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Abstract

Objective Inflammation and hypoxia activate the frac-

talkine (CX3CL1) receptor (CX3CR1)-related signaling

pathway. Tumor necrosis factor alpha (TNFa) induces

CX3CL1, influencing a mechanism of CX3CL1 autoregu-

lation by CX3CR1 expression. We compared spontaneous

and lipopolysaccharide (LPS)-induced CX3CL1 and TNFa
production by human placenta under normoxic vs. hypoxic

conditions, with respect to CX3CR1 expression and its

functional status.

Methods Placental lobules of term placentae (N = 24)

were perfused extracorporeally. CX3CL1 and TNFa con-

centrations were measured in the perfusion fluid by ELISA.

LPS, anti-CX3CR1 antibodies and pirfenidone were used

in respective subgroups. After perfusion, CX3CR1

expression was estimated in placental tissue using quanti-

tative immunohistochemistry, and the final results were

adjusted for the mean microvascular density.

Results The highest increase in CX3CL1 concentration in

response to LPS was observed in hypoxia (p \ 0.05).

Unlike in normoxia, anti-CX3CR1 administration in

hypoxia significantly reduced the LPS-evoked response.

CX3CR1 expression was augmented by hypoxia and

reached 260.9 ± 41 (% ±SEM) of the reference value in

normoxia. Positive immunostaining for CX3CR1 corre-

sponded to the vascular endothelium. Pirfenidone inhibited

hypoxia ? LPS-related increase in TNFa production and

prevented the up-regulation of CX3CR1.

Conclusion The modulatory influence of TNFa on

CX3CR1 expression in hypoxia and CX3CL1/CX3CR1

interaction may serve as a compensatory mechanism to

preserve or augment the pro-inflammatory course of

intercellular interactions in placental endothelium.

Keywords Fractalkine/CX3CR1 � TNFa �
Human placenta � In vitro perfusion study � Hypoxia �
CX3CR1 expression

Introduction

Because placental vessels lack autonomic innervation,

circulating and locally produced humoral factors must play

a crucial role in communication between the compartments

of the utero-placento-fetal unit [1]. In addition to vascular
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resistance, almost every function of the mammalian pla-

centa can be controlled and modified by the local cytokine

network, which includes the effects of chemokines [2].

Chemokines form a superfamily of cytokines whose major

roles involve the modulation of immune response and the

guidance of migrating leukocytes towards or away from

chemotactic factors, which act as either chemoattractants

or chemorepellents, respectively [3]. Depending on the

spacing of their two cysteine residues, chemokines can be

divided into four groups (subfamilies) [4]. The first papers

describing chemokine CX3CL1 (also known as fractalkine

or neurotactin) were presented in 1997 by Bazan et al. [5],

and Pan et al. [6]. CX3CL1 is encoded on human chro-

mosome 16 and possesses three amino-acid residues

between the first two cysteine residues. CX3CL1 is also the

lone CX3C(delta) subfamily member [7]. Unlike other

chemokines, CX3CL1 is of non-hematopoietic origin and

exists in two forms: as a transmembrane protein with the

chemokine domain fixed to a long mucin-like stalk and as a

soluble peptide released from the cell surface by proteo-

lytic cleavage [8]. The main roles of membrane-bound

CX3CL1 include the promotion of leukocyte binding and

adhesion and activation of target cells, whereas the soluble

chemokine domain of human CX3CL1 is chemotactic for

natural killer cells, T cells and monocytes but not neutro-

phils. This dual function as an adhesive compound and

chemoattractant distinguishes CX3CL1 from other che-

mokines [5, 7].

Data from studies on the role of CX3CL1 in reproduc-

tion are still being accumulated. It has been reported that,

together with some other cytokines (CCL7, CCL4,

CCL14), CX3CL1 is involved in the processes of implan-

tation, invasion of the trophoblast into the spiral uterine

arteries, placental angiogenesis, responses to inflammatory

and immunological factors in the utero-placental interface

and the induction of labor [8–10].

Interestingly, even during the course of normal preg-

nancy, the immunological status of the placental unit

resembles, to some degree, a controlled inflammatory state

[11, 12]. Thus, many complications of pregnancy may be

related to exaggerated local or systemic inflammatory

responses. A successful pregnancy therefore significantly

depends on the balance between anti-inflammatory and

pro-inflammatory cytokines [12].

CX3CL1 in humans binds to a single Gai protein-linked

transmembrane receptor, CX3CR1 (previously known as

V28), to express biological activity [13]. CX3CR1 receptor

stimulation leads to the activation of both the CX3CL1-

dependent and integrin-dependent migration of cells with

augmented adhesion as a result of synergistic reactions

[14].

Changes in CX3CR1 expression may be important

because autoregulatory interactions between CX3CL1 and

CX3CR1 have been reported. It has been proposed that

CX3CL1 induces its own expression via the PI3-kinase/

PDK1/Akt/NIK/IKK/nuclear factor kappa beta (NF-jB)

signaling pathway [15]. Tumor necrosis factor alpha

(TNFa) also induces the expression of fractalkine and

CX3CR1 in rat aortic smooth muscle cells, and this

induction is mediated by NF-jB activation [16].

Many stimuli potentially able to disrupt cell homeosta-

sis, including hypoxia, may induce CX3CL1 secretion [17,

18]. Activation of the CX3CL1/CX3CR1 signaling path-

way induces local angiogenesis through two sequential

steps: the induction of hypoxia inducible factor 1 alpha

(HIF-1a) and vascular endothelial growth factor (VEGF)-A

gene expression and subsequent VEGF-A/vascular endo-

thelial growth factor receptor type 2 (VEGFR2 or KDR)-

induced angiogenesis [19, 20]. Hypoxia alone, inflamma-

tion alone and the coexistence of the two may up-regulate

CX3CL1 expression by increasing the local concentrations

of CX3CL1 production enhancers, including TNFa, inter-

feron gamma (IFNc), and interleukin-1 beta (IL-1b).

Moreover, hypoxia markedly increases lipopolysaccharide

(LPS)-induced TNFa release [21]. Despite these results,

some data from both in vitro and in vivo experiments are

somewhat contradictory and indicate that hypoxia mark-

edly inhibits the production of CXCL1 by endothelial cells

[22, 23].

Endothelial cells of the vascular system, vascular

smooth muscle cells and amniotic epithelial cells are the

main sources of CX3CL1 in the human placenta and

membranes [9, 24]. While the placenta undoubtedly makes

an important contribution to the plasma CX3CL1 concen-

tration, synthesis of this chemokine by maternal blood

mononuclear cells and other tissues is also likely to be

significant, although the exact extent remains uncertain.

Our present approach uses a model suitable for assessing

the amount of CX3CL1 produced exclusively in the pla-

cental vascular compartment, since the blood was replaced

by the perfusion fluid.

The aim of this study is to examine spontaneous and

LPS-induced CX3CL1 and TNFa production by perfused

human placental lobules in vitro with respect to CX3CR1

expression and functional status.

Materials and methods

Placental collection

This study was conducted in compliance with international

and local laws concerning human experimentation, and the

project was approved by the local ethics committee. Hep-

arinized term placentae (N = 24; mean gestational age of

277 ± 6 days) were obtained from primigravidas after
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normal-course pregnancies. The placentae were delivered

by elective cesarean sections and were dually perfused

in vitro at 37 �C, using a modified Schneider’s method [25,

26]. The indications for cesarean section were high-grade

myopia in pregnant woman and breech presentation of the

fetus.

Two noncontiguous lobules of similar size were selected

and isolated from each placenta for simultaneous perfu-

sion; the first lobule was exposed to normoxic conditions

(forming group I), and the other lobule was exposed to

hypoxic conditions (forming group II). More detailed

clinical characteristics of the two homogenous groups are

given in Table 1.

Immediately after cannulation of the chorionic vessels in

the two selected lobules, the placentas were transported on

ice to the laboratory in a plastic box filled with cold, sterile

phosphate-buffered saline (PBS). The period from detach-

ment of the placenta to the start of perfusion did not

exceeded 20 min.

Placental perfusion and CX3CL1 and TNFa
measurements in the perfusion fluid

The single isolated placental lobules (two per placenta)

were bilaterally perfused in vitro. A diagram of the two-

sided closed perfusion system is shown in Fig. 1. The

experimental technique applied in this study has been

described in detail in a previous publication [27]. Briefly,

the perfusion fluid was isotonic (Ringer–Krebs with anti-

biotic) and buffered at pH 7.4 (phosphate buffer). The

methodological correctness of the in vitro fetal-side pla-

cental perfusion process was strictly monitored to maintain

perfusion pressure, flow stability, perfusion fluid volume

and hydrogen ion concentration (normoxic group only), as

shown in Table 2. The perfusion fluid groups were enri-

ched with gas mixtures containing 35 % O2, 5 % CO2 and

70 % N2 (normoxic conditions) or 17 % O2, 5 % CO2 and

78 % N2 (hypoxic conditions). The oxygen concentrations

applied in the gas mixtures provided oxygen partial pres-

sures (pO2) values in the perfusion fluid of 13.3 kPa

(normoxic conditions) and pO2 B 6.5 kPa (hypoxic con-

ditions). These saturation values of dissolved oxygen were

monitored during the experimental period by perfusion

fluid sampling at 30-min intervals between 30 and 120 min

of perfusion. Polarographic (Clark) oxygen electrodes were

installed in flow-through thermostatic chambers of both the

fetal and the maternal sides of the perfusion system

(Fig. 1). This type of pO2 electrode consists of an anode

and cathode and measures oxygen tension amperometri-

cally. It means that the pO2 electrode produces a current at

a constant polarizing voltage (-700 mV) which is directly

proportional to the partial pressure of oxygen (pO2). The

current produced is a result of the subsequent reduction of

oxygen at the cathode. The oxygen probes [Yellow Springs

Instruments (YSI), IL, USA, model 05520-16] delivered

the currents to the two-channel biological oxygen monitor

(YSI, model 5300A), connected to a computer-assisted data

acquisition system.

During the 150 min of perfusion, including the initial

30-min adaptive phase, basal (immediately before admin-

istration of LPS) and LPS-evoked (10 ng/ml) CX3CL1

secretion into the fetal side placental circulation was

examined quantitatively in perfusion fluid samples using

Table 1 Clinical characteristics of the two groups studied

Parameter Group I (normoxic), group II

(hypoxic)

Number of patients/newborns/

placentas/isolated lobules (N)

24/24/24/24 per group

Age of the patients in full years

(range; mean; median)

23–31, 26, 27

Parity 0

Gestational age in days (range; mean;

median)

271–283, 277, 279

Method of delivery Cesarean section

Blood pressure during pregnancy All records within normal

rangea

Proteinuria during pregnancy Not present

Liver blood tests (aminotransferases,

enzymes, AST and ALT levels)

Within normal rangeb

Smoking during pregnancy None declared active

smoking

Diabetes during pregnancy Not present

Body mass index \21 or [35 None

Mother’s blood (III trimester):

hematocrit (Ht), hemoglobin (Hb),

red blood cell (RBC) count, mean

cell hemoglobin concentration

(MCHC)

All within normal rangesc

Other identified risk factors None

Birth weight in grams (range; mean;

median)

2,980–3,810, 3,270, 3,250

Sex of newborns (M, male; F, female) 11 M ? 13 F

Weight of placenta in grams (range,

mean, median)

568–810, 675, 660

Weight of isolated lobule in grams

(range, mean, median)

Group I: 87–115, 102;

99/group II: 85–109, 100,

98

Since each placenta was used for the isolation of two similar lobules

for group I and II, the groups may be treated as homogenous
a The normal range of blood pressure was defined as systolic pressure

between 100 and 140 mmHg, and diastolic pressure between 60 and

90 mmHg
b The normal range of values for AST is 5–40 units per liter of serum

and the normal range of values for ALT is 7–56 units per liter of

serum
c Hb levels 10.0–13.5 g/dl, RBC count 3.2–4.4 million/ll, MCHC

319–355 g/L, Ht 31–41 %

The importance of CX3CR1 signaling 181

123



ELISA. The RayBio� Human Fractalkine ELISA Kit

(RayBiotech, Inc., USA ) has a very high specificity that

exceeds other available ELISA tests for the detection of

CX3CL1 in placental perfusates, to the best of our

knowledge. The samples were collected every 30 min from

30 to 150 min. The mean values for each group and at each

time-point were calculated.

The dose of LPS used in this study was precisely titrated

during the preliminary phase of the perfusion experiments.

After a series of dose–response curve analyses we estab-

lished 10 ng/ml as the mean dose of LPS eliciting 45–55 %

maximal TNFa response in normoxic conditions (data not

shown).

Additionally, the TNFa levels in the perfusion fluid

samples obtained at the same time-points were examined.

Commercially available kits were used (ELH-TNFalpha-

001, RayBio Human TNF-alpha ELISA Kit) following the

manufacturer’s instructions. The minimum detectable dose

of TNFa was \10 pg/ml.

Experiments also tested the effect of CX3CR1 blockade

on CX3CL1 secretion into the fetal side perfusion fluid

under normoxic or hypoxic conditions with or without LPS

administration. To block CX3CR1 on the fetal side of

placental circulation, rabbit anti-human chemokine

(C-X3C Motif) receptor 1 (CX3CR1) polyclonal ‘‘neu-

tralizing’’ antibody (ABIN110594; TP502; Torrey Pines

Bipolabs, Inc., NJ, USA) was administered via perfusion

fluid (fetal side) during the initial adaptive period of the

respective perfusions. The final dilution of the antibody

amounted to 1 mg/ml and was determined according to

available datasheet protocols and experimental measure-

ments. Dilution series were used followed by

immunohistochemical staining of the perfused placental

tissue specimens for CX3CR1 (see ‘‘Immunohistochemis-

try of CX3CR1’’), and comparative (‘‘neutralizing’’

antibody-treated vs. antibody-free perfusion) quantitative

morphometry was used to determine the percentage dif-

ference between the stained areas corresponding to

CX3CR1 secretion (see ‘‘Density of the placental micro-

vessel network’’). The difference in expression level for the

chosen dilution of 1 mg/ml always exceeded 85 %.

The experimental setup for the perfusion procedures and

the measurements at fixed time-points is presented in

Fig. 2.

Additionally, to investigate the influence of the anti-

inflammatory compound pirfenidone, a non-selective

inhibitor of TNFa production, another twelve isolated

Elements of fetal side (Arabic numeration) and maternal side (Roman numeration) 
perfusion system: 1,I thermostatic chamber; 2,II reservoir; 3,III filter; 4,IV 
peristaltic pump; 5,V flowmeter; 6,VI thermostat; 7 Ludwig’s manometer with 
kymograph; 8,VIII fetal and maternal compartments of perfusion chamber, 9 
dosimetric pump
* Gas mixture A (normoxia) O2 – 35%, CO2 – 5%, N2 – 60%;                                       

Gas mixture B (hypoxia) O2 – 17%, CO2 – 5%, N2 – 78%

VIII

8
5

6
7

9

4

2

3

1

VI V

IV

III

II

Gas mixture 
(O2, CO2,
N2): A or B*

Fig. 1 General scheme of

in vitro dual placental perfusion

system

Table 2 Criteria for determining correctness of the in vitro fetal-side

placental perfusion

1. Perfusion pressure: after adaptation phase, pressure should be

maintained within 7–11 kPa. Avoidance of rapid changes in

blood pressure. Pressure \ 7 kPa may be a result of vascular

wall rupture. Pressure [ 11 kPa suggests occlusion (clot,

embolus)

2. Flow stability: flow velocity 15–20 ml/min may change by no

more than ±10 % within 30 s

3. Perfusion fluid volume: perfusion fluid loss after adaptive phase

max. 3 ml/h

4. pH -log [H?]: after 30, 90 and 150 min of perfusion, pH should

not be \7.35, 7.30 and 7.25 in the arterial part of the system,

and at least 7.20, 7.15 and 7.10 in the venous part, respectively

Applicable only under normoxic conditions
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placental lobules (group II?) with parameters matching

group II were perfused using the same procedure (hypoxic

conditions), except that pirfenidone (300 lg/ml; P2116;

Sigma-Aldrich Inc., USA) was added into the perfusion

fluid.

Immunohistochemistry of CX3CR1

After completion of the perfusion procedure, two speci-

mens were excised in a standardized manner from each

perfused lobule from the region contiguous with the fetal

surface of the placenta. After fixation with formalin, six

paraffin-embedded 5 lm sections (three for each specimen)

were prepared for each examined lobule. The methodology

used in the applied in vitro experiment precluded obtaining

the placental specimens during the phase of perfusion.

Thus, we do not have collected data on CX3CR1 expres-

sions at the same time-points as scheduled for CX3CL1

and TNFa. However, as a kind of control measurement, the

tissue specimen of each perfused placental lobule was

collected at the end of the adaptive phase for CX3CR1

immunostaining.

To visualize CX3CR1, standard immunohistochemical

procedures were used. Rabbit polyclonal antibody IgG to

CX3CR1 (ab8020; Abcam Inc., USA; concentration of

10 lg/ml) was used as the primary antibody, and goat anti-

rabbit IgG was used as the biotinylated secondary antibody

(ab64256; Abcam; 0.5 % v/v). Visualization of the primary

anti-receptor antibodies was performed using a StreptAB-

Complex/HRP Duet (Dako Cytomation, Glostrup,

Denmark) kit following the procedure recommended by the

manufacturer with 3,30-diaminobenzidine serving as the

chromogen. The respective negative controls for immu-

nostaining were prepared simultaneously by replacement

of the polyclonal primary antibody with normal rabbit

preimmune IgG diluted with PBS containing 3 % bovine

serum albumin at the same protein concentration as that for

the primary antibody.

Density of the placental microvessel network

The vessels of the placental sections were identified with

rabbit polyclonal antibody anti-CD31 (dilution 1:50,

ab28364; Abcam Inc., Cambridge, MA, USA). The tissue

was incubated with the primary antibody for 30 min. A

biotinylated goat anti-rabbit antibody (Abcam) was used as

the secondary antibody. Next, morphometric analysis was

performed using light microscopy with a Leica imaging

workstation (Quantimet 500C?, Leica), and the vascular/

extravascular tissular index (V/EVTI) was estimated in

calibrated areas of the placental sections. Each preparation

(paraffin section) underwent three area analyses repeated

by two independent observers. The single area measured

with the picture analysis method totaled 721,320 lm2, and

TIME [min]

GROUP I                
[normoxia]

GROUP II             
[hypoxia]

I                         I                         I                         I                       I
0 30 60 90 120 150

I                         I                         I                         I                       I
0 30 60 90 120 150

TIME [min]

ADAPTIVE PHASE EXPERIMENTAL PHASE

LPS (Group IA; 
N=12)

Anti-CX3CR1                                     
+ LPS (Group IB; N=12)
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initCX3CL1                
initTNFα

CX3CL1 
TNFα
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TNFα

CX3CL1 
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LPS (Group IIA; 
N=12)

Anti-CX3CR1 + LPS 
(Group IIB; N=12)

GROUP II +

[hypoxia]
Pirfenidone + LPS 
(N=12)

Fig. 2 Experimental setup of the perfusion procedures within the groups with the measurement time-points for CX3CL1 and TNFa (marked

with dots). Initial concentrations of CX3CL1 and TNFa were measured at the end of adaptive phase (initCX3CL1 and initTNFa, respectively)
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the total number of preparations was 144 per group.

Measurement of the total vascular area was performed. The

total lumen area of all types of identified vessels was

summed in both groups. To eliminate technical error

caused by uniaxial sectioning of the vessel, the lowest

value of Ferret’s diameter was accepted as the diameter for

each lumen. Thus, V/EVTI represents the ratio which is

most closely correlated with the intensity of

vascularization.

Expression of CX3CR1

After immunostaining, quantitative immunohistochemistry

was performed using morphometric software (Quantimet

500C?, Leica, UK) to identify CX3CR1 receptors in 5-lm

paraffin-embedded sections of the placental lobule speci-

mens. Light microscopy was used to gather the images. All

morphometric procedures were carried out twice by two

independent researchers, and the average values were

recorded. The intensity of immunostaining was evaluated

using the mean color saturation parameter and thresholding

in grey-level histograms. Thus, the expression of CX3CR1

corresponded to the total immunostain calibrated area of

the sections examined, where color saturation was used as

the segmentation criteria for objects. The analyzed image

area totaled 138,692 lm2 at 2009 magnification. In each

group, 144 visual fields were analyzed (six visual fields per

each isolated lobule). To achieve maximum accuracy of the

measurements, the following factors were controlled or

monitored: average of image intake, hue, illumination,

luminance, power supply, relation of illumination to

quantification of the percentage area of positively stained

structures, shading correction and warming up. A detailed

description of these morphometric procedures has been

provided previously [28, 29]. Finally, the results obtained

for the specimens examined were adjusted for the mean

density of the placental microvessel network. Morpho-

metric results that included the 90 % confidence intervals

are reported as the mean percentage values ±SEM.

Statistical analysis

Mann–Whitney’s U test was applied. The results are

expressed as the mean ± SEM, medians or mean per-

centage values ±SEM. The differences between groups I

and II (normoxic vs. hypoxic conditions) were deemed

statistically significant if p \ 0.05.

Results

The results pertaining to the CX3CL1 levels are shown in

Fig. 3 and Table 3 (see also the experimental setup in

Fig. 2). There were no statistically significant differences

in the initial concentrations of CX3CL1 (initCX3CL1). The

mean initCX3CL1 in group I was 99.1 ± 27 pg/ml, while

group II showed a mean initCX3CL1 level of 77.8 ± 33 pg/

ml. The median, rounded to the nearest whole number, for

group I was 82 [95 % confidence interval (CI) 55–123] pg/

ml, whereas in group II, the median was 81 (95 % CI

56–111) pg/ml (Table 3). During the 120-min observation

period with specimen collections at four time-points, sig-

nificant increases in the mean CX3CL1 concentration

occurred in all groups studied after the addition of LPS to

the perfusion fluid (Table 3; Fig. 3). Compared to group I,

the highest CX3CL1 levels (p \ 0.05) were measured

consistently throughout the 120-min perfusion time in

hypoxic group IIA. With normoxia, the neutralizing anti-

CX3CR1 antibody did not affect the production of

CX3CL1. Thus, the differences in the mean CX3CL1

levels between subgroups IA and IB were not statistically

significant. Unlike normoxic conditions, blockade of

CX3CR1 with hypoxia produced evident disturbance of

LPS-induced CX3CL1 release. Despite the increase from

its initial values, the mean CX3CL1 concentrations at the

respective time-points were lower in group IIB (p \ 0.05)

than in both group IIA and group I. As shown in Fig. 4, the

mean expression of CX3CR1 in the placental tissue was

significantly augmented in hypoxic group IIA and reached

260.9 ± 41 (% ±SEM) of the reference value obtained in

group IA. Positive immunostaining for CX3CR1 in the

placenta paraffin sections was found to be localized mainly

in areas that corresponded to the vascular endothelium

(Fig. 5). The differences between the groups studied in

mean CX3CR1 expression at the end of the adaptive phase

were not significant (data not showed).
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Fig. 3 Relationships between the mean CX3CL1 concentration in

perfusion fluid after LPS stimulation and CX3CR1 receptor status in

hypoxic vs. normoxic conditions. The effect of TNFa inhibitor

pirfenidone in hypoxia (group II?) is also shown. initCX3CL1initial

CX3CL1 concentration
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As shown in Fig. 6, the initial TNFa concentration

(initTNFa) measured at the end of the adaptive phase (after

the initial 30-min stabilization period) revealed that

hypoxia increases the production of this cytokine in per-

fused placental lobules. The mean initTNFa in group I was

39.8 ± 16.8 pg/ml (±SEM), whereas for group II the

average initTNFa was 72.4 ± 17.1 pg/ml. The medians,

rounded to the nearest whole number, were 43 (95 % CI

34–117) pg/ml and 75 (95 % CI 69–160) pg/ml for group I

and group II, respectively (Table 4). Moreover, although

the levels of TNFa measured in perfusion fluid after LPS

administration were not affected by the presence of anti-

CX3CR1 in both groups, hypoxic conditions significantly

increased the mean TNFa concentrations at all time-points

(Fig. 6; Table 4).

As shown in Fig. 6 and Table 4, the presence of pirfe-

nidone in the perfusion fluid almost completely inhibited

hypoxia and the LPS-related increase in the TNFa con-

centration. Pirfenidone also prevented the up-regulation of

CX3CR1 (Fig. 4).

Discussion

This study increases the number of scientific approaches

that have been used to understand the role of locally pro-

duced cytokines, including chemokines, in placental

homeostasis [8, 11, 24]. We have demonstrated the mod-

ulatory influence of the cytokine TNFa in hypoxia on an

autoregulatory mechanism through the interaction of

Table 3 CX3CL1 concentrations (pg/ml) in the perfusion fluid samples collected at the consecutive time-points

Time-point Group

I (normoxia) II (hypoxia) II? (hypoxia): pirfenidone ? LPS

Adaptive phase

30 min (init)

Mean 99.1 ± 27 77.8 ± 33 65.3 ± 34

Median 82 81 79

Range 55–123 56–111 59–101

Time-point Group

I (normoxia) II (hypoxia) II? (hypoxia)

IA: LPS IB: anti-CX3CR1 ? LPS IIA: LPS IIB: anti-CX3CR1 ? LPS Pirfenidone ? LPS

Experimental phase

60 min

Mean 340.7 ± 35* 300.1 ± 48* 502.9 ± 53� 205.2 ± 64 308.8 ± 61

Median 345 311 518 197 305

Range 265–406 227–384 439–600 132–253 249–367

90 min

Mean 499.6 ± 61* 451.8 ± 52* 778.8 ± 68� 258.9 ± 63 382.1 ± 59

Median 486 447 801 222 370

Range 373–571 349–512 667–866 154–294 321–445

120 min

Mean 602.3 ± 52* 525.4 ± 49* 838.3 ± 76� 403.4 ± 51 449.8 ± 45

Median 609 554 842 389 453

Range 495–697 438–593 714–907 324–473 356–521

150 min

Mean 579.5 ± 54* 550.6 ± 55* 845.6 ± 57� 434.2 ± 52 480.5 ± 61

Median 598 548 850 422 465

Range 486–701 470–652 709–913 377–489 384–540

Mean ± SEM, median (rounded to the nearest whole number), and 95 % confidence interval (95 % CI) are shown

Init initial concentration

* Indicates p \ 0.05 (group IA vs. IIA, and group IB vs. IIB)
� Indicates p \ 0.05 (group IIA vs. II?)
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chemokine CX3CL1 with its receptor CX3CR1 in human

placental circulation.

The results obtained are strongly influenced by the

experimental model chosen in our study. First, the circu-

lating blood in the vascular system of the isolated lobules

was replaced with perfusion fluid. The elimination of blood

removed a rich source of cytokines and produced the

opportunity for a more selective and simple interpretation

of the observed relationships, at the endothelial cell level

[18]. In contrast, the lack of circulating cytokines and

activated leukocytes in the blood may be a disadvantage

and reduces the likelihood of direct implementation of the

results in clinical studies [30, 31].

Local hypoxemia/hypoxia and its accompanying low-

ered pH significantly affected the cytokine profiles that

have been typically observed in placental infections or pre-

eclampsia as well as in many cases of fetal intrauterine

hypotrophy syndrome or intrauterine growth retardation

[32–34]. Lowered oxygen content, however, especially

during placental development in the first trimester, should

also be considered a physiological modulator of angio-

genesis [32].

There is a general consensus of opinion among inde-

pendent scientists that both hypoxia and inflammatory

factors (LPS) may significantly increase the production of

TNFa by endothelial cells, including the placental endo-

thelium [2, 32, 35]. Together with a wide array of

inflammatory stimuli, such as LPS, IL-1, IFNc and VEGF-

A/KDR, TNFa is able to enhance the expression and pro-

duction of CX3CL1 in endothelial cells [18, 22]. A post-

transcriptional regulatory mechanism was proposed to

explain the synergistic induction of CX3CL1 expression by

TNFa and IFNc. In this mechanism, TNFa activates the

pathway which involves the stabilization of CX3CL1

mRNA mediated by p38 MAPK/MAPK-activated protein

kinase-2 activation [36].

According to our results, there is no reason to doubt that

LPS and TNFa augment the production of chemokine

CX3CL1. Similar results, including but not limited to LPS

and TNFa production, were observed by other investiga-

tors in research concerning inflammatory cytokine

signaling in endothelial cells [18, 22, 35]. However, there

is a discrepancy between the available data for CX3CL1

expression and production in hypoxic environments. Some

authors have suggested that hypoxia-induced oxidative

stress stimulates CX3CL1, while others have reported the

opposite effect [18, 22, 37]. For example, in a study con-

ducted using human umbilical vein endothelial cells,

hypoxia suppressed IFNc-induced CX3CL1 expression

[22]. We have demonstrated a significant increase in

CX3CL1 concentration in the perfusion fluid under

hypoxia, which is linked with the up-regulated expression

of CX3CR1 in the endothelial compartment of placental

tissue.

These contradictory results have created uncertainty

regarding whether endothelium-derived CX3CL1 acts in an

organ-, site- or state-dependent manner. Recent data indi-

cate that chemokines have various effects on endothelial

cells depending on their organ of origin [38, 39]. Moreover,

it has been proposed that these activities, such as prolif-

eration, lymphocyte adhesion and angiogenesis, are not

correlated with receptor expression [39].
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Fig. 4 Mean placental expressions of CX3CR1 in normoxia,

hypoxia and hypoxia ? TNFa inhibitor pirfenidone (groups IA, IIA

and II? on the bar chart, respectively). The corresponding table

shows the mean CX3CR1 expression in the same placenta after

in vitro perfusion of the two isolated lobules, in normoxia (IA) and

hypoxia (IIA). Six visual fields were analyzed for each placental

lobule. The mean value in normoxic tissue (group IA) was taken as

100 %
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The mechanisms contributing to increased expression

of CX3CR1 in hypoxic conditions may involve HIF-1-

dependent and NF-jB-dependent signaling pathways, as

shown in prostate cancer cells [40]. Furthermore, the

autoregulatory mechanism through which CX3CL1 indu-

ces its own expression includes NF-jB-inducing kinase

(NIK), inhibitory jB (IjB) kinase (IKK), NF-jB, Akt,

phosphoinositide 3-kinase (PI 3-kinase), and phosphoi-

nositide-dependent kinase 1 (PDK1) [15, 41].

Overexpression of CX3CR1 in response to hypoxia may

serve as another autoregulatory and compensatory mech-

anism to preserve or augment the pro-inflammatory

course of intercellular interactions within the local (e.g.,

placental) cytokine network [15, 18]. As observed in our

study, ‘‘neutralization’’ of these receptors by anti-

CX3CR1 in hypoxia resulted in the deterioration of the

ability to increase CX3CL1 production through this

mechanism.

CX3CL1 might play an important role in the patho-

physiological process of inflammatory angiogenesis. The

angiogenic activity of CX3CL1 required two signal path-

ways: RAF-1/MEK/ERK and PI3K/Akt/eNOS/NO.

Interestingly, both pathways were mediated via CX3CR1

[42].

In endothelial cells and other cell types, TNFa acts

through NF-jB to strongly induce both CX3CR1 expres-

sion and CX3CL1 production [15, 43]. Pirfenidone, a non-

selective inhibitor of inflammatory mediators including

TNFa, was consistently able to almost eliminate increases

in CX3CL1 levels in the hypoxic perfusion fluid (group

II?) and counteracted CX3CR1 overexpression.

In conclusion, these results indicate that, in hypoxia,

interaction between the two important members of the

placental cytokine network, TNFa and CX3CL1, may be

influenced by increased TNFa levels. Up-regulation of

CX3CR1 is needed for increased CX3CL1 production in

hypoxia. TNFa-induced up-regulation of CX3CR1

expression is crucial and most likely overrides CX3CL1

autoregulation. Further studies on an in vivo placental

perfusion model with blood-filled vessels is required for
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Fig. 5 Immunohistochemical visualization of the receptor CX3CR1

in placental tissue at 9400 magnification: a normoxia (group IA);

b hypoxia (group IIA); c pirfenidone in hypoxia (group II?).

Immunostain-positive focal regions correspond to the vascular

endothelium (arrowheads)
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Fig. 6 Relationships between the mean TNFa concentration in

perfusion fluid after LPS stimulation and CX3CR1 receptor status in

hypoxic vs. normoxic conditions. The effect of the TNFa inhibitor

pirfenidone in hypoxia (group II?) is also shown
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more definite conclusions, including potential treatment

options in selected hypoxia- and hypoxemia-related

inflammatory gestational pathologies.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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