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ABSTRACT

BACKGROUND: The kynurenine pathway enzymes, breaking down tryptophan, are abundant in placental tissue. These metabolites are
involved in immunoregulatory mechanisms, although the role of this pathway in pre-eclampsia (PE) has only begun to be characterized.
Here, we determined tryptophan and metabolite levels together with the expression of kynurenine pathway enzymes and inflammatory
factors in placental tissue from women with and without PE.

METHODS: Thirty-six placentas (18 PE and 18 controls) were analyzed for expression of kynurenine pathway enzymes indoleamine-2,3-di-
oxygenase (IDO1 and 2), tryptophan-2,3-dioxygenase (TDO), kynurenine-3-mono-oxygenase (KMO) and quinolinate phosphoribosyltrans-
ferase (QPRT) as well as interleukin (IL)-1B, IL-6, and serum amyloid A (SAA). Tryptophan and kynurenine content were measured using
high-pressure liquid chromatography and quinolinic acid was measured using gas chromatography-mass spectrometry.

CONCLUSIONS: Tryptophan content was reduced in placentas from women with PE. There was an increased kynurenine/tryptophan ratio
in placentas from women with PE but no significant change in downstream metabolites. We confirmed a reduction in IDO1 expression and
found a compensatory increase in TDO expression in placentas from women with PE. SAA was reduced in PE placentas compared with con-
trols. Our data show that tryptophan content and the inflammatory mediator SAA are both compromised in placentas from women with PE.
Further studies on the role of tryptophan catabolism and mediators of inflammation in sustaining healthy immunobiological pathways in the
placenta are warranted.
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Background

Pre-eclampsia (PE) is one of the most common disorders of
pregnancy, affecting around 3% to 7% of all pregnant women.
Characterized by pregnancy-onset hypertension, proteinuria,
and in severe cases organ dysfunction, PE is a leading cause of
maternal death and perinatal morbidity around the world.!
While the exact cause of PE is unknown, evidence suggests
that it is connected to aberrant placental implantation.>3
Inadequate implantation may lead to poor placental perfu-
sion, which can cause hypoxia and inflammatory changes in
placental tissue.*% Although there is a consensus that PE is
linked to inflammatory changes in both plasma and placental
tissue, the precise nature and role of these changes in the dis-
ease process are not fully understood. It has been proposed

that PE is a disorder featuring deficient immunoregulation,
and that normal immunoregulatory negative feedback
systems (ie, “brakes” of the inflammatory cascade) might not
function properly.”

Catabolism of the essential amino acid tryptophan is
involved in immunoregulation, and one of its functions within
the placenta is the regulation of maternal-fetal tolerance. In the
placenta, tryptophan is degraded into nicotinamide adenine
dinucleotide (NAD+) by a series of enzymatic reactions, col-
lectively called the kynurenine pathway (Figure 1).8 The
activity of the kynurenine pathway increases under inflam-
matory conditions,”!? and the different metabolites produced
by this pathway can exert potent immunoregulatory func-
tions. The first step of the pathway can be carried out by any of
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Figure 1. Schematic overview of the Kynurenine pathway, showing the
main enzymes and their products. Enzymes are listed in italic font in the
figure. ACMSD indicates 2-amino 3-carboxymuconate-6-semialdehyde
decarboxylase; 3-HAO, 3-hydroxyanthranilate 3,4-dioxygenase; IDO,
indoleamine 2,3-dioxygenase; IDO2, indoleamine 2,3-dioxygenase 2;
KATs, kynurenine aminotransferases; KMO, kynurenine
3-monooxygenase; NAD*, nicotinamide adenine dinucleotide; QPRT,
quinolinate-phosphoribosyltransferase; TDO, tryptophan
2,3-dioxygenase.

the following three enzymes, indoleamine 2,3-dioxygenase
(IDO or IDO1), IDO2, or tryptophan 2,3-dioxygenase
(TDO). Of these, IDO is highly expressed in the human pla-
centa and can regulate maternal-fetal tolerance.®!! Early stud-
ies suggest that maternal-fetal tolerance is established by
IDO-mediated tryptophan metabolism at the placental inter-
face, leading to a localized state of tryptophan depletion and
subsequent anergy of reactive T-cells.''13 Quinolinic acid, a
downstream kynurenine pathway metabolite, can induce apop-
tosis in T-cells and also stimulate cytokine production and
activation of the innate immune system.

There are complex interactions between the immune sys-
tem and the kynurenine pathway metabolites. Recent studies
have shown that kynurenine can regulate the immune system
through highly specific mechanisms involving binding to the
aryl hydrocarbon receptor.1315-17 In addition, kynurenic acid is
an endogenous agonistic ligand of this same receptor and acts
in an immunosuppressive manner.'®1? Nilsen et al reported in
obese women there is an increase of maternal plasma kynurenic
acid levels in early pregnancy which is associated with increased
risk of developing PE.2% The authors suggest the elevated
kynurenic acid may be a compensatory mechanism of the
kynurenine pathway to counteract the pathology of PE.2122

IDO expression is reduced in placental tissue from
women with PE, and in a mouse model, pregnant dams defi-
cient in IDO exhibited phenotypes characteristic of PE,
such as proteinuria, endothelial dysfunction, and elevated
blood pressure.?$?4 Zardoya-Laguardia et al found that
reduced levels of IDO in PE were associated with changes in
the placental vascular tone.”> While reduced expression of
IDO might be coupled to vascular pathophysiology in PE, the
enzyme may also be involved in the regulation of oxidative
stress in PE.26 To date, this reduction of IDO in PE has not
been assessed in the context of the other enzymes of the
kynurenine pathway, or in relation to the tissue content of tryp-
tophan, kynurenine and quinolinic acid. To better understand
the importance of the kynurenine pathway in PE, we deter-
mined tryptophan and metabolite content, as well as the degree
of expression and activity of the kynurenine pathway in placen-
tal tissue from women with and without PE. We included only
placentas that were delivered within the gestational window
considered term (37-42weeks) and further corrected all analyses
for exact gestational age within this period. In addition, we
investigated the association between the kynurenine pathway
and key mediators of inflammation in placental tissue, as inflam-
matory factors are known to induce the activity of kynurenine
pathway enzymes. We measured the inflammatory cytokines
interleukin (IL)-1B, IL-6, and serum amyloid A (SAA) in pla-
cental tissue. SAA is a mediator of several central aspects of the
immune response?’ and has a critical role within placental tis-
sue, regulating placental formation and homeostasis by modu-
lating metalloprotease activity and invasion by trophoblasts.?8
In this study, our primary hypothesis was that dysregulated
tryptophan catabolism would be associated with inflammatory
changes in placentas from women diagnosed with PE.

Methods
Clinical study design

This study was approved by the Lund University Institutional
Review Board, Lund, Sweden. Placenta samples and clinical
information were obtained from a total of 42 women enrolled
in our Swedish cohort study between 2003 and 2011.

Women were excluded from the study if they had chronic
hypertension. Four of the women gave birth after 42 weeks and
were removed from the analysis as they were post-term, and
two women were excluded from the analysis due to pre-term
birth, defined as birth prior to 37 gestational weeks.

The remaining 36 term placenta samples were analyzed, out
of which 18 of the mothers had been diagnosed with late-onset
PE and 18 were healthy controls. Late-onset PE was defined as
de novo hypertension and proteinuria from 34 weeks of gesta-
tion, with blood pressure =140/90mmHg and proteinuria
=300mg/L, as defined by the International Society of
Hypertension in Pregnancy (ISSHP).?’ Proteinuria diagnosed

by dipstick analysis was accepted as quantification if no other
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Table 1. Demographic data for the study participants.

DEMOGRAPHIC

Age (mean (SD)) 29.2 (6.5)
Body mass index, kg/m? (mean (SD)) 28.2 (7.7)
Complications/symptoms of PE

HELLP syndrome (n) 2

Intrauterine growth restriction (n) 2

Proteinuria (n) 18

De novo hypertension (n) 18
Gravidity (mean (SD)) 2.5(0.7)
Parity (mean (SD)) 0.3 (0.6)
Smoking (n)

Never 11

Quit before pregnancy 5

Quit during pregnancy 1

Current 1
Co-morbidities (n)

Psoriasis 2

Cutaneous lupus 0

Asthma 1
Medications (n)

Anti-hypertensives 2

Antibiotics at labor 1

Corticosteroids 3
Gestational age at delivery (mean (SD)) 39.1 (1.2)
Mode of delivery (n (%))

Vaginal 14 (78%)

Cesarean 4 (12%)
Male fetal sex (n (%)) 7 (39%)
Placental weight, g (mean (SD)) 617.8 (152.1)

Newborn birth weight, g (mean (SD))

PRE-ECLAMPSIA (N=18)

3405.5 (732.6)

CONTROLS (N=18) P-VALUE
29.2 (4.0) 1.0

26.1 (5.1) 3

33
1b
1.6 (0.5) 2

0.2 (0.4) 3

15

1
0

39.9 (1.3) .05

14 (78%)

4 (12%)

9 (50%)
590.9 (100.0) 5
3434.8 (369.3) 9

Abbreviation: HELLP, hemolysis, elevated liver enzymes, low platelet count; PE, pre-eclampsia.
aQut of the three controls with proteinuria, one had a urinary tract infection at the time of testing and two had 1+ for proteinuria with no other symptoms.

bThe control with elevated blood pressure did not have any other symptoms.

method had been used. All women in the cohort had singleton
pregnancies. The prevalence of cesarean section was the same
between PE patients and controls. The detailed clinical charac-
teristics of the patient cohort are shown in Table 1. The placen-
tas were collected at the delivery ward of Lund University
Hospital, Sweden. Placenta was collected upon delivery, imme-
diately frozen on dry ice, and then stored at -80°C.

gPCR analysis

Placenta samples were homogenized by automatic homoge-
nizing pestle. RNA was extracted by RNeasy kit (Qiagen,
Germantown, MD) according to manufacturer’s protocol and
stored at -80°C. cDNA was synthesized using 1.5 pg of pla-
cental total RNA wusing the Superscript VILO c¢DNA
Synthesis Kit (Thermofisher, Kalamazoo, MI) according to
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manufacturer’s recommended protocol. Quantitative real-time
PCR (qPCR) was performed to analyze mRNA expression
levels of IDO, 1IDO2, IL-1B, IL-6, TDO, kynurenine-
3-mono-oxygenase (KMO), quinolinate phosphoribosyltrans-
ferase (QPRT), and SAA—using Tagman Gene Expression
assay primer/probe sets (Thermofisher, Kalamazoo, MI) on a
StepOnePlus Real-Time PCR System (Applied Biosystems,
Foster City, CA). All gPCR samples were run in triplicate.
One control placenta sample was excluded due to insufficient
RNA vyield for analysis by gPCR. Data were analyzed via the
comparative threshold cycle (Ct) method as previously
described.30

Protein analysis

Placenta samples were homogenized in RIPA lysis buffer (Cell
Signaling Technology, Danvers, MA) and diluted to a final
concentration of 350 pg/mL, using double the concentration of
protease and phosphatase inhibitors as suggested by Meso
Scale Discovery (Rockville, MD). IL-1B, IL-6, and SAA were
measured using the Meso Scale Discovery platform and run on
a Sector 600 in accordance with manufacturer’s instructions.
Inter-assay coefficients of variation (% CV) were as follows:
IL-1B (1.46%), IL-6 (2.70%), and SAA (2.46%). Intra-assay
CVs were as follows: IL-1B (3.02%), IL-6 (3.02%), and SAA
(2.89%). Lower detection limits were as follows: IL-1B
(0.05 pg/mL), IL-6 (0.04 pg/mL), and SAA (27.90 pg/mL).

Detection of tryptophan, kynurenine, and
quinolinic acid

Placenta samples were analyzed using gas chromatography-
mass spectrometry to determine quinolinic acid concentra-
tions. Samples were weighed and homogenized using Bertin
Minilys® bead tubes containing 10% trichloroacetic acid.
Following subsequent centrifugation, 50 wL. of the resulting
supernatant was added to a glass tube along with deuterated
internal standard and processed in accordance with the previ-
ously published protocol.3! Subsequently, each sample was
injected into a Thermo Trace GC Ultra gas chromatograph
interfaced to a Thermo DSQ II mass spectrometer. The inter-/
intra-assay (% CV) was 1.41%/1.36% for quinolinic acid. The
lower limit of detection was 3 nM.

Tryptophan and kynurenine were analyzed by high-pressure
liquid chromatography. Samples were initially processed by the
same method stated above. After centrifugation, the superna-
tant was filtered through a 0.22pum polytetrafluoroethylene
(PTFE) filter and 20 L was injected into the Thermo
Scientific Dionex UltiMate® 3000 (Thermo Scientific,
Wialtham, MA). The chromatograph separation was achieved
on a reversed phase 150 X 3mm BDS Hypersil C18 column
(Thermo Scientific) with 3 um particle size. Column and pre-
column tubing was maintained at 35°C with isocratic elution
(0.8 mL/min) of analytes using a mobile phase consisting of

5% methanol in MilliQ_water containing 50 mM ammonium
acetate (pH 4.65). Tryptophan and kynurenine were detected
based on comparison with standards, retention times, and fluo-
rescent detection at 254nm/404nm (ex/em) for tryptophan
and ultraviolet (UV) emission spectra at 365 nm for kynure-
nine. Results were analyzed using the Chromeleon™ 7.2
Chromatography Data System (Thermo Scientific). The
inter-/intra-assay % CVs were 2.06%/0.50% for tryptophan
and 2.58%/1.26% for kynurenine, respectively. Lower limit of
detection was 33 nM for both analytes.

Statistical analysis

Statistical analyses were performed using R v3.4.3 (https://
cran.r-project.org/) and IBM SPSS Statistics v.24 program.
Bivariable comparisons in demographic and clinical character-
istics were made using Student’s t-tests for continuous varia-
bles or Fisher’s exact tests for categorical variables, as
appropriate. Multivariable regression analyses were performed
to test whether each biomarker was independently associated
with PE. To adjust for potential confounding of gestational
age, PE and healthy patients were matched based on gesta-
tional age using the genetic algorithm in the R package
“Matchit” (http://gking.harvard.edu/matchit) and then ana-
lyzed via a weighted linear regression (WR), with gestational
age as a covariate.3? P-values were then calculated using a like-
lihood ratio test. Levene’s test was used to test for heterosce-
dasticity and normality of residuals was verified visually using
qq-plots. Analytes were transformed using Box-Cox as needed,
based on these regression diagnostics.33

Results

Patient characteristics

Patient demographics, somatic comorbidities, and medications
used during pregnancy are listed in Table 1. There were no sig-
nificant differences in mean age, body mass index, current
smoking status, placental weight, newborn birth weight, gesta-
tional age at the time of delivery, or in the mode of delivery
between women with and without PE. All group-wise compari-
sons were adjusted for gestational age by weighted regression
models.

Trypz‘op/yan and metabolite levels in the placenta

Women with PE exhibited significantly lower levels of
placental tryptophan (WR, standardized beta (SB)=-0.42,
P=.01), compared with the controls (Figure 2A). There was no
difference in the level of kynurenine between placenta samples
from women with PE and controls (WR, not significant [NS]).
However, the activity of the first step of the kynurenine path-
way was increased, as evidenced by the kynurenine/tryptophan
(KYN/TRP) ratio, in women with PE compared with controls
(WR, SB=0.40, P<.01). Levels of quinolinic acid, a down-
stream metabolite regulated by the enzymes KMO and QPRT,
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Figure 2. (A) Tryptophan content was reduced in placentas from women with PE compared with healthy controls (nmol/gram tissue, mean = 2SEM).

(B) mRNA expression of SAA was significantly decreased in placentas from women with PE compared with controls (AU, as defined below,

median = confidence interval). (C) The mRNA expression of IDO1 was reduced in placentas from women with PE compared with controls (AU,

mean = 2SEM). (D) TDO expression was increased in the placentas from women with PE vs the healthy controls (AU, mean = 2SEM). All mRNA data were
analyzed via the comparative threshold cycle method as previously described (see Methods); where the relative mRNA expression in arbitrary units (AU)
was obtained by normalization against the expression of the housekeeping gene (GAPDH) in each sample. All data shown in (A) to (D) are raw values and
the significance level indicated in the figures is based on the statistical analysis, weighted regression as described in methods. IDO indicates
indoleamine-2,3-dioxygenase; PE, pre-eclampsia; SAA, serum amyloid A, TDO, tryptophan 2,3-dioxygenase. *P <.05, **P <.01, ***P <.005.

Table 2. Kynurenine metabolite levels.

METABOLITE

PRE-ECLAMPSIA (N=18) (MEAN (SD))

CONTROLS (N=18) (MEAN (SD))

Tryptophan (pug/gram tissue) 3.85 (0.88) 4.86 (1.30)
Kynurenine (ug/gram tissue) 2.06 (0.84) 2.21 (0.74)
Quinolinic acid (pg/gram tissue) 0.482 (0.23) 0.530 (0.31)

showed no difference between controls and PE placentas
(WR, NS). For kynurenine metabolite levels refer to Table 2.

Inflammatory cytokines in placental tissue

To test whether inflammatory markers are upregulated in PE
placental tissue, we quantified the expression levels of the pro-
inflammatory cytokines IL-1B,1L-6,and SAA by qPCR. SAA
mRNA was significantly decreased in the placental tissue from
women with PE compared with controls (WR, SB=-0.44,
P<.005) (Figure 2B). There was no observable difference in
the expression of IL-1f or IL-6 mRNA in placental tissue
from women with and without PE (WR, NS). We confirmed
the SAA mRNA data by measuring protein levels of SAA in

the same samples. There was a significant decrease in SAA

protein in placentas from women with PE (WR, SB=-0.51,
P<.005).

Kynurenine enzyme levels in the placental tissue

We analyzed the mRNA expression of the kynurenine
pathway enzymes IDO, IDO2, TDO, KMO, and QPRT in
placental tissue. Placental IDO mRNA levels were signifi-
cantly lower in women with PE compared with controls
(WR, SB=-0.33, P<.05) (Figure 2C). Interestingly, there
was increased expression of TDO mRNA in placental tissue
from the women with PE (WR, SB =0.40, P<.05) (Figure 2D).
There were no significant differences in the expression level of
IDO2, KMO, or QPRT in placental tissue of women with
and without PE (WR, NS).
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Figure 3. (A) The mRNA expression of SAA in healthy placental tissue correlates significantly with the activity of the first step of the kynurenine pathway,
as indicated by the KYN/TRP ratio (Pearson’s R=0.63, P <.005). (B) There was no association between the mRNA expression of SAA and the
kynurenine pathway activity in placentas from women with PE. KYN/TRP indicates kynurenine/tryptophan; PE, pre-eclampsia; SAA, serum amyloid A.

Associations between IDO and inflammatory
factors in placenta

SAA mRNA correlated positively with activity of the first step
of the kynurenine pathway, as measured by the KYN/TRP
ratio in healthy placental tissue (Pearson’s R=0.63, P=.005,
Figure 3A). There was no such correlation in the PE placental
tissue (Pearson’s R=—-0.30, NS, Figure 3B).

Discussion
In this study, we detected altered tryptophan catabolism in pla-
centas from women with PE. To our knowledge, tryptophan
content in the placenta has not previously been determined in
PE. We found that tryptophan content was significantly
reduced in PE placental tissue, resulting in a significant increase
in the KYN/TRP ratio. This ratio often indicates increased
activity of the kynurenine pathway. The enzymatic conversion
of tryptophan into kynurenine can be performed indepen-
dently by IDO, IDO2, or TDO, of which IDO and TDO have
been previously been detected in term placenta.3* Using qPCR,
we confirmed lower mRNA expression of IDO in PE placen-
tas, in agreement with previously published data.?32* While
IDO2 expression was unaltered, we found a significant increase
in the expression of TDO in women with PE, which may
account for the reduced levels of tryptophan observed in this
study. Interestingly, similar compensatory mechanisms within
the regulation of the kynurenine pathway enzymes have been
observed in other settings.33

Our results give rise to the question of what the biological
differences between IDO and TDO are, and whether these
could have any relevance in the pathobiological mechanisms of
PE. IDO and TDO both catalyze the breakdown of trypto-
phan into kynurenine, but the enzymes are different in terms of
genomic location, tissue expression, structure, and mode of
activation.’” Several cytokines can induce IDO, whereas TDO
can be induced by tryptophan, the cofactor heme, as well as by
glucocorticoids.’® Increased TDO expression in human

placenta has also been observed under infectious conditions.3’
Both enzymes involve oxidation of the substrate tryptophan,
although the exact catalytic process is not yet fully established.
The reaction may differ in the formation of catalytic ferrous-
oxy complexes.®> IDO has anti-oxidant properties, as the
superoxide anion is used as the oxygen source in IDO’s enzy-
matic reaction to cleave the pyrrole ring of tryptophan. =4 A
previous study found decreased levels of IDO in placentas
from women with PE and suggested that the protective func-
tion of IDO in PE is not related to immunoregulation, but to
its anti-oxidant properties.?® It is established that oxidative
stress is involved in the pathogenesis of PE and one can specu-
late that an upregulation of TDO cannot completely compen-
sate for a reduction of IDO in this respect, given their different
biological properties.3*#2444 Future studies should address the
differential regulation of IDO and TDO in placental tissue
and determine their mechanistic roles in pathological condi-
tions, such as PE.

Although 95% of tryptophan is degraded through the
kynurenine pathway, it is possible that the reduced levels of
tryptophan we observed are a result of increased serotonin
production. The placenta is a major source of fetal serotonin,
and disruption of placental serotonin synthesis can impact
fetal forebrain development.*® Interestingly, previous studies
have demonstrated that placental serotonin levels are increased
in women with PE during pregnancy but the effect of this
increase remains unclear.*’*8 While we were unable to meas-
ure serotonin levels in our study, we recommend that future
studies of this nature include measurements of placental sero-
tonin levels, to gain a better understanding of this metabolites
role in PE.

We also detected significantly reduced levels of SAA
mRNA expression in placental tissue from women with PE
and observed a concordant reduction in SAA protein levels.
SAA is an acute-phase protein that increases in response to
tissue damage and activates toll-like receptor 2 and toll-like
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receptor 4, both of which are present in the placenta.’
Binding of these receptors by SAA stimulates the production
of several pro- and anti-inflammatory cytokines, such as IL-6
and IL-10, respectively.?” Several previous studies have found
a reduction of IL-10 in placentas from women with PE.50-52
To our knowledge, this is the first time that SAA has been
measured in placental samples from PE patients. In addition
to being an inflammatory regulator, SAA also plays an impor-
tant role in the placental microenvironment through its abil-
ity to induce trophoblast invasion and metalloprotease
activity, two essential processes in placental formation, and
homeostasis.?® Since PE is linked to poor placental implanta-
tion and development, our findings of decreased SAA in pla-
centas from women with PE are concordant with the findings
by Sandri et al and imply that SAA could be a pathogno-
monic factor in the development of PE.2 Interestingly, the
levels of SAA correlated significantly with the activity of the
first step of the kynurenine pathway (KYN/TRP ratio) in
healthy placentas, but not those diagnosed with PE.Therefore,
it is possible that SAA is a novel regulator of IDO activity,
capable of inducing IDO in placental tissue, although this
remains to be causally determined in experimental model
systems.

This study has several strengths and limitations. As a
strength, we measured a range of kynurenine pathway enzymes,
including three separate enzymes capable of degrading trypto-
phan, as well as both the substrate (tryptophan) and metabolite
(kynurenine) to understand the complex nature of changes
involved in the first step of the kynurenine pathway in placen-
tas from women with PE. Importantly, the expression of IDO
and the other kynurenine pathway enzymes change over
pregnancy, and it is therefore difficult to establish group differ-
ences unless there is a careful matching for gestational age.”?
This can be challenging, especially since the diagnosis of PE is
often associated with pre-term delivery. In this study, we only
included women with term pregnancies, and we further cor-
rected all statistical analyses for exact gestational age. These
adjustments are important to establish associations between
biological factors and diseases of the placenta, as the placental
environment undergoes profound changes throughout preg-
nancy, particularly in the weeks leading up to birth. A limita-
tion to our study is the comparatively low number of subjects
(n=36), as well as being a clinical correlative study, that is una-
ble to establish causal relationships. In future studies of trypto-
phan catabolism in placental tissue, it will be important to
measure substrate, metabolites, and enzymes of the kynurenine
pathway in the same sample to help interpretation of the
observed changes in PE.

Conclusions

In summary, we detected a reduction in tryptophan content
and SAA expression in placental tissue from women with PE
compared with controls. While IDO expression was reduced,

TDO expression was increased, and the KYN/TRP ratio,
indicative of kynurenine pathway activity, was increased in PE
placental tissue. We observed no changes in the expression of
the downstream pathway enzymes KMO and QPRT, suggest-
ing that altered tryptophan catabolism in PE does not affect
the production of downstream metabolites of the kynurenine
pathway, and may involve additional tryptophan catabolic
pathways. The biological role of placental tryptophan, the
kynurenine pathway enzymes, and their interaction with
inflammatory factors in placental tissue in PE warrant further
investigation.
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