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Abstract

The kynurenine pathway (KP), the major catabolic route of the essential amino acid L-tryptophan 

(L-TRP), contains several neuroactive compounds, including kynurenic acid (KYNA), 3-

hydroxykynurenine (3-HK) and quinolinic acid (QUIN). The role of the D-enantiomer (D-TRP) in 

KP metabolism has received little attention so far. D-TRP can be converted to L-TRP by D-amino 

acid oxidase (D-AAO), and the same enzyme can produce D-kynurenine, a known bioprecursor of 

KYNA. To analyze these complex metabolic events systematically in vivo, we injected mice with 

D-TRP (300 mg/kg, i.p.) and examined KP metabolism in the absence or presence of the D-AAO 

inhibitor 3-methylpyrazole-5-carboxylic acid (MPC; 100 mg/kg, i.p.,). After 90 min, newly 

formed L-TRP was recovered in plasma, liver, forebrain and cerebellum, and MPC prevented its 

neosynthesis in all tissues. In the same animals, de novo production of D-kynurenine from D-TRP 

was also observed but was much higher in the periphery than in the brain. D-TRP administration 

raised KYNA, 3-HK, and QUIN levels in all tissues examined, and KYNA production from D-

TRP was significantly reduced after pre-treatment with MPC. These results indicate that catabolic 

routes other than those classically ascribed to L-TRP and L-kynurenine can account for the 

synthesis of KYNA, 3-HK and QUIN in vivo.
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Introduction

The kynurenine pathway (KP) of tryptophan degradation contains several neuroactive 

compounds, including kynurenic acid (KYNA), 3-hydroxykynurenine (3-HK) and quinolinic 

acid (QUIN), which have been proposed to play important roles in brain physiology and 

pathology (Schwarcz et al. 2012). Although the essential amino acid L-tryptophan (L-TRP) 

is usually considered the main precursor of these KP metabolites, studies in various 

mammalian species, including humans, showed that D-tryptophan (D-TRP), too, can be 

metabolized along the KP. Thus, D-TRP is degraded to D-kynurenine (D-KYN; Higuchi & 
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Hayaishi 1967, Kotake & Ito 1937, Langner & Berg 1955, Loh & Berg 1971a) and further to 

KYNA (Ishii et al. 2010, Ishii et al. 2011, Loh & Berg 1971b).

Interestingly, D-TRP can also be enzymatically converted to L-TRP (Iizuka et al. 2011, 

Ohara et al. 1980, Yoshihara et al. 2012), and this process occurs in two steps. First, D-

amino acid oxidase (D-AAO) metabolizes D-TRP to the corresponding α-keto acid, 

indole-3-pyruvic acid (Loh & Berg 1971a, Sylianco & Berg 1959), which is then reversibly 

converted to L-TRP by aspartate aminotransferase (Bittinger et al. 2003) (Fig. 1). Notably, 

D-AAO also catalyzes the conversion of D-KYN to KYNA (Fukushima et al. 2009, Ishii et 
al. 2010, Ogaya et al. 2010) (Fig. 1). This transformation is especially effective in the 

cerebellum (Blanco Ayala et al. 2015, Wang et al. 2012) where the enzyme is highly 

expressed (Horiike et al. 1994, Moreno et al. 1999, Verrall et al. 2007).

As D-TRP can be introduced to mammals by microorganisms (Lam et al. 2009), it may 

contribute to the significant increases in brain KYNA, 3-HK and QUIN levels that are seen 

in psychiatric and neurological diseases (Schwarcz et al. 2012, Mandi & Vécsei 2012). This 

could be of particular relevance in psychiatric diseases such as schizophrenia and autism, 

where maternal exposure to bacterial pathogens and maternal immune activation are 

associated with the emergence of pathophysiology (Brown & Derkits 2010, Patterson 2011).

The present study was designed to elucidate the fate of systemically applied D-TRP in vivo 
in greater detail and with special emphasis on cerebral KP metabolism. To this end, we 

injected mice with D-TRP or L-TRP (300 mg/kg, i.p.) and compared the levels of both 

enantiomers in plasma, liver, forebrain and cerebellum. We then investigated the production 

of kynurenine, KYNA, 3-HK and QUIN from D-TRP, and studied the involvement of D-

AAO in D-TRP metabolism by treating the animals with the D-AAO inhibitor 3-methyl-

pyrazole-5-carboxylic acid (MPC; Adage et al. 2008). Our results provided substantive new 

information regarding the conversion of D-TRP to KP metabolites in vivo and demonstrated 

that D-AAO plays essential roles in the catabolic processes involved.

Materials and methods

Chemicals

D-Tryptophan (D-TRP), L-tryptophan (L-TRP), D-kynurenine (D-KYN), kynurenic acid 

(KYNA), 3-hydroxy-DL-kynurenine (3-HK), quinolinic acid (QUIN), D-amino acid oxidase 

(D-AAO, purified from porcine kidney; product number A5222) and 3-methylpyrazole-5-

carboxylic acid (MPC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). L-

Kynurenine (L-KYN) was obtained from Sai Advantium (Hyderabad, India), and [2H3]-

QUIN was purchased from Synfine Research (Richmond Hill, Ontario, Canada).

All other chemicals were purchased from various commercial suppliers and were of the 

highest available purity.

Animals and in vivo treatments

Adult (2–3 months) FVB/N wild-type mice (20–30 g; Taconic, Hudson, NY, USA) of either 

sex were used in all experiments (n = 5–7 per group). Animals were housed in a 
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temperature-controlled, Association for Assessment and Accreditation of Laboratory Animal 

Care (AAALAC)-approved animal facility and were kept on a 12 h/12 h-light/dark cycle 

with free access to food and water. All procedures were approved by the Institutional 

Animal Care and Use Committee of the University of Maryland, in accordance with the NIH 

Guide for the Care and Use of Laboratory Animals.

Mice were injected intraperitoneally (i.p.) with 300 mg/kg D-TRP or L-TRP, dissolved in 

sterile saline. Controls received i.p. saline. Ninety minutes later, the animals were euthanized 

(CO2), and plasma (supernatant of blood centrifuged at 5,200 × g, 10 min), liver, forebrain 

(whole brain without cerebellum) and cerebellum were collected immediately, frozen rapidly 

on dry ice, and stored at −80°C until analysis.

MPC was dissolved in sterile saline (titrated to pH 7.7 with NaOH) and administered i.p. 

(100 mg/kg) 30 min before D-TRP administration. Plasma and tissues were collected as 

described above.

KYNA and kynurenine measurement

Tissues were weighed while frozen, and forebrain (1:5, w/v), cerebellum (1:5, w/v for 

KYNA, 1:10, w/v for kynurenine) and liver (1:20, w/v) were homogenized by sonication in 

ultrapure water. Plasma was diluted 1:10 (v/v) in ultrapure water. Twenty-five μL of 

perchloric acid (6%) were then added to 100 μL of the sample preparation, and precipitated 

proteins were removed by centrifugation (16,000 × g, 15 min). Twenty μL of the resulting 

supernatant were analyzed by HPLC as follows.

KYNA was eluted from a 3 μm C18 reverse phase HPLC column (80 mm × 4.6 mm; ESA, 

Chelmsford, Massachusetts, USA), using a mobile phase containing 250 mM zinc acetate, 

50 mM sodium acetate, and 3% acetonitrile (pH adjusted to 6.2 with glacial acetic acid) at a 

flow rate of 1.0 mL/min. In the eluate, KYNA was quantitated fluorimetrically (excitation: 

344 nm, emission: 398 nm; S200a fluorescence detector; Perkin Elmer, Waltham, 

Massachusetts, USA). The retention time was approximately 7 min.

Kynurenine was processed as described above for KYNA and was also detected 

fluorimetrically (excitation: 365 nm; emission: 480 nm). The retention time was 

approximately 6 min.

3-HK measurement

Brain (1:5, w/v) and liver (1:5, w/v) were homogenized, and plasma was diluted (1:2, v/v), 

in ultrapure water. Twenty-five μL of perchloric acid (6%) were then added to 100 μL of the 

preparation, and precipitated proteins were removed by centrifugation (16,000 × g, 15 min). 

Twenty μL of the resulting supernatant were injected onto a 3 μM HPLC column (80 mm × 

4.6 mm; ESA), using a mobile phase consisting of 1.5% acetonitrile, 0.9% triethylamine, 

0.59% phosphoric acid, 0.27 mM EDTA and 8.9 mM sodium heptanesulfonic acid, and a 

flow rate of 0.5 mL/min. In the eluate, 3-HK was detected electrochemically using an HTEC 

500 detector (Eicom, San Diego, CA, USA; oxidation potential: + 0.5 V). The retention time 

of 3-HK was approximately 11 min.
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QUIN measurement

Brain and liver were homogenized (1:20, w/v) and plasma was diluted (1:10, v/v) in 0.1% 

ascorbic acid. Fifty μL of a solution containing internal standard ([2H3]QUIN) were added to 

50 μL of the sample, and proteins were precipitated with 50 μL of acetone. After 

centrifugation (13,700 × g, 5 min), 50 μL of methanol:chloroform (20:50, v/v) were added to 

the supernatant, and the samples were centrifuged (13,700 × g, 10 min). The upper layer was 

added to a glass tube and evaporated to dryness (90 min). The samples were then derivatized 

with 120 μL of 2,2,3,3,3-pentafluoro-1-propanol and 130 μL of pentafluoropropionic 

anhydride at 75°C for 30 min, dried down again and reconstituted in 50 μL of ethyl acetate. 

One μL was injected into the gas chromatograph. GC/MS analysis was carried out with a 

7890A GC coupled to a 7000B MS/MS (Agilent Technologies), using electron capture 

negative chemical ionization (Notarangelo et al. 2012).

D-KYN measurement

D-KYN was measured by the enzyme-based assay described by Wang et al. (2013). Briefly, 

50 μL of purified D-AAO (1 mg/mL) were added to 80 μL of the tissue preparation (1:5 w/v 

for forebrain, 1:10 w/v for cerebellum, 1:20 w/v for liver, 1:10 v/v for plasma; all in 100 mM 

borate buffer, pH 9.0) and water in a total volume of 200 μL. Routinely, the reactive solution 

was incubated at 37°C for 3 h, and the reaction was terminated by adding 20 μL of 50% 

trichloroacetic acid and 200 μL of 0.1 N HCl. After centrifugation, 20 μL of the resulting 

supernatant were used for KYNA measurement (see above).

D-TRP and L-TRP measurement

TRP enantiomers were measured by a slight modification of the chiral HPLC methodology 

described by Yan and Row (2008). To this end, the tissue was homogenized (1:100, w/v for 

brain, 1:200, w/v for liver) by sonication in ultrapure water. Plasma was diluted 1:200 (v/v) 

in ultrapure water. Twenty-five μL of perchloric acid (6%) were then added to 100 μL of the 

sample preparation, and precipitated proteins were removed by centrifugation (16,000 × g, 

15 min). Twenty μL of the resulting supernatant were injected onto a 5 μm C18 reverse-

phase HPLC column (Adsorbil; 150 mm × 4.6 mm; Grace, Deerfield, IL, USA), using a 

mobile phase containing 3 mM L-phenylalanine, 0.4 mM cupric sulfate, 16% methanol (pH 

adjusted to 4.7) at a flow rate of 1 mL/min. In the eluate, D-TRP and L-TRP were quantified 

fluorimetrically (excitation: 285 nm, emission: 365 nm; S200a fluorescence detector; Perkin 

Elmer). The retention times for D-TRP and L-TRP were approximately 33 and 38 min, 

respectively.

Data analysis

Results are expressed as the mean ± SEM. Student’s t-test or one-way Anova followed by 

Bonferroni’s post-hoc test were used to determine significance in all experiments. A p value 

of <0.05 was considered significant.
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Results

D-KYN production from D-TRP in the brain

In a pilot experiment, we examined the emergence of D-KYN in the brain following the i.p. 

injection of D-TRP (300 mg/kg). As illustrated in Fig. 2, D-KYN was detected in both 

forebrain and cerebellum 30, 90 and 180 min after the systemic administration of D-TRP. In 

both tissues, D-KYN levels reached a maximum at 30 min, remained constant for another 

hour, and then decreased. Based on these results, the 90 min time point was selected for 

analyses in subsequent experiments.

D-TRP and L-TRP levels following systemic administration

To characterize the metabolism of D-TRP in vivo and compare it to L-TRP, we optimized a 

procedure for the separation of TRP enantiomers in biological samples by HPLC using a 

chiral mobile phase (Fig. 3; see Methods for experimental details). This method allowed us 

to detect D-TRP and L-TRP in the same run in all samples with a detection limit of 1 pmol.

No D-TRP was measurable in saline-injected control animals. Next, we compared the 

distribution of D-TRP and L-TRP 90 min after each enantiomer was applied at 300 mg/kg. 

After D-TRP administration, the compound was detected in both liver (86.4 ± 19.7 μM) and 

plasma (188.8 ± 17.7 μM) (Fig. 4a). In contrast, no D-TRP was observed in the periphery 

after the injection of L-TRP (Fig. 4a). L-TRP levels significantly increased in the plasma 

after the administration of D-TRP and, naturally, also after the application of L-TRP itself 

(p<0.01 each) (Fig. 4b). This confirmed that D-TRP is converted to L-TRP in the mouse in 
vivo. However, no significant differences in L-TRP levels were detected in the liver after 

administration of either enantiomer (Fig. 4b).

D-TRP was also detected in the brain of mice injected with the compound (Fig. 4c), and its 

levels were significantly higher in the forebrain (67.3 ± 6.7 μM) than in the cerebellum (16.3 

± 1.9 μM) (p<0.001). As in the plasma, L-TRP levels also increased significantly in both 

forebrain and cerebellum after the administration of D-TRP (p<0.01 in both tissues) or L-

TRP (p<0.01 in both tissues) (Fig. 4d).

After D-TRP injection, higher levels of L-TRP were measured in the cerebellum (80.4 ± 2.5 

μM) than in the forebrain (63.8 ± 3.4 μM) (p<0.01), indicating a preferential conversion of 

D-TRP to L-TRP in the cerebellum (Fig. 4d). In contrast, no D-TRP was detected in the 

brain after an i.p. injection of L-TRP (Fig. 4c).

In line with the conversion of D-TRP to L-TRP in tissue homogenates (Loh & Berg 1971a) 

and in vivo (Yoshihara et al. 2012, Iizuka et al. 2011), these results confirm that systemically 

administered D-TRP is converted to L-TRP in vivo.

Effect of the D-AAO inhibitor MPC on D-TRP and L-TRP levels

Using separate animals, we next investigated the involvement of D-AAO in D-TRP 

metabolism (Fig. 1; Iizuka et al. 2011) by treating animals with the D-AAO inhibitor MPC 

(Adage et al., 2008) 30 min prior to D-TRP.
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No differences in TRP levels were observed when MPC alone was injected (data not shown). 

However, D-TRP levels were significantly increased in cerebellum, liver and plasma of mice 

treated with MPC and D-TRP (MPC + D-TRP group) compared to D-TRP alone (D-TRP 

group) (Fig. 5a; p<0.01 in plasma, p<0.001 in liver and cerebellum), confirming that D-AAO 

is involved in D-TRP metabolism. A modest increase in D-TRP levels was also observed in 

the forebrain of MPC + D-TRP mice, but the effect did not attain statistical significance 

(Fig. 5a).

Compared to animals receiving D-TRP alone, MPC + D-TRP mice showed significantly 

reduced L-TRP levels in forebrain, cerebellum and plasma (Fig 5b; p<0.01 in cerebellum 

and plasma, p<0.001 in forebrain), confirming that D-AAO is actively involved in the 

conversion of D-TRP to L-TRP in vivo. In contrast, we observed no significant effect of 

MPC pre-treatment on L-TRP levels in the liver. After 90 min, L-TRP levels in MPC + D-

TRP mice were indistinguishable from endogenous values in plasma and forebrain (data not 

shown) but were still significantly elevated compared to controls in the cerebellum (61.1 

± 7.1 μM, p<0.05; Student’s t-test).

These results demonstrate the involvement of D-AAO in the conversion of D-TRP to L-TRP 

in mice in vivo.

De novo synthesis of D-KYN in D-TRP-treated mice: effect of MPC

Next, we determined the levels of D-KYN and L-KYN in mice injected with D-TRP – with 

or without pre-treatment with MPC – and compared them to total KYN (i.e. both 

enantiomers combined) levels measured by conventional HPLC. [In a pilot experiment, we 

confirmed that MPC is ineffective as an inhibitor of kynurenine aminotransferase; data not 

shown]. As illustrated in Table 1, essentially all KYN produced from D-TRP after 90 min in 

the plasma was identified as the D-enantiomer. In contrast, D-KYN amounted to 84.4% of 

total KYN in the liver, 41.6% in the forebrain (p<0.05 vs. total KYN) and only 18.6% in the 

cerebellum (p<0.01 vs. total KYN), indicating that a proportion of D-TRP was converted to 

L-KYN (defined as total KYN minus D-KYN) in vivo.

Compared to D-KYN production from D-TRP alone, MPC pre-treatment slightly increased 

D-KYN levels in the liver (p>0.05) but not in the plasma. In the forebrain, MPC pre-

treatment did not affect D-KYN levels; however, total KYN levels were reduced (from 1.2 

± 0.1 μM to 0.7 ± 0.2 μM; p=0.053), and D-KYN increased to 64.0% of total KYN (p>0.05).

In the cerebellum, pre-treatment with MPC decreased total KYN levels from 3.8 ± 0.7 μM to 

1.4 ± 0.3 μM (p<0.05), and D-KYN increased from 18.6% to 39.1% of total KYN. 

Interestingly, MPC did not completely prevent the production of L-KYN from D-TRP in the 

cerebellum. Thus, total KYN levels were still significantly higher than D-KYN levels in the 

MPC + D-TRP group (p<0.05).

These results show that both D-KYN and L-KYN are formed after D-TRP administration in 
vivo in both periphery and brain, and that the levels of both metabolites are significantly 

affected by pre-treatment with the D-AAO inhibitor MPC.
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Effect of D-AAO inhibition on KYNA production from D-TRP

We next studied the production of KYNA after the systemic injection of D-TRP and also 

assessed the effect of an additional pre-treatment with MPC (Fig. 1). As shown in Fig. 6, D-

TRP administration caused significant increases in KYNA levels in liver (p<0.001), plasma 

(p<0.001) and cerebellum (p<0.001), but raised levels in the forebrain only slightly 

(p>0.05). Interestingly, D-TRP-induced KYNA formation in the cerebellum (13.1 ± 1.1 nM) 

was significantly more pronounced than in the forebrain (3.5 ± 0.8 nM; p<0.001, Student’s 

t-test), as also reported after systemic D-KYN injection (Wang et al., 2012).

Pre-treatment with MPC reduced the increase in KYNA levels in all tissues (Fig. 6). Levels 

were significantly decreased in liver (p<0.001 vs. D-TRP), plasma (p<0.001 vs. D-TRP) and 

cerebellum (p<0.01 vs. D-TRP). However, KYNA levels did not completely return to 

endogenous levels in the three tissues and were still significantly higher than in saline-

injected controls in the liver (p<0.05).

Effect of D-AAO inhibition on 3-HK and QUIN production from D-TRP

Finally, we evaluated the effect of D-TRP, and pre-treatment with MPC, on 3-HK and QUIN 

levels. Following administration of D-TRP, 3-HK levels increased in liver (p<0.01), plasma 

(p<0.01), forebrain (p<0.001) and cerebellum (p<0.001). Pre-treatment with MPC did not 

significantly affect 3-HK levels, with only a slight decrease (p>0.05) seen in most tissues, 

and 3-HK levels remained consistently higher than endogenous levels (Fig. 7).

In the same animals, QUIN levels also increased after D-TRP administration, and the effect 

reached statistical significance in liver (p<0.05), plasma (p<0.01) and forebrain (p<0.05) 

(Fig. 7). Pre-treatment with MPC reduced QUIN levels in all tissues, but the effect reached 

statistical difference only in the plasma (p<0.05 vs. D-TRP; Fig. 7b). After MPC injection, 

QUIN levels were not significantly different from endogenous values.

Discussion

The present study was designed to provide a comprehensive view of the fate of D-TRP 

following its systemic administration under physiological conditions, and, specifically, to 

investigate the role of D-AAO in the metabolism of D-TRP in vivo. Based on the 

measurement of D-KYN in the brain at several time points after an i.p. injection, we limited 

our experiments to mice that were euthanized after 90 min. Using an analytical method that 

allowed us to identify D-TRP and L-TRP in the same run with a detection limit of 1 pmol, 

we first verified the unidirectional conversion of D-TRP to L-TRP. Next, we demonstrated 

the de novo production of D-KYN from D-TRP in plasma, liver, forebrain and cerebellum, 

observing that D-KYN levels were much higher in the periphery than in the brain. Finally, 

we studied the de novo production of KYNA, 3-HK and QUIN from D-TRP in all tissues. 

MPC, a specific inhibitor of D-AAO (Adage et al. 2008; Gong et al. 2011), was used to 

examine the involvement of D-AAO in all these metabolic processes.

Separation of the two TRP enantiomers with an improved chiral HPLC method (Yan & Row 

2008) allowed us to reliably quantitate both D-TRP and L-TRP in plasma, liver, forebrain 

and cerebellum. In agreement with earlier studies in rats (Yoshihara et al. 2012, Iizuka et al. 
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2011), we demonstrated that D-TRP can penetrate the blood-brain barrier (BBB) in mice 

and is readily detectable in several tissues 90 min after its systemic administration. Notably, 

D-TRP levels in the cerebellum were significantly lower than in the forebrain, suggesting 

greater local degradation by D-AAO, which recognizes D-TRP as a substrate (Iizuka et al. 
2011) and is abundant in the cerebellum compared to other brain regions (Horiike et al. 
1994, Moreno et al. 1999, Verrall et al. 2007). As D-AAO catalyzes the conversion of D-

TRP to L-TRP (Iizuka et al. 2011, Yoshihara et al. 2012, Rodden & Berg 1974), systemic D-

TRP administration raised L-TRP levels in plasma, forebrain and cerebellum, and the 

increase was significantly more pronounced in the cerebellum than in the forebrain.

The role of D-AAO was also tested directly by pre-treating the animals with the enzyme 

inhibitor MPC 30 min prior to a systemic injection of D-TRP. As expected, MPC increased 

D-TRP levels and reduced the neosynthesis of L-TRP in the brain as well as in the periphery 

(cf. Fig. 1). However, as MPC crosses the BBB relatively poorly (Adage et al. 2008), we 

cannot rule out that some of the effects seen in the brain were influenced by peripheral D-

AAO inhibition. Considering the ready transport of L-TRP through the BBB, L-TRP 

reduction in the brain following D-TRP + MPC treatment could therefore be a consequence 

of reduced plasma L-TRP levels.

No increase in hepatic L-TRP levels was observed after the administration of either D-TRP 

or L-TRP. Since the mouse liver lacks D-AAO (Konno et al. 1997), the increase in hepatic 

D-TRP content following MPC administration is likely a consequence of changes in plasma 

levels and enhanced transport of circulating D-TRP into the liver (see also below). As for L-

TRP administration, it appears that L-TRP was rapidly metabolized by tryptophan-2,3-

dioxygenase (TDO), which has long been known to be highly expressed in the liver (Knox & 

Mehler 1950).

In line with previous studies (Ishii et al. 2010, Kotake & Ito 1937, Langner & Berg 1955, 

Loh & Berg 1971b, Triebwasser et al. 1976), animals treated with D-TRP readily formed D-

KYN. Since D-TRP is a very poor substrate of TDO (Batabyal & Yeh 2007, Watanabe et al. 
1980), D-KYN production was probably catalyzed by indoleamine-2,3-dioxygenase (IDO), 

which recognizes both L-TRP and D-TRP (Shimizu et al. 1978, Tashiro et al. 1961). As no 

D-KYN was detected in mice injected with L-TRP (data not shown; cf. also Iizuka et al. 
2011), conversion of L-KYN to D-KYN was ruled out. D-KYN levels after D-TRP 

administration were much higher in plasma and liver than in the brain and, interestingly, less 

than half of neosynthesized kynurenine in the brain – in contrast to the periphery – was 

recovered as D-KYN (Table 1). As the proportion of D-KYN, compared to total newly 

formed kynurenine, was even lower (<20%) in the cerebellum, these results suggest that 

brain uptake of D-KYN and/or synthesis of D-KYN from D-TRP in the brain is restricted. 

Pre-treatment with MPC decreased cerebral L-KYN levels (i.e. total kynurenine minus D-

KYN) by blocking the conversion of D-TRP to L-TRP in the brain and the periphery. 

However, MPC pre-treatment does not completely prevent L-KYN production from D-TRP 

in the cerebellum, presumably because of low penetration of MPC into the brain (Adage et 

al., 2008).
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In our study, we paid special attention to the possible role of D-TRP as a bioprecusor of 

KYNA, 3-HK and QUIN, three KP metabolites with distinct neuroactive properties. KYNA 

is an antagonist of the α7 nicotinic acetylcholine receptor (Hilmas et al. 2001) and the 

glycine co-agonist site of the N-methyl-D-aspartate (NMDA) receptor (Parsons et al. 1997), 

as well as an agonist of the aryl hydrocarbon receptor (DiNatale et al. 2010) and the G 

protein-coupled receptor GPR35 (Wang et al. 2006). Alone or jointly, these actions likely 

account for the neuromodulatory effects of endogenous KYNA in the mammalian brain and 

for its presumed role in the pathophysiology of several neurological and psychiatric diseases 

(Pocivavsek et al., in press). As illustrated in Fig. 1, KYNA neosynthesis from D-TRP may 

occur via two mechanisms, both of which require D-AAO. Thus, KYNA can be produced 

either via D-KYN and subsequent conversion by kynurenine aminotransferase (KAT) and D-

AAO (Pérez-de la Cruz et al. 2012, Wang et al. 2012) or, more indirectly, from L-KYN that 

is derived from D-TRP via the aryl hydrocarbon receptor agonist indole-3-pyruvate (Nguyen 

et al. 2009) and L-TRP (Fig. 1). In the present study, KYNA levels in liver and plasma were 

significantly elevated in response to a systemic D-TRP injection, and the de novo formation 

of the metabolite was greatly reduced by pre-treatment with the D-AAO inhibitor MPC. As 

mouse liver does not contain D-AAO (Konno et al. 1997), the significant lowering of hepatic 

KYNA levels (Fig. 6a) following MPC administration was likely a consequence of changes 

in plasma levels and, subsequently, enhanced transport of circulating KYNA into the liver. A 

similar pattern was observed in the cerebellum and, to a lesser degree, in the forebrain (Fig. 

6). The fact that KYNA crosses the BBB very poorly (Fukui et al. 1991) and that far more 

KYNA was recovered in the cerebellum than in the forebrain favors the idea that the 

metabolite originated locally from the direct pathway, i.e. via D-KYN. Notably, this process 

may also involve the irreversible transamination of D-KYN by KAT (Pérez-de la Cruz et al. 
2012).

Both 3-HK, which can generate toxic free radicals (Eastman & Guilarte 1989), and QUIN, 

an excitotoxic NMDA receptor agonist (Stone & Perkins 1981), may play causative roles in 

neurodegenerative disorders (Schwarcz et al. 2012). D-TRP administration increased the 

levels of both neurotoxins in all tissues, in some cases substantially, but pre-treatment with 

MPC had only modest, and in most cases not statistically significant, effects on the 

neosynthesis of these two metabolites. In agreement with recent in vivo studies by Wang et 
al. (2012), who reported the formation of 3-HK (and KYNA) from systemically 

administered D-KYN, and Maeta et al. (2014), who described the conversion of D-TRP to 

nicotinamide, these data demonstrate that D-TRP degradation in vivo causes the formation 

of KP metabolites along the QUIN branch of the pathway. Moreover, our results show that 

the importance of D-AAO in the formation of downstream metabolites begins to fade as D-

AAO-dependent processes are not directly involved in the biosynthesis (cf. Fig. 1). Future 

experiments will need to elaborate the intricacies of these metabolic events in greater depth 

by establishing detailed time- and dose-relationships and by comparing the sequelae of acute 

and chronic D-TRP administration. Pharmacological agents targeting downstream KP 

enzymes, as well as the use of enantioselective metabolites such as L-3-HK and D-3-HK, 

too, can be expected to provide valuable new insights in this context (Hankes et al. 1966, 

Schwarcz & Pellicciari 2002, Tanizawa & Soda 1979, Wang et al. 2012, Vécsei et al. 2013).
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The present study may have implications for both physiology and pathology. Thus, D-TRP is 

present in plants (Zenk & Scherf 1963) and occurs also as a constituent of a bioactive 

tripeptide (Jimenez et al. 1996). Although not verified experimentally so far, D-TRP in 

eukaryotic systems likely derives mainly from microorganisms, which can neosynthesize the 

enantiomer for incorporation into the cell wall (Kolodkin-Gal et al. 2010, Lam et al. 2009, 

Lupoli et al. 2011). Notably, the gut microbiota produces a range of small molecules which 

have distinct targets in the host and, more specifically, participate actively in the 

communication between the enteric nervous system and the brain (Borre et al. 2014, Donia 

& Fischbach 2015). Indeed, the small amounts of D-TRP detected in humans might 

originate from microorganisms that populate the digestive tract (Armstrong et al. 1993, 

Hatanaka et al. 2002, Visser et al. 2011, Zhao & Liu 2001). Of special relevance for 

pathology, D-TRP production in mammals may therefore be enhanced during bacterial 

infections.

It follows that D-TRP and D-KYN may be at least in part responsible for the increases in 

brain KYNA, 3-HK and/or QUIN seen in human brain diseases such as depression, 

schizophrenia and autism, which have been plausibly linked to genetic or environmental 

immunogenic risk factors (Brown & Derkits 2010, Mandi & Vécsei 2012, Raison et al. 
2010, Schwarcz et al. 2001). Of interest in this context, D-TRP can modulate stress-induced 

phenomena, which are often associated with psychiatric manifestations (Yoshida et al. 
2015). As elaborated here, all these pathological events may be further exacerbated in 

individuals with a genetic defect leading to increased D-AAO activity, which is believed to 

enhance vulnerability to a variety of psychiatric diseases (Burnet et al. 2008, Madeira et al. 
2008, Prata et al. 2008, Verrall et al. 2007).

To conclude with a specific example of the possible ramifications of the present study for a 

major psychiatric disease, the preferential D-TRP-induced increase in cerebellar KYNA 

levels (cf. Figs. 6c and d) may play a distinct role in persons with schizophrenia, who show 

elevated KYNA levels in brain and cerebrospinal fluid (Erhardt et al. 2001, Schwarcz et al. 
2001) as well as increased brain D-AAO activity (Burnet et al. 2008, Madeira et al. 2008, 

Verrall et al. 2007). Thus, even a relatively small increase in cerebellar KYNA levels raises 

extracellular glutamate and dopamine levels in the distant medial prefrontal cortex (Wu and 

Schwarcz, 2013) and may therefore account for the dysfunctional connectivity between 

cerebellum and medial prefrontal cortex, which has been proposed to be critically involved 

in the pathophysiology of the disease (Andreasen and Pierson, 2011). This idea and other 

novel hypotheses linking D-TRP to major human brain diseases are currently being tested in 

our laboratory.
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KP Kynurenine pathway
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Figure 1. 
Enzymatic degradation of D-TRP and L-TRP in vivo. The schematic diagram illustrates 

enzymatic processes involved in the degradation of L-TRP and D-TRP in mice under 

physiological conditions. IDO: indoleamine-2,3-dioxygenase; TDO: tryptophan-2,3-

dioxygenase; D-AAO: D-amino acid oxidase; KAT: kynurenine aminotransferase; L:TRP: 

L-tryptophan; D-TRP: D-tryptophan; L-KYN: L-kynurenine; D-KYN: D-kynurenine; 

KYNA: kynurenic acid, 3-HK: 3-hydroxykynurenine; QUIN: quinolinic acid; KMO: 

kynurenine 3-monooxygenase.
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Figure 2. 
Time course of D-KYN levels after systemic D-TRP administration in mice. D-KYN was 

determined in forebrain (a) and cerebellum (b) 30, 90 or 180 min after the D-TRP injection 

(300 mg/kg, i.p.). Data are the mean ± SEM (n = 4–5).
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Figure 3. 
Representative chromatograms of D-TRP and L-TRP in mouse cerebellar homogenate 

(1:100, w/v). The enantiomers were detected by HPLC with chiral mobile phase in mice 

injected i.p. with saline (a), D-TRP (300 mg/kg; b) or L-TRP (300 mg/kg; c). See text for 

experimental details. Inset: view of the entire chromatogram.
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Figure 4. 
D-TRP and L-TRP levels in liver and plasma (a,b), and forebrain and cerebellum (c,d), 90 

min after an i.p. injection of saline, D-TRP (300 mg/kg) or L-TRP (300 mg/kg). Data are the 

mean ± SEM (n = 4–5). **p<0.01; ***p<0.001 (Student’s t-test).
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Figure 5. 
Effect of D-AAO inhibition on D-TRP (a) and L-TRP (b) levels 90 min after the i.p. 

administration of D-TRP (300 mg/kg), alone or 30 min after pre-treatment with the D-AAO 

inhibitor MPC (100 mg.kg, i.p.). Data are expressed as the percentage of the levels of D-

TRP or L-TRP in D-TRP-treated mice. Data are the mean ± SEM (n = 6–7). **p<0.01; 

***p<0.001 (Student’s t-test).

Notarangelo et al. Page 19

J Neurochem. Author manuscript; available in PMC 2017 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Effect of D-AAO inhibition on KYNA production from D-TRP. KYNA was measured in 

liver (a), plasma (b), forebrain (c) and cerebellum (d) 90 min after the i.p. administration of 

saline, D-TRP (300 mg/kg) alone or with (MPC + D-TRP) pre-treatment (30 min) with the 

D-AAO inhibitor MPC (100 mg/kg i.p.). Data are the mean ± SEM (n = 5–7). *p<0.05, 

**p<0.01, ***p<0.001 (one-way Anova, followed by Bonferroni‘s post-hoc test).
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Figure 7. 
Effect of D-AAO inhibition on 3-HK and QUIN production from D-TRP. Total 3-HK (i.e. 

L-3-HK + D-3-HK) and QUIN were measured in liver (a), plasma (b), forebrain (c) and 

cerebellum (d) 90 min after the i.p. administration of saline, D-TRP (300 mg/kg) alone or 

with (MPC + D-TRP) pre-treatment (30 min) with the D-AAO inhibitor MPC (100 mg/kg 

i.p.). Data are the mean ± SEM (n = 5–7). *p<0.05, **p<0.01, ***p<0.001 (one-way Anova, 

followed by Bonferroni‘s post-hoc test).
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