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Abstract
Background The Kynurenine Pathway (KP) of tryptophan degradation and glutamate toxicity is implicated in several 
neurological disorders, including depression. The therapeutic potential of mesenchymal stromal cells (MSC), owing 
to their well documented phagocytosis-driven mechanism of immunomodulation and neuroprotection, has been 
tested in many neurological disorders. However, their potential to influence KP and the glutamatergic system has 
not yet been investigated. Hence, this study sought to investigate the effect of HUCPVC, a rich and potent source 
of MSC, on Lipopolysaccharide (LPS)-activated KP metabolites, KP enzymes, and key components of glutamate 
neurotransmission.

Methods The immunomodulatory effect of peripherally administered HUCPVC on the expression profile of 
kynurenine pathway metabolites and enzymes was assessed in the plasma and brain of mice treated with LPS using 
LCMS and QPCR. An assessment of the glutamatergic system, including selected receptors, transporters and related 
proteins was also conducted by QPCR, immunohistochemistry and Western blot.

Results HUCPVC were found to modulate LPS-induced activation of KP enzymes and metabolites in the brain 
associated with neurotoxicity. Moreover, the reduced expression of the glutamatergic components due to LPS was 
also found to be significantly improved by HUCPVC.

Conclusions The immunomodulatory properties of HUCPVC appear to confer neuroprotection, at least in part, 
through their ability to modulate the KP in the brain. This KP modulation enhances neuroprotective regulators 
and downregulates neurotoxic consequences, including glutamate neurotoxicity, which is associated with 
neuroinflammation and depressive behavior.
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Introduction
Mounting evidence has supported a direct and posi-
tive relationship between immune-activated proin-
flammatory cytokines and psychiatric disorders [1–3]. 
Pro-inflammatory cytokines elicited during systemic 
infection, cancer, and autoimmune diseases have been 
shown to play a significant role in the manifestations and 
propagation of a broad spectrum of depressive symptoms 
[4, 5]. Signaling of these peripherally originated proin-
flammatory cytokines to the brain through multiple path-
ways is implicated in neuroinflammation, perturbation of 
neurotransmitters’ metabolism, transport and function, 
and induction of depressive symptoms [6–9]. One such 
pathway that is activated by the immune response is the 
kynurenine pathway, which has been shown to play a key 
role in the activation of the central nervous system (CNS) 
and the pathogenesis of neuroinflammation and depres-
sion [10, 11].

The kynurenine pathway (KP) (Fig.  1A) claims the 
major share of tryptophan metabolism for the produc-
tion of kynurenine and subsequent metabolites, while 
a meager amount of ingested tryptophan is converted 
to serotonin by the methoxyindole pathway [12, 13]. 
When induced by inflammatory signals, the extrahepati-
cally expressed enzyme, indoleamine 2,3- dioxygenase 
(IDO), triggers activation of the kynurenine pathway 
by oxidatively breaking down tryptophan to kynuren-
ine. IDO expressed in the brain contributes to centrally 
produced kynurenine which is further augmented by 
peripheral kynurenine crossing the blood-brain barrier 
[14]. Downstream catabolism of kynurenine takes two 
distinct routes leading to the production of excitatory 
and anti-excitatory metabolites- notably, quinolinic acid 
(QUIN) and Kynurenic acid (KYNA) which are a func-
tional agonist and antagonist to the glutamate receptor- 
N-methyl-D-aspartate (NMDAR), respectively [15–17]. 
The association of these compounds with the glutamate 
receptor and extracellular glutamate availability, renders 
neuroprotective or neurotoxic character to these distinct 
routes of KP and their constitutive metabolites.

Dysregulation of KP resulting in a perturbation in the 
synthesis of neuroactive metabolites, notably KYNA and 
QUIN, have been associated with a plethora of neurode-
generative diseases and psychiatric disorders, including 
depressive illness [18]. Pharmacological interventions 
include the development of analogs of KYNA and inhibi-
tors of neurotoxic enzymes that lead to the production 
of QUIN [18–20]. Mesenchymal Stromal Cells (MSC), 
owing to their capabilities to regulate the immune and 
inflammatory response have been an attractive thera-
peutic candidate for treating various diseases with 

inflammatory components [21]. However, their potential 
to modulate the host IDO activity and the downstream 
kynurenine pathway has not been tested.

We have previously demonstrated the efficacy of MSC 
in mitigating neuroinflammation and depressive behavior 
in both stress-induced, as well as LPS-induced preclini-
cal models of depression and, have also outlined a phago-
cytosis-driven immunomodulation mechanism [22, 23]. 
In the current study, we aim to investigate the immuno-
modulatory and neuroprotective capabilities of a young 
source of MSC, HUCPVC, isolated from the perivascular 
region of a first trimester human umbilical cord, through 
a potential impact on kynurenine pathway modulation 
in an LPS-based mouse model of neuroinflammation; 
which to our knowledge has never been explored.

Glutamate excitotoxicity is implicated in many neuro-
degenerative diseases and psychiatric disorders [24, 25]. 
By their direct action on the glutamate receptors, QUIN 
and KYNA not only influence excitatory neurotransmis-
sion but also play an active role in the uptake and release 
of glutamate [26, 27]. Moreover, glutamate-induced exci-
totoxicity is directly related to a compromised glutamate 
transport system, that is associated with neuropatho-
logical conditions, including depression [28]. Thus, this 
study further investigates the possible role of MSC in 
the modulation of key glutamatergic neurotransmission 
components, including expression profiles of glutamate 
receptors (NMDA), glutamate transporters, and synapto-
somal proteins.

Materials and methods
Animal treatment & cells
Previously established and characterized, pathogen-free 
lines of first trimester HUCPVC were used for this study, 
with ethics approval by the University of Toronto REB 
(#28,889) and by an independent accredited ethics board 
(VERITAS, #2576) [22]. 7–8-week-old male C57BL/6J 
mice were obtained from Charles River (Laval, Quebec). 
After arrival, mice were group-housed in standard shoe-
box cages, habituated for a week, and allowed ad libitum 
food and water access. General health was monitored 
daily by veterinary technicians or research staff.

MSC lines from human first-trimester umbilical cords 
were established and maintained as described previously 
[29]. As a control, human fibroblasts (HS-68 foreskin-
derived) were purchased from ATCC (Manassas, VA). 
All cells were grown using minimum essential media 
with alpha modification, 10% fetal bovine serum, and 1% 
penicillin/streptomycin purchased from Gibco (Gaithers-
burg, MD). A fresh Solution of LPS (serotype O111:B4, 
New England Biolabs (Whitby, ON) was prepared on the 
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day of injections by dissolving the compound in a ster-
ile endotoxin-free isotonic saline. LPS (0.83 mg/kg) was 
administered intraperitoneally (i.p) in the LPS group. 
This dose is known to induce a full spectrum of the acute 
sickness response [30] and robustly increase IDO activity 
in the brain after 24  h– one of the mechanisms associ-
ated with LPS-induced depressive behavior in mice [31]. 
1 × 106 HUCPVC or HS68 cells resuspended in 200 µl of 
saline were injected intravenously (i.v) simultaneously 

with LPS in the LPS + HUCPVC or LPS + HS68 groups, 
respectively. 24 h after LPS treatment and cell or media 
injections, the mice were sacrificed for blood and whole 
brain collection. Untreated animals were included as a 
control group.

RNA extraction, reverse transcription & real-time qPCR
Total RNA from whole-brain samples was extracted using 
Qiagen’s RNeasy Mini Kit (catalog# 74,104), according to 

Fig. 1 HUCPVC modulates LPS-induced activation of Kynurenine pathway enzymes
 Schematic diagram of the Kynurenine pathway (A). mRNA expression of Kynurenine pathway enzymes after 24 h LPS and HUCPVC treatments (B-F). Total 
RNA from the brain was isolated from Control, LPS, and LPS + HUCPVC groups (n = 3 per group) and subjected to qPCR. Individual measurements were 
normalized using GAPDH as a housekeeping gene and the Fold change relative to Control was calculated by the ΔΔCt method. *p < 0.05, **p < 0.005, 
***p < 0.0005, ****p < 0.0001, ns = not significant, one-way ANOVA with Tukey’s multiple comparison tests. TRY, tryptophan; ido, indoleamine dioxygenase; 
KYN, kynurenine; kat, kynurenine aminotransferase; kmo, kynurenine monooxygenase; 3HK, 3-hydroxykynurenine; 3HAA, 3-hydroxyanthranilic acid; haao, 
3-hydroxyanthranilic acid dioxygenase; qprt, quinolinate phosphoribosyltransferase; NAD, Nicotinamide adenine dinucleotide
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the manufacturer’s protocol. The eluted RNA was quanti-
fied using Nanodrop (NanoVue, GE). 1 µg of total RNA 
was used for reverse transcriptase reactions that were 
carried out in a Verity 96-well Thermal cycler (Applied 
Biosystems, model# 9902), using the High-Capacity 
cDNA Reverse Transcription kit (Thermo Fisher Sci-
entific, catalog# 4,368,814), according to the manufac-
turer’s protocol. Real-time qPCR was performed for 40 
cycles on a QuantStudio5 thermocycler (Applied Bio-
systems). Primers used were Gapdh (NM_008084), Ido1 
(NM_008324), Kat2 (NM_011834), Kmo (NM_133809), 
Haao (NM_025325), Qprt (NM_133686.1), NR1 
(NM_008169.3). NR2A (NM_008170.4), NR2B 
(NM_008171.4). GAPDH was used as an endogenous 
reference gene for the normalization of mRNA levels and 
relative quantification of gene expression. Fold change 
from the qPCR data was measured by the delta-delta Ct 
method.

Immunohistochemistry, image analysis & quantification
Mice were euthanized by cervical dislocation and trans-
cardially perfused with cold PBS followed by 4% para-
formaldehyde (PFA). Brains were harvested and fixed in 
4% PFA for 24 h at 4  °C. Cryopreservation was done by 
immersing the harvested brains in 30% sucrose for 1–2 
days, followed by snap-freezing in optimum cutting tem-
perature (OCT) formulation (Electron Microscopy Sci-
ences). Serial coronal tissue sections were obtained at a 
16–18 μm thickness on a cryostat at TCP (the Centre for 
Phenogenomics, Toronto). For each animal (n = 3 animals 
per group) 6–8 sections were processed for immunohis-
tochemistry. After briefly rinsing with PBS, the sections 
were fixed in 4% PFA for 15  min and blocked with 5% 
Normal Goat or Donkey serum (Sigma) supplemented 
with 1% BSA (Sigma), and 0.4% Triton-X-100 (Fisher) in 
PBS, for 1–2 h at room temperature. Tissue sections were 
then incubated overnight at 4  °C with the primary anti-
bodies in 50% diluted blocking solution, followed by 1 h 
incubation with suitable fluorescently labeled secondary 
antibodies (Alexa Fluor1:1000) at room temperature. For 
immunostaining of nuclei, the sections were incubated 
with DAPI for 5 min before mounting the slides with cov-
erslips using mounting media (Abcam). Primary antibod-
ies used were: Mouse monoclonal anti-GFAP antibody 
[2A5] (1:200, Abcam, catalog# ab4648); rabbit monoclo-
nal EAAT2 [E3P5K] (1:50, Cell Signalling Technology, 
catalog# 20,848); anti-IBA1 (1:1000, Wako Chemicals, 
Richmond, VA). Confocal microscopy was performed 
using a Leica TCS SP8 confocal microscope at the 
advanced optical microscopy facility (AOMF), Univer-
sity Health Network, Toronto. The confocal microscope 
was equipped with fully spectral 400 to 700  nm filters 
and HyD high-sensitivity detectors. Images were pro-
cessed using Leica LAS-X software. 6–9 representative 

images were taken at x20 magnification spanning the 
cerebral cortex and hippocampus. Image thresholds and 
tissue surface area marked by positive staining were ana-
lyzed using ImageJ software. For quantification of EAAT2 
and GFAP expression, the mean percent area of EAAT2 
positive staining was normalized with that of GFAP for a 
given field of view for all images across different experi-
mental groups.

Western blotting
Whole-brain homogenization Brains were harvested and 
immediately snap-frozen in liquid nitrogen and stored 
at -80  °C. Brain tissues were later placed in RIPA buffer 
(Sigma, catalog # 0278) in 2ml silica tubes prefilled with 
3  mm zirconium beads and subjected to high-velocity 
impact homogenization using the BeadBug 6, Six Position 
Homogenizer (Benchmark Scientific, catalog # D1036). 
Homogenization was done at 3000 rpm for 30 s followed 
by 30 s on ice-, repeating the cycle 3 times. The homog-
enate was then centrifuged at 12,000 rpm for 15 min at 
4 °C and the supernatant was collected in the pre-chilled 
tubes.

Synaptosome protein fractionation Synaptic protein 
extraction was performed following the protocol from 
Thermo Scientific. Briefly, freshly harvested whole brains, 
excluding the cerebellum (200-400  mg), were homog-
enized in 10 volumes of the Syn-PER synaptic protein 
extraction reagent (Thermo Fisher; catalog# 87,793) using 
a Dounce tissue grinder, performing 10–12 up-and-down 
strokes. The homogenate was then centrifuged at 1200 g 
for 10 min to remove cell debris, and the supernatant was 
centrifuged at 15,000 g for 20 min. The pellets, containing 
synaptosomes, were gently resuspended in 1–2 ml of the 
Syn-PER reagent.
The resulting whole-brain homogenate/synaptosomal 
protein lysate was assayed for protein concentra-
tion using a BCA protein assay kit (Thermo Scientific, 
catalog# 23,225), and stored at − 80  °C. These protein 
samples were placed in a reducing buffer containing 
β-mercaptoethanol and heated at 90  °C for 10  min. 
Samples were then subjected to SDS–polyacrylamide 
gel electrophoresis in 4–12% Tris-Glycine 1  mm pre-
cast gels (Invitrogen, catalog# XP04120BOX), and then 
transferred to polyvinylidene fluoride membranes using 
a semi-wet Mini Blot Module transfer unit (Life Tech-
nologies, catalog# B1000). The membranes were blocked 
in LiCor blocking buffer for 1  h at room temperature 
and probed with the primary antibodies in 0.1% Tween 
LiCor blocking buffer overnight at 4  °C. The next day, 
the membranes were washed 3 times for 10 min each in 
0.01% tween phosphate buffer solution before probing 
with an appropriate mix of IR-Dye-labeled Licor second-
ary antibodies in 0.1% Tween, 0.01% SDS LiCor blocking 
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buffer for 1 h at room temperature. Washes, as described 
above, were repeated after incubation with second-
ary antibodies. Western blot images were obtained on a 
Licor Odyssey Imaging System. Relative quantification of 
the protein bands was assessed by densitometry analysis 
using ImageJ software. Primary antibodies used were: 
rabbit monoclonal EAAT2 [E3P5K] (1:1000, Cell Signal-
ling Technology, catalog# 20,848); rabbit monoclonal 
anti PSD95 antibody [EPR23124-118] (1:2000, Abcam, 
catalog# ab238135); mouse monoclonal anti NMDAR2B/
NR2B (1:500, Invitrogen, catalog# MA-1-2014), rabbit 
monoclonal anti Drebrin antibody [EPR12634] (1:10,000, 
Abcam, catalog# ab178408) and rabbit monoclonal anti 
Synaptophysin antibody [YE269] (1:10,000, Abcam, cata-
log# ab32127).

Extraction and quantification of brain and plasma samples 
- LCMS Analysis
Sample extraction & preparation, LC-MS/MS analysis, 
and quantification were performed by the Analytical 
Facility for Bioactive Molecules (AFBM), Hospital for 
Sick Children, Toronto, Canada.

All LC-MS/MS grade solvents were purchased from 
Caledon Laboratories Ltd (Georgetown, ON). Autos-
ampler vials/glass inserts used in the sample extraction 
were purchased from Chromatographic Specialties Ltd 
(Brockville, ON).

150–180 mg of frozen brain tissues were weighed and 
transferred into Precellys homogenization tubes contain-
ing ceramic beads (Bertin Technologies, Rockville, Wash-
ington DC). The entire brain was processed for this assay 
which required two tubes per sample depending on the 
brain weight. Tissue samples were kept overnight in the 
− 80 °C freezer until extraction. The following day, extrac-
tion solvent was added to each Precellys tube to achieve 
a target concentration of 150  mg/mL and homogenized 
using a Precellys 24 high-throughput homogenizer 
(Bertin Technologies). Plasma (100 µL) and brain samples 
(67 µL of the homogenized suspensions (correspond-
ing to 10  mg tissues) were transferred into Eppendorf 
tubes containing 1 ml 90:10 acetonitrile (ACN):methanol 
(MeOH) alongside standards, quality control standards, 
and deuterated internal standards. Tubes were vortexed 
and then centrifuged at 20,000  g. Supernatants were 
transferred to a conical tube and taken to dryness under a 
gentle stream of nitrogen. Samples were reconstituted in 
90/10 H2O/ACN + 0.1% formic acid and analyzed by LC/
MS/MS.

An Agilent 1200 UPLC system (Agilent Technologies, 
Santa Clara, CA, USA) fitted with a Sciex Q-Trap 5500 
mass spectrometer (AB Sciex, Framingham, MA, USA) 
was used in Electron Spray Ionization (ESI) mode. Two 
methods were employed. Except for a few analytes, most 
analytes were quantified using a Kinetex PFP column 

(2.6 μm, 100Å, 50 × 3.0 mm; Phenomenex, Torrence, CA). 
A gradient mobile phase of 10 min at a flow rate of 0.4 
ml/min was used for the elution of the biogenic amines 
with mobile phase A (MPA): 1% acetic acid in water and 
mobile phase B (MPB): 1% acetic acid in 1:1 MeOH:ACN. 
For the remainder of the analytes, an EZ Fast 4uaaa-MS 
column was used. A gradient mobile phase of 10 min at a 
flow rate of 0.4 ml/min was used with MPA (0.1% formic 
acid, 0.1% heptafluorobutyric acid in water) and MPB 
(0.1% formic acid in MeOH). Quantification was per-
formed with Analyst 1.6.1 software (ABSciex: Framing-
ham, Massachusetts, USA) by plotting the sample peak 
area ratios (Analyte peak area/Internal Standard peak 
area) of the biogenic amine standards against a standard 
curve generated from various standard concentrations 
from 0.05 ng to 100 ng, spiked with the same amount 
of internal standard used for the samples and extracted 
using the same conditions.

Statistical analysis
All data were represented as mean ± SEM and analyzed 
using Ordinary one-way analysis of variance followed 
by post hoc pairwise Tukey’s multiple comparisons tests 
comparing all the experimental groups using GraphPad 
Prism (GraphPad Software, San Diego, CA).

Results
Peripheral HUCPVC infusion modulates LPS-induced 
activation of kynurenine pathway enzymes in the brain
Proinflammatory cytokines mediate the induction of 
IDO which serves as a molecular switch for trigger-
ing the initiation of the KP [32]. Enzymatic activity and 
expression of IDO, which is also present in brain endo-
thelial cells, perivascular macrophages, astrocytes, and 
microglia [33], have a direct influence on brain trypto-
phan metabolism [34]. Our previous study demonstrated 
significant mitigation of LPS-induced proinflamma-
tory cytokines in the brain by peripherally administered 
HUCPVC in mice [23]. Thus, we sought to investigate the 
impact of the immunomodulatory potential of HUCPVC 
on the gene expression profile of Ido1 and the subse-
quent metabolic enzymes of the pathway in the LPS-
activated CNS (Fig. 1A). Our results indicate significant 
induction of Ido1 in the brain by LPS (p < 0.0001) and its 
equally significant downregulation back to control levels 
as a result of HUCPVC treatment (p < 0.0001) (Fig.  1B). 
Ido-mediated synthesis of kynurenine is centrally placed 
in the KP as it is further favorably catabolized by the 
enzymes Kmo and Kat towards putative neurotoxic or 
neuroprotective branches, respectively [19]. In the LPS 
group, we recorded no significant changes in mRNA 
levels of Kat2, when compared to control (p = 0.2949) 
or LPS + HUCPVC (p = 0.9846) groups (Fig.  1C). Con-
versely, a significant LPS-induced upregulation of Kmo 
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(p = 0.0020) was seen to be modulated back to near con-
trol levels by HUCPVC (p = 0.0176) (Fig. 1D). The excit-
atory properties associated with the ability of quinolinic 
acid to stimulate NMDA receptors directly and selec-
tively are well known [17]. This neurotoxic compound 
is synthesized by the enzymatic activity of Haao. We 
observed that LPS significantly increased the expres-
sion of Haao (p = 0.0002) and that the treatment of LPS 
combined with HUCPVC helped downregulate its level 
significantly (p = 0.0001) (Fig.  1E). Accumulation of 
toxic concentrations of quinolinic acid also depends on 
the rate of metabolism of quinolinic acid to NAD + by 
the enzyme Qprt. Our results indicate that the immune 
response to LPS resulted in a significant lowering of Qprt 
expression (p = 0.0033) when compared to the control 
group and LPS + HUCPVC effected a significant upregu-
lation of the enzyme transcript (p < 0.0001) (Fig. 1F). This 
data suggests that the influence of HUCPVC treatment 
on Qprt expression may be instrumental in regulating the 
synthesis of KP metabolites.

Influence of HUCPVC on LPS-activated kynurenine 
pathway metabolites and serotonin in the brain and 
plasma
The induction of KP metabolites following 24  h of LPS 
treatment and intervention by HUCPVC were assessed 
by LC-MS/MS. The standard curves were linear over 
the concentration ranges. The calibration curves were 
as follows: y = 0.166 x + 0.166, R2 = 0.9922 for tryp-
tophan; y = 0.349x + 0.0344, R2 = 0.9860 for kynuren-
ine; y = 0.0943x + 0.000927, R2 = 0.9934 for kynurenic 
acid; y = 0.00715x + 0.0175, R2 = 0.9857 for quinolinic 
acid; y = 0.196x + 0.00148, R2 = 0.9930 for serotonin; 
y = 1.12e-005x + -5.35e-005, R2 = 0.9989 for glutamine 
and y = 3.67e-005x + -0.00039, R2 = 0.9973 for glutamate. 
The representative chromatograms of these analytes are 
shown in Fig. 2A-G. As detailed in Table 1, LPS signifi-
cantly upregulated brain levels of tryptophan (p = 0.0197), 
kynurenine (p < 0.0001), kynurenine:tryptophan 
(p < 0.0001) and quinolinic acid (p = 0.0003), when com-
pared to control. No significant difference was found 
in the levels of kynurenic acid (p = 0.9503) or sero-
tonin (p = 1417). However, the neurotoxic index, quino-
linic acid:kynurenic acid was found to be significantly 
increased by LPS (p = 0.0117), when compared to con-
trol. The combination of LPS with HUCPVC significantly 
modulated the brain levels of tryptophan (p = 0.0217), 
kynurenine (p = 0.0390), kynurenine:tryptophan 
(p = 0.0401) and quinolinic acid (p = 0.0042) when com-
pared to LPS alone. No significant difference was found 
in the levels of kynurenic acid (p = 0.9598) or serotonin 
(p = 0.7892). However, quinolinic acid:kynurenic acid 
was found to be significantly increased in this condition 
(p = 0.0149). Since brain kynurenine levels are directly 

impacted by peripheral circulation [13], plasma tryp-
tophan metabolism was also assessed (Table  1). No 
significant effect of LPS was found in the plasma lev-
els of tryptophan (p > 0.9999), kynurenine (p = 0.2420), 
quinolinic acid (p = 0.9409), kynurenic acid (p = 0.6114), 
quinolinic acid:kynurenic acid (p = 0.7065) or sero-
tonin (p = 0.9999) when compared to control. How-
ever, the IDO activation index, Kynurenin:tryptophan 
was found to be significantly increased by LPS 
(p = 0.0320) when compared to control. No significant 
modulation was noted by HUCPVC on plasma lev-
els of tryptophan (p = 0.9930), kynurenine (p > 0.9999), 
kynurenine:tryptophan (p = 0.8341), kynurenic acid 
(p > 0.9999), quinolinic acid (p = 0.4393), quinolinic 
acid:kynurenic acid (p = 0.7698) or serotonin (p = 0.9978) 
when compared to LPS-treated animals. The immu-
nomodulatory effect of a control non-MSC cell type 
was tested by using human foreskin-derived fibroblasts 
(HS68) in lieu of HUCPVC, and their influence on LPS-
activated KP metabolites was assessed. There was no sig-
nificant effect on brain levels of tryptophan (p = 0.2513), 
kynurenine (p = 0.2901), kynurenic acid (p > 0.9999), 
quinolinic acid (p = 0.9980), quinolinic acid:kynurenic 
acid (p = 0.9998) or serotonin (p = 0.9984) when compared 
to LPS-treated animals. However, a significant effect 
was recorded for kynurenine:tryptophan (p = 0.0035). 
Moreover, HS68 was found to have no significant effect 
on the plasma levels of tryptophan (p = 0.9991), kyn-
urenine (p = 0.7195), kynurenine:tryptophan (p = 0.4029), 
kynurenic acid (p = 0.9485), quinolinic acid (p = 0.9752), 
quinolinic acid:kynurenic acid (p = 0.8721) or serotonin 
(p = 0.8125). These experimental read-outs support the 
possibility that peripherally infused HUCPVC have an 
influence on the KP metabolism in the brain.

Since the above data suggested the modulation of 
LPS-induced kynurenine metabolites was the result of 
HUCPVC intervention, the non-MSC control HS68 
treatment group was, thus, excluded from the following 
experiments.

Impact of peripherally administered HUCPVC on 
LPS-induced neuroinflammation and glutamatergic 
neurotransmission
Microglial activation by LPS and modulation by 
HUCPVC Corroborating our previous study where we 
reported significant mitigation of LPS-induced proin-
flammatory cytokines in the brain by peripherally admin-
istered HUCPVC [23], in this study we demonstrate 
the potential of HUCPVC potential to modulate neu-
roinflammation by measuring LPS-induced microglial 
activation in the hippocampus (Fig.  3A,B,C) and cortex 
(Fig.  3D,E,F), LPS significantly increased activation of 
microglia as assessed by increased positive staining for 
ionized calcium-binding adapter molecule 1 (IBA1) in 
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Fig. 2 Chromatograms of kynurenine pathway metabolites
 Tryptophan, B) Kynurenine, C) Kynurenic acid, D) Quinolinic acid, E) Serotonin, F) Glutamine, G) Glutamate. Peak area ratios for the standards and the cor-
responding analytes are shown on the left and right sides respectively (Peak intensity on the y-axis and retention time on the x-axis of the chromatograms)
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Fig. 3 HUCPVC modulate LPS-induced microglial activation. Representative images showing positive immunostaining of microglial activation marker, 
ionized calcium-binding adapter molecule 1 IBA1 (green), in the hippocampus (A,B,C) and cortex (D,E,F) in the brain cryosections of control (A,D), LPS 
(B,E) and LPS + HUCPVC (C,F) groups. Nuclei counterstained with DAPI (blue). Scale bar = 50 μm. The mean percent area of IBA1 positive signal in the 
hippocampus (G) and cortex (H) was assessed by Image J analysis, n = 3 per group. *p < 0.05, **p < 0.005, ***p < 0.0005, one-way ANOVA with Tukey’s 
multiple comparison tests
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the dentate gyrus region of the hippocampus (p = 0.0028) 
(Fig. 3G) as well as the cortex (p = 0.0003) (Fig. 3H). Signif-
icant modulation of this induction by HUCPVC was seen 
both in the dentate gyrus (p = 0.0018) (Fig. 3G) as well as 
the cortex (p = 0.0003) (Fig. 3H).

The regulation of glutamate transporters & receptors by 
HUCPVC infusion Glutamate-mediated excitotoxic-
ity is linked to various neurodegenerative diseases and 
psychiatric disorders [24, 35]. Since the synaptic levels 
of glutamate are predominantly maintained by excit-
atory amino acid transporters (EAATs), we tested the 
expression of EAAT2 in the brain in response to periph-
eral immune activation and HUCPVC infusion. In this 
experiment, EAAT2 was co-stained with glial fibrillary 
acidic protein (GFAP), a marker for astrocytes, where 
it is primarily localized [36]. Overall EAAT2 expression 
was assessed by normalizing its positive signal with that 
of GFAP in the cerebral cortex and dentate gyrus (DG) 
region of the hippocampus. The results revealed that 
LPS significantly diminished EAAT2 expression levels 
in the cerebral cortex (p = 0.0319, Fig.  4B, G) and hip-
pocampus (p = 0.0182, Fig.  4E, H). Conversely, LPS in 
combination with HUCPVC significantly reinstated the 
transporter’s expression level both in the cerebral cor-
tex (p = 0.0102, Fig. 4C, G) and hippocampus (p = 0.0180, 
Fig.  4F, H). This differential EAAT2 protein expression 
in control, LPS and LPS + HUCPVC-treated animals was 
also demonstrated by Western blot. We observed an obvi-
ous loss of EAAT2 immunoreactivity due to LPS, which 
was regained close to the control level in the HUCPVC-
treated group (Fig.  4I). The densitometric data analysis 
(Fig. 4J) confirmed significant downregulation of EAAT2 
expression by LPS (p = 0.0010) and significant rescue by 
HUCPVC treatment (p = 0.0034). NMDAR is one of the 
prominent glutamate receptors that mediate the activity 
of glutamate and 2 main subunits, NR1 and NR2A/B, are 
obligatory for the receptor’s activity and signaling [37]. 
We tested the transcript levels of these NMDAR subunits 
in the mRNA isolated from whole brains of the control, 
LPS, and LPS + HUCPVC groups (Fig.  5A-C). LPS was 
found to significantly upregulate the transcript expression 
of NR2A (p < 0.0001) and NR2B (P < 0.0001). Conversely, 
HUCPVC significantly downregulated NR2A (P = 0.0006) 
and NR2B (p < 0.0001) transcripts. However, no signifi-
cant change was observed in the NR1 gene expression 
in both LPS (p = 0.4128) and LPS + HUCPVC (p = 0.3258) 
groups, when compared to control.

Extended role of HUCPVC in regulating synaptosomal 
proteins linked to glutamate trafficking & receptor activ-
ity The synaptosomal fraction is enriched with sev-
eral proteins that impact glutamate receptor (NMDAR) 
activity and signaling. By Western blot, we tested some 

of these proteins such as NMDAR subunit- NR2B, post-
synaptic density protein (PSD95), synaptophysin, and 
drebrin which are associated with glutamate trafficking 
and NMDAR function [38–40]. A significant increase 
in NR2B expression by LPS (p = 0.0386) was observed 
which was equally counteracted by HUCPVC interven-
tion (p = 0.0299) (Fig.  6A, B). The expression level of 
drebrin was found to be significantly downregulated by 
LPS (p = 0.0013) and rescued by HUCPVC (p = 0.0386) 
(Fig.  6C, D). However, no change in the expressions of 
either PSD95 (Fig.  6C, D) or synaptophysin (Fig.  6E, F) 
was found to be induced by LPS alone or in combination 
with HUCPVC.

Discussion
Exploiting the well-known immunomodulatory potential 
of MSC, this study is the first, to our knowledge, to exam-
ine the influence of intravenously infused MSC on the 
activated kynurenine pathway (KP) and glutamate neu-
rotransmission. Here, we report that peripherally admin-
istered HUCPVC regulate KP enzymes and metabolites 
in the LPS-activated CNS. Furthermore, these MSC were 
also found to exert a modulatory effect on the expres-
sion profile of glutamate receptor subunits and glutamate 
transporters. Thus, this study lends a novel approach to 
target aberrant signaling of KP and the subsequent gluta-
mate excitotoxicity that are known to have diverse neuro-
pathological consequences.

Inflammation-associated upregulation and activa-
tion of IDO (product of ido1 gene) in the brain is a criti-
cal step in the break down of tryptophan to kynurenine 
and initiation of the KP (Fig. 1A) [11, 41, 42]. Moreover, 
IDO activation is shown to be crucial for depressive-
like behavior in mice treated with LPS for 24 h [11, 32]. 
We have previously reported that HUCPVC modulate 
neuroinflammation and depressive behavior after 24  h 
of LPS injection in mice [23]. In this study, we report 
that HUCPVC regulate IDO at the transcriptional level 
and the enzyme’s activation in the brain, as assessed by 
kynurenine:tryptophan ratio. This finding informs us of 
the possibility that the modulation of inflammation-asso-
ciated depressive behavior by HUCPVC could be due to 
their ability to influence the catalytic function of the host 
IDO. Kynurenine synthesized by IDO can be a favor-
able substrate for either astrocytic enzyme KAT leading 
to the production of neuroprotective KYNA or microg-
lial enzymes KMO and HAAO leading to the produc-
tion of neurotoxic QUIN. Consistent with other studies 
[43, 44], we recorded an LPS-induced aberration in the 
brain mRNA levels of Kmo, Haao and Kat2, which is a 
predominant isomer of the KAT enzyme responsible for 
KYNA production [45]. Since the inadequate metabolism 
of QUIN by the enzyme QPRT contributes to increased 
neurotoxicity [46], we also tested the brain mRNA level 
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Fig. 4 HUCPVC rescues the LPS-induced decline of glutamate transporter in the brain
 Representative images showing double staining of astrocyte marker glial fibrillary acidic protein (GFAP, red) and excitatory amino acid transporter 2 
(EAAT2, green) in the cerebral cortex region (A,B,C) and dentate gyrus region of the hippocampus (D,E,F) in the brain cryosections of control (A,D), LPS 
(B,E), and LPS + HUCPVC (C,F) groups. Scale bar = 50 μm. Immunohistochemistry data for cortex (G) and hippocampus (H) represented as the ratio of 
mean percent area of EAAT2 and the corresponding GFAP positive signals of a given field of view for each section was assessed by Image J analysis, n = 3–5 
per group. Representative Western blot of EAAT2 (I) expression in Control (1), LPS (2) & LPS + HUCPVC (3) groups. Densitometric analysis of EAAT2 protein 
expression (J). Data normalized to GAPDH, n = 5–9 per group. *p < 0.05, **p < 0.005, ***p < 0.0005, one-way ANOVA with Tukey’s multiple comparison tests
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of the enzyme, which was sharply downregulated by LPS. 
Thus, the recovery of an LPS-activated imbalance of the 
KP enzymes by HUCPVC treatment indicates the capa-
bility of MSC to influence the KP enzymatic machinery of 
glia governing the central production of KP metabolites.

KP metabolite levels in the brain have been intensely 
interrogated owing to their strong affiliation with many 
CNS disorders [1, 47]. In the current study, we evalu-
ate the downstream immunomodulatory effect of intra-
venously administered HUCPVC on the neurotoxicity 
index, as assessed by the brain QUIN/KYNA ratio. Since 
the majority of brain kynurenine is peripherally derived 
during inflammation [13], plasma levels of the KP 
metabolites were also evaluated. Furthermore, to delin-
eate the potential MSC-associated immunomodulatory 
effect, human foreskin-derived fibroblast cells (HS68), 
which have a relatively low level of immunomodulatory 
potential compared to MSC [48, 49], were indepen-
dently injected into a group of animals. Our results indi-
cate that compared to the brain, IDO activation in the 
plasma was not sufficient to increase the flux of circulat-
ing kynurenine. We hypothesize that this mild increase in 
kynurenine:tryptophan ratio, as shown in this study and 
by others [50], could merely be the statistical outcome 
of non-significant changes in tryptophan or kynurenine 
levels, which likely holds little metabolic or clinical sig-
nificance. This lack of increase in plasma kynurenine may 
be due to its rapid clearance by the kidney and excre-
tion of its metabolites in urine [51, 52]. Sufficient IDO-
induced tryptophan oxidation is required to exceed the 
effect of renal processing and result in appreciable lev-
els of plasma kynurenine. Moreover, kynurenine being a 
substrate to KMO, the inflammation-induced expression 

and/or activity of KMO can counter the effect of IDO. 
In addition, since circulating proinflammatory cytokines 
are shown to peak within 1–6  h of LPS treatment [40, 
53], arguably, these early timepoints could correspond 
to a relatively higher plasma IDO activity, as shown by 
Wirthgen et al. [54]. Thus, the low plasma levels of other 
KP metabolites in the current study could be the down-
stream effect of this lack of increase in kynurenine. Con-
versely, in the brain, we noted significant aberration of 
KP metabolite levels due to LPS. Significantly altered KP 
metabolites in the brain due to LPS were rescued back to 
basal levels by HUCPVC treatment; an effect not seen for 
the most part with fibroblast cells. These findings reveal 
significant and specific immunomodulatory effect of 
MSC on KP metabolism in response to LPS; thus main-
taining homeostasis between two functionally contradic-
tory branches of the pathway. Interestingly, and in accord 
with other studies [55], we found an increase in trypto-
phan by LPS. This increase, which could be due to LPS-
induced lipolysis resulting in increased availability of 
albumin-free tryptophan to cross the blood-brain barrier 
(BBB) [56], was reversed by HUCPVC. Cytokine-stim-
ulated IDO activation is also known to have a negative 
impact on serotonin (5HT) turnover [57]. Since the level 
of 5-hydroxy indole acetic acid (5HIAA), the metabolite 
of 5HT was not examined in this study, the unchanged 
5HT level does not reflect its actual turnover and thus 
does not preclude the possibility of inflammation-
afflicted modulation of serotonergic neurotransmission.

The nexus between activated cerebral KP metabolism 
and NMDAR activation, leading to enhanced gluta-
mate function, is associated with many neuropathologi-
cal conditions [58]. The observed HUCPVC-induced 

Fig. 5 HUCPVC-mediated modulation of NMDAR in the brain. mRNA expression levels of glutamate receptor, NMDAR subunits, NR1 (A), NR2A (B) and 
NR2B (C) in Control, LPS and LPS + HUCPVC groups. Fold change calculated by ΔΔCt method. Data normalized to GAPDH, n = 3 per group, *p < 0.05, 
**p < 0.005, ***p < 0.0005, ****p < 0.0001, ns = not significant, one-way ANOVA with Tukey’s multiple comparison tests
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modulation of KP metabolites in this study, notably that 
of QUIN, an endogenous NMDAR agonist, provoked fur-
ther investigation into the expression profile of the oblig-
atory subunits of NMDAR, that mediate the receptor’s 
activity, and whose upregulation is implicated in vari-
ous brain pathologies, including inflammation-related 

depressive phenotype [59]. In this study, we report a sig-
nificant increase in the transcript levels of the subunits, 
NR2A and NR2B, in response to LPS, which resonates 
with similar observations by others [60, 61]. The dem-
onstrated ability of HUCPVC to modulate these sub-
units may suggest a novel and relatively safer therapeutic 

Fig. 6 HUCPVC modulates the expression of synaptosomal proteins. Representative Western blots and relative protein expression of NR2B (A, B), Drebrin 
(C, D), PSD95 (E, F), and Synaptophysin (G, H) in Control (1), LPS (2) & LPS + HUCPVC (3) groups. The data is normalized to GAPDH or b-actin as mentioned, 
n = 6–9 per group, *p < 0.05, ‘ns’, not significant, one-way ANOVA with Tukey’s multiple comparison tests
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alternative to the NMDAR subunit-targeting antidepres-
sants that are shown to have psychoactive side effects 
and cardiovascular toxicity [62]. Glutamatergic circuitry 
is also negatively impacted by the perturbed transport 
mechanism responsible for the clearance of synaptic 
glutamate, leading to glutamate excitotoxicity [28]. Our 
study, for the first time, illustrates the potential of MSC, 
specifically HUCPVC, in regaining the LPS-induced 
decline in the astrocytic glutamate transporter EAAT2. 
Since the levels of glutamate (Glu) and glutamine (Gln) 
in the blood and brain also reflect glutamate excitotox-
icity [63], we tested these metabolites in the plasma and 
whole-brain homogenate by LCMS. However, levels of 
Glu and Gln showed no significant changes between the 
control and LPS treatment groups. Since Glu and Gln 
cross BBB [64] and are expressed differentially in dif-
ferent brain regions [65], the lack of modulation in Glu 
and Gln levels reported in this study could be the con-
sequence of the limitations of the methodology, which is 
unable to distinguish between the source of the metabo-
lites in the plasma (central vs. peripheral) or to delin-
eate the region-specific expression of Glu and Gln in 
the brain. We further extended the scope of this study 
to investigate the immunomodulatory effect of systemi-
cally infused MSC on the neuroinflammation-associated 
synaptic imbalance implicated in neurodegenerative and 
psychiatric illnesses, including depression [66]. The effect 
of peripherally administered HUCPVC on LPS-induced 
dysregulation of synaptic markers such as drebrin, syn-
aptophysin, PSD95, and NMDAR regulatory subunit 
NR2B, was tested in a synaptosomal isolate. Drebrin, an 
actin-binding protein in dendritic spines and one of the 
key players in the NMDAR-dependent synaptic neuro-
transmission, has been shown to be negatively regulated 
by the neuroinflammatory cascade associated with neu-
rodegenerative diseases and psychiatric disorders [38, 
67]. The HUCPVC-mediated restoration of LPS-induced 
downregulation of drebrin expression suggests a novel 
potential application of MSC in restoration of synaptic 
loss. Furthermore, we report the upregulation of NR2B 
expression in response to LPS. This corroborates the 
previous findings that the proinflammatory cytokines in 
the brain facilitate the activation of the NMDAR subunit 
[67]. We chose NR2B for the protein expression study 
as it is the most prominent of NMDAR subunits with 
respect to its synaptic signaling and its pharmacological 
suppression has been achieved using various selective 
antagonists in various brain pathologies [68]. However, 
these pharmacological agents cause undesirable side 
effects including neurotoxicity and hypertension [69]. 
Thus, our findings support the possibility that MSC may 
be a potentially safer and more efficient therapeutic alter-
native to target NR2B.

There has been a considerable lack of understanding 
of the basis of systemically administered MSC’s ability 
to provide neuroprotection in many diseases and injury 
models. In our previous study using an LPS-induced 
mouse model of neuroinflammation and depression, we 
have demonstrated phagocytosis-driven immunomodu-
lation by peripherally infused HUCPVCs [23]. Here, the 
canonical mechanism of innate immune cascade was 
shown to be comprised of MSC-induced recruitment 
of neutrophils and their subsequent rapid clearance by 
recipient macrophages. The resulting systemic innate 
immune alteration from pro- to anti-inflammatory phe-
notype was plausibly correlated to the mitigation of LPS-
induced neuroinflammatory response and depressive 
symptoms. Notably, considering the different routes of 
administration of the MSC and LPS and a short bioavail-
ability of the MSC [23] we exclude the likelihood of cel-
lular uptake of LPS and attribute the immunomodulatory 
potential of MSC in mediating LPS-induced immune 
response. Similar observation in our study related to 
stress-induced murine model of depression suggests the 
host immune cell-mediated phagocytosis of MSC trigger 
an immunomodulatory cascade, resulting in resolution 
of inflammation (22) In the current study, modulation 
of LPS-activated microglia via the kynurenine pathway 
in the CNS by HUCPVC may be another mechanism 
for peripheral immune modulation by the MSCs. Con-
sidering our previous findings that peripherally infused 
MSC fail to cross BBB [22], an alternate mechanism of 
MSC neuroprotective potential is its paracrine action, by 
which secreted factors are shown to mediate neuropro-
tection [70–72]. Contextually, studies showing the inter-
play between the kynurenine pathway and MSC support 
the involvement of IDO in the immunosuppressive effect 
of MSC [73]. Moreover, KYNA is also shown to regu-
late the expression of TNF-stimulated gene 6 (TSG-6), a 
paracrine factor, and promote TSG-6-mediated immuno-
suppressive and anti-inflammatory effects of MSC [74]. 
Yet another underlying mechanism for MSC-mediated 
skewing of macrophages toward anti-inflammatory M2 
phenotype is recently reported [75]. Here, MSC-derived 
IDO-catalyzed kynurenine was shown to activate aryl 
hydrocarbon receptor (AhR) that enhanced binding to 
the promoter of nuclear factor (erythroid-derived 2)-like 
2 (NRF2) in macrophages resulting in their polariza-
tion. However, the modulation of a broad spectrum of 
activated kynurenine metabolites and the downstream 
signaling consequences vis-à-vis the glutamatergic sys-
tem by MSC, as shown in this study, represents a novel 
finding.
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Conclusion
This is the first study to examine and demonstrate the 
capability of intravenously injected MSC to regulate KP 
metabolites in a neuroinflammatory context, thus main-
taining an optimal balance between ‘neuroprotective’ 
and ‘neurotoxic’ branches of the pathway. The novelty of 
this study is also marked by the demonstrated potential 
role of MSC in curbing glutamate excitotoxicity. In con-
clusion, our research findings further our knowledge to 
understand the mechanistic aspect of MSC neuropro-
tection, specifically through the KP. In addition, the spe-
cific anti-inflammatory properties we observed support 
the potential for use of MSC, particularly HUCPVC, as 
a therapeutic option for targeting inflammation-driven 
activated KP metabolites and glutamatergic systems 
linked to neurological diseases and affective disorders.

Abbreviations
ACN  Acetonitrile
BBB  Blood-brain barrier
CNS  Central nervous system
DG  Dentate gyrus
EAAT  Excitatory amino acid transporter
GFAP  Glial fibrillary acidic protein
Gln  Glutamine
Glu  Glutamate
3HAA  3-Hydroxy anthranilic acid
3HAAO  3-Hydroxy anthranilic acid dioxygenase
5HIAA  5-Hydroxy índole acetic acid
3HK  3-Hydroxykynurenine
HUCPVC  Human Umbilical Cord Perivascular cells
IDO  Indoleamine 2,3- dioxygenase
IP  Intraperitoneal
IV  Intravenous
KAT  Kynurenine aminotransferase
KMO  Kynurenine monooxygenase
KP  Kynurenine Pathway
KYN  Kynurenine
KYNA  Kynurenic acid
LC-MS  Liquid Chromatography with tandem mass spectrometry
LPS  Lipopolysaccharide
MeOH  Methanol
MSC  Mesenchymal stromal cell
NAD  Nicotinamide adenine dinucleotide
NMDAR  N-methyl-D-aspartate receptor
OCT  Optimum cutting temperature
PFA  Paraformaldehyde
QPRT  Quinolinate phosphoribosyl transferase
QUIN  Quinolinic acid
5HT  Serotonin
TRY  Tryptophan
TSG6  TNF-stimulated gene 6

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12950-023-00340-3.

Supplementary Material 1

Acknowledgements
The authors wish to thank Fatima Sultani, Ashley St. Pierre, and the directors 
of the Analytical Facility for Bioactive Molecules, The Hospital for Sick Children, 
Toronto, Canada for assistance with the samples’ extraction/ preparation and 
LC-MS/MS analysis. The authors also acknowledge Andrea Archila, William 

Xiao and Roberto Lopez, Animal Resource Centre, University Health Network, 
Toronto, for their excellent technical support.

Authors’ Contributions
F.S. participated in study conception, animal handling, experimental design 
& execution, cell culture, imaging and data collection, data analysis, and 
manuscript preparation; D.G. participated in study conception, supervision 
and manuscript preparation; H.S. participated in image analysis and reviewed 
the manuscript; L.L. participated in cell culture and reviewed the manuscript; 
A.G. participated in study design, data interpretation and preparation of 
the manuscript; C.L. participated in study design, data interpretation and 
preparation of the manuscript.

Funding
This work was funded by the CReATe Fertility Centre.

Data Availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval
All use and animal care were conducted and reported in accordance with 
ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines and 
approved by the Animal Care Committee of the University Health Network 
(AUP 5232.4, University of Toronto, Canada).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1CReATe Fertility Centre, 790 Bay Street, Suite 1100, Toronto, ON  
M5G 1N8, Canada
2Department of Obstetrics and Gynecology, Toronto, Canada
3Institute of Medical Sciences, University of Toronto, Toronto, ON, Canada
4Department of Physiology, University of Toronto, Toronto, ON, Canada

Received: 5 February 2023 / Accepted: 17 April 2023

References
1. Haroon E, Raison CL, Miller AH. Psychoneuroimmunology meets neuropsy-

chopharmacology: translational implications of the impact of inflammation 
on behavior. Neuropsychopharmacol. 2012;37:137–62.

2. Raison CL, Miller AH. Malaise, melancholia, and madness: the evolutionary 
legacy of an inflammatory bias. Brain Behav Immunol. 2013;31:1–8.

3. Raison CL, Capuron L, Miller AH. Cytokines sing the blues: inflammation and 
the pathogenesis of depression. Trends Immunol. 2006;27:24–31.

4. Miller AH, Maletic V, Raison CL. Inflammation and its discontents: the role 
of cytokines in the pathophysiology of major depression. Biol Psychiatry. 
2009;65:732–41.

5. Shelton RC, Miller AH. Eating ourselves to death (and despair): the con-
tribution of adiposity and inflammation to depression. Prog Neurobiol. 
2010;91:275–99.

6. Slavich GM, Irwin MR. From stress to inflammation and major depressive 
disorder: a social signal transduction theory of depression. Psychol Bull. 
2014;140:774–815.

7. Miller AH, Haroon E, Raison CL, Felger JC. Cytokine targets in the brain: impact 
on neurotransmitters and neurocircuits. Depress Anxiety. 2013;30:297–306.

8. Irwin MR, Cole SW. Reciprocal regulation of the neural and innate immune 
systems. Nat Rev Immunol. 2011;11:625–32.

9. Dantzer R, O’Connor JC, Lawson MA, Kelley KW. Inflammation-associated 
depression: from serotonin to kynurenine. Psych Neuroendocrinol. 
2011;36:426–36.

http://dx.doi.org/10.1186/s12950-023-00340-3
http://dx.doi.org/10.1186/s12950-023-00340-3


Page 16 of 17Siddiqui et al. Journal of Inflammation           (2023) 20:15 

10. Lawson MA, Parrott JM, McCusker RH, Dantzer R, Kelley KW, O’Connor JC. 
Intracerebroventricular administration of lipopolysaccharide induces indole-
amine-2,3 dioxygenase-dependent depression-like behaviors. J Neuroinflam. 
2013;10:87.

11. O’Connor JC, Lawson MA, Andre C, Moreau M, Lestage J, Castanon N, Kelley 
KW, Dantzer R. Lipopolysaccharide-induced depressive-like behavior is 
mediated by indoleamine 2,3-dioxygenase activation in mice. Mol Psychiatry. 
2009;14:511–22.

12. Leklem JE. Quantitative aspects of tryptophan metabolism in humans and 
other species: a review. Am J Clin Nutr. 1971;24:659–72.

13. Gál EM, Sherman AD. L-kynurenine: its synthesis and possible regulatory 
function in brain. Neurochem Res. 1980;5(3):223–39.

14. Kita T, Morrison PF, Heyes MP, Markey SP. Effects of systemic and central 
nervous system localized inflammation on the contributions of metabolic 
precursors to the L-kynurenine and quinolinic acid pools in brain. J of neuro-
chem. 2002;82(2):258–68.

15. Foster AC, Vezzani A, French ED, Schwarcz R. Kynurenic acid blocks neurotox-
icity and seizures induced in rats by the related brain metabolite quinolinic 
acid. Neurosci Lett. 1984;48(3):273–8.

16. Kessler M, Terramani T, Lynch G, Baudry M. A glycine site associated with 
N-methyl-D-aspartic acid receptors: characterization and identification of a 
new class of antagonists. J Neurochem. 1989;52(4):1319–28.

17. Stone TW, Perkins MN. Quinolinic acid: a potent endogenous excitant at 
amino acid receptors in CNS. Eur J Pharmacol. 1981;72(4):411–2.

18. Lovelace MD, Varney B, Sundaram G, Lennon MJ, Lim CK, Jacobs K, Guellemin 
GJ, Brew BJ. Recent evidence for an expanded role of the kynurenine path-
way of tryptophan metabolism in neurological diseases. Neuropharmacol. 
2017;112(Pt B):373–88.

19. Savitz J, Drevets WC, Smith CM, Victor TA, Wurfel BE, Bellgowan PS, Bodurka 
J, Teague TK, Dantzer R. Putative neuroprotective and neurotoxic kynuren-
ine pathway metabolites are associated with hippocampal and amygdalar 
volumes in subjects with major depressive disorder. Neuropsychopharmacol. 
2015;40:463–71.

20. Savitz J, Drevets WC, Wurfel BE, Ford BN, Bellgowan PS, Victor TA, Bodurka J, 
Teague TK, Dantzer R. Reduction of kynurenic acid to quinolinic acid ratio in 
both the depressed and remitted phases of major depressive disorder. Brain 
Behav Immun. 2015;46:55–9.

21. Shi Y, Wang Y, Li Q, Liu K, Hou J, Shao C, Wang Y. Immunoregulatory mecha-
nisms of mesenchymal stem and stromal cells in inflammatory diseases. Nat 
Rev Nephrol. 2018;14:493–507.

22. Gallagher D, Siddiqui F, Fish J, Charlat M, Chaudry E, Moolla S, Gauthier-Fisher 
A, Librach C. Mesenchymal stromal cells modulate peripheral Stress-Induced 
Innate Immune Activation indirectly limiting the emergence of neuroin-
flammation-driven depressive and anxiety-like behaviors. Biol Psychiatry. 
2019;86(9):712–24.

23. Shuster-Hyman H, Siddiqui F, Gallagher D, Gauthier-Fisher A, Librach C. Time 
Course and mechanistic analysis of human umbilical cord Perivascular Cell 
(HUCPVC) Mitigation of LPS-induced systemic and neurological inflamma-
tion. Cytotherapy. 2023;25(2):125–37.

24. Lewerenz J, Maher P. Chronic glutamate toxicity in neurodegenerative 
diseases-what is the evidence? Front Neurosci. 2015;9:469.

25. Ohgi Y, Futamura T, Hashimoto K. Glutamate signaling in synaptogenesis and 
NMDA receptors as potential therapeutic targets for psychiatric disorders. 
Curr Mol Med. 2015;15:206–21.

26. Connick JH, Stone TW, Br J. Quinolinic acid effects on amino acid release from 
the rat cerebral cortex in vitro and in vivo. Pharmacol. 1988;93(4):868–76.

27. Carpenedo R, Pittaluga A, Cozzi A, Attucci S, Galli A, Raiteri M, Moroni F. 
Presynaptic kynurenate-sensitive receptors inhibit glutamate release. Eur J 
Neurosci. 2001;13(11):2141–7.

28. Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl RW, Kanai Y, 
Hediger MA, Wang Y, Schielke JP, Welty DF. Knockout of glutamate transport-
ers reveals a major role for astroglial transport in excitotoxicity and clearance 
of glutamate. Neuron. 1996;16(3):675–86.

29. Hong S, Maghen L, Kenigsberg S, Teichert A, Rammeloo AW, Shlush E, Szaraz 
P, Pereira S, Lulat A, Xiao R, Yie S, Gauthier-Fisher A, Librach C. Ontogeny 
of Human umbilical cord perivascular cells: Molecular and Fate potential 
changes during Gestation. Stem Cells and Devp. 2012;22(17):2425–39.

30. Mormède C, Palin K, Kelley KW, Castanon N, Dantzer R. Conditioned taste 
aversion with lipopolysaccharide and peptidoglycan does not activate cyto-
kine gene expression in the spleen and hypothalamus of mice. Brain Behav 
Immun. 2004;18(2):186–200.

31. Lestage J, Verrier D, Palin K, Dantzer R. The enzyme indoleamine 2,3-dioxy-
genase is induced in the mouse brain in response to peripheral admin-
istration of lipopolysaccharide and superantigen. Brain Behav Immun. 
2002;16(5):596–601.

32. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW. From inflamma-
tion to sickness and depression: when the immune system subjugates the 
brain. Nat Rev Neurosci. 2008;9:46–56.

33. Guillemin GJ, Smythe G, Takikawa O, Brew BJ. Expression of indoleamine 
2,3-dioxygenase and production of quinolinic acid by human microglia, 
astrocytes, and neurons. Glia. 2005;49:15–23.

34. Schwarcz R, Pellicciari R. Manipulation of brain kynurenines: glial targets, neu-
ronal effects, and clinical opportunities. J Pharmacol Exp Ther. 2002;303:1–10.

35. Javitt DC. Glutamate as a therapeutic target in psychiatric disorders. Mol 
Psychiatry. 2004;9:984–97.

36. Rothstein JD, Martin L, Levey AI, Dykes-Hoberg M, Jin L, Wu D. Nash n, Kuncl 
RW. Localization of neuronal and glial glutamate transporters. Neuron. 
1994;13:713–25.

37. Ulbrich MH, Isacoff EY. Rules of engagement for NMDA receptor subunits. 
PNAS. 2008;105(37):14163–8.

38. Keith D, El-Hussein A. Excitation control: balancing PSD-95 function at the 
synapse. Front Mol Neurosci. 2008. https://doi.org/10.3389/neuro.02.004.

39. Ivanov A, Esclapez M, Pellegrino C, Shirao T, Ferhat L. Drebrin A regulates den-
dritic spine plasticity and synaptic function in mature cultured hippocampal 
neurons. J Cell Sci. 2009;15(Pt 4):524–34.

40. Valtorta F, Pennuto M, Bonanomi D, Benfenati F. Synaptophysin: leading actor 
or walk-on role in synaptic vesicle exocytosis? BioEssays. 2004;26(4):445–53.

41. Andre C, O’Connor JC, Kelley KW, Lestage J, Dantzer R, Castanon N. Spatio-
temporal differences in the profile of murine brain expression of proinflam-
matory cytokines and indoleamine 2,3-dioxygenase in response to peripheral 
lipopolysaccharide administration. J Neuroimmunol. 2008;200:90–9.

42. O’Connor JC, Lawson MA, Andre C, Briley EM, Szegedi SS, Lestage J, Castanon 
N, Herkenham M, Dantzer R, Kelley KW. Induction of IDO by bacille Calmette-
Guerin is responsible for the development of murine depressive-like behav-
ior. J Immunol. 2009;182:3202–12.

43. Connor TJ, Starr N, O’sullivan JB, Harkin A. Induction of indolamine 
2,3-dioxygenase and kynurenine 3-monooxygenase in rat brain following 
a systemic inflammatory challenge: a role for IFN-gamma? Neurosci. Lett. 
2008;441:29–34.

44. Molteni R, Macchi F, Zecchillo C, Dell’agli M, Colombo E, Calabrese F, Guidotti 
G, Racagni G, Riva MA. Modulation of the inflammatory response in rats 
chronically treated with the antidepressant agomelatine. Eur Neuropsycho-
pharmacol. 2013;23:1645–55.

45. Guidetti P, Hoffman GE, Melendez-Ferro M, Albuquerque EX, Schwarcz R. 
Astrocytic localization of kynurenine aminotransferase II in the rat brain 
visualized by immunocytochemistry. Glia. 2007;55:78–92.

46. Guillemin GJ. Quinolinic acid, the inescapable neurotoxin. Febs J. 
2012;279(8):1356–65.

47. Schwarcz R, Bruno JP, Muchowski PJ, Wu HQ. Kynurenines in the mammalian 
brain: when physiology meets pathology. Nat Rev Neurosci. 2012;13:465–77.

48. Zupan J. Mesenchymal Stem/Stromal cells and fibroblasts: their roles 
in tissue Injury and Regeneration, and age-related degeneration. Fibro-
blasts: Adv Inflamm Autoimmun Cancer. 2021. https://doi.org/10.5772/
intechopen.100556.

49. Taşkiran EZ, Karaosmanoğlu B. Transcriptome analysis reveals differentially 
expressed genes between human primary bone marrow mesenchymal stem 
cells and human primary dermal fibroblasts. Turkish J Biol. 2019;43(1):21–7.

50. Lyon DE, Walter JM, Starkweather AR, Schubert CM, McCain NL. Tryptophan 
degradation in women with breast cancer: a pilot study. BMC Res Notes, 
2011;;4:156.

51. Møller SE. Pharmacokinetics of tryptophan, renal handling of kynurenine 
and the effect of nicotinamide on its appearance in plasma and urine 
following L-tryptophan loading of healthy subjects. Eur J Clin Pharmacol. 
1981;21:137–42.

52. Kolodziej LR, Paleolog EM, Williams RO. Kynurenine metabolism in health and 
disease. Amino Acids. 2011;41:1173–83.

53. Michie HR, Manogue KR, Spriggs DR, Revhaug A, O’Dwyer S, Dinarello CA, 
Cerami A, Wolff SM, Wilmore DW. Detection of circulating tumor necrosis 
factor after endotoxin administration. N Engl J Med. 1988;318:1481–6.

54. Wirthgen E, Tuchscherer M, Otten W, Domanska G, Wollenhaupt K, Tuch-
scherer A, Kanitz E. Activation of indoleamine 2,3-dioxygenase by LPS in a 
porcine model. Innate Immun. 2014;20(1):30–9.

http://dx.doi.org/10.3389/neuro.02.004
http://dx.doi.org/10.5772/intechopen.100556
http://dx.doi.org/10.5772/intechopen.100556


Page 17 of 17Siddiqui et al. Journal of Inflammation           (2023) 20:15 

55. Dunn AJ, Welch J. Stress- and endotoxin-induced increases in brain trypto-
phan and serotonin metabolism depend on sympathetic nervous system 
activity. J Neurochem. 1991;57:1615–22.

56. Lenard NR, Dunn AJ. Mechanisms and significance of the increased brain 
uptake of Tryptophan. Neurochemical Res. 2005;30(12):1543–8.

57. Lacosta S, Merali Z, Anisman H. Behavioral and neurochemical conse-
quences of lipopolysaccharide in mice: anxiogenic-like effects. Brain Res. 
1999;818:291–303.

58. Schwarcz R. Kynurenines and glutamate: multiple links and therapeutic 
implications. Adv Pharmacol. 2016;76:13–37.

59. Xia CY, He J, Du LD, Yan Y, Lian WW, Xu JK, Zhang WK. Targeting the dysfunc-
tion of glutamate receptors for the development of novel antidepressants. 
Pharmacol Ther. 2021;PMID:33901503.

60. Francija E, Petrovic Z, Brkic Z, Mitic M, Radulovic J, Adzic M. Disruption of the 
NMDA receptor GluN2A subunit abolishes inflammation-induced depression. 
Behav Brain Res. 2019;359:550–9.

61. Song Y, Zhao X, Wang D, Zheng Y, Dai C, Guo M, Qin L, Wen X, Zhou X, Liu Z. 
Inhibition of LPS-induced brain injury by NR2B antagonists through reducing 
assembly of NR2B-CaMKII-PSD95 signal module. Immunopharmacol Immu-
notoxicol. 2019;41(1):86–94.

62. Machado-Vieira R, Henter ID, Zarate CA Jr. New targets for rapid antidepres-
sant action. Prog Neurobiol. 2017;152:21–37.

63. Fairless R, Bading H, Diem R. Pathophysiological ionotropic glutamate signal-
ling in neuroinflammatory disease as a therapeutic target. Front Neurosci. 
2021;15:741280.

64. Hawkins RA, O’Kane RL, Simpson IA, Viña JR. Structure of the blood-brain 
barrier and its role in the transport of amino acids. J Nutr. 2006;136(1 
Suppl):218S–26S.

65. Chan SY, Probert F, Radford-Smith DE, Hebert JC, Claridge TDW, Anthony DC, 
Burnet PWJ. Post-inflammatory behavioural despair in male mice is associ-
ated with reduced cortical glutamate-glutamine ratios and circulating lipid 
and energy metabolites. Sci Rep. 2020;10(1):16857.

66. Rao JS, Kellom M, Kim HW, Rapoport SI, Reese EA. Neuroinflammation and 
synaptic loss. Neurochem Res. 2012;37(5):903–10.

67. Song Y, Zhao X, Wang D, Zheng Y, Dai C, Guo M, Qin L, Wen X, Zhou X, Liu Z. 
Inhibition of LPS-induced brain injury by NR2B antagonists through reducing 

assembly of NR2B–CaMKII–PSD95 signal module. Immunopharmacol Immu-
notoxicol. 2019;41(1):86–94.

68. Chazot PL. The NMDA receptor NR2B subunit: a valid therapeutic target for 
multiple CNS pathologies. Curr Med Chem. 2004;11(3):389–96.

69. Carter C, Scatton B, Benavides J, Avenet P, Duverger D, Schoemaker H, Gra-
ham D, Sanger D, Langer SZ. Eliprodil: a novel neuroprotective agent acting 
at a modulatory site of the NMDA receptor. Neuropsychopharmacology, 
1994; (11) 257–8.

70. Papazian I, Kyrargyri V, Evangelidou M, Voulgari-Kokota A, Probert L. Mes-
enchymal stem cell protection of neurons against glutamate excitotoxicity 
involves reduction of NMDA-triggered calcium responses and surface GluR1 
and is partly mediated by TNF. Int J Mol Sci. 2018; 25;19(3):651.

71. Bai L, Lennon DP, Caplan AI, DeChant A, Hecker J, Kranso J, Zaremba A, Miller 
RH. Hepatocyte growth factor mediates mesenchymal stem cell-induced 
recovery in multiple sclerosis models. Nat Neurosci. 2012;15(6):862–70.

72. Wilkins A, Kemp K, Ginty M, Hares K, Mallam E, Scolding N. Human bone 
marrow-derived mesenchymal stem cells secrete brain-derived neuro-
trophic factor which promotes neuronal survival in vitro. Stem Cell Res. 
2009;3(1):63–70.

73. Jones SP, Guillemin GJ, Brew BJ. The kynurenine pathway in stem cell biology. 
Int J Tryptophan Res. 2013;6:57–66.

74. Wang G, Cao K, Liu K, Xue Y, Roberts AI, Li F, Han Y, Rabson AB, Wang Y, Shi 
Y. Kynurenic acid, an IDO metabolite, controls TSG-6-mediated immu-
nosuppression of human mesenchymal stem cells. Cell Death Differ. 
2018;25(7):1209–23.

75. Li H, Yuan Yu, Chen H, Dai H, Li J. Indoleamine 2,3-dioxygenase mediates the 
therapeutic effects of adipose-derived stromal/stem cells in experimental 
periodontitis by modulating macrophages through the kynurenine-AhR-
NRF2 pathway. Mol Metab. 2022;66:101617. (PMID: 36270612).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	First trimester human umbilical cord perivascular cells (HUCPVC) modulate the kynurenine pathway and glutamate neurotransmission in an LPS-induced mouse model of neuroinflammation
	Abstract
	Introduction
	Materials and methods
	Animal treatment & cells
	RNA extraction, reverse transcription & real-time qPCR
	Immunohistochemistry, image analysis & quantification
	Western blotting
	Extraction and quantification of brain and plasma samples - LCMS Analysis
	Statistical analysis

	Results
	Peripheral HUCPVC infusion modulates LPS-induced activation of kynurenine pathway enzymes in the brain
	Influence of HUCPVC on LPS-activated kynurenine pathway metabolites and serotonin in the brain and plasma
	Impact of peripherally administered HUCPVC on LPS-induced neuroinflammation and glutamatergic neurotransmission

	Discussion
	Conclusion
	References


