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Objective: Changes in the kynurenine pathway are recognized in psychiatric disorders, but their role
in Alzheimer’s disease (AD) is less clear. We aimed to conduct a systematic review and meta-analysis
to determine whether tryptophan and kynurenine pathway metabolites are altered in AD.

Methods: We performed a systematic review and random-effects meta-analyses. Inclusion criteria
were studies that compared AD and cognitively normal (CN) groups and assessed tryptophan or
kynurenine pathway metabolites in cerebrospinal fluid or peripheral blood.

Results: Twenty-two studies with a total of 1,356 participants (664 with AD and 692 CN individuals)
were included. Tryptophan was decreased only in peripheral blood. The kynurenine-to-tryptophan ratio
was only increased in peripheral blood of the AD group. 3-Hydroxykynurenine was decreased only in
cerebrospinal fluid and showed higher variability in the CN group than the AD group. Kynurenic acid
was increased in cerebrospinal fluid and decreased in peripheral blood. Finally, there were no changes
in kynurenine and quinolinic acid between the groups.

Conclusions: Our results suggested a shift toward the kynurenine pathway in both the brain and in
the periphery, as well as a shift towards increased kynurenic acid production in the brain but decreased
production in peripheral blood. In addition, our analysis indicated dissociation between the central and
peripheral levels, as well as between plasma and serum for some of these metabolites. Finally,
changes in the kynurenine pathway are suggested to be a core component of AD. More studies are

warranted to verify and consolidate our results.
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Introduction

Alzheimer’s disease (AD) affects 1 in 9 individuals over
65 years of age. Cognitive decline is becoming a major
global health and economic hazard. One reason for this
high burden is the lack of tests for early detection and
insufficient pharmacological treatment, both of which
derive from incomplete understanding of the pathophy-
siology of AD. Changes in the metabolism of tryptophan
and its downstream metabolites in the kynurenine path-
way have been implicated in neuroinflammation and
dementia, including AD," in addition to several psychiatric
disorders,?* and could possibly represent new therapeu-
tic targets and be used to guide treatment, enabling
precision medicine.®®

More than 90% of available tryptophan is metabolized
via the kynurenine pathway, with the remnant used to

Correspondence: Zhongming Zhao, The University of Texas Health
Science Center at Houston School of Biomedical Informatics, 7000
Fannin Street, Suite 600, Houston, TX, 77030, USA.

E-mail: zhongming.zhao @ uth.tmc.edu

Submitted Nov 15 2022, accepted Jan 16 2023, Epub May 29 2023.

produce serotonin. In the kynurenine pathway, tryptophan
is initially metabolized to kynurenine via the rate-limiting
enzymes tryptophan 2,3-dioxygenase and indoleamine
2,3-dioxygenase. In the microglia, kynurenine is con-
verted to 3-hydroxykynurenine and then to quinolinic acid;
this pathway has been linked with neurotoxicity via free
radical generation, increased oxidative stress, and the
excitotoxic effects of quinolinic acid as a glutamate
N-methyl-D-aspartate (NMDA) receptor agonist. In astro-
cytes, kynurenine is converted to kynurenic acid, which
has neuroprotective potential, both via NMDA and o7
nicotinic acetylcholine (¢7nACh) receptor antagonism, as
well as through anti-inflammatory and immunosuppres-
sive functions.® It has been hypothesized that both
kynurenic and quinolinic acids are implicated in the
regulation of glutamate in AD; accordingly, aging has
been related to increased levels of kynurenine, kynurenic
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acid, and quinolinic acid in both cerebrospinal fluid (CSF)
and blood compartments.® Moreover, positive correla-
tions for kynurenine pathway metabolites and amyloid-
beta have been reported, notably for the kynurenine-to-
tryptophan ratio. This ratio reflects indoleamine 2,3-
dioxygenase activity and thus general activation of the
kynurenine pathway.” In addition, higher levels of
kynurenic acid are linked to poorer cognition. '

The results of studies on tryptophan and kynurenine
pathway metabolites in AD are conflicting, with some
studies finding them higher but others lower in AD. It is
also unknown whether changes in the kynurenine path-
way, if existent, are a core feature of AD or if there is
heterogeneity in its dysregulation. In addition, not all
kynurenine pathway metabolites cross the blood-brain
barrier (BBB), and it is unknown whether the concentra-
tion of those metabolites in the peripheral blood mirrors
the concentrations found in CSF. Thus, we performed
a meta-analysis, aiming to determine whether: 1) trypto-
phan and kynurenine pathway metabolites are altered in
AD compared to cognitively normal (CN) individuals; 2)
the same changes are found in CSF and peripheral blood;
3) there are differences in plasma and serum compart-
ments; and, finally, 4) whether there are subgroups of
kynurenine pathway change in AD or if these changes are
more uniformly present. This will help clarify the role of
kynurenine pathway metabolites in the pathophysiology of
AD and their possible role as biomarkers for guiding
treatment and as drug targets in precision medicine.®

Methods

This study consists of a series of between-group meta-
analyses comparing tryptophan and kynurenine pathway
metabolites in AD and CN groups.

We adhered to the Preferred Reporting ltems for
Systematic Reviews and Meta-Analyses Statement.® We
conducted a systematic search for all potentially eligible
English and non-English peer-reviewed articles to avoid
language publication bias using MEDLINE and Embase
from inception to March 2022. Two authors (BSF and MEI)
performed the literature search, made inclusion decisions,
and performed data extraction and quality control.

Study selection

The inclusion criteria for AD groups were: 1) pairwise
comparison to a CN control group; and 2) studies
assessing tryptophan or kynurenine metabolites (i.e.,
kynurenine, 3-hydroxykynurenine, kynurenic acid, quino-
linic acid, or the kynurenine-to-tryptophan ratio); 3)
studies assessing those metabolites in CSF or peripheral
blood (serum or plasma). The exclusion criteria were: 1)
duplicate reports; 2) lack of a control group; and 3)
individuals with mild cognitive impairment. The decision to
include studies in the meta-analysis was based on the
above criteria through consensus among the authors (one
with medical training). Whenever multiple reports per-
tained to the same groups of patients, we retained only
the report with the largest sample size in the meta-
analysis to avoid duplicate information.

Kynurenine pathway in Alzheimer’s disease: a meta-analysis

Data extraction

Two investigators conducted the searches (BSF and ME).
The authors first screened the titles and abstracts accord-
ing to the eligibility criteria. Articles for which this was
unclear were carried forward into the full-text review. The
same investigators extracted the data (n, mean, and SD)
using a standardized Excel-based data extraction form in
accordance with the Cochrane Collaboration Handbook. '
All disagreements were resolved by consensus. We
extracted the following data, among other characteristics:
diagnostic criteria, sex, age, medications, metabolite
source (i.e., CSF, serum, or plasma), methods of labora-
tory analysis, country in which the sample was collected,
and year of publication. Discrepancies in data entry were
double-checked with the original publication and a con-
sensus was reached. When the necessary information was
graphically presented, we used the data extraction method
of Sistrom et al.'"' Results described as median and
interquartile range were converted to mean and SD
according to a formula by Wan et al.® and Luo et al.'®

Statistical analyses

Comprehensive Meta-Analysis v2 and R with the metafor
package v3.0.2 were used for all meta-analyses. Because
the studies used different measurement methods, stand-
ardized mean difference (SMD) estimates of metabolite
differences between the AD and CN groups were used as
the effect size (ES). This method provides an unbiased
ES adjusted for small sample sizes. The 95% CI of the ES
was also computed. An ES of 0.2 indicates a small effect,
i.e., a small difference between subjects and controls, 0.5
indicates a moderate effect, and 0.8 a large effect. Meta-
analysis was performed only when at least two studies
examined a given metabolite. Random effect modeling
assumes genuine diversity in the results of various
studies and incorporates between-study variance in the
calculations.'® In the between-group meta-analyses, the
direction of the ES was positive if the AD group had higher
metabolite values than the CN group and was negative
when they were lower. Two-sided p values < 0.05 were
considered statistically significant.

Studies with negative results are less likely to be
published than those with positive results.' To account
for significant publication bias, we analyzed a funnel plot
graph, a scatter plot of the ES against a measure of study
size, using the Egger test when the number of studies in a
given meta-analysis was ten or more, as per Cochrane
Collaboration recommendations.'®'® Sensitivity analyses
were conducted to ascertain whether the results of our
analyses were strongly influenced by any single study.
We performed sensitivity analyses and leave-one-out
analyses to determine whether the results were due to a
unique outlier, with the overall significance recomputed
after removing individual studies. Duval and Tweedie’s
“trim-and-fill” method was applied to the random-effects
models to re-calculate the pooled ES to account for any
studies that could introduce publication bias. We asses-
sed the heterogeneity across studies using Cochran’s
Q test, a weighted sum of the squares of the deviations of
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individual ES estimates from the overall estimate, with
p < 0.10 considered generally significant (i.e., showing
heterogeneity).'” Inconsistency across studies was then
quantified with the /2 statistic, which can be interpreted as
the percentage of total variation across several studies
due to heterogeneity; it is considered moderate when
between 50 and 75% and high when > 75%.'® Since the
analyses showed that the studies were heterogeneous,
we pooled ES results from different studies using an
inverse variance method that accounts for random
effects, which allows population-level inferences and is
more stringent than fixed-effect models."® Risk of bias in
the studies was analyzed using the Newcastle-Ottawa
Scale, which assesses the quality of observational studies
included in a meta-analysis.?°

Meta-analysis of variance

To measure variability and thus ascertain the existence of
possible subgroups, we calculated the log variability ratio
using, for each group, the natural log of the ratio of SD
estimates; since variance commonly scales with the mean
in biological systems, between-group differences in relative
variability may, at least in part, be a function of between-
group differences in the mean. Therefore, meta-analyses
of the relative variability of metabolites in individuals with
AD compared to individuals with CN were scaled to group
means using the log coefficient of variation ratio (CVR) (the
natural logarithm of the ratio of estimates of population
coefficients of variation).?' When the mean is greater in the
AD group than the CN group, CVR is a more conservative
estimate of variability. To aid interpretation, summary ES
for InVR and InCVR were transformed back to a linear
scale. Thus, a CVR of 1 indicates no difference in
variability between AD and CN, a CVR > 1 indicates
greater relative variability in the AD group, and a CVR < 1
indicates lower relative variability in the AD group.

Results

The search strategy resulted in 1,149 non-duplicate
studies, all of which were screened (Box S1, available
as online-only supplementary material). A total of 115 went
to full-text review, of which 22, comprising 1,356 partici-
pants (664 AD and 692 CN), were included (Figure S1,
available as online-only supplementary material).!?243
Eight studies provided data on CSF':31:333438-41 gngq 17
on serum or plasma.:23-33:38-37.4243 gamp|e sizes for each
study varied from 9 to 137. The mean participant age
varied from 64 to 80 years old (Table S1, available as
online-only supplementary material). The quality of the
studies, according to the Newcastle-Ottawa Scale, varied
from 1 to 6, with 10 studies reaching a score of 5 or more,
denoting a low risk of bias (Table S2).

Tryptophan and kynurenine pathway metabolites in AD:
discrepancy between central and peripheral levels

Altered peripheral levels of the kynurenine pathway were
not mirrored in the CNS. Tryptophan was not altered in
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CSF (SMD = -0.67, 95%Cl -1.43-0.10, p = 0.088, k = 6,
Q = 25.35, /> = 84.50, n=221), but was decreased in
peripheral blood (SMD = -0.82, 95%Cl -1.12t0 -0.51, p <
0.001, k = 16, Q = 91.66, /* = 79.60, n=1,086).
Interestingly, central levels of kynurenic acid were higher
in the AD group than the CN group (SMD = 0.70, 95%ClI
0.10-1.30, p = 0.021, k = 3, Q = 6.09, /* = 66.80, n=161),
while peripheral levels were lower (SMD = -0.35, 95%CI
-0.59 to -0.12, p = 0.005, k = 8, Q = 12.58, /% = 43.70,
n=597). 3-Hydroxykynurenine levels were lower in CSF
(SMD =-1.17, 95%CI -2.32 t0 -0.02, p = 0.045, k=3, Q =
11.87, I? = 82.40, n=87) but not peripheral blood (SMD =
0.06, 95%Cl -0.53-0.64, p = 0.85, k = 7, Q = 46.69, I* =
90.80, n=613). Kynurenine levels were unaltered centrally
(SMD = -0.56, 95%CI -1.58-0.35, p = 0.229, k = 4, Q =
15.07, I? = 80.40, n=109) and peripherally (SMD = 0.03,
95%Cl -0.27-0.33, p = 0.81, k = 10, Q = 36.53, /* = 72.50,
n=744). Similarly to kynurenine, quinolinic acid levels
were unaltered in any compartment (SMD = -0.16, 95%CI
-0.55-0.23, p = 0.412, k =2, Q = 0.21, /* = 0, n=102 in
CSF; SMD =-0.04, 95%Cl -0.60-0.53,p=0.86, k=5, Q =
24.14, |? = 86.80, n=448) of peripheral blood. Finally, the
kynurenine-to-tryptophan ratio (kynurenine/tryptophan)
was increased in peripheral blood (SMD = 0.54, 95%CiI
0.03-1.04, p = 0.03, k = 7, Q = 40.45, |* = 85.80, n=525),
suggesting activation of the kynurenine pathway, but not
in CSF (SMD = 0.14, 95%CI -1.28-1.55, p = 0.851, k = 2,
Q =7.13, I? = 86.00, n=62) (Table 1, Figures 1 and 2).

When analyzing the metabolites in peripheral blood
according to source (i.e., plasma vs. serum), we found
that tryptophan remained significantly lower in both
plasma and serum, with large and moderate effects,
respectively. On the other hand, kynurenic acid remained
lower and the kynurenine-to-tryptophan ratio remained
higher only in plasma. Finally, quinolinic acid was
significantly lower in serum, although this specific analysis
only included two studies (Table 1).

Tryptophan and kynurenine pathway metabolite
subgroups in AD

To verify the presence of subgroups related to tryptophan
and kynurenine pathway metabolites, we performed
meta-analyses of variance using the CVR. In the main
meta-analyses, we found variation differences for 3-
hydroxykynurenine in the CSF, with reduced variability
in AD (CVR = 0.66, 95%CI 0.46-0.95, p = 0.02, k = 3,
n=87), which suggests that this change is a more uniform
feature in AD. Regarding peripheral blood, there was a
trend towards significance in tryptophan, with higher
variability in AD (CVR = 1.21, 95%CIl 0.98-1.49, p =
0.07, k = 16, n=1,086), which might suggest the occur-
rence of subgroups in AD. There were no differences
in any of the other metabolites in the CVR analyses
(Figures 3 and 4).

Publication bias and sensitivity analyses

Since only the analyses of tryptophan and kynurenine in
peripheral blood included > 10 studies, the funnel plot
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CEREBROSPINAL FLUID

Author(s) and Year AD CN SMD [95% CI]

]

]

Tryptophan :
Gonzélez-Sanchez et al., 2020 61 23 |—:—-—| 0.18 [-0.30, 0.66
Jacobs et al., 2019 20 18 —e -0.27 [-0.91, 0.37
Martinez et al., 1993 13 15 ——— e — 0.14 [-0.60, 0.89
Toghi et al., 1995 14 10 [———————— L -1.17 [-2.04, -0.29
Toghi et al, 1992 15 10 —_——— -0.78 [-1.61, 0.05
Wada et al., 1993 13 9 I | ! -2.581[-3.72,-1.43
RE Model for Group (Q = 25.35, df = 5, p < .01; I = 84.5%, 1° = 0.75) -’.—' -0.67 [-1.43, 0.10]

]

]

]

Kynurenine i
Jacobs et al., 2019 20 18 |—:—-—| 0.39 [-0.25, 1.03
Toghi et al., 1995 14 10 —_ 1 -1.84[-2.81,-0.88
Toghi et al., 1992 15 10 —— -0.24[-1.04, 0.57
Wada et al., 1993 13 9 [ ———E——m= | -0.73 [-1.61, 0.14

]
RE Model for Group (Q = 15.07, df = 3, p < .01; I = 80.4%, 1° = 0.70) —_—— ~0.56 [-1.48, 0.35]

]

]

. ]

3-OH Kynurenine 1

]
Jacobs et al., 2019 20 18 —_— -0.18 [-0.82, 0.46
Toghi et al., 1995 14 10 R ——————— | -2.181-3.20,-1.16
Toghi et al., 1992 15 10 L —| H -1.33[-2.21, -0.44

]
RE Model for Group (Q = 11.87, df = 2, p < .01; 12 = 82.4%, ° = 0.85) e — -1.17 [-2.32, -0.02]

Kynurenic Acid

Gonzalez-Sanchez et al., 2020 61 23 [ — 1.09[0.59, 1.60
Jacobs et al., 2019 20 18 —_— 0.87[0:20, 1.53
Wennstrém et al., 2014 19 20 e 0.09 [-0.54, 0.72

]
RE Model for Group (Q = 6.09, df = 2, p = 0.05; I = 66.8%, 1> = 0.19) | —— 0.70[0.10, 1.30]

]

]

]
Quinolinic Acid '

]
Jacobs et al., 2019 20 18 —e —-0.28 [-0.92, 0.36
Mourdian et al., 1989 35 29 =t -0.09 [-0.59, 0.40
RE Model for Group (Q = 0.21, df = 1, p = 0.65; 12 = 0.0%, 1° = 0.00) - -0.16 [-0.55, 0.23]

]

]

]
Kynurenine/Tryptophan Ratio H

]
Jacobs et al., 2019 20 18 T — 0.84[0.17, 1.50
Toghi et al., 1992 14 10 —_ -0.61[-1.44, 0.22
RE Model for Group (Q = 7.13, df = 1, p < .01; I? = 86.0%, 1° = 0.90) I’ 0.14[-1.28, 1.55)

)

]

]

Decreased in AD ! Increased in AD
[ T T T I T 1
-4 -3 -2 -1 0 1 2

Standardized Mean Difference

Figure 1 Forest plots with the summary effect size standardized mean difference [SMD] of kynurenine metabolites in
cerebrospinal fluid in individuals with Alzheimer’s disease (AD) compared to cognitively normal (CN) controls.

was not inspected for most metabolites, as per Cochrane
guidelines. The Egger’s test was significant, suggesting
publication bias for tryptophan, kynurenine, and 3-hydroxy-
kynurenine in CSF, and for kynurenine, and 3-hydroxyky-
nurenine in peripheral blood. Although the funnel plot
and the trim-and-fill procedure suggested a missing study
for kynurenine in peripheral blood, the overall significance
did not change after this potentially missing study was
imputed. For tryptophan and kynurenic acid in the CSF,
the trim-and-fill procedure suggested no missing study.
However, for 3-hydroxykynurenine, the result was no
longer significant after the potentially missing studies
were imputed (Figures S2-S11, available as online-only
supplementary material).

The heterogeneity of the whole analysis was moderate
to high in all groups, with the exception of quinolinic acid

Braz J Psychiatry. 2023;45(3)

in CSF and kynurenic acid in peripheral blood. Thereafter,
we conducted a sensitivity analysis in the meta-analyses,
excluding studies one at a time to determine whether a
particular study was responsible for the high heterogene-
ity. In the leave-one-out analyses, quinolinic acid in blood
decreased significantly when Gulaj et al.?° was excluded,
and 3-hydroxykynurenine in blood also became signifi-
cantly lower when Jacobs et al.®' was excluded. In
peripheral blood, the kynurenine-to-tryptophan ratio also
lost significance in several instances. In CSF, tryptophan
became significant when Gonzalez-Sanchez et al." was
excluded. Kynurenic acid lost significance when Gonza-
lez-Sanchez et al.," as well as when Jacobs et al.,' were
excluded. No other changes were detected in the leave-
one-out analyses (Tables S3-12, available as online-only
supplementary material).
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PERIPHERAL BLOOD

Author(s) and Year AD CN SMD [95% CI]
i
]
Tryptophan :
]
Basun et al., 1990 22 11 -0.67 [-1.41, 0.07
Bonaccorso et al., 1998 13 15 -0.71[-1.47, 0.06
Fekkes et al., 1998 14 17 | | -1.61[-2.42, -0.80
Forssell et al., 1989 16 7 e | : -1.65 [-2.66, —0.65
Giil et al., 2017 65 65 | —-0.48 [-0.83, -0.14
Gonzalez-Sanchez et al., 2020 26 20 0 —-0.25 [-0.84, 0.33]
Greilberger et al., 2010 16 16 | e | H -1.61[-2.40, -0.81
Gulaj et al., 2010 34 18 ] | -1.21[-1.83, -0.60
e g zne 22 e AT
att et al., 28 93 | ! -1.16, -
Martinez et al., 1993 13 1 P -0.08 [-0.83, 0.66
Oxenkrug et al., 2017 20 24 P -0.31[-0.90, 0.29
Schwarz et al., 2013 20 19 ] : -0.89 [-1.55, -0.23
Shao et al., 2020 74 137 — | -2.08 [-2.42, -1.73
Whiley et al., 2021 103 86 = -0.34 [-0.62, -0.05
Widner et al., 2000 21 20 ——e— —-0.56 [-1.18, 0.07
]
RE Model for Group (Q = 91.66, df = 15, p < .01; I? = 79.6%, ° = 0.29) <L | -0.82[-1.12, -0.51]
]
]
]
Kynurenine :
]
Giil et al., 2017 65 65 F—— -0.40 [-0.75, ~0.06
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Figure 2 Forest plots with the summary effect size (standardized mean difference [SMD]) of kynurenine metabolites in
peripheral blood (plasma and serum) in individuals with Alzheimer's disease (AD) compared to cognitively normal (CN)

controls.
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Figure 3 Variability of tryptophan and kynurenine pathway metabolites in a forest plot, showing summary effect sizes for the
coefficient of variation ratio (CVR) of tryptophan and kynurenine pathway metabolites in cerebrospinal fluid. AD = Alzheimer’s

disease; CN = cognitively normal.

Discussion

Our meta-analyses of kynurenine pathway metabolites in
AD included 22 studies with 1,356 participants (664 AD,
692 CN). Overall, there was a trend towards a shift in the
kynurenine pathway metabolism, particularly regarding
kynurenic acid production. Tryptophan was lower and the
kynurenine-to-tryptophan ratio was higher only in periph-
eral blood in the AD group. 3-Hydroxykynurenine was
lower only in CSF; there were no differences in
kynurenine and quinolinic acid levels between the AD
and CN groups. Importantly, regarding kynurenic acid,
there was dissociation between the findings in CSF and
peripheral blood, with kynurenic acid being higher in CSF
and lower in peripheral blood. These findings show that
peripheral levels of kynurenine pathway metabolites do
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not exactly mirror central levels (Figure 5). Furthermore,
even in peripheral blood, our subgroup analyses suggest
that kynurenine pathway metabolite levels might vary
between plasma and serum.

Shifting towards the kynurenine pathway and kynurenic
acid in AD

Although the results of our meta-analyses are insufficient
to draw definitive conclusions, there was a trend towards
a shift in the kynurenine pathway in AD, both centrally and
peripherally. Centrally, downstream kynurenine appears
to shift towards kynurenic acid production, which does not
occur in peripheral blood.

Kynurenic acid acts as an antagonist of NMDA and
a7nACh receptors. Activation of the NMDA and «7nACh
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PERIPHERAL BLOOD
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Figure 4 Variability of tryptophan and kynurenine pathway metabolites in Alzheimer’s disease (AD). Forest plot showing
summary effect sizes for the coefficient of variation ratio (CVR) of tryptophan and kynurenine pathway metabolites in peripheral
blood (serum and plasma). CN = cognitively normal.
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Figure 5 Summary representation of altered kynurenine pathway metabolites in Alzheimer's disease (AD). CSF =
cerebrospinal fluid; SMD = standardized mean difference. IDO = indoleamine 2,3-dioxygenase; KAT = kynurenine
aminotransferase; KMO = kynurenine 3-monooxygenase. | Significantly lower levels of metabolites or ratios in the AD
group than the cognitively normal (CN) group. 1 Significantly higher levels of metabolites or ratios in AD than CN. =~ Non-

significant difference between AD and CN.

receptors initiates excitatory glutamatergic neurotransmis-
sion and is essential for synaptic plasticity and, hence, for
memory and cognitive function.***> When even low
concentrations of kynurenic acid are administered in the
brain, glutamate levels decrease.*® Although excess gluta-
mate is neurotoxic, physiological levels are necessary to
maintain synaptic plasticity. Accordingly, in animal models,
increased kynurenic acid can result in cognitive abnormal-
ites and affect learning and memory, while decreased
kynurenic acid improves cognitive function.®4” Thus, as
seen in our meta-analysis, increased kynurenic acid in the
brain might impair cognition and could be related to the
memory and cognitive deficits that occur in AD.

Kynurenine pathway metabolites: the periphery does not
mirror the brain

Not all kynurenine pathway metabolites cross the BBB.*®
It appears that peripheral levels of tryptophan are
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connected to central levels, regardless of whether blood
tryptophan is bound to albumin or not.*® Kynurenine and
3-hydroxykynurenine can also cross the BBB. Conver-
sely, the BBB is poorly permeable to both kynurenic and
quinolinic acids, although passive diffusion occurs.%®
Such dissociation was reflected in our meta-analyses.
Tryptophan, which is obtained through diet, was
decreased in peripheral blood but not CSF, although
there was a trend toward decreased tryptophan levels in
CSF as well. However, tryptophan became significantly
decreased in the leave-one-out analyses when a parti-
cular study was excluded. 3-Hydroxykynurenine, which
can cross the BBB as well, was only decreased in CSF
but, as in tryptophan, dropped significantly in blood when
a particular study was excluded from the analysis. The
kynurenine-to-tryptophan ratio was increased only in
peripheral blood, showing a shift towards the kynurenine
pathway in blood, but not the brain. However, the latter



analysis should be viewed with caution, since it included
only two studies on the brain. Surprisingly, the opposite
pattern occurred in kynurenic acid, i.e., increased in CSF
but decreased in peripheral blood (plasma only). The fact
that kynurenic acid was decreased in peripheral blood
may indicate a shift toward toxic metabolites and away
from neuroprotective ones in AD. In an inflammatory
environment, kynurenic acid acts as an anti-inflammatory
metabolite by reducing tumor necrosis factor alpha
expression and Th17 cell differentiation.*®>" Kynurenic
acid can also abort reactive oxygen species production,
preventing tissue damage caused by excessive inflam-
mation. Thus, a lower level of kynurenic acid in AD might
indicate an insufficient anti-inflammatory response and
consequent tissue damage in the periphery.*®52 Our
findings indicate that strong caution should be exercised
when inferring brain levels of kynurenine pathway
metabolites based on those found in blood, since blood
appears to poorly reflect their activity in the brain. Thus,
peripheral blood levels of these metabolites are not a
surrogate for brain levels, and according to the premises
of precision medicine, blood is limited as a guide for
pharmacological interventions.

Peripheral blood metabolites of the kynurenine pathway:
plasma vs. serum

Regarding peripheral blood, there appears to be dis-
sociation between plasma and serum levels. Only
tryptophan was altered in both plasma and serum. In this
case, it was decreased in AD, with a large ES in plasma
and a moderate one in serum. Kynurenine and 3-
hydroxykynurenine were unaltered, regardless of blood
source. Kynurenic acid was decreased and the kynure-
nine-to-tryptophan ratio was increased in peripheral
blood, although only in plasma. Conversely, quinolinic
acid was only altered in serum, not plasma. However,
again, caution should be exercised regarding this analysis
since it consisted of only two studies. This dissociation
between plasma and serum might be due to the clotting
process that occurs in serum, a phenomenon in which
both the sequestration and release of metabolites from
platelets can occur.®® Our findings suggest that peripheral
blood is not a monolithic entity regarding the kynurenine
pathway and that individualization in blood sources is
necessary. It appears that more pronounced metabolite
changes occur in plasma than serum. Future studies must
to take the blood compartment into consideration when
analyzing kynurenine pathway metabolites. This is parti-
cularly important when these metabolites are to be
clinically used in precision medicine for AD.%*°

3-hydroxykunurenine as a core component in AD:
meta-analyses of variation

If changes in the kynurenine pathway occur only in a
subgroup of individuals with AD, then greater variability
would be found in AD than CN, reflecting heterogeneity in
the dysregulation of the kynurenine pathway. However, if
dysregulation of the kynurenine pathway is a central
component of the pathophysiology of AD, there would be

Kynurenine pathway in Alzheimer’s disease: a meta-analysis

lower metabolite variability in AD than CN, reflecting
homogeneity in the pathway’s dysregulation.?' We found
that the 3-hydroxykynurenine in CSF CVR levels were
higher in CN than AD, with significantly lower variability in
AD, suggesting that this metabolite is a more uniformly
present, or even a central, element in the pathophysiology
of AD. It should be noted that we found no changes in the
CVR of other metabolites in CSF or peripheral blood,
except a trend toward higher tryptophan variability in
blood in the AD group, which might indicate differences in
diet, since tryptophan is obtained entirely from food. Thus,
our finding of lower 3-hydroxykynurenine variability in AD
may support the hypothesis that a shift in tryptophan
towards the kynurenine pathway and kynurenic acid in the
brain, which can be inferred by lower 3-hydroxykynure-
nine levels, is a general component in AD.

Limitations

Since our analysis was based on a moderate sample size
(22 studies with 1,356 participants), it involves several
limitations. First and foremost, some analyses might have
failed to achieve statistical significance due to a lack of
power, leading to a false negative result. This might have
particularly been the case for analyses involving CSF and
subgroup analyses according to blood compartment
(serum vs. plasma). In addition, the overall significance
changed for some metabolites in the sensitivity analyses.
For instance, tryptophan became significant in CSF when
one study was excluded. Thus, more studies in CSF and
peripheral blood (both plasma and serum) are necessary
to draw firmer conclusions. Second, the meta-analyses
compared AD and CN groups, providing pooled results
from cross-sectional studies; therefore, we cannot draw
any causal associations. Third, tryptophan is obtained
through diet, and dietary information was missing from all
included studies. Fourth, the majority of studies provided
no information on AD severity. Thus, we could not take it
into consideration in our analyses. Accordingly, we could
not determine whether greater AD severity translates into
more accentuated changes in kynurenine pathway
metabolites.

Conclusions

This study provides meta-analytic evidence of changes in
tryptophan and kynurenine pathway metabolites in AD.
Our results suggest a shift toward the kynurenine pathway
in both the brain and in the periphery, as well as a shift
towards higher kynurenic acid production in the brain and
lower production in peripheral blood. Our analysis also
indicated dissociation between central and peripheral
levels, as well as between plasma and serum levels of
some of these metabolites. Finally, kynurenine pathway
changes appear to be a core component in AD. Further
studies are warranted to verify and consolidate our results.
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