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sion:  OT does not attenuate MO or MP inflammatory cyto-
kine production following LPS stimulation. The previously 
observed anti-inflammatory properties of OT may be attrib-
utable to effects on other classes of immune cells or actions 
in other lymphoid compartments. Alternatively, the effects 
of OT on inflammation could be secondary to other neuro-
hormonal changes it elicits.  Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 Oxytocin (OT) is a nonapeptide neurotransmitter, 
hormone produced and secreted centrally, by the hypo-
thalamus and the posterior pituitary, and also peripher-
ally, by reproductive organs, the thymus and the adrenal 
glands  [1] . At least three general physiological roles have 
emerged for OT: it is best characterized for its classical 
role in regulating parturition and lactation  [2]  and in-
creasingly recognized as having a role in social interac-
tions and social bonding  [2–5] . Recent research has high-
lighted a third novel role of OT in regulating inflamma-
tory responses. This has been observed across a wide 
range of inflammatory disease models in animals, includ-
ing sepsis and infection  [6, 7] , atherosclerosis  [8, 9] , mus-
culocutaneous flap survival  [10] , organ damage and in-
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 Abstract 

  Background:  Oxytocin (OT) is a neuropeptide shown to at-
tenuate inflammatory responses in both humans and ani-
mals, but the specific mechanism underlying these actions 
has not yet been identified. Preliminary research in humans 
suggests that monocytes (MOs) and macrophages (MPs) 
could be the target of anti-inflammatory actions of OT. Here, 
we present a series of ex vivo experiments in human MOs 
and MPs, testing whether OT attenuates the cytokine re-
sponses of these cells to a common bacterial product, lipo-
polysaccharide (LPS).  Methods:  MO experiments were con-
ducted using blood samples taken from healthy volunteers 
after obtaining informed consent. MPs were purchased fro-
zen from a cell supplier. All samples were cultured under 
standard conditions: for 6 h at 37   °   C in a 5% CO 2  atmosphere. 
A number of variables were considered: volunteer sex, meth-
od of MO isolation, LPS concentration, OT concentration, 
preincubation with OT, cytokines measured, and method of 
cytokine measurement.  Results:  Regardless of the specific 
conditions, no attenuation of LPS-stimulated cytokine pro-
duction by OT was observed in either MOs or MPs.  Conclu-
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flammation  [11–14] , and burns  [15, 16] . In human mod-
els, OT has been shown to reduce systemic inflammation 
in a model of sepsis  [17] . Given its systemic anti-inflam-
matory effects, OT is increasingly being considered as a 
potential therapeutic agent for inflammatory diseases 
but, as of yet, there is no agreement as to how and where 
OT is acting. 

  In humans, the monocyte (MO)/macrophage (MP) 
cell line has been singled out as a possible mechanistic 
link, which is especially of therapeutic interest given that 
MPs and their precursors, MOs, play a key role in initiat-
ing and sustaining inflammatory processes that contrib-
ute to chronic diseases, including depression, atheroscle-
rosis, neurodegenerative disorders, and some cancers  [18, 
19] . To date, two studies have explored the anti-inflam-
matory potential of OT in humans and assessed whether 
any effect could be mediated by the action of OT on MOs 
and/or MPs. The first study by Szeto et al.  [20]  confirmed 
that an OT receptor (OTR) could be detected on healthy 
peripheral blood mononucleocytes and THP-1 MOs, iso-
lated from a 1-year-old Japanese boy with acute mono-
cytic leukemia  [21] , and derived MPs, suggesting that OT 
is in fact capable of directly regulating these cells. THP-
1-derived MPs were then activated with lipopolysaccha-
ride (LPS), a molecule found on the surface of Gram-neg-
ative bacteria, and cocultured with 0–100 p M  OT for 6 h 
under standard conditions. A clear attenuation of inter-
leukin-6 (IL-6) secretion by the THP-1 MPs was ob-
served, suggesting that MOs and MPs may be involved in 
the systemic anti-inflammatory effects of OT. This con-
trasts with the results of the second study by Clodi et al. 
 [17] , which consisted of a randomized, placebo-con-
trolled cross-over design where 10 healthy young males 
were given an intravenous bolus of LPS concurrent with 
administration of OT. Again, OT was shown to attenuate 
the systemic inflammatory cytokine response. However, 
when 4 samples of peripheral MOs were preincubated ex 
vivo with 0–100 n M  OT for 30 min, then activated with 
LPS and cultured for 2, 4 or 24 h, no attenuation of tumor 
necrosis factor-α (TNF-α), MO chemoattractant pro-
tein-1 or IL-6 production was observed. As such, these 
results suggest that although OT has systemic anti-in-
flammatory effects in male humans, MOs do not appear 
to mediate that effect.

  These studies provide conflicting evidence about 
whether peripheral MOs and MPs are involved in the sys-
temic anti-inflammatory effects of OT in humans. Fur-
thermore, the work to date has been done exclusively in 
male cells, so it is not known if these results extend to cells 
isolated from females. Given that there are gender differ-

ences with respect to OT activity and function  [2, 22] , it 
is important to determine whether any effects of OT are 
observable in cells from both male and female donors. 
Existing research has also focused on cell-line MPs, which 
may behave differently from primary MPs from healthy 
donors. Resolving these issues would have implications 
for our more general understanding of neuroimmune in-
teractions and for the potential use of OT as an anti-in-
flammatory therapeutic agent. As such, the first goal of 
our experiments was to assess the viability of this particu-
lar mechanism, i.e. to determine whether or not OT clear-
ly regulates inflammatory cytokine production in MOs 
and MPs taken from a sample of healthy human partici-
pants. The second goal of our experiments was to extend 
the work of Clodi et al.  [17]  and Szeto et al.  [20]  by assess-
ing the potential anti-inflammatory effect of OT in MOs 
isolated from females and in primary MPs from healthy 
humans. Finally, previous research measured the quanti-
fied amount of cytokines secreted into the supernatant, 
but it is possible that intracellular cytokine production 
can be altered without a corresponding change in cyto-
kine secretion. As such, we also incorporated intracellular 
staining and flow cytometry into our methods in order to 
differentiate between cytokine production and cytokine 
secretion. If OT does clearly affect MO and MP inflam-
matory cytokine secretion, we would expect to see a clear 
dose-response curve showing attenuation of cytokine 
production and/or secretion by increasing concentration 
of OT. 

  Methods 

 Cells 
 For experiments with MOs, whole blood was collected from 

healthy male and female volunteers, from 20 to 30 years of age, 
who provided informed consent and were compensated CAD 10 
for participating. Most OT inflammation research focuses on male 
animals or human participants in order to avoid complications 
arising from hormone changes that occur during the menstrual 
cycle. However, if OT is to be used therapeutically, as an anti-in-
flammatory agent, we must know if its effects are gender depen-
dent. As such, both sexes were included. Blood was taken via an-
tecubital blood draw by a trained phlebotomist into, unless other-
wise stated, 5-ml sodium heparin Vacutainer tubes (BD 
Biosciences, Mississuaga, Ont., Canada). All whole-blood samples 
were diluted 10:   1 with saline prior to culturing. For MP experi-
ments, we purchased MO-derived, in vitro matured MPs from a 
cell supplier (AllCells, Emeryville, Calif., USA). All MPs used here 
were matured from a single donor’s peripheral MOs. Following 
the supplier’s instructions, cells were thawed, checked for viabili-
ty and stabilized for 24–72 h prior to use in the cultures. All pro-
cedures and methods were approved by the University of British 
Columbia Research Ethics Board. 
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  Culturing 
 Unless otherwise indicated, all culturing was done using flat-

bottomed tissue culture plates with incubations lasting 6 h at 37   °   C 
in 5% CO 2 , similar conditions for which positive results were re-
ported by Szeto et al.  [20] . For experiments with MOs, 1,600 μl of 
saline-diluted whole blood was added to each well, corresponding 
to roughly 6.2 × 10 5  MOs. For MP experiments, a cell counter was 
used to titrate suspensions to 5.0 × 10 5  cells in 800 μl of R10 me-
dium per well. A ‘standard range’ of OT concentrations, 10–1,000 
p M , was selected to encompass normal physiological levels  [23, 24] . 
However, some experiments included what would be considered 
supraphysiological levels (1,000–10,000 p M  OT). As such, OT con-
centrations in our experiments encompassed the whole range used 
in both the analyses of Szeto et al.  [20]  and Clodi et al.  [17] . Unless 
otherwise stated, cell cultures were stimulated with 50 ng/ml LPS.

  Cytokine Measurement 
 Three methods were used to quantify cytokine synthesis and 

release: intracellular cytokine staining (ICS) using fluorescence-
activated cell sorting (FACS; FACSCalibur, BD Biosciences), en-
zyme-linked immunosorbent assay (ELISA; R&D Systems, Min-
neapolis, Minn., USA) and electrochemiluminescence (ECL) on a 
Meso Scale Discovery multiplexing instrument (Sector Imager 
2400, Gaithersburg, Md., USA). 

  ICS was used to quantify intracellular cytokine production in 
response to LPS stimulation  [25] . In these experiments, whole 

blood was cocultured with LPS and OT at varying doses under 
varying conditions ( table 1 ) for 6 h. Each well also included a 0.1% 
Brefeldin A solution (BD Biosciences), a Golgi plug that prevents 
cytokine secretion from the cell. Following incubation, cultures 
were stored at 4   °   C over night and stained for ICS analysis the next 
day. All staining incubations were done at room temperature in 
the dark. First, red blood cells were lysed (Pharmlyse, BD Biosci-
ences) and removed by washing, followed by resuspension in 
staining buffer (1% fetal bovine serum in phosphate-buffered sa-
line; BD Biosciences). Fc receptors were blocked by incubating for 
15 min with 10% normal human serum. Cells were stained with 
CD-14 (10% APC-conjugated CD-14 Ab; BD Biosciences) during 
a 20-min incubation, followed by a wash with staining buffer. Cells 
were fixed and permeabilized using a Cytofix/Cytoperm Plus Fix-
ation/Permeabilization kit (BD Biosciences), as per manufactur-
er’s instructions. Cells were then stained for intracellular IL-6 (4% 
phycoerythrin-conjugated IL-6 antibody; BD Biosciences) during 
a 20-min incubation. The samples were washed again and resus-
pended in staining buffer prior to analysis on a FACSCalibur 
(BD Biosciences). Data were analyzed with FlowJo (Tree Star Inc., 
Ashland, Oreg., USA). Quadrants were set using data from con-
currently run negative control samples (unstimulated and non-
stained samples), and positive and negative beads stained with ap-
propriate antibodies.

  ELISA and ECL were used to assess cytokine release into the 
supernatant. For both assays, whole blood was cocultured with LPS 

Table 1.  Summary of experimental protocols tested

Experiment 
No.

Participants Cell type LPS dose,
ng/ml

OT doses, pM Pre incubation
with OT, min

Cytokine measurement

1 (fig. 1) female monocytes (whole blood) 50 0, 1, 10, 100, 1,000 0 FACS (CD14+/IL-6+)
male monocytes (whole blood) 50 0, 1, 10, 100, 1,000 0 FACS (CD14+/IL-6+)

2 (fig. 1) female monocytes (whole blood) 50 0, 1, 10, 100, 1,000 0 FACS (CD14+/IL-6+)
monocytes (whole blood) 50 0, 1, 10, 100, 1,000 30 FACS (CD14+/IL-6+)

female monocytes (whole blood) 50 0, 1, 10, 100, 1,000 30 FACS (CD14+/IL-6+)
monocytes (whole blood) 50 0, 1, 10, 100, 1,000 60 FACS (CD14+/IL-6+)

3 (fig. 1) male isolated PBMCs 50 0, 1, 10, 100, 1,000 30 FACS (CD14+/IL-6+)
female isolated PBMCs 50 0, 1, 10, 100, 1,000 30 FACS (CD14+/IL-6+)

4 (fig. 2) female monocytes (whole blood) 50 0, 1, 10, 100, 1,000 0 ELISA (IL-6)
monocytes (whole blood) 0.5 0, 1, 10, 100, 1,000 0 ELISA (IL-6)

5 (fig. 3) male monocytes (whole blood) 50 0, 1, 10, 100 30 Meso Scale (TNF-α, IL-6, IL-8, IL-1β)

6 (fig. 2) male monocytes (whole blood) 50 0, 0.1, 1, 10, 100, 1,000, 10,000 30 ELISA (IL-6)
female monocytes (whole blood) 50 0, 0.1, 1, 10, 100, 1,000, 10,000 30 ELISA (IL-6)
female monocytes (whole blood) 50 0, 0.1, 1, 10, 100, 1,000, 10,000 30 ELISA (IL-6)

7 (fig. 2, 4) male macrophages 50 0, 0.1, 10, 100, 1,000 0 ELISA (TNF-α); 
Meso Scale (TNF-α, IL-6, IL-8, IL-1β)

male macrophages 50 0, 0.1, 10, 100, 1,000 30 ELISA (TNF-α); 
Meso Scale (TNF-α, IL-6, IL-8, IL-1β)

male macrophages 50 0, 0.1, 10, 100, 1,000 0 Meso Scale (TNF-α, IL-6, IL-8, IL-1β)
male macrophages 50 0, 0.1, 10, 100, 1,000 30 Meso Scale (TNF-α, IL-6, IL-8, IL-1β)

 PBMCs = Peripheral blood mononuclear cells.
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and OT at varying doses under varying conditions ( table 1 ) for 6 h. 
Following incubation, each well was centrifuged and the superna-
tant was harvested and stored at –30   °   C. MO cytokine production 
was analyzed using a human IL-6 DuoSet ELISA kit (R&D Sys-
tems). Plates were coated with antibody during the afternoon, left 
overnight at room temperature and blocked at least 1 h prior to 
assay. Plates were washed three times prior to adding sample and 
standards. Standards were prepared and diluted as per kit instruc-
tions (600–9.38 pg/ml). Supernatant samples were thawed imme-
diately before assay, vortexed and centrifuged to remove any re-
maining solids and underwent a 400× dilution. Both standards and 
samples were plated in duplicate. Plates were read at 450 nm on a 
Tecan Sunrise plate reader (Medford, Mass., USA). The average 
intra-assay coefficient of variation (CV) for these analyses was 
6.12%. 

  In some experiments, we also quantified MP production of 
TNF-α using the Quantikine ELISA kit (BD Biosciences). As 
above, samples were thawed, vortexed and centrifuged immedi-
ately prior to assay. The manufacturer’s instructions were followed 
at each step and the plates were subsequently read at 490 nm on 
the Tecan Sunrise plate reader. Average CVs for these analyses 
were 7.36%.

  MP supernatant samples and some MO samples were also as-
sessed using ECL in order to obtain multiplex readouts for multi-
ple cytokines. A Human Proinflammatory-4 II Tissue Culture kit 
containing prepared plates stained for IL-6, IL-8, IL-1β and TNF-α 
was purchased from Meso Scale Discovery. Samples were analyzed 
neat following the manufacturer’s instructions on a Sector instru-
ment. Average intra-assay CVs for MO analyses were 11.2% for 
IL-8, 5.66% for TNF-α, 3.69% for IL-6 and 6.09% for IL-1β. Aver-
age intra-assay CVs for MP analyses were 4.64% for IL-8, 1.54% 
for TNF-α, 5.12% for IL-6 and 14.2% for IL-1β.

  Ligands 
 OT obtained from Cedarlane (Burlington, Ont., Canada), the 

same supplier used for the experiments in Szeto et al.  [20] , was di-
luted and prepared according to the manufacturer’s instructions. 
OT aliquots were stored at –80   °   C, thawed and diluted to working 
concentrations prior to cell culturing. LPS was obtained from Sig-
ma-Aldrich (Oakville, Ont., Canada) and stored at –30   °   C. Unless 
otherwise specified, LPS was diluted to a final concentration of 
50 ng/ml prior to culturing. 

  Results 

 Experiment 1 
 The goal of the first experiment was to determine if 

OT could be observed to modulate proinflammatory cy-
tokine production by MOs stimulated with LPS. Whole-
blood samples were taken from a male and female volun-
teer, diluted 10:   1 with saline solution, cultured with LPS 
and standard OT concentrations and incubated as de-
scribed above (please refer to  table 1  for a summary of all 
experimental protocols). After incubation, production of 
IL-6 was measured by ICS. Results were graphed and vi-
sually inspected for an attenuation curve. As can be seen 

in  figure 1 , the curve was flat, suggesting that under these 
conditions, OT did not attenuate LPS-stimulated IL-6 
production in whole-blood MOs, regardless of partici-
pant sex. 

  Experiment 2 
 It was possible that no attenuation was observable in 

experiment 1 because MOs may need to be exposed to OT 
before stimulation occurs. This would be the case if OT 
regulates how cells prepare for challenge instead of the 
challenge response itself. To test this, we repeated exper-
iment 1 but introduced periods of preincubation with OT 
prior to stimulating MOs with LPS.

  Two whole-blood samples were taken from a female 
volunteer. Both samples were cultured as in experiment 
1, except the second sample was preincubated with OT 
for 30 min before adding LPS (experiment 2a). IL-6 pro-
duction was again analyzed via ICS, and the results were 
graphed and inspected. Again, no attenuation was ob-
served. Another two whole-blood samples were taken 
from a different female volunteer and cultured as in ex-
periment 1, except one sample was preincubated with OT 

  Fig. 1.  MO ICS data showing the results from experiments 1, 2 and 
3. Experiment 1: male and female whole-blood MOs incubated 
concurrently with 50 ng/ml LPS and 0–1,000 p M  OT, analyzed via 
FACS. Experiment 2: male and female whole-blood MOs incu-
bated with 50 ng/ml LPS, either concurrently or following a 30- or 
60-min preincubation with 0–1,000 p M  OT, analyzed via FACS. 
Experiment 3: male and female isolated peripheral blood mono-
nuclear cells incubated with 50 ng/ml LPS following a 30-min pre-
incubation with 0–1,000 n M  OT, analyzed via FACS. PI = Preincu-
bation; CI = concurrent incubation; n = number of participants per 
condition. Data are expressed as percentage of CD14+ cells that 
also stain IL-6+. 
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for 30 min and the other for 60 min (experiment 2b). In-
spection of FACS data again showed no clear attenuation 
of IL-6 production by OT in MOs ( fig. 1 ).

  Experiment 3 
 Prior research on OT regulation of uterine contrac-

tions suggests that calcium may play a role in OT signal 
transduction  [26] . All our previous experiments used 
whole blood collected in a sodium heparin tube, which 
prevents clotting by chelating calcium ions. As such, it 
was possible that no action of OT had been observed be-
cause a key signal transducer was not available in culture. 
To assess this possibility, MOs were isolated from whole 
blood and cultured in a cell medium that replaced de-
pleted calcium.

  Blood samples were taken from a male and female vol-
unteer using 8-ml CPT Vacutainer tubes (BD Bioscienc-
es). Within 2 h of the blood draw, the tubes were centri-
fuged for 20 min at 1,800 RCF. Mononuclear cells present 
at the interface were harvested, washed in RPMI-1640 
and then resuspended in R10, a cell medium that contains 
calcium and other nutrients, at a final concentration of 
10 6  cells/ml. Samples were pretreated with varying OT 
doses ( table 1 ) for 30 min prior to stimulation with LPS 
and then incubated as usual for 6 h. Following incubation, 
the samples were prepared for ICS, analyzed by FACS, 
and results were graphed and visually inspected for at-
tenuation of IL-6 production ( figure 1 ). Again, no attenu-
ation of IL-6 production by OT concentration was ob-
served, regardless of participant sex, suggesting that null 
results observed using whole-blood samples was not be-
cause a key signal transduction molecule had been re-
moved during sampling.

  Experiment 4 
 ICS indexes cytokine production but not cytokine re-

lease. Since it is plausible that the anti-inflammatory 
properties of OT involve modulation of the latter process, 
we repeated experiment 1 but assessed the magnitude of 
cytokine secretion into the culture supernatant by ELISA 
(experiment 3a). We also tested whether the relatively 
high dose of LPS used in earlier experiments might have 
‘washed out’ any effects of OT. As such, here we also re-
peated experiment 1 but used a 100-fold lower dose of 
LPS (0.5 ng/ml; experiment 3b). 

  Two whole-blood samples were taken from a female 
volunteer. The first sample was cultured as in experiment 
1, except no Golgi plug was added to the culture, allowing 
the MOs to freely secrete cytokines into the culture me-
dium. The second sample was also cultured the same way 

except diluted LPS was used to challenge the MOs. Cul-
ture supernatant IL-6 was measured using ELISA, and the 
results were graphed and visually inspected for an attenu-
ation curve. Again, no attenuation of IL-6 secretion by 
OT in MOs was observed. When the concentration of LPS 
was reduced, overall IL-6 secretion decreased but no at-
tenuation curve emerged ( fig. 2 ).

  Experiment 5 
 After the results of experiment 3, we concluded that 

LPS concentration was likely not masking any effect of 
OT and so we returned to the original LPS concentration. 
Again, it was possible that MOs needed to be preincu-
bated with OT if this hormone regulates cell readiness for 
challenge. It is also possible that OT might not regulate 
MO IL-6 but other proinflammatory mediators instead. 

  To test these possibilities, a whole-blood sample was 
taken from a male volunteer and preincubated with OT 
for 30 min prior to LPS challenge. Culture supernatant 
was analyzed by mutiplex ECL and results were graphed. 

  Fig. 2.  MO and MP ELISA data showing results from experiments 
4, 6 and 7. Experiment 4: female whole-blood MOs incubated con-
currently with 0–1,000 p M  OT and either 50 or 0.5 ng/ml LPS se-
creted IL-6 analyzed via ELISA. Experiment 6: male and two fe-
male whole-blood MOs incubated with 50 ng/ml LPS following a 
30-min preincubation with 0–10,000 n M  OT secreted IL-6 ana-
lyzed via ELISA. Experiment 7: male MPs incubated with 50 ng/ml 
LPS either concurrently or following a 30-min preincubation with 
0–1,000 p M  OT, secreted TNF-α analyzed via ELISA. PI = 30-min 
preincubation; CI = concurrent incubation; n = number of par-
ticipants per condition. 
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As can be seen in  figure 3 , under these conditions, OT did 
not attenuate MO secretion of IL-6, nor did it modulate 
LPS-stimulated production of other key proinflammato-
ry mediators including IL-8, TNF-α and IL-1β.

  Experiment 6 
 In the previous experiments, we used OT doses within 

the physiological range for healthy adults. However, un-
der certain circumstances, such as during birth, the circu-
lating concentration of OT is much higher. It is possible 
that MOs only respond to OT under these supraphysio-
logic conditions. To test this notion, we stimulated MOs 
with a broader range of OT concentrations.

  Whole-blood samples were taken from a male and fe-
male volunteer. Samples were cultured with LPS under 
typical conditions but the OT concentrations used were 
0, 0.1, 1, 10, 100, 1,000 and 10,000 p M  ( table 1 ). Culture 
supernatant IL-6 was measured using ELISA and graphed 
for visual inspection ( fig. 2 ). Again, no clear pattern of 
IL-6 secretion attenuation by OT was observed, regard-
less of participant sex, even at the higher concentrations 
of OT. 

  Experiment 7 
 Based on the results of experiments 1–6, which includ-

ed cells from 8 different individuals, we concluded that 
OT does not act directly on primary human MOs to at-
tenuate LPS-induced cytokine synthesis or release. How-
ever, as prior work shows that OTR concentration is 
much denser on the surface of MPs than of MOs  [20] , we 
decided to reconduct some of these studies with healthy 
human MPs on the assumption that these mature cells 
might be more OT responsive. 

  Thawed MPs were cultured with LPS, with OT coin-
cubation or preincubation at varying doses ( table 1 ). Cul-
ture supernatant TNF-α was assessed via ELISA, and re-
sults were graphed and inspected for an attenuation 
curve. Again, no clear curve emerged ( fig. 2 ).

  These MP experiments were repeated in another set of 
studies, but multiplex ECL methods were used to deter-
mine if other cytokines might be affected. As  figure 4  
shows, OT had no discernable influence on LPS-stimulat-
ed MP production of IL-6, TNF-α, IL-8 and IL-1β. 

  Discussion 

 The purpose of this study was to assess whether OT 
can inhibit MO and/or MP cytokine production follow-
ing activation with LPS and to extend previous research 

by seeking to replicate any anti-inflammatory effect of 
OT in (1) female MOs, and (2) primary MPs from healthy 
human MP donors. OT has been shown to have systemic 
anti-inflammatory properties in humans and animals, 
but the specific mechanism of action is not understood. 

  Fig. 4.  MP ECL data, showing the results from experiment 7: two 
separate MP samples from the same male incubated with 50 ng/ml 
LPS either concurrently or following a 30-min preincubation with 
0–1,000 p M  OT secreted cytokines (TNF-α, IL-6, IL-8 and IL-1β) 
analyzed via Meso Scale. PI = 30-min preincubation; CI = concur-
rent incubation (n = 1).     

  Fig. 3.  MO ECL data showing the results from experiment 5: male 
whole-blood MOs incubated with 50 ng/ml LPS following a 30-
min preincubation with 0–100 p M  OT secreted cytokines (TNF-α, 
IL-6, IL-8 and IL-1β) analyzed via Meso Scale (n = 1).     
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Work in human models has explored MO/MP cells as a 
potential underpinning mechanism, but the results are 
inconclusive: Clodi et al.  [17]  found that in vivo OT at-
tenuates LPS-evoked inflammatory cytokine production 
in a sample of male participants, but when this team chal-
lenged isolated peripheral MOs ex vivo with LPS, no at-
tenuation of cytokine production was observed. Con-
versely, the work by Szeto et al.  [20]  suggested that OT 
does attenuate cytokine production in THP-1-derived 
MOs and MPs. 

  We did not observe any consistent anti-inflammatory 
effect of OT. Although we took care to base our experi-
mental approach on Szeto et al.  [20] , who reported IL-6 
attenuation in THP-1 MPs cotreated with LPS and OT, 
we were unable to observe a similar pattern in the exper-
iments reported here. The lack of attenuation by OT per-
sisted even after we manipulated numerous factors that 
could have been masking the inhibitory influences of the 
hormone, including dosage and timing of administra-
tion, the method of cytokine measurement, the use of 
MOs versus MPs, male versus female participants, and 
calcium availability for signal transduction. Regardless of 
the conditions, we did not observe consistent dose-de-
pendent inhibitory influences of OT on cytokine produc-
tion. These results replicate and extend those obtained by 
Clodi et al.  [17] , who did not observe OT effects on cyto-
kine production by LPS-stimulated male MOs cultured 
ex vivo.

  There are a number of reasons for why we and Clodi 
et al.  [17]  may have been unable to observe an anti-in-
flammatory effect of OT. For example, it is always a pos-
sibility that cell lines behave differently from normal 
healthy cells, perhaps being more sensitive to OT than 
primary human MOs and MPs or due to differences in 
how OTR is expressed. It is also possible that MPs drive 
the OT anti-inflammation mechanism and that somehow 
freezing and thawing compromised MP responses to OT 
in our experiments. However, this would have to be quite 
an isolated effect as the MPs showed a high a degree of 
viability, as evidenced by their marked cytokine produc-
tion following exposure to LPS. We did not evaluate this 
possibility here, but future research could explore it as an 
explanation for the conflicting results.

  What does the overall pattern of findings  [6, 11, 14–17, 
20]  suggest about the mechanisms underlying the system-
ic anti-inflammatory properties of OT? Thus far, system-
ic administration of OT following a variety of immune 
challenges or injuries has led to reduced inflammation in 
both animals and humans [e.g., ref.  6–16, 17 ]. However, 
incubating LPS-activated primary MOs and MPs from 

healthy male and female donors with OT ex vivo has 
yielded no clear, consistent attenuation of inflammatory 
cytokines. As such, we would argue that the capacity of 
OT to inhibit cytokine responses to systemically admin-
istered LPS  [17]  are unlikely to be mediated via direct in-
fluences on the function of MOs or MPs. Nonetheless, 
given that its receptor is expressed on these cells  [20] , OT 
could regulate some process relevant to MO/MP function 
that was not captured here that may have downstream 
consequences for systemic inflammation, for example, 
cell migration. It also remains possible that the effects of 
OT are dependent on specific micro-environmental con-
ditions not replicated ex vivo. Further research is required 
to assess which aspects of MO and MP activity are regu-
lated by the OTR and under what conditions. It would be 
particularly valuable to test whether OT has an effect on 
the activity of MPs harvested from lymphoid organs or 
tissues where these cells are resident. 

  With all that said, it also remains possible that the ac-
tions of OT are mainly exerted on other immune cells, 
like neutrophils, or are secondary to effects on other tis-
sues. For example, vasculature tissue has been shown to 
express the OTR  [20]  and respond to systemic and cen-
trally administered OT  [27] . OT could regulate the ‘leak-
iness’ of the vasculature at sites of infection or injury, 
thereby affecting the number of immune cells that can 
migrate into the tissue or the kinds of activating signals 
expressed. Adipose tissue is also known to express the 
OTR  [28] . OT dosing in mice has been shown to reduce 
adipose tissue IL-6 secretion  [8] , which could also explain 
decreased systemic inflammation following OT expo-
sure. Another scenario is that OT acts indirectly by regu-
lating the secretion of other hormones with downstream 
anti-inflammatory effects. For example, some researchers 
have suggested that OT may cross the blood brain barrier, 
act on the hypothalamic-pituitary-adrenal axis to in-
crease adenocorticotropic hormone release, which subse-
quently heightens corticosteroid secretion  [29–31] . As 
such, through regulation of glucocorticoid secretion in 
the periphery, OT may have consequent anti-inflamma-
tory effects on immune cells. Although this scenario is 
plausible in rats, in humans, OT seems to have the oppo-
site effect, reducing the systemic output of cortisol  [17, 29, 
31] . As such, in humans at least, the anti-inflammatory 
effects of OT are probably not solely dependent on the 
hypothalamic-pituitary-adrenal axis, though other cen-
trally regulated neurohormonal mechanisms could be in-
volved. 

  There are several limitations to our experiments. First, 
as is the case with all ex vivo studies, the conditions are 
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imperfectly representative of the physiologic environ-
ment in which MOs and MPs operate. Second, we focused 
exclusively on LPS as a stimulus, because Clodi et al.  [17]  
showed that in vivo OT can abrogate its systemic inflam-
matory effects. However, in the body, MOs and MPs are 
exposed to a much broader range of threats, not only 
from pathogens but also from injuries. Third, we used 
frozen MP matured ex vivo from MOs. Although the MPs 
were clearly viable, it is possible that the freezing and 
thawing process compromised their OT responsivity. It is 
also likely that MPs matured in tissue behave differently 
from MPs matured ex vivo. It will be important in future 
research to assess whether OT acts differently on MPs 
harvested from lymphoid organs or tissues where they are 
resident. Finally, our experiments involved cells from a 
fairly small number of individuals (n = 9), which preclud-
ed the use of formal statistical analyses. However, instead, 
we calculated and inspected percent differences and 
found these to be small and/or inconsistent. This, coupled 
with the lack of a clear attenuation curve in our figures, 
suggests that here, OT did not inhibit cytokine produc-
tion consistently, regardless of the donor sex, the dose or 
the culture conditions. We could have done additional 

experiments with more subjects, but on the basis of con-
sistently null findings, this seemed unnecessary. 

  In summary, we conducted a series of experiments to 
assess whether LPS-activated MOs or MPs showed re-
duced cytokine production when incubated with OT in 
vitro and extended previous research by including (1) fe-
male MOs, (2) primary human MPs, and (3) by examin-
ing cytokine secretion (ELISA and ECL) versus cytokine 
production (ICS and FACS). Regardless of the condi-
tions, no attenuation in cytokine production by OT was 
observed in either MOs or MPs. Although OT has been 
shown to have a systemic anti-inflammatory effect in 
both animals and humans, based on our work and work 
by Clodi et al.  [17] , it appears that this effect is not medi-
ated solely by MP or MO activity. Further research is nec-
essary to understand how OT exerts its anti-inflammato-
ry effect.
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