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Abstract Royal jelly (RJ) fatty acids have recently been
shown to possess various pharmacological and biological
activities. In this work, we studied the immunomodulatory
effects of 10-hydroxy-trans-2-decenoic acid (10-HDA) and
3,10-dihydroxy-decanoic acid (3,10-DDA), isolated from
RJ, using a model of phytohaemagglutinin-activated human
peripheral blood mononuclear cells (PBMCs). We showed
that higher concentrations (500 wM) of both fatty acids
inhibited the proliferation of PBMCs, and the process was
followed by a decrease in the production of interleukin-2
(IL-2). 10-HDA at the concentration of 500 WM inhibited
the production of IL-18 and tumor necrosis factor-a by
stimulated PBMCs, whereas the same dose of 3,10-DDA
had no effect on the levels of these cytokines. Regard-
ing T helper (Th) cytokine profile, higher concentration
of 10-HDA, in contrast to the lower one (50 wM), inhib-
ited both Thl and Th2 response, whereas Th17 response
was not significantly modulated, as judged by the levels
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of interferon-y, IL-5 and IL-17A in culture supernatants,
respectively. Lower concentration of 3,10-DDA stimulated
Thl and Th17 responses and inhibited IL-10 production,
whereas the higher dose augmented the Th2 response. In
conclusion, our results showed a significant, dose-depend-
ent, immunomodulatory effect of RJ fatty acids in vitro,
which was also associated with their structure.

Keywords Royal jelly - Fatty acid - Human PBMCs -
3,10-Dihydroxy-decanoic acid - 10-Hydroxy-trans-2-
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Introduction

Royal jelly (RJ), a milky-white substance excreted by
mandibular and hypopharyngeal glands of the worker hon-
eybees (Apis mellifera), is a food essential for both the
queen bee and her larvae. RJ has been used as cosmetic
and dietary supplement due to the presence of many impor-
tant compounds, such as proteins, sugars, free amino acids,
fatty acids, minerals and vitamins [1, 2].

A number of pharmacological functions of RJ have been
reported. These include antitumor [3], immunomodulatory
[4-11] and vasodilatative [12] effects; antimicrobial [13],
antiallergic [14] and antioxidative [15] properties; and
many other biological activities. It is highly likely that the
two most important components of RJ, proteins and fatty
acids, are responsible for these different activities, espe-
cially immunomodulatory. It has been demonstrated that
the major royal jelly protein 1 (MRJP1), the most abundant
protein component of RJ, exerts immunostimulatory func-
tion through the induction of pro-inflammatory cytokine
production [9]. Conversely, MRJP3 inhibits the production
of pro-inflammatory cytokines [10] and down-regulates T
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Fig. 1 Chemical structures of
10-HDA and 3,10-DDA

3,10-dihydroxy-decanoic acid

helper 2 (Th2) cytokine production, especially interleu-
kin-4 (IL-4) [8].

Medium-chain fatty acids, the unique RJ components,
have attracted much attention of researches due to their
chemical structures and pharmacological effects [16, 17].
In our previous works, we showed that higher doses of
10-hydroxy-trans-2-decenoic acid (10-HDA) and 3,10-dihy-
droxy-decanoic acid (3,10-DDA), the most important RJ
fatty acids, suppressed the immune response in rats [4, 5].
Later on, we demonstrated that lower doses, especially of
3,10-DDA, stimulated the function of monocyte-derived
dendritic cells (MoDCs) [6, 7], whereas higher doses were
inhibitory. These dose- and structure-dependent differ-
ences in the biological activities encouraged us to study the
immunomodulatory properties of these fatty acids in more
detail using a model of phytohaemagglutinin (PHA)-acti-
vated human peripheral blood mononuclear cells (PBMCs).
PBMC:s contain different immune cell types of both innate
and adaptive immunity, such as monocytes, T- and B-cells,
natural killer cells and DCs, and mimic the in vivo system
of immune responses very closely [18]. Therefore, the aim
of this study was to analyze and compare the dose-depend-
ent effect of 10-HDA and 3,10-DDA on proliferation and
cytokine production by PHA-activated human PBMCs.
The study includes innate immunity cytokines (IL-1p,
IL-6, tumor necrosis factor-a (TNF-a)) and those of the Th
network such as Thl, Th2, Th17 and T regulatory (Treg)
cytokines. Similar work has not been performed so far.

Materials and methods
Isolation of royal jelly fatty acids

The complete process of the isolation of RJ fatty acids was
previously described [16]. Briefly, fresh RJ was lyophilized
and extracted for 48 h with dichloromethane and subse-
quently with methanol. After evaporation of the solvent from
the dichloromethane extract, the residue was submitted to
several chromatographic separations and afforded 10-HDA.
After evaporation of the solvent from the methanol extract,
the residue was diluted with distilled water and extracted with
ethyl acetate. The ethyl acetate residue was then submitted to
several chromatographic separations, affording 3,10-DDA.
Isolated fatty acids were identified by comparison of their
nuclear magnetic resonance (NMR) (heteronuclear multiple-
quantum coherence, HMQC and heteronuclear multiple-bond
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coherence, HMBC) and mass spectrometry data with litera-
ture values. Purity of these fatty acids was 98 % (analyzed
by high-performance liquid chromatography). 10-HDA and
3,10-DDA were dissolved in dimethylsulfoxide (DMSO)
(Sigma, Munich, Germany) and then in RPMI 1640 medium
(Sigma) at final concentrations of 2 mM. Final concentrations
of DMSO did not exceed 0.4 %. The chemical structures of
these fatty acids are shown in Fig. 1.

Preparation of peripheral blood mononuclear cell culture

PBMCs were isolated from buffy coats obtained from
five healthy volunteers by density gradient centrifugation
(Lymphoprep, PAA Vienna, Austria). The Ethical Com-
mittee of Military Medical Academy, Belgrade, Serbia, has
approved the use of human cells for in vitro research. Cells
were washed in phosphate-buffered saline (PBS) and resus-
pended in RPMI 1640 medium (Sigma, Munich, Germany)
supplemented with 2 mM L-glutamine, antibiotics [20 g/
ml of gentamycin (ICN, Costa Mesa, CA, USA), 100 U/
ml of penicillin and 100 pg/ml of streptomycin (both from
Galenika, Belgrade, Serbia)], 50 wM 2-mercaptoethanol
(2-ME) (Sigma, Munich, Germany) and 10 % heat-inacti-
vated fetal calf serum (FCS) (ICN, Costa Mesa, CA, USA).

Viability and apoptosis assay

PBMCs (1 x 10° cells/tube) were collected, washed with
PBS, stained with propidium iodide (PI) (10 pg/ml of
PBS) (Sigma) and analyzed by flow cytometry (EPICS XL-
MCL, Krefeld, Germany). PI-stained cells were considered
as dead cells. Viability of the cells was higher than 95 %.
Apoptosis was determined after staining of PBMCs with
PI (10 pg/ml PI dissolved in hypotonic citrate buffer) and
incubation of the cells for 6 h in dark. After that, the cells
were analyzed using flow cytometry (EPICS XL-MCL).
PBMCs with hypodiploid nuclei were identified as apop-
totic cells, and the results were presented as percentages.

Proliferation assay

For the cell proliferation assay, the PBMCs were plated in
96-well plates (ICN Costa Mesa, CA, USA) (2 x 10° cells/
ml; 200 pl of PBMC suspension), cultivated with PHA
(Serva) (30 pwg/ml) alone or PHA with different concentra-
tions of RJ fatty acids and incubated for 3 days in an incu-
bator (Flow, Irvine, UK) with 5 % CO, at 37 °C. After 72 h,
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the cultures were pulsed with [°H] thymidine (1 pCi/well,
Amersham, Buckinghamshire, UK) during the last 18 h of
cultivation. After harvesting, the radioactivity was meas-
ured using a scintillation counter (Beckman). The results
were expressed as proliferation index.

Cytokine assay

PHA-stimulated PBMCs were cultivated in 96-well flat-
bottomed plates (2 x 10° cells/ml; 200 pl of PBMCs sus-
pension) with or without RJ fatty acids, as described previ-
ously. After 72 h, the supernatants were collected and stored
at —40 °C for later analysis of cytokine levels. The concen-
trations of IL-2, interferon-y (IFN-vy), IL-5, IL-17A, IL-10,
IL-1B, IL-6 and TNF-a in the supernatants were determined
using sandwich ELISA kits (R&D Systems, Minneapolis,
USA), according to the manufacturer’s instructions.

Statistical analysis

Data are presented as mean = standard deviation (SD). Sta-
tistical analysis was performed using GraphPad Prism soft-
ware (GraphPad, San Diego, CA, USA). Significant differ-
ences were assessed using one-way ANOVA followed by
the Dunnett’s multiple comparison test. Values of p < 0.05
or less were considered as statistically significant.

Results
Effect of RJ fatty acids on the proliferation of lymphocytes

PBMCs were stimulated with PHA and different concen-
trations of 10-HDA or 3,10-DDA, respectively. PBMCs
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Fig. 2 Effect of 10-HDA and 3,10-DDA on proliferation (a), apop-
tosis (b) and IL-2 production (¢) by PBMCs in culture. PBMCs were
cultivated with PHA alone or PHA with different concentrations of
RIJ fatty acids for 3 days. a Cells were pulsed with [*H]-thymidine for
the last 18 h. Proliferation was measured by [°H]-thymidine uptake.
Values are presented as proliferation index (mean = SD; n = 5). b
Control and RJ fatty acid-treated PBMCs were collected, washed

Control 10 500 10 500 (uM)
[ 3,10-DDA I 10-HDA

stimulated with PHA alone served as a control. Results pre-
sented in Fig. 2a show that only the highest concentration
of both fatty acids (500 pM) significantly inhibited cellular
proliferation. Lower concentrations of 3,10-DDA stimu-
lated PHA-induced proliferation of PBMCs, but because of
interdonor variability, the differences were not statistically
significant. Inhibited proliferation was not a consequence
of cell apoptosis (Fig. 2b), but was associated with inhib-
ited production of IL-2 (Fig. 2c).

Effect of RJ fatty acids on the production
of pro-inflammatory cytokines

Based on cell proliferation studies, we decided to examine
a lower (50 wM) and the highest (500 M) dose of RJ fatty
acids on cytokine production of PHA-activated PBMCs. At
first, we studied the production of three pro-inflammatory
cytokines (IL-1f, IL-6 and TNF-a). Results are shown in
Fig. 3. It can be seen that neither concentration of 3,10-
DDA modulates the secretion of all these cytokines. How-
ever, higher concentration of 10-HDA significantly sup-
pressed the production of TNF-a and IL-18.

Effect of RJ fatty acids on the Th profile of cytokines

The supernatants of PHA-stimulated PBMCs were tested
for the presence of four key cytokines produced by effec-
tor CD4" cells: IFN-y (a dominant Thl cytokine), IL-5
(a main representative of Th2 cytokines), IL-17A (a key
cytokine of Th17 cells) and IL-10 (a key immunoregula-
tory cytokine). As presented in Fig. 4, lower concentration
of 3,10-DDA stimulated the production of IFN-y and IL-
17A, but down-regulated the production of IL-10. In con-
trast, higher concentration of this fatty acid stimulated the
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with PBS, stained with PI and analyzed by flow cytometry. Apop-
totic cells were identified as the cells with hypodiploid nuclei. Values
are expressed as percentages of apoptosis £ SD (n = 5). ¢ Superna-
tants of PBMC cultures were collected and used for IL-2 detection
by ELISA. Results are presented as mean = SD (n = 5). *p < 0.05
compared to the control

@ Springer



884

Eur Food Res Technol (2014) 238:881-887

1500 1500

1000

1000 4

500 *k 500

TNF-a (pg/ml)
IL-1B (pg/ml)

0- 0-
Control 50 500 50 500 (M)
= 3,10-DDA mEHE 10-HDA

Fig. 3 Effect of 10-HDA and 3,10-DDA on the production of pro-
inflammatory cytokines by PBMCs. Supernatants of PBMC cul-
tures with PHA and with or without RJ fatty acids were collected
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after 3 days of cell cultivation and used for TNF-a, IL-1f and IL-6
detection by ELISA. Values are expressed as mean £ SD (n = 5).
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production of IL-5. Lower concentration of 10-HDA did
not significantly modulate the production of all tested Th
cytokines, in contrast to the higher one, which inhibited the
production of IFN-y and IL-5.

Discussion

In this work, we studied the effects of 10-HDA and 3,10-
DDA, free fatty acids isolated from RJ, on proliferation
and cytokine production by PHA-activated human PBMCs
in vitro. We found that these fatty acids exhibited different
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immunomodulatory activities, which were associated with
their concentrations and structure.

Both RJ fatty acids, at higher concentrations (500 uM),
significantly suppressed PBMC proliferation, and the effect
was not associated with cellular apoptosis. Since PHA is a
T-cell mitogen, it can be postulated that RJ fatty acids sup-
pressed the proliferation of T cells. Antiproliferative effect
has already been described for RJ components includ-
ing 10-HDA [4, 5]. In this context, it was logical to test
the level of IL-2 of PBMC cultures bearing in mind that
IL-2 is a dominant T-cell growth factor [19]. We showed
that the inhibited proliferation of PBMCs correlated with
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a decreased production of IL-2, suggesting that both fatty
acids interfere with signaling required for IL-2 production.
However, it remains to be studied weather these fatty acids
also inhibited IL-2 receptor alpha expression, as we dem-
onstrated in our previous work on rat spleen T cells using
the same concentration of 10-HDA [5].

Although anti-inflammatory properties of RJ have been
reported in several studies [11, 20-22], very few of them
have been focused on the involvement of RJ fatty acids in
these processes. Up to now, it has been shown that 10-HDA
inhibited TNF-a production induced by IFN-B and IFN-y
[23, 24] and IL-6 production, induced by LPS, by murine
macrophages [25]. We showed that higher concentration of
10-HDA inhibited the production of TNF-a and IL-1f by
human PBMCs stimulated with PHA, whereas the secre-
tion of IL-6 was unimpaired. In contrast, 3,10-DDA had
no detectable anti-inflammatory properties as judged by
this experimental approach. Since production of both TNF-
a and IL-1P requires activation of nuclear factor-kappa B
(NF-kB) [26], it can be postulated that this transcription
factor could be a target of 10-HDA. Based on the experi-
ments in murine macrophages, it seems that 10-HDA inhib-
its certain NF-kB-dependent genes, rather than the whole
activity of NF-kB. This hypothesis is based on the finding
that 10-HDA had no effect on LPS-induced IFN-$ gene
expression in RAW264 cells [23, 25]. The mechanism by
which 10-HDA inhibits LPS-induced IL-6 production by
macrophages has been recently studied by Sugiyama et al.
[25]. They hypothesized that 10-HDA inhibits a subset
of NF-kB that activates the promoter of inhibitor of NF-
kB zeta, a transcription factor activating the kB promoter
sequence, which may be regulated by post-translational
modification of NF-kB subunits. The differences, regard-
ing inhibited TNF-a production versus unimpaired produc-
tion of IL-6 in our culture system, could be explained by
different activators of PBMCs and different cell sources of
IL-6. For example, although monocytes/macrophages are
the main IL-6-producing cells, the subsets of T cells also
secrete this cytokine [27].

Our study is the first one examining the modulatory
effect of RJ fatty acids on Th responses, simultaneously,
in a model of PHA-activated PBMCs. There are at least
four types of Th cells, Thl, Th2, Th17 and Tregs. Thl cells
produce IFN-y as their signature cytokine, whereas Th2
cells secrete IL-4, IL-5 and IL-13. The third major effector
population of CD4™ T cells, Th17 cells, produces IL-17A
and IL-22. Thl, Th2 and Th17 cells play a protective role
against intracellular pathogens, helminths and extracellu-
lar bacteria/fungi, respectively. Moreover, Thl and Th17
cells have been thought to be responsible for many autoim-
mune diseases, whereas Th2 cells have been shown to be
crucial in pathogenesis of allergic inflammation. Treg cells
mainly produce IL-10 and transforming growth factor beta

(TGF-B), which are critical in maintaining self-tolerance
and in modulating immune responses to infections [19, 28].

To our surprise, we found that 10-HDA and 3,10-DDA
differ substantially in their influence on Th cytokine lev-
els and Th polarizing capability. Lower concentration of
3,10-DDA increased the levels of IFN-y and IL-17A, but
decreased the level of IL-10. In contrast, higher concentra-
tion of 3,10-DDA stimulated the Th2 response, as judged
by the increased level of IL-5. Lower concentration of
10-HDA did not modify any of these responses compared
with higher concentration, which significantly reduced Th1
and Th2. Although modulatory effect of 10-HDA and 3,10-
DDA on Thl and Th2 responses has already been inves-
tigated in our previous papers [6, 7] using an allogeneic
T-cell system, this is the only report related to the effect of
RJ and its components on the Th17 response.

The effect of RJ fatty acids on Th subsets may be direct
by targeting T cells or indirect via antigen-presenting cells
(APCs). DCs, as a key population of APCs, are the main
regulators of Th responses [29] and a target of the action of
both 10-HDA and 3,10-DDA [6, 7]. In this context, it can
be postulated that the stimulatory activity of lower concen-
tration of 3,10-DDA on IFN-y and IL-17A production may
be dependent on IL-12 and IL-23 produced by DCs within
PBMCs, which drive Th1 and Th17 responses, respectively
[19]. Such a phenomenon has not been recognized so far
and may be relevant if 3,10-DDA will be considered as an
immunostimulator for conditions where both Th1 and Th17
immune responses need to be enhanced, such as tumors
and various infections. This is of particular interest because
lower doses of 3,10-DDA decreased IL-10 production. By
inhibiting the down-modulatory activity of IL-10 on the
immune response [30], the activity of Thl and Th17 cells
will be additionally potentiated.

Stimulation of the Th2 response by higher concentra-
tions of 3,10-DDA is an interesting finding that has not
been described yet for any RJ components and may be spe-
cific for 3,10-DDA. The increased Th2 response was not a
consequence of lower Thl response, bearing in mind the
mutual antagonistic effect between Thl and Th2 cytokines
[19]. The only paper that might be relevant to our work is
related to a study of mice fed with dietary fish oil contain-
ing various saturated fatty acids, including those of medium
chain [31]. The authors demonstrated an enhanced secre-
tion of Th2-type cytokines, which was indirectly mediated
by CD11b™ cells, belonging to macrophages and DCs. If
this hypothesis is true in our culture model, the molecular
mechanisms involved in interactions between DCs and T
cells responsible for Th2 polarization remain to be eluci-
dated. Biologically, promotion of Th2 response may have
beneficial effect on eradication of helminth infections, but
at the same time, it can exaggerate reactions in individuals
suffering from allergy.
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The inhibitory effect of higher concentration of 10-HDA
on Th1 and Th2 responses may also be dependent on acces-
sory cells within PBMCs, since we observed the same phe-
nomenon when MoDCs were pretreated with 500 wM of
10-HDA before their co-cultivation with allogeneic CD4"
T cells [7]. In this context, this finding may be relevant
considering 10-HDA as an immunosuppressive agent for
the treatment of undesired immune reactions in autoim-
mune diseases, allergy or transplantation.

The mechanisms by which 10-HDA and 3,10-DDA
perform their immunomodulatory and anti-inflammatory
activities are not clear. Previous reports demonstrated that
NF-kB [23-25], p38 kinase and c-Jun N-terminal kinase-
AP-1 [32] signaling pathways mediated the effects of
10-HDA. However, studies showing direct evidence of
10-HDA and 3,10-DDA binding sites are lacking. It is well
documented that fatty acids exert much of their effects
acting as natural ligands of G protein-coupled receptors
(GPR40, GPR43, GPR84 and GPR120) and several tran-
scription factors including peroxisome proliferator-acti-
vated receptors (PPARSs), sterol regulatory element-binding
proteins and liver X receptors [33]. PPARy is a member
of the nuclear receptor family of transcription factors that
are activated by a variety of dietary and endogenous fatty
acids [34]. Malapaka et al. [35] have recently demonstrated
that decanoic acid, a 10-carbon fatty acid, is a direct ligand
of PPARYy and partially activates this receptor. It has been
shown that PPARYy agonists inhibit the production of pro-
inflammatory cytokines (TNF-a, IL-1p, IL-6) in phorbol
myristyl acetate-activated peripheral blood monocytes [36]
and decrease TNF-a expression and NF-kB activity in por-
cine PBMCs [37]. Ligation of PPARy might also suppress
IL-2, IFN-y, IL-4 and IL-5 production in T cells [34]. In
this context, we speculate that 10-HDA achieves its immu-
nomodulatory effects predominantly through PPARy-
dependent pathway. In our study, we did not observe any
changes in the production of IL-6 and IL-17A although
PPARYy agonists decrease the secretion of these cytokines
[34, 36, 38]. An explanation could be that medium-chain
fatty acids are low-potency partial agonists of PPARYy [39].
Therefore, it will be important to evaluate the direct effect
of 10-HDA on PPARY activity in the next experiments.

The difference in the activity between 10-HDA and
3,10-DDA may be hypothetically explained by the hypoth-
esis that 3,10-DDA predominantly acts through another
signaling pathway. Wang et al. [40] showed that GPR84,
a cell-surface G protein-coupled receptor, functions as a
receptor for C9-14 free fatty acids, especially those of C10.
GPR&84 is activated by medium-chain fatty acid with the
hydroxyl group at the 2 or 3 position more effectively than
monohydroxylated fatty acids [41]. In addition, activation
of GPR84 in LPS-stimulated RAW?264.7 cells by medium-
chain fatty acids increased the secretion of IL-12 [40]. In
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our previous paper, we showed that 3,10-DDA-treated
MoDCs significantly augmented the production of IL-12
[6]. As already mentioned, this cytokine plays a crucial role
in promoting differentiation of naive CD4 + T cells into
Th1 effector cells, which primarily secrete IFN-y. It is pos-
sible that 3,10-DDA at low concentrations mostly binds to
and activates GRP84, whereas at high concentrations inter-
feres with other receptors such as PPARy and GPR120.

In conclusion, we showed that 10-HDA and 3,10-DDA,
RIJ fatty acids, exerted immunomodulatory activities using
an in vitro model of PHA-activated PBMCs. Higher doses
of 10-HDA inhibited the proliferation of human PBMNC
in vitro, decreased IL-1f and TNF-a production and sup-
pressed Thl and Th2 immune responses. Based on these
activities, the compound might be an effective immunosup-
pressive agent. In contrast, lower concentrations of 3,10-
DDA favored Thl and Th17 immune responses, which is
desired for the stimulation of immune system against tumor
and infectious agents.
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