioxygenase activity and 
increases in 3-HK and 3-hydroxyanthranilic acid (38). 
Darlington et al. (39) report significantly increased KYN/
TRP in patients that recently experienced a stroke. In-
doleamine 2,3-dioxygenase may be activated after immune 
activation due to release of inflammatory mediators (6). 
Considering that high KYN/TRP ratios occur during Hun-
tington’s disease and stroke, one benefit of the KD may be 
decreased plasma and hippocampal KYN/TRP ratios as seen 
in our animals of CCR, KAL, and KCR versus CAL groups 
(Fig. 3). Generally, a decreased KYN/TRP ratio may corre-
spond to a downregulation of the KYN pathway in com-
parison to TRP availability in CCR, KAL, and KCR groups 
versus the CAL group in plasma as well as the hippocampus. 
Considering that the majority of pathway metabolites are 
attributed neuroactive properties (beneficial as well as un-
favorable) decreased pathway activity may tip the overall 
effect of pathway changes induced by the respective diets 
toward neuroprotection. A general downregulation of the 
pathway may compensate for decreased neuroprotective in-
dices induced by a KD and/or caloric restriction, i.e., the 
anticipated neuroprotective effects may rather be results of 
pathway downregulation than the regulation of respective 
downstream metabolites. It is also possible that other targets 
of these regimens drive the beneficial effects seen in patients 
with retractable epilepsies.

As mentioned above, KYN pathway metabolite concentra-
tions (e.g., KA and QA) and neuroprotective indices across 

the four dietary groups often show opposite patterns as one 
would expect for the exertion of neuroprotection. One rea-
son why the interpretation of the data is difficult is that the 
relationship between the peripheral and central KYN path-
ways is complex (40). Plasma concentrations assessed in our 
study may not reflect hippocampal concentrations of me-
tabolites as seen for some of the metabolites measured in 
plasma as well as the hippocampus, i.e., TRP, XA, picolinic 
acid, and nicotinamide (Fig. 2). Nevertheless, changes in 
the KYN pathway are often described in blood or other bio-
fluids (versus in the brain) and reports can serve to predict 
and indicate pathway changes in the tissues of interest as 
seen in our study. Another reason for the discrepancy of 
measured versus expected results in regard to epilepsy ther-
apy could be that the KYN pathway is not the main target of 
the examined diets.

Reduction of the concentrations of KYN pathway me-
tabolites in plasma by the KD as shown in Fig. 1 is con-
sistent with a downregulation of the pathway together 
with caloric restriction as both dietary regimens showed 
similar responses in terms of neuroprotection and anti-
seizure effects (1). Although metabolites such as KA 
that are considered neuroprotective were likewise down-
regulated, therapeutic benefits of a general downregula-
tion of the KYN pathway by KDs and/or caloric restriction 
may outweigh the disadvantages of decreased concentra-
tions of potential neuroprotectants. Generally, it is necessary 
to keep in mind that our data were generated in healthy/
non-epileptic animals; a KD and/or caloric restriction may 
show different effects when acting on a pathologic/epileptic 
brain.

Overall, plasma levels of metabolites of the KYN path-
way were influenced by the KD and/or mild caloric re-
striction, whereas metabolite levels in the hippocampus 
seemed widely unaffected (except for KYN). These results 
were consistent with the remainder of our metabolo-
mics data (Heischmann et al., unpublished observations), 
which confirmed that more metabolites changed in plasma 
than in the hippocampus and that changes in metabolite 
levels in the hippocampus occurred within a small range 
(mainly <1.5-fold). Such small changes within the hip-
pocampus may be due to the fact that the KD and mild 
caloric restriction are dietary therapies. A similar study 
on the kainic acid model of temporal lobe epilepsy con-
ducted by our group showed relatively high fold-changes 
in hippocampal metabolites (15). In this study, we also 
showed similar numbers of metabolites changing in plasma 
and the hippocampus when a 1.5-fold cut-off for changes 
was applied.

In conclusion, using a combined untargeted/targeted 
metabolomics strategy, we showed that the TRP degrada-
tion pathway, which includes the metabolism of KYN, is a 
target of the KD and mild caloric restriction. Considering 
the indecisive results of this study, modulation of this path-
way may or may not be involved in the beneficial effects 
exerted by the KD and mild caloric restriction in the treat-
ment of epilepsy and neurodegenerative diseases.

The authors thank Eric Warren for his help with animal care.
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