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Abstract: Phospholipids (PLs) possess the unique ability to contribute to synovial joint lubrication.
The aim of our study was to determine for the first time the effect of dexamethasone and
some adrenergic and cholinergic agonists on the biosynthesis and release of PLs from human
fibroblast-like synoviocytes (FLS). Osteoarthritic human knee FLS were treated with dexamethasone,
terbutaline, epinephrine, carbachol, and pilocarpine, or the glucocorticoid receptor antagonist
RU 486. Simultaneously PL biosynthesis was determined through the incorporation of stable
isotope-labeled precursors into PLs. Radioactive isotope-labeled precursors were used to radiolabel
PLs for the subsequent quantification of their release into nutrient media. Lipids were extracted
and quantified using electrospray ionization tandem mass spectrometry or liquid scintillation
counting. Dexamethasone significantly decreased the biosynthesis of phosphatidylcholine,
phosphatidylethanolamine (PE), PE-based plasmalogen, and sphingomyelin. The addition of
RU 486 abolished these effects. A release of PLs from FLS into nutrient media was not recognized
by any of the tested agents. None of the adrenergic or cholinergic receptor agonists modulated the
PL biosynthesis. We demonstrate for the first time an inhibitory effect of dexamethasone on the PL
biosynthesis of FLS from human knees. Moreover, our study indicates that the PL metabolism of
synovial joints and lungs are differently regulated.
Keywords: dexamethasone; fibroblast-like synoviocytes; synoviocytes; osteoarthritis; phospholipids;
sphingolipids; epinephrine; terbutaline; carbachol; pilocarpine

1. Introduction
Phospholipids (PLs) are important molecules that participate in many biological processes. Due to
their structure, they have the ability to reduce surface tension to very low levels [1,2]. This feature
makes them perfect candidates as lung surfactants as well as synovial joint lubricants. PLs are mostly
synthesized at the cytosolic side of the endoplasmic reticulum, stored in lamellar bodies, and released
from the cells [3]. The alveolar type II cells of the pulmonary system produce and secrete PLs, proteins,
and neutral lipids, as well as carbohydrates functioning as surfactants at liquid-air interfaces [4,5].
Phosphatidylcholine (PC) has been found to be the major PL class, constituting 80% of the surfactant
lipids [6], from which the most important is saturated dipalmitoyl-phosphatidylcholine (DPPC, PC
32:0) [7]. Several studies reported that fibroblast-like synoviocytes (FLS) are able to synthesize
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and release synovial joint lubricating molecules such as PLs, hyaluronan, and lubricin [2,8–11].
We previously reported that PC is the predominant PL class, accounting for 67% of all PLs within
human synovial fluid. Also, unsaturated PC species, such as PC 34:1, PC 34:2, PC 36:1, and PC 36:2,
are the most common representatives of this class [12]. Our group was also able to demonstrate an
association between alterations in synovial lubricant composition and the disease state of the joint [11].
It is well known that corticosteroids stimulate the synthesis and secretion of pulmonary
surfactants [13,14]. Dexamethasone is often used to enhance lung maturation and promote the
production and secretion of lubricants [15]. Also, adrenergic and cholinergic agonists have been found
to stimulate pulmonary surfactant synthesis and release [16–19]. In the lungs, adrenergic agonists
act directly on alveolar type II cells, which are responsible for synthesizing and secreting surfactants,
as well as interstitial fibroblasts. Cholinergic agonists act indirectly on lung surfactant synthesis and
release by stimulating the release of epinephrine by adrenal glands or by contracting smooth muscle
cells which in turn stimulates surfactant secretion [14,20].
Moreover, sympathetic nerve fibers have been identified in synovium, meniscus, and subchondral
bone [21]. Several studies have shown that sympathetic neurotransmitters such as norepinephrine affect
chondrogenic differentiation and might accelerate cartilage hypertrophy [21,22]. Also, the sympathetic
nervous system affects bone homeostasis by accelerating bone loss, bone remodeling, and osteogenic
differentiation [23]. In synovial cells, substance P mediates joint inflammation by promoting the
secretion of prostaglandin E2, several matrix metalloproteinases, interleukin-1β (IL-1β), and tumor
necrosis factor α (TNFα) [24]. Furthermore, a non-neuronal cholinergic system has been reported to be
present in synovial tissue and cartilage of articular joints of patients with rheumatoid arthritis (RA) and
osteoarthritis (OA) [25,26]. In M3 muscarinic acetylcholine receptor-deficient mice, the inflammatory
response to collagen antibody-induced arthritis tended to be higher than in wild-type littermates [27].
In another study, nicotine prevented cartilage damage and exerted an anti-inflammatory effect in a rat
model of OA [28]. Taken together, recent research findings provide evidence for the importance of
sympathetic and parasympathetic structures and neurotransmitters in inflammatory joint diseases.
Dexamethasone is a potent synthetic corticosteroid which is often used in the treatment of lung and
rheumatic disorders, inflammation, allergies, and asthma. Intra-articular injections of dexamethasone
are used for OA and RA treatment [29,30]. Several studies have shown that dexamethasone inhibits the
induction of matrix metalloproteinases, prostaglandins, inflammatory cytokines, and oxygen-derived
radicals [31–36]. Dexamethasone decreased the synthesis and secretion of inflammatory factors
from TNFα-treated FLS [37,38]. It also inhibited IL-1β-induced phospholipase A2, prostaglandin
E2, and cyclooxygenase (COX) activity in human FLS [39]. This corticoid interferes with NF-κB and
apoptosis pathways and has also been found to inhibit synovial inflammation [40,41]. Interestingly,
intra-articular administration of methylprednisolone acetate, another corticosteroid, was reported
to induce an elevated release of PLs into equine synovial fluids and in so doing was suggested to
improve joint mobility [42]. We previously reported that PLs are part of the lubricating system and that
elevated levels of PLs were found in the knee synovial fluid of patients with OA and RA [11]. However,
currently, no detailed data are available regarding the impact of dexamethasone on PL metabolism in
FLS obtained from human osteoarthritic joints.
Given this lack of information and the reported association between dexamethasone and pulmonary
surfactant production, we sought to evaluate the effect of this corticosteroid on PL metabolism in
human FLS from OA knees. The aim of our study was to investigate for the first time the individual
effects which dexamethasone, as well as agonists of adrenergic and muscarinic receptors, have on PL
classes and species synthesized and released by human FLS. Based on our analysis, we provide further
insights into the regulatory mechanisms controlling PL metabolism in articular joints.
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2.2. The Effect of the Glucocorticoid Receptor Antagonist RU 486
In a separate experiment, our analysis focused on the possible mechanism of action of
dexamethasone. As shown in Figure 1C,D, dexamethasone again decreased the biosynthesis of PE to
79% (11.3 ± 1.3%, p = 0.003; 2.06 ± 0.29 nmol/mg protein) and that of SM to 74% (0.34 ± 0.01%, p < 0.001,
87 ± 22 pmol/mg protein) when compared to untreated controls (PE: 14.3 ± 1.5%, 2.90 ± 0.55 nmol/mg
protein; SM: 0.46 ± 0.04%, 115 ± 28 pmol/mg protein, respectively). In addition, a slight but
non-significantly decreased synthesis of PC and PE-based plasmalogen was observed. Once again,
the biosynthesis of LPC remained unchanged in response to dexamethasone treatment (dexamethasone:
2.1 ± 0.37%, 27 ± 7 pmol/mg protein; control: 2.0 ± 0.09%, 27 ± 8 pmol/mg protein). Furthermore,
the blockade of the glucocorticoid receptor with RU 486 abolished the dexamethasone effect on the
biosynthesis of SM (p = 0.007). Since SM derives from PC, the ratios of the newly synthesized SM to
its newly synthesized precursor PC were calculated. Our analysis revealed no altered ratios upon
treatment, suggesting no specific effect of RU 486 on the biosynthesis of SM. The levels of newly
synthesized PL classes are presented in Table 1.
2.3. A Detailed Analysis of the Dexamethasone Effect on PL Species
Our ESI-MS/MS analysis allowed us to determine whether dexamethasone affects the biosynthesis
of specific PC species. Their concentrations varied between 39 ± 5 pmol/mg protein (PC 34:3) and 861 ±
90 pmol/mg protein (PC 34:1) for untreated controls and between 28 ± 8 pmol/mg protein (PC 34:3) and
726 ± 206 pmol/mg protein (PC 34:1) after treatment with dexamethasone (Table S1). Dexamethasone
significantly decreased the synthesis of five PC species, namely PC 30:0, to 77% (p = 0.014), PC 32:1 to
78% (p = 0.037), PC 34:2 to 82% (p = 0.049), PC 36:4 to 88% (p = 0.046), and PC 38:6 to 84% (p = 0.032).
Figure 2A,B shows, that the glucocorticoid receptor with RU 486 appears to antagonize this inhibitory
effect. Also, over 86% of newly synthesized PC species were unsaturated irrespective of the treatment.
The length of the FA chains of newly synthesized PC species did not differ between treated and
untreated FLS: 77.3 ± 4.2% had equal to or less than 36 carbon atoms in untreated FLS, 75.8 ± 5.0% had
equal to or less than 36 carbon atoms in FLS treated with dexamethasone, and 76.7 ± 4.8% had equal to
or less than 36 carbon atoms after treatment with dexamethasone in the presence of the glucocorticoid
receptor antagonist RU 486.
Newly synthesized SM species showed concentrations varying between 3 ± 1 pmol/mg protein
(SM 36:2) and 54 ± 8 pmol/mg protein (SM 34:1) for untreated controls and between 2 ± 0 pmol/mg
protein (SM 36:2) and 37 ± 11 pmol/mg protein (SM 34:1) where cells were treated with dexamethasone
(Table S1). Dexamethasone significantly inhibited the biosynthesis of two SM species, namely SM 34:1
(to 65%, p = 0.001) and SM 42:2 (to 53%, p = 0.019). The blockade of the glucocorticoid receptor with
RU 486 abolished this effect (Figure 2C).
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dexamethasone, and 86.4 ± 4.1% had equal to or more than 36 carbon atoms in cells being treated with
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2.4. The Effect of Adrenergic and Muscarinic Receptor Agonists on PL Biosynthesis
Our further study was stimulated by recent findings on the role of the neurotransmitters of the
Our further study was stimulated by recent findings on the role of the neurotransmitters of the
autonomic nervous system within articular joints. We focused on receptor agonists of the
autonomic nervous system within articular joints. We focused on receptor agonists of the sympathetic
sympathetic and parasympathetic nervous system to see whether they can affect PL biosynthesis in
and parasympathetic nervous system to see whether they can affect PL biosynthesis in FLS. Our data
reveal that the adrenergic receptor agonists terbutaline and epinephrine, as well as the muscarinic
receptor agonists carbachol and pilocarpine, exert no or only weak effects on PL synthesis (Table 1).
Only pilocarpine slightly increased the biosynthesis of the PE as a class to 108% when compared to
untreated FLS (untreated controls: 22.6 ± 2.9%, 7.6 ± 2.6 nmol/mg protein; pilocarpine treated FLS:
24.5 ± 2.7%, p = 0.030, 8.4 ± 3.7 nmol/mg protein).
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Table 1. The effect of dexamethasone as well as adrenergic and muscarinic receptor agonists on the
biosynthesis of PLs.

Treatment

Control
Dex
Control
Dex
Dex + RU 486
Control
Terbutaline
Epinephrine
Carbachol
Pilocarpine

(D9)-PC
(% labeled)
(nmol/mg)

(D4)-PE
(% labeled)
(nmol/mg)

(D4)-PE P
(% labeled)
(nmol/mg)

(D9)-SM
(% labeled)
(pmol/mg)

(D9)-LPC
(% labeled)
(pmol/mg)

13.6 ± 4.9
12.8 ± 4.7
11.4 ± 3.5**
10.7 ± 3.1

25.8 ± 2.7
8.2 ± 1.6
21.3 ± 2.3 **
6.6 ± 2.4

9.4 ± 1.3
2.2 ± 0.2
8.1 ± 1.2 *
2.1 ± 0.4

1.0 ± 0.3
245 ± 74
0.6 ± 0.2 **
162 ± 56

4.5 ± 1.6
65 ± 23
4.3 ± 1.1
80 ± 26

6.0 ± 1.0
4.6 ± 0.8
5.4 ± 1.8
4.0 ± 1.4
5.9 ± 1.6
4.5 ± 1.4

14.3 ± 1.5
2.9 ± 0.6
11.3 ± 1.3 **
2.1 ± 0.3
12.4 ± 1.5
2.3 ± 0.4

7.0 ± 0.4
2.8 ± 0.3
6.8 ± 0.6
2.7 ± 0.4
7.3 ± 0.7*
3.0 ± 0.4

0.5 ± 0.0
115 ± 28
0.3 ± 0.0 ***
87 ± 22
0.4 ± 0.0 **
105 ± 32

2.0 ± 0.1
26 ± 3
2.1 ± 0.4
27 ± 7
2.0 ± 0.4
27 ± 8

11.8 ± 3.2
11.9 ± 3.8
12.5 ± 4.1
11.5 ± 4.7
12.8 ± 4.9
11.3 ± 4.3
12.5 ± 4.8
12.1 ± 5.7
12.8 ± 5.4
12.5 ± 4.9

22.6 ± 2.9
7.6 ± 2.6
23.8 ± 1.8
7.1 ± 1.2
24.2 ± 2.3
7.2 ± 1.4
24.1 ± 2.8
7.7 ± 2.8
24.5 ± 2.7 *
8.4 ± 3.7

8.0 ± 1.9
2.1 ± 0.4
8.4 ± 1.1
2.0 ± 0.3
8.8 ± 1.3
2.0 ± 0.1
8.5 ± 1.9
2.1 ± 0.6
8.6 ± 1.7
2.2 ± 0.7

0.9 ± 0.2
222 ± 61
0.8 ± 0.2
202 ± 69
0.9 ± 0.2
197 ± 63
0.9 ± 0.3
217 ± 92
0.9 ± 0.3
237 ± 88

3.9 ± 1.2
59 ± 20
5.0 ± 1.3 *
74 ± 23
5.4 ± 1.6 *
75 ± 26
4.7 ± 1.7
81 ± 38
5.3 ± 2.0**
90 ± 36

Values obtained by ESI MS/MS for stable isotope-labeled PL classes were normalized to the cellular protein content
and are expressed as nmol/mg protein or pmol/mg protein. For each PL class, the percentage of stable isotope-labeled
PL from total labeled and unlabeled PL was calculated. Data are presented as means ± SD (n = 5–6). * p ≤ 0.05, ** p
≤ 0.01, *** p ≤ 0.001. Dex = dexamethasone; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PE P =
phosphatidylethanolamine-based plasmalogen; SM = sphingomyelin; LPC = lysophosphatidylcholine.

Our in-depth analysis investigated whether certain PL species are individually affected by any
of the receptor agonists being tested. Interestingly, we found that compared with untreated controls,
pilocarpine stimulated the synthesis of PE 38:3 to 108% (p = 0.003), PE 38:4 to 112% (p = 0.002), and PE
40:4 to 108% (p = 0.038), while terbutaline increased the biosynthesis of PE 36:1 to 113% (p = 0.026), PE
38:3 to 108% (p = 0.025), and PE 38:4 to 110% (p = 0.027). Also, carbachol enhanced the synthesis of PE
36:1 and PE 38:3 to 112% (p = 0.033) and 114% (p < 0.001), respectively, while epinephrine increased
only the biosynthesis of one PE, namely PE 38:3 (107%, p = 0.020).
Moreover, terbutaline, epinephrine, and pilocarpine respectively enhanced the biosynthesis of the
LPC class to 128% (p = 0.019), 138% (p = 0.017), and 136% (p = 0.010) (Table 1). Remarkably, our in-depth
analysis revealed that the synthesis of only one species, namely LPC 18:0, was significantly affected by
terbutaline (5.8 ± 1.8%, p = 0.003; 30 ± 10 pmol/mg protein), epinephrine (5.9 ± 2.3%, p = 0.018; 29 ± 11
pmol/mg protein) and pilocarpine (5.8 ± 2.9, p = 0.013; 35 ± 16 pmol/mg protein) when compared to
untreated controls (4.1 ± 1.6%; 21 ± 9 pmol/mg protein) (Table S2). The levels of LPC species being
detected in nutrient media were low within the range of 17–35 pmol/mg protein. The biosynthesis of
individual species of PC, SM, and PE-based plasmalogen remained unchanged upon treatment with
receptor agonists.
2.5. The In Vitro Model of FLS to Study PL Release
To investigate whether FLS are a possible source for extracellular PLs, an in vitro model to study
the release of PLs was established. The radioactive isotope-labeled precursors [3 H]-choline and
[14 C]-ethanolamine were initially incorporated into PLs to study the release of radiolabeled PLs under
the influence of various agents. Figure 4A shows that increasing the radioactive concentration of
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[3 H]-choline but not [14 C]-ethanolamine in the nutrient media from 1 to 5 or 10µCi/mL significantly
elevated the pool of radioisotope-labeled PLs in FLS. For this reason, specific activities of 5µCi/mL
[3 H]-choline and 1 µCi/mL [14 C]-ethanolamine were ultimately chosen for the in vitro model. Figure 4B
demonstrates that only the amount of [3 H]-choline-labelled lipids correlates with the time of labeling.
The release of [3 H]-choline-labeled (Figure 4C) and [14 C]-ethanolamine-labeled PLs (Figure 4D) from
human FLS into DMEM containing 2% FBS increased linearly with time (r = 1). In conclusion, a 24-h
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2.6. The Release of PLs from FLS as Modulated by Agonists
2.5. The In Vitro Model of FLS to Study PL Release
To investigate the effects of various agents on the release of radiolabeled PLs, FLS were treated
To investigate whether FLS are a possible source for extracellular PLs, an in vitro model to
with dexamethasone, terbutaline, epinephrine, carbachol, and pilocarpine during the 24-h release
study the release of PLs was established. The radioactive isotope-labeled precursors [3H]-choline
period. 14As shown in Table 2, relatively more [3 H]-choline-labeled PLs were released into the media
and [ C]-ethanolamine were initially incorporated into PLs to study the release of radiolabeled PLs
than [14 C]-ethanolamine-labeled PLs. However, none of the tested agents were found to modulate the
under the influence of various agents. Figure 4A shows that increasing the radioactive
release of PLs.
concentration of [3H]-choline but not [14C]-ethanolamine in the nutrient media from 1 to 5 or
10µCi/mL significantly elevated the pool of radioisotope-labeled PLs in FLS. For this reason,
specific activities of 5µCi/mL [3H]-choline and 1 µCi/mL [14C]-ethanolamine were ultimately chosen
for the in vitro model. Figure 4B demonstrates that only the amount of [3H]-choline-labelled lipids
correlates with the time of labeling. The release of [3H]-choline-labeled (Figure 4C) and
[14C]-ethanolamine-labeled PLs (Figure 4D) from human FLS into DMEM containing 2% FBS
increased linearly with time (r = 1). In conclusion, a 24-h labeling period was chosen to ensure a
measurable level of radiolabeled PLs in nutrient media and to minimize the amount of PLs being
internalized by the cells. Furthermore, a 24-h period of linear release of radiolabeled PLs was
chosen to determine the effect of the agents on PL release.

Int. J. Mol. Sci. 2019, 20, 342

9 of 17

Table 2. The effects of dexamethasone as well as adrenergic and muscarinic receptors agonists on the
release of PLs.
Treatment

[3 H]-Choline-Labeled PLs
(% Released PLs)

[14 C]-Ethanolamine-Labeled PLs
(% Released PLs)

Control
Dexamethasone

4.97 ± 1.04
4.80 ± 1.44

2.19 ± 0.65
2.09 ± 0.69

Control
Terbutaline
Epinephrine
Carbachol
Pilocarpine

5.03 ± 0.78
4.97 ± 1.20
5.08 ± 1.18
4.67 ± 1.22
5.19 ± 1.55

1.79 ± 0.33
2.06 ± 0.57
ND
2.14 ± 0.68
ND

Using our novel in vitro model, the release of radiolabeled lipids from confluent FLS into media over a 24 h
period was monitored in the presence of 10 µM dexamethasone, terbutaline, epinephrine, carbachol, or pilocarpine.
The quantitative dpm-values were normalized to the cellular protein content. The data presented are the percentages
of radiolabeled PLs being released from total radiolabeled PLs as found in media and cellular lysates which were
calculated separately for the [3 H]- as well as for the [14 C]-labeled PLs. The data are expressed as means ± SDs
(n = 4–6). ND = not determined.

3. Discussion
Glucocorticoids have been reported to release lubricating surfactants, and particularly PLs, into
equine synovial joints [42], and to promote the biosynthesis and release of lung surfactants, including
PLs [13,14]. Our present study, therefore, attempted to determine the effect of the corticosteroid
dexamethasone on the PL metabolism of human FLS derived from OA knee joints. Our results
demonstrate that dexamethasone inhibited the biosynthesis of PLs, but did not influence their release
from FLS. Our initial screening experiment revealed that dexamethasone decreased the biosynthesis of
PC, PE, PE P, and SM. An additional experiment aimed at blocking the dexamethasone effect using
a glucocorticoid receptor antagonist was able to confirm our observation. Our data obtained with knee
FLS contradict those obtained with human fetal lungs cultured as an explant, in which dexamethasone
significantly stimulated the incorporation of [3 H]-choline into PC. In the present study using human
FLS, dexamethasone actually decreased the incorporation of stable isotope-labeled precursors into PLs.
Our data therefore indicate alternative regulatory mechanisms for PL biosynthesis between synovial
joints and lungs.
In our study, dexamethasone was found to be an inhibitor of PE and SM biosynthesis. Apart from
their role in maintaining cell membrane integrity, PE species and their metabolites such as diacylglycerol
also function as precursors of molecules that modulate pain perception, inflammation, autophagy, and
apoptosis [43–47]. Also, SM species and their metabolites including ceramides and sphingosine play
roles in cell signaling, apoptosis, and survival [48,49]. As such, lower levels of PE species may, in fact,
suppress inflammation by inhibiting the expression of pro-inflammatory cytokines within the synovial
joint. We also hypothesize that a reduced level of SM after dexamethasone treatment may counteract
the apoptotic process within chondrocytes. Taken together, our data imply a possible beneficial effect
of dexamethasone on OA through downregulation of lipid biosynthesis. However, further studies
will certainly provide additional insights to confirm these suggested effects of dexamethasone within
the joints.
Dexamethasone has also been reported to inhibit synovial inflammation [40,41].
Phosphatidylethanolamine-binding protein-1 has been found to interact with a range of signaling
molecules that participate in inflammatory processes [50]. Also, bioactive aldehydes generated from PE
have been reported to mediate inflammation [51]. In our previous study, we showed that IL-1β increases
the biosynthesis of PE and PE-based plasmalogens. Nine PE and four PE-based plasmalogen species
were previously found to be upregulated by IL-1β [52]. Here, we demonstrate that dexamethasone
was able to inhibit PE biosynthesis, indicating a possible antagonizing effect of dexamethasone on
IL-1ß via the signal transduction pathway of NF-κB in the synovium [41].
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Interestingly, dexamethasone appears to act only in part through the glucocorticoid receptor.
The blockade of the glucocorticoid receptor with RU 486 abolished the dexamethasone effect on the
biosynthesis of only one PE and two SM species. Glucocorticoids have been reported to act through
two types of nuclear receptors, namely the glucocorticoid receptor NR3C1 and the mineralocorticoid
receptor NR3C2 [53]. The response takes place over a course of hours. Glucocorticoids might also
rapidly act through membrane-bound receptors [54,55]. Consistently with this, our data suggest that
the dexamethasone effect on PL biosynthesis may not only be mediated by the nuclear glucocorticoid
receptor. This might be one reason why we were not able to observe a more pronounced inhibitory
effect. Further studies are required to elucidate the mechanism of dexamethasone action on PL synthesis
in articular joint FLS.
Since intra-articular injections of dexamethasone are commonly used in OA and
RA treatments [29,30], we compared PL species that are known to be altered in early OA synovial
fluid [12] with those of FLS treated with dexamethasone. We report here that the levels of PLs are
regulated in opposite directions. The biosynthesis of nine PE and three PC species which were elevated
during early OA was decreased after dexamethasone treatment. Our data together with the reported
anti-inflammatory properties [40,41] of dexamethasone suggest a possible therapeutic potential for
dexamethasone in OA with the goal of restoring normal PL homeostasis within articular joints.
Adrenergic and cholinergic receptor agonists have been found to stimulate pulmonary surfactant
production and release [14,56–59]. Moreover, recent findings have provided clear evidence for the
presence and (patho)physiological role of the cholinergic and sympathetic nervous systems and their
neurotransmitters within human articular joint tissues including synovium, cartilage, and bone during
health, OA and RA [21,24,28]. This is why we studied the effect of the adrenergic agonists, terbutaline
and epinephrine, as well as the cholinergic agonists, carbachol and pilocarpine, on the biosynthesis
of PLs. Our data indicate that these agonists have some effects on the biosynthesis of PE and LPC,
but not on PC, SM, and PE-based plasmalogens. Remarkably, pilocarpine, terbutaline, and epinephrine
markedly stimulated the biosynthesis of LPC 18:0, which may have a role as an immunomodulatory
lipid species. Our data indicate again that different mechanisms are involved in the regulation of PL
biosynthesis within synovial joints and lungs.
Since it was unknown how the release of PLs from human FLS is controlled, we then went on
to establish an in vitro model. This model was already able to show that newly synthesized PLs
containing choline are preferably released into cell culture media, a fact which might explain in
part the high amount of PC found within human synovial fluid [12]. Nevertheless, the majority of
PLs found in synovial fluid seem to originate from the blood. In the pulmonary surfactant system,
dexamethasone, as well as cholinergic and adrenergic agonists, have been reported to stimulate the
secretion of surfactants including PLs [13,14]. In our experiment, none of these agents had any effect
on PL release. Our data again underline the fact that PLs in synovial joints are differently regulated
compared to those which function as pulmonary surfactants.
Remarkably, Hills et al. reported that methylprednisolone significantly promoted PL secretion
into equine synovial fluid [42]. The main lung surfactant lipid species dipalmitoylphosphatidylcholine
(DPPC) was used as a standard to evaluate surfactant levels which we later found only in small
quantities within human SF as compared to other possible surface-active PC species such as PC 34:1,
PC 34:2, and PC 36:2 [12]. However, in our current in vitro study, we were not able to confirm that
dexamethasone stimulates the release of PLs from human FLS. This may have been due to species
differences or differences between the corticosteroids applied.
In conclusion, we have shown here for the first time that dexamethasone is an inhibitor of PL
biosynthesis in FLS from human OA knees. We also established a new model to study the release
of PLs which allowed us to show that dexamethasone has no impact on PL release from human
FLS. Nevertheless, our data support the therapeutic use of dexamethasone for balancing altered PL
compositions during diseases such as OA. Moreover, adrenergic and cholinergic agonists have only
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minor influences on PE and SM synthesis and do not modulate their release. Our data provide strong
evidence that the metabolism of surface-active PLs is differently regulated in synovial joints and lungs.
4. Materials and Methods
4.1. Reagents
Unless otherwise indicated, all reagents were purchased from Sigma (Deisenhofen, Germany).
Dulbecco’s modified Eagle media (DMEM), Dulbecco’s phosphate buffered saline (PBS) and
penicillin/streptomycin were acquired from PAN Biotech (Aidenbach, Germany), HPLC-grade methanol
and chloroform were from Merck (Darmstadt, Germany), [methyl,-3 H]-choline chloride was from
PerkinElmer (Waltham, MA, USA), [1,2-14 C] ethanolamine hydrochloride was from Hartman Analytic
(Braunschweig, Germany), and trimethyl-[D9]-choline chloride and [D4]-ethanolamine were from
Cambridge Isotope Laboratories (Andover, MA, USA).
4.2. Isolation of Fibroblast-Like Synoviocytes (FLS)
FLS were obtained from synovial membranes of OA patients undergoing total knee replacement
surgery as described elsewhere [60]. The study was approved on 31 October 2013 by the local
ethics committee of the Justus Liebig University Giessen (Az 106/03), and all patients provided
informed consent to donate samples for research before the experiments were begun. The effects of
dexamethasone, adrenergic and cholinergic agonists on FLS were tested with cells derived from 16
OA patients of both genders (7 male, 9 female), aged 50–85 years (76.1 ± 7.6 years), with BMIs of
20–35 (28.7 ± 2.9 kg/m2 ), Kellgren-Lawrence scores of 3.5 ± 0.52, and CRP values of 6.0 ± 12.7 mg/L.
FLS were excluded from patients with (a) other joint diseases such as RA, gout, or trauma, (b) knee
joint surgery within the last 6 months prior to study onset, (c) severe diseases such as HIV infection,
tumors near to the affected knee joint, severe liver and/or kidney diseases, drug abuse, and (d) intake of
immunosuppressive drugs, corticosteroids, or hyaluronan within the last 6 months prior to study onset.
4.3. Cell Culture Procedure
FLS were cultured in a humidified 10% CO2 atmosphere at 37 ◦ C using DMEM medium
supplemented with 1.0 g/L glucose, 584 mg/L l-glutamine, 10% fetal bovine serum (FBS), 10 mM
HEPES buffer, 10 U/mL penicillin, and 0.1 mg/mL streptomycin. The experiments were performed with
cells from passage No. 5. Routine tests for mycoplasma contamination using the PCR Mycoplasma Kit
(PromoCell, Heidelberg, Germany) were negative.
4.4. FACS Analysis
The purity of FLS was determined at the end of passage 4–5 with a BD FACSCANTO II flow
cytometer (Becton Dickinson, Heidelberg, Germany). After trypsinization, cells were stained with
APC anti-human CD90 (clone 5E10) and PE anti-human CD45 (clone 2D1) or APC mouse IgG1 and PE
mouse IgG1 antibodies (clone MOPC-21, BioLegend, San Diego, CA, USA). More than 80% of cells
used in the experiments were stained positively for the fibroblast-specific antigen CD90 (87.1 ± 18.4%),
whereas staining for CD45 was negative.
4.5. The Effect of Dexamethasone, Cholinergic and Adrenergic Agonists on the Biosynthesis of PLs
For the analysis of PL biosynthesis, FLS from passage No. 5 from 6 patients were cultured in 6-well
plates at a density of 80,000 FLS per well. Cells were grown until 100% confluency and then starved for
24 h in serine- and choline-depleted, phenol-free DMEM medium (PAN Biotech, Aidenbach, Germany)
containing 5% lipoprotein-deficient serum (LPDS, a generous gift from Dr. A. Sigruener), 10 mM
HEPES buffer, 10 U/mL penicillin, 0.1 mg/mL streptomycin and 4 mg/L folic acid. The medium was also
supplemented with 42 mg/L l-serine to ensure an adequate supply of all amino acids. FLS were treated
with 10 µM of dexamethasone (Dex), epinephrine, terbutaline, carbachol, or pilocarpine for 16 h in the
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presence of 225 µg/mL of [D9]-choline and 25 µg/mL of [D4]-ethanolamine. Untreated FLS obtained
from the same joints were used as controls. In a separate set of experiments, we investigated whether
blocking the glucocorticoid receptor abolishes the effect of dexamethasone. Here, FLS treated with
10 µM dexamethasone were compared with FLS pretreated for 30 min with 1 µM RU 486 (Selleckchem,
Munich, Germany) and then treated with 10 µM dexamethasone. Afterward, media were harvested,
cells were washed twice with 1× PBS, and lysed with 0.2% sodium dodecyl sulfate. Wells were washed
with distilled water and combined extracts were treated with ultrasound (Sonopuls model UW 2010,
Bandelin electronic, Berlin, Germany) for 6 s with 40–50% power. The protein concentrations of
cellular lysates were quantified using the Pierce™ BCA Protein Assay Kit (Thermo Fisher, Darmstadt,
Germany).
4.6. Release Model
PL release was determined in FLS seeded into 6-well plates at a density of 80,000 cells per well.
Phenol-free DMEM medium containing 10% FBS, 10 mM HEPES buffer, 10 U/mL penicillin, and
0.1 mg/mL streptomycin was used. FLS were grown until 100% confluency and then labeled for 6–48 h
with 1–10 µCi/mL [3 H]-choline and 1–5 µCi/mL of [14 C]-ethanolamine. Cells were adapted to low-level
FBS in that they were first thoroughly washed to remove unincorporated isotopes, then incubated with
DMEM media containing 5% FBS for 24 h, followed by a 24-h culture period in DMEM with 2% FBS.
The release of radiolabeled PLs was determined in media collected after 12–36 h from FLS cultured
in fresh DMEM containing 2% FBS. Cells were washed twice with 1× PBS, lysed using 0.2% sodium
dodecyl sulfate, and treated with ultrasound as described above. Proteins within cellular lysates were
quantified using the Pierce™ BCA Protein Assay Kit (Thermo Fisher, Darmstadt, Germany).
Our preliminary experiments revealed that FLS of the release model maintained a stable metabolism
as indicated by the unaltered expression of the reference genes B2M, β-actin, and GAPDH (QuantiTect®
Primer Assays, Qiagen, Hilden, Germany), by the constant mitochondrial activity (Cell Titer 96® ,
Promega, Madison, WI, USA), and by the high cell viability (>90%, trypan blue exclusion test, Sigma).
4.7. The Effect of Dexamethasone, Cholinergic and Adrenergic Agonists on PL Release
In order to analyze the release of radiolabeled PLs, FLS of the 5th passage from 4–5 patients
were used in the release model. During the release of radiolabeled PLs from FLS into nutrient media
over 24 h, cells were treated with 10 µM dexamethasone (Dex), epinephrine, terbutaline, carbachol,
or pilocarpine. The release was terminated by the sampling of the media and cells were lysed and
extracted as described above.
4.8. Lipid Extraction
Lipid extraction was performed according to the method of Bligh and Dyer [61] described above,
either on stable isotope-labeled cellular lysates in the presence of non-naturally occurring internal lipid
standards (Avanti Polar Lipids, Alabaster, AL, USA), or on radioactive isotope-labeled cellular lysates
and media samples obtained from the release model without the addition of any standards.
4.9. PL Analysis by Mass Spectrometry
Stable isotope-labeled and unlabeled PL species were quantified using electrospray ionization
tandem mass spectrometry (ESI-MS/MS) on a Quattro Ultima™ Triple Quadruple mass spectrometer
(Micromass, Wilmslow, UK) as described previously [62]. Briefly, a precursor ion scanning with an
m/z of 184 was used for phosphatidylcholine (PC), sphingomyelin (SM), and lysophosphatidylcholine
(LPC) detection. [D9]-choline-labeled lipids were analyzed using precursor ion scanning with
an m/z of 193. A neutral loss of 141 Da was used for phosphatidylethanolamine (PE) detection.
[D4]-ethanolamine-labeled lipids were analyzed by neutral loss of 145 Da. Fragment ions of m/z
364, 390 and 392 were used for detecting phosphatidylethanolamine-based plasmalogens (PE P)
PE P-16:0, PE P-18:1, and PE P-18:0. The isotopic overlap of lipid species was corrected and data
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analysis was performed using self-programmed Excel macros [63]. Lipid species were annotated
according to a standard methodology for reporting lipid species identified from mass spectrometry [64].
Glycerophospholipid annotation is based on the assumption of even-numbered carbon chains only. SM
species annotation is based on the assumption that a sphingoid base with two hydroxyl groups is present.
The quantitative values were normalized to the cellular protein content and are expressed as nmol/mg
or pmol/mg protein. Only PL species with concentrations higher than 1% of the corresponding PL
class, and more than three times higher than the internal standard blank, were taken into consideration.
4.10. The Release of Radioactive PLs
Radioactive isotope-labeled PLs were quantified using liquid scintillation counting (LSC).
The chloroform phases of the lipid extraction performed according to the procedure described by Bligh
and Dyer [61] were obtained and mixed with LSC cocktail Emulsifier-Safe™ (Perkin Elmer, Waltham,
MA, USA). Samples were thoroughly mixed and subsequently measured using a Multi-Purpose
Scintillation Counter LS 6500 (Beckman Coulter, Fullerton, CA, USA) with a [3 H]- and [14 C]-dual-label
channel setting. The quantitative dpm-values were normalized to the cellular protein content and
expressed as dpm/mg cellular protein. The percentages of radiolabeled PLs released from total
radiolabeled PLs as found in media and cellular lysates were calculated separately for the [3 H]- as well
as the [14 C]-labeled PLs.
4.11. Statistical Analysis
Each experimental condition was repeated 5–6 times using FLS obtained from 5–6 patients
(n = 5–6). The data were analyzed as logits of the proportions in a two-factorial linear model. The factor
"Patient" accounts for systematic differences between cell cultures obtained from different patients
(“paired analysis”). The “Group” factor accounts for differences between treatments. Residual
diagnostic plots showed good agreement of the data with the model assumptions. Differences in
treatment effects were tested with Tukey’s HSD (Figures 1–3, Tables 1 and 2). Paired t-tests were
applied to analyze the effect of increasing concentrations of radioactive isotopes on radiolabeled PLs
(Figure 4A). Correlations between the time of labeling and PL (Figure 4B) as well as the time of release
on PL release (Figure 4C–D) were calculated using Spearman’s rank correlation. The %-values quoted
in the text within brackets represent the percentage of the labeled PL class or individual species from
the total corresponding PL class or species being determined, both labeled and unlabeled. The analysis
was performed in R version 3.3.2 [65]. Graphs were created using Prism 5.2 (GraphPad Software
Inc., La Jolla, CA, USA). Data are presented as means and standard deviations. Stars indicate the
significance of individual comparisons (* p < 0.05, ** p < 0.01, *** p < 0.001).
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/2/342/s1.
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Abbreviations
COX
DPPC
FLS
IL-1ß
LPC
MS
OA
PC
PE
PE P
PL
RA
SM
TNFα

Cyclooxygenase
Dipalmitoyl-Phosphatidylcholine
Fibroblast-like Synoviocytes
Interleukin-1ß
Lysphosphatidylcholine
Mass Spectrometry
Osteoarthritis
Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidylethanolamine-based plasmalogen
Phospholipid
Rheumatoid Arthritis
Sphingomyelin
Tumor necrosis factor α

References
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.

11.

12.

13.

14.

Jahn, S.; Seror, J.; Klein, J. Lubrication of articular cartilage. Annu. Rev. Biomed. Eng. 2016, 18, 235–258.
[CrossRef] [PubMed]
Hills, B.A. Surface-active phospholipid: A pandora’s box of clinical applications. Part II. Barrier and
lubricating properties. Intern. Med. J. 2002, 32, 242–251. [CrossRef] [PubMed]
Vance, J.E. Phospholipid synthesis and transport in mammalian cells. Traffic 2015, 16, 1–18. [CrossRef]
[PubMed]
Bernhard, W. Lung surfactant: Function and composition in the context of development and respiratory
physiology. Ann. Anat. 2016, 208, 146–150. [CrossRef]
Mulugeta, S.; Nureki, S.; Beers, M.F. Lost after translation: Insights from pulmonary surfactant for
understanding the role of alveolar epithelial dysfunction and cellular quality control in fibrotic lung disease.
Am. J. Physiol. Lung Cell Mol. Physiol. 2015, 309, L507–L525. [CrossRef]
Agassandian, M.; Mallampalli, R.K. Surfactant phospholipid metabolism. Biochim. Biophys. Acta 2013,
1831, 612–625. [CrossRef]
Hills, B.A.; Crawford, R.W. Normal and prosthetic synovial joints are lubricated by surface-active
phospholipid: A hypothesis. J. Arthroplasty 2003, 18, 499–505. [CrossRef]
Crockett, R. Boundary lubrication in natural articular joints. Tribol. Lett. 2016, 35, 77–84. [CrossRef]
Clark, R.B.; Schmidt, T.; Sachse, F.B.; Boyle, D.; Firestein, G.S.; Giles, W.R. Cellular electrophysiological
principles that modulate secretion from synovial fibroblasts. J. Physiol. 2017, 595, 635–665. [CrossRef]
Nagaoka, A.; Yoshida, H.; Nakamura, S.; Morikawa, T.; Kawabata, K.; Kobayashi, M.; Sakai, S.; Takahashi, Y.;
Okada, Y.; Inoue, S. Regulation of hyaluronan (ha) metabolism mediated by hybid (hyaluronan-binding
protein involved in ha depolymerization, kiaa1199) and ha synthases in growth factor-stimulated fibroblasts.
J. Biol. Chem. 2015, 290, 30910–30923. [CrossRef]
Kosinska, M.K.; Ludwig, T.E.; Liebisch, G.; Zhang, R.; Siebert, H.C.; Wilhelm, J.; Kaesser, U.; Dettmeyer, R.B.;
Klein, H.; Ishaque, B.; et al. Articular joint lubricants during osteoarthritis and rheumatoid arthritis display
altered levels and molecular species. PLoS ONE 2015, 10, e0125192. [CrossRef] [PubMed]
Kosinska, M.K.; Liebisch, G.; Lochnit, G.; Wilhelm, J.; Klein, H.; Kaesser, U.; Lasczkowski, G.; Rickert, M.;
Schmitz, G.; Steinmeyer, J. A lipidomic study of phospholipid classes and species in human synovial fluid.
Arthritis Rheum. 2013, 65, 2323–2333. [CrossRef] [PubMed]
King, G.; Damas, J.E.; Cake, M.H.; Berryman, D.; Maker, G.L. Influence of glucocorticoids, neuregulin-1beta,
and sex on surfactant phospholipid secretion from type II cells. Am. J. Physiol. Lung Cell Mol. Physiol. 2014,
306, L292–L298. [CrossRef] [PubMed]
Sullivan, L.C.; Orgeig, S. Dexamethasone and epinephrine stimulate surfactant secretion in type II cells of
embryonic chickens. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2001, 281, R770–R777. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 342

15.

16.

17.
18.
19.
20.
21.

22.

23.
24.
25.

26.

27.
28.
29.

30.

31.

32.

33.

34.

35.

15 of 17

Postle, A.D.; Gonzales, L.W.; Bernhard, W.; Clark, G.T.; Godinez, M.H.; Godinez, R.I.; Ballard, P.L. Lipidomics
of cellular and secreted phospholipids from differentiated human fetal type II alveolar epithelial cells.
J. Lipid Res. 2006, 47, 1322–1331. [CrossRef] [PubMed]
Lewis, D.J.; Williams, T.C.; Beck, S.L. Foamy macrophage responses in the rat lung following exposure to
inhaled pharmaceuticals: A simple, pragmatic approach for inhaled drug development. J. Appl. Toxicol.
2014, 34, 319–331. [CrossRef]
Enhorning, G. Surfactant in airway disease. Chest 2008, 133, 975–980. [CrossRef]
McAuley, D.F.; Matthay, M.A. Is there a role for beta-adrenoceptor agonists in the management of acute lung
injury and the acute respiratory distress syndrome? Treat. Respir. Med. 2005, 4, 297–307. [CrossRef]
Gojnic, M.; Pervulov, M. Artificial fetal lung maturation–prevention of antenatal complications in premature
deliveries. Clin. Exp. Obstet. Gynecol. 2005, 32, 61–64.
Rooney, S.A. Lung surfactant. Environ. Health Perspect. 1984, 55, 205–226. [CrossRef]
Jenei-Lanzl, Z.; Grassel, S.; Pongratz, G.; Kees, F.; Miosge, N.; Angele, P.; Straub, R.H. Norepinephrine
inhibition of mesenchymal stem cell and chondrogenic progenitor cell chondrogenesis and acceleration of
chondrogenic hypertrophy. Arthritis Rheumatol. 2014, 66, 2472–2481. [CrossRef] [PubMed]
Lorenz, J.; Schafer, N.; Bauer, R.; Jenei-Lanzl, Z.; Springorum, R.H.; Grassel, S. Norepinephrine modulates
osteoarthritic chondrocyte metabolism and inflammatory responses. Osteoarthritis Cartilage 2016, 24, 325–334.
[CrossRef] [PubMed]
Grassel, S.G. The role of peripheral nerve fibers and their neurotransmitters in cartilage and bone physiology
and pathophysiology. Arthritis Res. Ther. 2014, 16, 485. [CrossRef] [PubMed]
Grassel, S.; Muschter, D. Peripheral nerve fibers and their neurotransmitters in osteoarthritis pathology. Int. J.
Mol. Sci. 2017, 18, 931. [CrossRef] [PubMed]
Beckmann, J.; Schubert, J.; Morhenn, H.G.; Grau, V.; Schnettler, R.; Lips, K.S. Expression of choline
and acetylcholine transporters in synovial tissue and cartilage of patients with rheumatoid arthritis and
osteoarthritis. Cell Tissue Res. 2015, 359, 465–477. [CrossRef]
Schubert, J.; Beckmann, J.; Hartmann, S.; Morhenn, H.G.; Szalay, G.; Heiss, C.; Schnettler, R.; Lips, K.S.
Expression of the non-neuronal cholinergic system in human knee synovial tissue from patients with
rheumatoid arthritis and osteoarthritis. Life Sci. 2012, 91, 1048–1052. [CrossRef]
Beckmann, J.; Dittmann, N.; Schutz, I.; Klein, J.; Lips, K.S. Effect of M3 muscarinic acetylcholine receptor
deficiency on collagen antibody-induced arthritis. Arthritis Res. Ther. 2016, 18, 17. [CrossRef]
Gu, Q.; Li, D.; Wei, B.; Guo, Y.; Yan, J.; Mao, F.; Zhang, X.; Wang, L. Effects of nicotine on a rat model of early
stage osteoarthritis. Int. J. Clin. Exp. Pathol. 2015, 8, 3602–3612.
del Rincon, I.; Battafarano, D.F.; Restrepo, J.F.; Erikson, J.M.; Escalante, A. Glucocorticoid dose thresholds
associated with all-cause and cardiovascular mortality in rheumatoid arthritis. Arthritis Rheumatol. 2014,
66, 264–272. [CrossRef]
McAlindon, T.E.; Bannuru, R.R.; Sullivan, M.C.; Arden, N.K.; Berenbaum, F.; Bierma-Zeinstra, S.M.;
Hawker, G.A.; Henrotin, Y.; Hunter, D.J.; Kawaguchi, H.; et al. OARSI guidelines for the non-surgical
management of knee osteoarthritis. Osteoarthritis Cartilage 2014, 22, 363–388. [CrossRef]
Richardson, D.W.; Dodge, G.R. Dose-dependent effects of corticosteroids on the expression of matrix-related
genes in normal and cytokine-treated articular chondrocytes. Inflamm. Res. 2003, 52, 39–49. [CrossRef]
[PubMed]
Shimpo, H.; Sakai, T.; Kondo, S.; Mishima, S.; Yoda, M.; Hiraiwa, H.; Ishiguro, N. Regulation of prostaglandin
E(2) synthesis in cells derived from chondrocytes of patients with osteoarthritis. J. Orthop. Sci. 2009,
14, 611–617. [CrossRef] [PubMed]
Huo, Y.; Rangarajan, P.; Ling, E.A.; Dheen, S.T. Dexamethasone inhibits the Nox-dependent ROS production
via suppression of MKP-1-dependent MAPK pathways in activated microglia. BMC Neurosci. 2011, 12, 49.
[CrossRef] [PubMed]
Garvican, E.R.; Vaughan-Thomas, A.; Redmond, C.; Gabriel, N.; Clegg, P.D. MMP-mediated collagen
breakdown induced by activated protein c in equine cartilage is reduced by corticosteroids. J. Orthop. Res.
2010, 28, 370–378. [CrossRef] [PubMed]
Huebner, K.D.; Shrive, N.G.; Frank, C.B. Dexamethasone inhibits inflammation and cartilage damage in
a new model of post-traumatic osteoarthritis. J. Orthop. Res. 2014, 32, 566–572. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 342

36.

37.

38.

39.
40.

41.

42.
43.
44.
45.
46.
47.

48.

49.
50.
51.
52.

53.
54.
55.
56.
57.

16 of 17

Heard, B.J.; Barton, K.I.; Chung, M.; Achari, Y.; Shrive, N.G.; Frank, C.B.; Hart, D.A. Single intra-articular
dexamethasone injection immediately post-surgery in a rabbit model mitigates early inflammatory responses
and post-traumatic osteoarthritis-like alterations. J. Orthop. Res. 2015, 33, 1826–1834. [CrossRef] [PubMed]
Huhtakangas, J.A.; Veijola, J.; Turunen, S.; Karjalainen, A.; Valkealahti, M.; Nousiainen, T.; Yli-Luukko, S.;
Vuolteenaho, O.; Lehenkari, P. 1,25(oh)2d3 and calcipotriol, its hypocalcemic analog, exert a long-lasting
anti-inflammatory and anti-proliferative effect in synoviocytes cultured from patients with rheumatoid
arthritis and osteoarthritis. J. Steroid Biochem. Mol. Biol. 2017, 173, 13–22. [CrossRef] [PubMed]
Huhtakangas, J.A.; Veijola, J.; Turunen, S.; Karjalainen, A.; Valkealahti, M.; Nousiainen, T.; Yli-Luukko, S.;
Vuolteenaho, O.; Lehenkari, P. Cytokine data obtained from synovial stromal cells of patients with rheumatoid
arthritis or osteoarthritis. Data Brief 2017, 12, 593–602. [CrossRef] [PubMed]
Sampey, A.V.; Hutchinson, P.; Morand, E.F. Annexin I and dexamethasone effects on phospholipase and
cyclooxygenase activity in human synoviocytes. Mediators Inflamm. 2000, 9, 125–132. [CrossRef] [PubMed]
Utomo, L.; van Osch, G.J.; Bayon, Y.; Verhaar, J.A.; Bastiaansen-Jenniskens, Y.M. Guiding synovial
inflammation by macrophage phenotype modulation: An in vitro study towards a therapy for osteoarthritis.
Osteoarthritis Cartilage 2016, 24, 1629–1638. [CrossRef]
Gossye, V.; Elewaut, D.; Bougarne, N.; Bracke, D.; Van Calenbergh, S.; Haegeman, G.; De Bosscher, K.
Differential mechanism of nf-kappab inhibition by two glucocorticoid receptor modulators in rheumatoid
arthritis synovial fibroblasts. Arthritis Rheum. 2009, 60, 3241–3250. [CrossRef] [PubMed]
Hills, B.A.; Ethell, M.T.; Hodgson, D.R. Release of lubricating synovial surfactant by intra-articular steroid.
Br. J. Rheumatol. 1998, 37, 649–652. [CrossRef] [PubMed]
Gibellini, F.; Smith, T.K. The Kennedy pathway–de novo synthesis of phosphatidylethanolamine and
phosphatidylcholine. IUBMB Life 2010, 62, 414–428. [CrossRef] [PubMed]
Momchilova, A.; Markovska, T. Phosphatidylethanolamine and phosphatidylcholine are sources of
diacylglycerol in ras-transformed nih 3t3 fibroblasts. Int. J. Biochem. Cell Biol. 1999, 31, 311–318. [CrossRef]
Okamoto, Y.; Morishita, J.; Tsuboi, K.; Tonai, T.; Ueda, N. Molecular characterization of a phospholipase D
generating anandamide and its congeners. J. Biol. Chem. 2004, 279, 5298–5305. [CrossRef] [PubMed]
Carver, K.A.; Yang, D. N-acetylcysteine amide protects against oxidative stress-induced microparticle release
from human retinal pigment epithelial cells. Invest. Ophthalmol. Vis. Sci. 2016, 57, 360–371. [CrossRef]
Emoto, K.; Toyama-Sorimachi, N.; Karasuyama, H.; Inoue, K.; Umeda, M. Exposure of
phosphatidylethanolamine on the surface of apoptotic cells. Exp. Cell Res. 1997, 232, 430–434. [CrossRef]
[PubMed]
Ichinose, Y.; Eguchi, K.; Migita, K.; Kawabe, Y.; Tsukada, T.; Koji, T.; Abe, K.; Aoyagi, T.; Nakamura, H.;
Nagataki, S. Apoptosis induction in synovial fibroblasts by ceramide: In vitro and in vivo effects. J. Lab.
Clin. Med. 1998, 131, 410–416. [CrossRef]
Cutler, R.G.; Mattson, M.P. Sphingomyelin and ceramide as regulators of development and lifespan.
Mech. Ageing Dev. 2001, 122, 895–908. [CrossRef]
Zhao, J.; Wenzel, S. Interactions of RKIP with inflammatory signaling pathways. Crit. Rev. Oncog. 2014,
19, 497–504. [CrossRef]
Guo, L.; Davies, S.S. Bioactive aldehyde-modified phosphatidylethanolamines. Biochimie 2013, 95, 74–78.
[CrossRef] [PubMed]
Sluzalska, K.D.; Liebisch, G.; Lochnit, G.; Ishaque, B.; Hackstein, H.; Schmitz, G.; Rickert, M.; Steinmeyer, J.
Interleukin-1beta affects the phospholipid biosynthesis of fibroblast-like synoviocytes from human
osteoarthritic knee joints. Osteoarthritis Cartilage 2017, 25, 1890–1899. [CrossRef] [PubMed]
John, K.; Marino, J.S.; Sanchez, E.R.; Hinds, T.D. The glucocorticoid receptor: Cause of or cure for obesity?
Am. J. Physiol. Endocrinol. Metab. 2016, 310, E249–E257. [CrossRef] [PubMed]
Löwenberg, M.; Stahn, C.; Hommes, D.W.; Buttgereit, F. Novel insights into mechanisms of glucocorticoid
action and the development of new glucocorticoid receptor ligands. Steroids 2008, 73, 1025–1029.
Urbach, V.; Verriere, V.; Grumbach, Y.; Bousquet, J.; Harvey, B.J. Rapid anti-secretory effects of glucocorticoids
in human airway epithelium. Steroids 2006, 71, 323–328. [CrossRef] [PubMed]
Griese, M.; Gobran, L.I.; Rooney, S.A. Ontogeny of surfactant secretion in type II pneumocytes from fetal,
newborn, and adult rats. Am. J. Physiol. 1992, 262, L337–L343. [CrossRef]
Massaro, D.; Clerch, L.; Massaro, G.D. Surfactant secretion: Evidence that cholinergic stimulation of secretion
is indirect. Am. J. Physiol. 1982, 243, C39–C45. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 342

58.
59.

60.

61.
62.

63.

64.

65.

17 of 17

Oyarzun, M.J.; Clements, J.A.; Baritussio, A. Ventilation enhances pulmonary alveolar clearance of radioactive
dipalmitoyl phosphatidylcholine in liposomes. Am. Rev. Respir. Dis. 1980, 121, 709–721.
Wood, P.G.; Lopatko, O.V.; Orgeig, S.; Joss, J.M.; Smits, A.W.; Daniels, C.B. Control of pulmonary surfactant
secretion: An evolutionary perspective. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2000, 278, R611–R619.
[CrossRef]
Neumann, E.; Riepl, B.; Knedla, A.; Lefevre, S.; Tarner, I.H.; Grifka, J.; Steinmeyer, J.; Scholmerich, J.;
Gay, S.; Muller-Ladner, U. Cell culture and passaging alters gene expression pattern and proliferation rate in
rheumatoid arthritis synovial fibroblasts. Arthritis Res. Ther. 2010, 12, R83. [CrossRef]
Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol.
1959, 37, 911–917. [CrossRef] [PubMed]
Binder, M.; Liebisch, G.; Langmann, T.; Schmitz, G. Metabolic profiling of glycerophospholipid synthesis
in fibroblasts loaded with free cholesterol and modified low density lipoproteins. J. Biol. Chem. 2006,
281, 21869–21877. [CrossRef] [PubMed]
Liebisch, G.; Binder, M.; Schifferer, R.; Langmann, T.; Schulz, B.; Schmitz, G. High throughput quantification
of cholesterol and cholesteryl ester by electrospray ionization tandem mass spectrometry (ESI-MS/MS).
Biochim. Biophys. Acta 2006, 1761, 121–128. [CrossRef] [PubMed]
Liebisch, G.; Vizcaino, J.A.; Kofeler, H.; Trotzmuller, M.; Griffiths, W.J.; Schmitz, G.; Spener, F.; Wakelam, M.J.
Shorthand notation for lipid structures derived from mass spectrometry. J. Lipid Res. 2013, 54, 1523–1530.
[CrossRef]
R Core Team. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2017.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

