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Abstract

Kynurenic acid (KYNA), a secondary product of the kynurenine pathway of tryptophan deg-
radation, known mainly as an endogenous neuroprotectant, shows also immunotropic prop-
erties. Some quantities of KYNA are present in food and are effectively absorbed in the gas-
trointestinal tract. Since the spleen is an important target of dietary immunomodulators,
the aim of the study was to determine the effect of exogenous KYNA on murine splenocytes.
Splenocytes isolated from adult BALB/c mice were used in the study. Firstly, the effect of increas-
ing KYNA concentrations (0-5 mM) on the viability, and proliferative and cytokine response (in-
terleukin 1B [IL-1f], IL-6, IL-10, tumor necrosis factor o [TNF-a]) of murine splenocytes under
in vitro conditions was determined. Then, proliferative and cytokine responses were determined
in cells derived from animals receiving kynurenic acid in drinking water at concentrations of 2.5,
25, or 250 mg/l for 7-14 days. Cytokine levels were measured using commercial immunoas-
say (ELISA) kits, and cell viability and proliferation was determined with MTT reduction assay.
Exogenous KYNA was characterised by a low level of cytotoxicity towards murine splenocytes, and was
well tolerated by the animals receiving it in drinking water. As expected, it exhibited anti-inflammatory
action towards the activated splenocytes, under both in vitro and ex vivo conditions. Surprisingly, how-
ever, KYNA itself influenced the activity of resting, non-stimulated cells, exerting an immunostimulant
effect in vitro, and an immunosuppressive effect under ex vivo conditions. The obtained results indicate
not only anti-inflammatory, but also more complex, immunomodulating properties of KYNA, which
require more detailed investigation.
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Introduction

Kynurenic acid (KYNA) is a secondary product of the
kynurenine pathway of tryptophan degradation, known
mainly as an antagonist of ionotropic glutamate receptors
and alpha-7 nicotinic receptor, and an endogenous neu-
roprotectant [1]. However, it has been known for some
time that KYNA also has immunotropic properties. Under
physiological conditions, its concentration in the peripheral
blood and tissues does not exceed nanomolar values; how-
ever, it increases considerably in the course of infections
and inflammatory processes due to increased degradation
of tryptophan along the kynurenine pathway, stimulated
by inflammatory mediators such as bacterial LPS, free
radicals, or proinflammatory cytokines. Some of the me-
tabolites produced on the kynurenine pathway, including
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KYNA, subsequently exert an anti-inflammatory effect
through negative feedback [1-6]. Kynurenic acid is the
most important agonist of the orphan G-protein-coupled
receptor (GPR35) identified so far, which comes to ex-
pression on various types of cells associated with the
immune system, i.e. monocytes, T and B lymphocytes,
neutrophils, dendritic cells, eosinophils, basophils, and
NKT cells. The effect of stimulation of this receptor in
inflammatory processes by the higher than physiological,
micromolar concentrations of KYNA is a reduction in the
synthesis of proinflammatory cytokines, nitric oxide, and
reactive oxygen species (ROS) in the immune cells [3, 4,
7-11]. More recent studies indicate that another target of
the effect of KYNA on the immune system cells may be
the aryl hydrocarbon receptor (AHR) present on their sur-
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faces, which is involved in the metabolism of xenobiotics
and regulation of the immune response. KYNA turns out
to be one of the non-toxic agonists of this receptor, where-
as for the activation of the AHR, at least for certain cell
types, the physiological, nanomolar concentrations of the
acid are sufficient. However, reports concerning the effect
of the action of KYNA on this receptor are not consistent
[12, 13].

In addition to KYNA being formed naturally in the
body along the kynurenine pathway, some quantities there-
of may come from external sources and enter the body
with consumed foodstuffs. Relatively high KYNA concen-
trations are found in, inter alia, honeybee products and
certain medicinal plants, including those traditionally used
in the treatment of rheumatoid arthritis. Exogenous KYNA
is effectively absorbed in the gastrointestinal tract; how-
ever, it is not metabolised but excreted, primarily with the
urine [14-18]. Therefore, KYNA attracts justified interest
as a natural, easy to apply immunomodulator correcting
the inflammatory response of the body, and maybe even
a potential dietary supplement with immunotropic prop-
erties.

Since one of the targets of a substance with immu-
notropic properties getting into the body through the al-
imentary route is the spleen, the aim of this study was to
determine the effect of exogenous KYNA on the synthesis
of cytokines by unstimulated murine splenocytes, and the
proliferative and cytokine response of mitogen-stimulated
splenocytes. Firstly, the effect of KYNA on the tested pa-
rameters under in vitro conditions was determined by in-
cubating the isolated cells with increasing concentrations
(0, 5, 50, 125, 250 uM; 0.5, 1.25, 2.5, and 5 mM). Then,
the same parameters were determined in splenocytes de-
rived from animals receiving KYNA in drinking water at
concentrations of 2.5, 25, or 250 mg/1 for a period of 7 or
14 days.

Material and methods
Mice

The study was performed on 96 male BALB/c mice,
aged 10-12 weeks, with body weight of 22-26 g. Animals
were kept on a 12-hour light/dark cycle in a controlled
temperature (20 +1°C) with free access to food and water
throughout the experiment. All experimental procedures
were carried out in accordance with the guidelines of the
European Communities Council Directive of November
1986 (86/609/EEC) and approved by the Local Ethics
Committee for Animal Experimentation in Olsztyn, Po-
land.

For the in vitro experiment 48 animals were randomly
divided into eight equal groups of six, anaesthetised by
inhalation of AErrane (isofluranum, Baxter Poland), and
their spleens were sampled after bleeding. Splenocytes iso-

lated from the individuals within each group were pooled
before performing the assays and cultured in media sup-
plemented with KYNA (Sigma-Aldrich) within a range
of concentrations from 0 (control) to 5 mM for 48 or
72 hours.

The in vivo experiment was performed on 48 mice, ran-
domly divided into four equal groups: a control group (0)
not receiving the KYNA, and three experimental groups
administered the KYNA solution in drinking water at the
concentrations of 2.5, 25, or 250 mg/l. After 7 and 14 con-
secutive days of administration of the KYNA solution, six
animals from each group were sacrificed and their spleens
were sampled after bleeding.

Isolation of splenocytes

The spleens were removed aseptically and pressed
through a 60-um nylon mesh in RPMI-1640 medium with
L-glutamine and sodium bicarbonate (Sigma-Aldrich).
The splenocyte cell suspensions were placed on density
gradient Histopaque 1077 (Sigma-Aldrich) in order to
isolate mononuclear cells, and then centrifuged at 400 g
for 30 minutes at 20°C. The interface cells were collect-
ed and washed three times with the RPMI-1640 medium
at 250 g for 10 minutes. Viability of isolated cells was
evaluated by trypan blue exclusion and was determined
to be greater than 95% in each case. The cells were sus-
pended in RPMI-1640 medium containing 10% foetal
calf serum (Sigma-Aldrich) and 1% antibiotic-antimycot-
ic solution (Sigma-Aldrich), and dispensed into 96-well
plates at a concentration of 1 x 10° cells mlI"' (MTT assay)
or into 24-well plates at a concentration of 5 x 10° cells
ml~' (ELISA). Isolated splenocytes consisted of about
90% of non-adherent cells (lymphocytes) and up to 10%
of adherent cells (phagocytes). Both adherent and non-ad-
herent cells were cultured together in order to maintain
the optimal microenvironment for cytokine synthesis and
lymphocyte proliferation. The cells were cultured at 37°C
under a humidified atmosphere of 5% CO, and 95% air
atmosphere and used for the following assays.

Proliferative response of splenocytes (MTT assay)

Mitogenic response of splenocytes was determined us-
ing the MTT colorimetric assay [19]. Cells were suspended
in RPMI 1640 growth medium containing mitogens: con-
canavalin A (ConA, Sigma-Aldrich) as a T-cell mitogen or
lipopolysaccharide from Escherichia coli (LPS, Sigma-Al-
drich) as a B-cell mitogen at concentrations of 5 ug ml,
and 100 pl of the suspension was added to each well of
microtitre plates. The mixture was incubated for 72 hours
in the presence of different concentrations of KYNA (in
vitro experiment) or without KYNA (ex vivo experiment).
After incubation, 10 pl of solution containing 7 mg ml™' of
MTT (3-[4, 5- dimethylthiazoly-2-yl]-2,5-diphenyltetra-
zolium bromide, Sigma-Aldrich) in PBS were added and
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the plate was incubated for the next four hours. The su-
pernatant was removed and 100 pl of dimethyl sulphoxide
(DMSO) was added to each well. The optical density (OD)
was measured in a Sunrise absorbance reader (Tecan,
Austria) at a wavelength of 570 nm with 640 nm as a ref-
erence wavelength. Samples obtained from each group (in
vitro experiment) or each individual (ex vivo experiment)
were tested in triplicate. The results of the proliferation as-
say were expressed as a stimulation index (SI), which was
calculated by dividing the mean OD of mitogen stimulated
cells by the OD of the non-stimulated cells.

Viability of splenocytes in the presence of KYNA

MTT assay was also used to determine the viability
of splenocytes incubated for 48 hours in the presence of
KYNA, without mitogens. In this case the results were
expressed as the percentage of the control cell viability.

Determination of cytokine levels

Murine splenocytes were cultured in the absence (un-
stimulated cells) or presence (stimulated cells) of LPS
from Escherichia coli (5 pg ml™") for 72 hours and centri-
fuged at 250 g for 10 minutes, then the supernatants were
collected and tested in duplicate. Cytokine levels: interleu-
kin 1B (IL-1B), IL-6, IL-10, and tumor necrosis factor o
(TNF-a) in the culture media were determined using com-
mercial immunoassay (ELISA) kits (R&D Systems, United
Kingdom), according to the manufacturer’s protocol. The
results were expressed as the relative changes of cytokine
concentration in comparison to control cells (in vitro ex-
periment) or the control group of animals (ex vivo experi-
ment). In both cases, control cytokine concentrations (pg/
ml) were set to one and the fold increases or decreases
in cytokine concentrations for the experimental cells or
groups were calculated.

Statistical analysis

Data are presented as the mean values and the standard
deviations. Data were analysed statistically by one-way
analysis of variance (ANOVA). Bonferroni’s post-test was
used to determine differences between groups. Statistical
evaluation of results was performed using the GraphPad-
Prism software package.

Results

The effect of KYNA on the activity of murine
splenocytes under in vitro conditions

The highest of the tested concentrations of KYNA
(5 mM) turned out to be toxic to murine splenocytes under
in vitro conditions. This resulted in a significant reduction
in both cell viability and cytokine synthesis ability, and
impaired their proliferative and cytokine response to mito-

gens (Figs. 1A, B, 2A, B). Two of the lower concentrations
(2.5 and 1.25 mM) were also toxic to some extent, reduc-
ing the viability of splenocytes (statistically insignificant),
inhibiting the proliferation of splenocytes, in particular
after ConA-stimulation, and reducing the synthesis of the
pleiotropic IL-6 (Fig. 1A, B, 2A, B).

Low, non-toxic concentrations of KYNA (5 uM -
0.5 mM) had no effect on either the viability of splenocytes
(with the exception of the lowest concentration, which ex-
erted a certain proliferative effect) or their proliferative re-
sponse following the mitogen stimulation (Fig. 1A, B). On
the other hand, strong stimulation of cytokine synthesis in
the cells non-stimulated by LPS was noted. A wide range of
concentrations stimulated the synthesis of IL-1p (5-250 uM)
and IL-6 (5-125 uM), a slightly narrower one (125 pM-
0.5 mM) also stimulated IL-10 and TNF-a, whereas
the strongest effect was exerted by the concentration of
125 uM (Fig. 2A).

Following the stimulation of cells by LPS, the effect of
the action of the non-toxic concentrations of KYNA was
no longer expressed so widely, and primarily concerned
the pleiotropic IL-6. The concentrations of 50-250 uM in-
hibited the synthesis of this cytokine, while the most active
concentration of 250 uM also reduced the level of proin-
flammatory IL-1f3 and TNF-co.. On the other hand, none of
the concentrations modified the synthesis of anti-inflam-
matory IL-10 (Fig. 2B).

The effect of oral administration of KYNA on
the activity of murine splenocytes ex vivo

None of the doses of KYNA administered to animals
in drinking water for a period of one or two weeks had any
effect on the proliferative activity of their splenocytes (data
not shown). What was noted, however, was a significant
impact of kynurenic acid on cytokine synthesis by cells
both non-stimulated and stimulated by LPS.

In the non-stimulated cells, all concentrations of
KYNA inhibited the synthesis of IL-6, and this effect
was more strongly expressed after seven days than after
14 days. After seven days of administration all concen-
trations also decreased the production of IL-10, and after
14 days this effect was only maintained in the group receiv-
ing a medium dose (25 mg/1). The duration of administra-
tion also modified the impact of KYNA on the production
of TNF-a by non-stimulated splenocytes. On day seven,
the lowest dose (2.5 mg/1) stimulated, and the medium dose
inhibited, the synthesis of this cytokine; on day 14, the ob-
served effect was only maintained for the medium dose
(Fig. 3A, B). Non-stimulated cells did not produce measur-
able concentrations of IL-1f in any of the animal groups.

After the stimulation by LPS, splenocytes derived from
the animals receiving KYNA secreted significantly smaller
amounts of IL-1f and IL-6, and larger amounts of anti-in-
flammatory IL-10, than the cells of animals in the control
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Fig. 1. The in vitro effect of KYNA on the viability (A) and proliferative response (B) of murine splenocytes (n = 8)

group, irrespective of the duration of administration. On
the other hand, the synthesis of TNF-a was modulated
with the elongation of the duration of the experiment: after
seven days, in the animals receiving KYNA, an elevated
level of this cytokine was noted, and after another week,
a decrease in its concentration was seen, as compared with
the animal control group (Fig. 3C, D).

Discussion

Under in vitro conditions, KYNA exhibited low tox-
icity. Only millimolar concentrations exceeding KYNA
concentrations noted in a human body in the course of in-
flammatory processes by hundreds, and even thousands of
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times, turned out to be toxic to murine splenocytes, lower-
ing their viability and proliferative activity, and decreasing
the cytokine response. The obtained results are broadly in
line with the results from our previous experiments con-
ducted on immune cells isolated from the peripheral blood
and spleen of rainbow trout, as well as on several types
of cells unrelated to the immune system (NIH-3T3 mouse
fibroblasts, GMK green monkey kidney cells, CECC chick
embryo cells). In all the above-mentioned studies, KYNA
concentrations up to 1 mM were well tolerated by the cells
[20, 21]. Furthermore, a certain proliferative effect noted
at the lowest concentration of KYNA remains in compli-
ance with the literature reports and our previously con-
ducted studies. Low, micromolar KYNA concentrations

Central European Journal of Immunology 2016; 41(1)
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Fig. 2. The in vitro effect of KYNA on the cytokine production by unstimulated (A) and LPS-stimulated splenocytes

(B) (n=8)

stimulated the proliferation of fish splenocytes [20], chick
embryo fibroblasts, green monkey kidney cells [21], and
human and murine glial cells [22, 23].

The mice receiving KYNA in drinking water also tol-
erated it well. Irrespective of the concentration and the
duration of administration, no effects of KYNA on body
weight and weight gain rate (data not published), and no
changes to haematological parameters, were noted in the
animals [21].

The results of all our studies conducted so far indicate
immunotropic properties of the exogenous KYNA. It is
commonly believed that, similarly to other kynurenines
being formed as a result of the stimulation of kynurenine
pathway by inflammatory mediators, KYNA is also able,
through negative feedback, to exert an antiproliferative
effect, particularly towards the stimulated T lymphocytes
[5]. In this study, however, none of the non-toxic concen-
trations of KYNA under in vitro conditions, and none of
the concentrations being received by the animals in drink-

Central European Journal of Immunology 2016; 41(1)

ing water had an effect on the proliferative response of
murine splenocytes stimulated by mitogens. Similar results
under in vitro conditions were obtained by Kudo et al. [3]
for PHA-stimulated human peripheral blood mononuclear
cells, and by our team for mitogen-stimulated fish immune
cells [20]. On the other hand, in our previous studies on
animals receiving KYNA at low concentrations with the
feed or water, increased proliferation of T lymphocytes
isolated from the peripheral blood of mice, and the spleen
of rainbow trout, was noted [10, 24]. These discrepancies
may indicate more complex, immunoregulatory properties
of kynurenic acid.

Irrespective of the experimental design, KYNA had
a significant effect on cytokine synthesis by murine sple-
nocytes; however, we found its different mode of action
towards resting, non-stimulated cells under in vitro and
ex vivo conditions surprising. In the in vitro experiment,
the effect of the action of KYNA changed depending on
the functional status of the cells — for resting splenocytes,
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Fig. 3. Relative changes in cytokine production by murine splenocytes after oral administration of kynurenic acid (n = 6).
A, B) Unstimulated cells, administration time 7 and 14 days, respectively; C, D) cells stimulated with bacterial LPS,

administration time 7 and 14 days, respectively

a strongly expressed immunostimulation or even proin-
flammatory effect was noted, while in mitogen-activated
cells, KYNA exerted a slightly less pronounced anti-in-
flammatory effect. Meanwhile, for the animals receiving
kynurenic acid with drinking water, its effect underwent
certain modifications with the elongation of the duration
of administration, but it can generally be described as im-
munosuppressive for the non-stimulated splenocytes, and
anti-inflammatory for the stimulated ones.

The anti-inflammatory action of KYNA towards the
activated splenocytes was an expected result, confirming
the literature data. Studies by various authors have proven
that interactions between KYNA and the GPR35 recep-
tor on the surface of immune cells downregulate the in-
flammatory response induced by bacterial LPS and other
inflammatory stimulators. As a result, a decrease in the
level of early (TNF-a, IFN-y) and late (HMGB1) proin-
flammatory cytokines, and the inhibition of activation of
mononuclear peripheral blood cells, granulocytes, macro-
phages, and glial cells, were noted [9, 11, 25, 26]. Bene-
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ficial effects of KYNA were also demonstrated in vivo on
animal models of inflammatory disorders, i.e. acute colitis
in rats and enteritis in dogs, and a murine model of septic
shock [7, 27, 28]. An important cause of the anti-inflam-
matory properties of KYNA are its confirmed antioxidant
and ROS scavenging properties [1, 7, 8]. A decrease in
the levels of IL-13 and TNF-a in stimulated splenocytes
under the influence of KYNA in this study could also have
resulted from its antioxidative properties because splenic
phagocytes are the major ROS producers in this organ as
well as stimulators of the inflammatory response, and our
previous studies on mice receiving KYNA with drinking
water demonstrated a significant decrease in the activity
of respiratory burst in peripheral blood granulocytes and
monocytes stimulated by E. coli, irrespective of the dose
and the duration of administration thereof [10].

However, it is the effect of KYNA (in particular ex
vivo) on the synthesis of IL-6, probably resulting from its
reaction with the AHR receptor, that was expressed most
strongly. Even though the effect of KYNA on this receptor

Central European Journal of Immunology 2016; 41(1)
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is less well investigated than on GPR35, the undoubted ef-
fect of AHR ligation is a change to the expression of IL-6
in the cell [29]. The final effect of the action of KYNA
may vary depending on the type of cells being stimulated.
In the mast cells, kynurenic acid, through AHR, decreased
the expression of IL-6 transiently in the non-stimulated
cells, and permanently in the stimulated cells [13], simi-
larly to our experiment. Meanwhile, in the MCF-7 breast
tumour cells, KYNA induced the expression of IL-6 syn-
ergistically with the IL-18 [12].

While this different effect of the action of KYNA on vari-
ous cell types does not explain the opposite effect of its action
on the non-stimulated splenocytes under in vitro and ex vivo
conditions as obtained in this study, it provides a basis for
discussion on the flexibility of the mode of action of KYNA
and its probable dependence on numerous external factors.
The results of the in vitro tests performed on isolated cells
extracted from the natural cytokine microenvironment and the
network of relationships between various types of immune
system cells occurring naturally in the body do not necessar-
ily reflect the real mode of action of KYNA in the far more
complicated biological system of a living body.

In conclusion, exogenous kynurenic acid was charac-
terised by a low level of cytotoxicity towards murine sple-
nocytes, and was well tolerated by the animals receiving
it in drinking water; however, it exhibited immunotropic
properties in both experimental designs. As predicted, it
exhibited anti-inflammatory action towards the splenocytes
activated by LPS, both under in vitro and ex vivo condi-
tions. Surprisingly, however, KYNA itself influenced the
activity of resting, unstimulated cells, exerting an immu-
nostimulant effect in vitro, and an immunosuppressive ef-
fect under ex vivo conditions. The obtained results indicate
more complex, immunomodulating properties of KYNA,
which are subject to modification depending on external
factors. Drawing any more far-reaching conclusions will
require more detailed investigations in this area.
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The authors declare no conflict of interest.
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