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Abstract
Objective: Circadian rhythms are generated by the suprachi-
asmatic nucleus of the hypothalamus and involve rhythmic 
expression of clock genes and proteins. This rhythmicity is 
transferred to peripheral tissues by neural and hormonal sig-
nals. Late pregnancy is considered a state of inflammation 
which impacts on peripheral tissues such as joints. Tumor 
necrosis factor (TNF) mediates inflammatory and circadian 
responses through its p55 receptor (TNFRp55). Neuroimmu-
noendocrine interactions in joints have not been studied 
completely. The purpose of this study was to analyze these 
interactions, investigating the circadian rhythms of proges-
terone (Pg) and pro- and anti-inflammatory cytokines in the 
joints at the end of pregnancy (gestational day 18). More-
over, the impact of TNFRp55 deficiency on these temporal 

oscillations was explored. Methods: Wild-type and TNFRp55-
deficient (KO) C57BL/6 mice were kept under constant dark-
ness in order to study their endogenous circadian rhythms. 
The expression of the clock genes Bmal1 and Per1 at circa-
dian time 7 was studied by reverse transcription polymerase 
chain reaction in the ankle joints of nonpregnant and preg-
nant (gestational day 18) mice. In late pregnancy, Pg and the 
cytokines interleukin 17 (IL-17), IL-6, and IL-10 were mea-
sured in the joints throughout a 24-h period by radioimmu-
noassay and enzyme-linked immunosorbent assay, respec-
tively. Results: A significant increase in Bmal1 and Per1 
mRNA expression was detected in the joints of pregnant KO 
mice. Furthermore, KO mice displayed a desynchronization 
of articular Pg and cytokine production. Conclusions: Our 
results show that TNF, via TNFRp55 signaling, modulates ar-
ticular Pg and cytokine circadian rhythms in late pregnancy. 
These findings suggest a temporal neuroimmunoendocrine 
association in peripheral tissues in late pregnancy.

© 2018 S. Karger AG, Basel
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Introduction

Neuroimmunoendocrine interactions have been dem-
onstrated at both the systemic and local levels, including 
the synovial tissue [1]. These interactions are dynamic and 
governed by a complex network determined by a cross-
talk among circadian rhythms, cellular processes, and mo-
lecular signaling [2]. Daily rhythms have been observed in 
different models of inflammation, including animal mod-
els of arthritis [3]. Particularly, clinical signs and symp-
toms, such as swelling, pain, stiffness, and functional abil-
ity, are known to fluctuate during the day in rheumatoid 
arthritis (RA). These observations may suggest involve-
ment of the circadian clock in the joints of RA patients [4].

In mammals, circadian (from Latin: circa [close] and 
diem [day]) rhythms, i.e., oscillations with a period close 
to 24 h, are generated by a central clock in the supra-
chiasmatic nucleus (SCN) of the hypothalamus. These 
rhythms are transferred to peripheral body cells and tis-
sues by neural and hormonal signals [5]. Thus, most 
mammalian tissues show circadian oscillations and have 
their own cellular clock machinery [6, 7].

In cells, the circadian rhythmicity is achieved by the 
oscillating expression of the heterodimerized transcrip-
tion factor BMAL1:CLOCK, which activates the tran-
scription of period (Per1, Per2, and Per3) and crypto-
chrome (Cry1 and Cry2) genes by binding to E-box 
(CACGTG or CANNTG) motifs in their promoters. PER 
and CRY proteins undergo various posttranslational 
modifications and translocate to the nucleus where they 
act as cyclic repressors of their own and of other clock-
controlled gene transcriptions by interfering with the 
binding of BMAL1:CLOCK complex to DNA [8–10]. 
Other components that complete the molecular clock 
machinery are the transcription factors retinoic acid re-
ceptor-related orphan receptor (ROR) and REV-ERB act-
ing in concert to activate or to repress the Bmal1 gene 
transcription, respectively [11].

Keller et al. [12] showed that mouse spleen, lymph 
nodes, and peritoneal macrophages contain intrinsic cir-
cadian clocks which operate autonomously, even ex vivo. 
These clocks regulate the circadian rhythms of inflamma-
tory innate immune functions [13, 14]. Recently, Haas 
and Straub [15] described daily Bmal1 and Per1 rhythms 
in synovial fibroblasts of healthy subjects. Expression of 
clock proteins and their transcripts such as Bmal1, Clock, 
Per1, and Per2 has also been reported in synovial cells and 
tissues of patients with osteoarthritis and RA [16].

A close relationship between the molecular clock and 
tumor necrosis factor (TNF), a multifunctional cytokine, 

has been investigated in several cells and tissues, includ-
ing the SCN [17, 18]. There is evidence that the mamma-
lian clock gene Cry regulates arthritis via the proinflam-
matory cytokine TNF [19]. Arjona and Sarkar [20] dem-
onstrated strong circadian variations of cytokines and 
cytolytic factors in enriched natural killer cells from rat 
spleen, which suggests that these functions may be sub-
jected to circadian regulation. Particularly, increased 
production of proinflammatory cytokines (i.e., interleu-
kin 6 [IL-6], IL-17, TNF) has been well documented dur-
ing synovitis and correlates with the worsening of clinical 
symptoms at the beginning of the day in patients with RA 
[21]. Petrzilka et al. [22] reported that TNF reduces the 
expression of E-box-driven clock genes in cultured fibro-
blasts. Yoshida et al. [16] recently demonstrated that 
TNF enhances Bmal1 and Cry1 expression, but reduces 
Per2 and Dbp mRNA levels in synovial cells. As can be 
seen, TNF modulates circadian rhythms in joints by reg-
ulating the expression of clock genes. Duhart et al. [23] 
showed that TNF induces phase shifts in the SCN PER2 
rhythms when administered intracerebroventricular, 
provoking changes in behavioral circadian rhythms and 
SCN activation in wild-type (WT), but not in TNFRp55-
deficient (KO) mice. This observation indicates that TN-
FRp55 might mediate the circadian modulator role of 
TNF.

In late pregnancy, virtually all cytokines increase sig-
nificantly, suggesting the occurrence of a physiological 
inflammatory status [24]. The impact of this low-grade 
inflammatory response, involving both pro- and anti-in-
flammatory cytokines, on joints remains unclear. The ef-
fect of fluctuations of pregnancy-related steroid hor-
mones over local production of cytokines (i.e., TNF) is 
not completely understood either [24].

De Man et al. [25] observed an attenuation in RA 
symptoms in pregnant women. However, it has also been 
reported that there is an increased risk of developing RA 
or an exacerbation of an already established RA particu-
larly in the first 3–12 months after delivery [26]. Addi-
tionally, Guthrie et al. [27] also found that a shorter time 
interval from the last childbirth is strongly and signifi-
cantly correlated with a reduced RA risk.

Progesterone (Pg), the main hormone controlling 
pregnancy, is produced by the corpus luteum in the ova-
ry and the placenta. Its serum levels rise 5- to 10-fold 
higher during pregnancy, sustaining receptivity, decidu-
alization, and immune privilege during gestation [28]. 
This hormone plays a key role in pregnancy-related im-
munoregulation and is increased in the synovial fluid of 
RA patients [29, 30].
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Taking into account all the above observations, the 
purpose of this work was to explore neuroimmunoendo-
crine interactions in joints of mice at the end of pregnan-
cy. We observed that expression of clock genes increases 
significantly in the joints of late-pregnant KO mice. 
Hence, we analyzed the temporal variation of Pg in serum 
and joints as well as the circadian oscillations of pro- and 
anti-inflammatory cytokines in the joints of mice at the 
end of pregnancy. We also evaluated the effects of a lack 
of TNFRp55 on the temporal patterns of Pg as well as pro- 
and anti-inflammatory cytokines.

Materials and Methods

Animals and Housing
Eight-week-old female mice of the inbreed strain C57BL/6 (WT 

and KO) were used in this study. KO mice were obtained from the 
Max von Pettenkofer Institute, Munich, Germany. C57BL/6 WT 
mice were purchased from the National University of La Plata (Ar-
gentina). Breeding colonies of both groups of mice were established 
at the animal facility of the National University of San Luis (Argen-
tina). The mice were housed in order to synchronize their estrous 
cycle and maintained on a 12 h light:dark schedule (lights on at  
7 a.m.), with irradiated food and sterile water available ad libitum 
at a constant temperature (24 ± 2  ° C). In order to study endogenous 
circadian rhythms, WT and KO pregnant mice were kept from ges-
tational day 12 under constant darkness. On gestational day 18 (late 
pregnancy), 4 or 5 animals per group were euthanized by cervical 
dislocation, every 6 h, beginning at circadian time 2 (CT2) (with 
CT0 established as the beginning of the subjective day). Such fre-
quency of sampling has been used by other authors to study circa-
dian and diurnal changes of immunoendocrine mediators [31, 32]. 
Joints from hind limbs were rapidly removed and frozen at –80  ° C.

Expression of Clock Genes in Joints
On gestational day 18 at CT7 (middle of rest period), ankle joints 

were excised as previously described in Di Genaro et al. [33]. The 
frozen tissue was placed in 1 mL of TRIzol reagent (Invitrogen, San 
Diego, CA, USA) and RNA extraction was performed as described 
by the manufacturer. Each total RNA sample was treated with the 
RQ1 RNase-free DNase according to the manufacturer’s instructions 
(Promega, Madison, WI, USA). RNA from individual joint samples 
was analyzed. Synthesis of cDNA was performed using 2 μg of total 
RNA and the ProtoScript M-MuLV First Strand cDNA synthesis kit 
(New England Biolab, Ipswich, MA, USA) according to the manu-
facturer’s instructions. Polymerase chain reaction was performed on 
cDNA for a total of 35 cycles at 94  ° C for 30 s, 60  ° C (for β-actin and 
Bmal1) or 58  ° C (for Per1) for 45 s, and 72  ° C for 60 s. Primer se-
quences were as follows: β-actin forward, 5′-CGT TGA CAT CCG 
TAA AGA CCT-3′; β-actin reverse, 5′-CTT GAT CTT CAT GGT 
GCT AGG AG-3′; Bmal1 forward, 5′-CGG TCA CAT CCT ACG 
ACA AAC-3′; Bmal1 reverse, 5′-CAG AAG CAA ACT ACA AGC 
CAA C-3′; Per1 forward, 5′-CAA GTG GCA ATG AGT CCA ACG-
3′; Per1 reverse, 5′-CGA AGT TTG AGC TCC CGA AGT-3′. The 
polymerase chain reaction products were analyzed by agarose gel 
electrophoresis and visualized by Gel Red staining (Biotum Inc., Fre-
mont, CA, USA). Semiquantitative mRNA levels were determined by 

analyzing the intensity of each band using the program ImageJ (ver-
sion 1.34s). Values were expressed in arbitrary units as the ratio of 
mRNA to the corresponding β-actin mRNA level.

Cytokine Measurements
Homogenates of ankle joints were obtained as previously de-

scribed by Eliçabe et al. [34]. Mouse IL-17, TNF, IL-6, and IL-10 
were quantified in clarified joint homogenates by using capture 
enzyme-linked immunosorbent assay kits (eBioscience, San Di-
ego, CA, USA) following the manufacturer’s instructions. Data 
were expressed as pg/μg of total protein in the extracts. The sensi-
tivity of the assays was 4 pg/mL for IL-17, 8 pg/mL for TNF, 4 pg/
mL for IL-6, and 30 pg/mL for IL-10.

Pg Assessment
Serum and tissue Pg was measured by radioimmunoassay using 

an antiserum kindly provided by Dr. Ricardo P. Deis (Laboratory 
of Reproduction and Lactation, Mendoza, Argentina) as previous-
ly described in Vallcaneras et al. [35]. The sensitivity was < 5 ng/mL 
and the inter- and intra-assay coefficients of variation were < 10%. 
This assay has been validated by Bussmann and Deis [36].

Statistical Analysis
Time point data were expressed as mean ± standard error of the 

samples. Pertinent curves were drawn. Time series from each 
group were analyzed by one-way ANOVA followed by Tukey post 
hoc test for specific comparisons. A p value ≤0.05 was considered 
significant. In addition, chronobiological statistics were used to 
validate temporal changes as rhythms. Each series was analyzed 
using the Chronos-fit 1.06 software [37]. A p value ≤0.05 was tak-
en as indicative of the presence of a rhythm with the 24-h (antici-
pated) period. A Cosinor analysis was also performed using the 
Cosinor 2.4 software (S.E.P.T.M.R., Physiology Software Editor). 
This analysis generated the rhythm descriptors: mesor (circadian 
rhythm-adjusted mean), amplitude, and acrophase (time of the 
peak of a rhythm) [38]. Differences in theses rhythm characteris-
tics between pregnant WT and KO mice were analyzed by Stu-
dent’s t test. Data were expressed as mean ± standard error and  
p values ≤0.05 were considered to be statistically significant.

Results

Expression of Clock Genes in Joints
Since pregnancy status might reduce mouse locomo-

tor activity, we selected the middle point of the rest period 
(CT7) to analyze the molecular clock in the joints of non-
pregnant and pregnant groups under constant darkness. 
We evaluated the mRNA expression levels of Bmal1 and 
Per1 in the mice’s joints. We found a significantly higher 
mRNA expression (almost a three-fold increase) of Bmal1 
(Fig. 1a, b) and Per1 (Fig. 1a, c) in the joints of pregnant 
KO mice compared with their counterpart WT mice. Fur-
thermore, Per1 mRNA reached a significantly greater ex-
pression as caused by pregnancy under TNFRp55 defi-
ciency (Fig. 1c).
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Pg Rhythms
Taking into account that Pg is the main hormone reg-

ulating pregnancy, we continued analyzing its circadian 
variation in serum and joints of mice in late pregnancy. 
No Pg rhythmicity was found in the serum of WT animals 
(Fig. 2a). However, we observed that the Pg levels varied 
significantly throughout a 24-h period (p < 0.01) in ar-
ticular tissues. Our analysis revealed that such variation 
is rhythmic, circadian, and endogenous-driven in these 
tissues (Cronos-fit p < 0.01, %rhythm 63.42) with an ac-
rophase at CT 19.23 ± 0.86 (Fig. 2b; Table 1). The Pg cir-
cadian oscillating pattern was significantly modified in 
the joints of KO mice, showing phase advance in the ac-
rophase when compared to WT mice (CT 19.23 ± 0.86 in 
WT mice vs. CT 10.68 ± 0.85 in KO mice, p < 0.05) 
(Fig. 2b; Table 1).

Cytokine Rhythms
The circadian patterns of articular pro- and anti-in-

flammatory cytokines were analyzed on gestational day 
18. The resultant circadian characteristics (mesor, ampli-
tude, and acrophase) for the cytokines are presented in 
Table 1. Interestingly, synovitis-associated cytokines (IL-
17 and IL-6) as well as an anti-inflammatory cytokine in-
volved in immunoregulation (IL-10) varied significantly 
throughout the day (by ANOVA p < 0.05, p < 0.05, and  
p < 0.01, respectively) and displayed similar patterns of 
endogenously driven circadian rhythms in the joints of 
pregnant WT mice (Fig. 3a–c). Thus, our chronobiologi-
cal analysis revealed that the circadian rhythms of IL-17 
(by Cosinor analysis Chronos-fit p < 0.01, %rhythm 
59.25), IL-6 (Chronos-fit p < 0.05, %rhythm 46.54), and 
IL-10 (Chronos-fit p < 0.01, %rhythm 66.45) were in 
phase, peaking at CT 17 ± 1.06, 20.85 ± 0.45, and 19.5 ± 
0.72, respectively. In contrast, the circadian variation of 
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Fig. 1. Expression of clock genes in the ankle joints of the mice.  
a Transcript levels of Bmal1 and Per1 genes in joints of nonpreg-
nant and pregnant (gestational day 18) WT and KO mice, analyzed 
by RT-PCR at CT7 (middle of the rest time) in constant darkness. 
Representative PCR products are shown. b, c Semiquantitative 
measurements of mRNA levels of Bmal1 (b) and Per1 (c) were 
analyzed using the program Image J, normalized to nonoscillating 

β-actin expression levels. Results are presented as mean ± standard 
error (n = 4). Representative values from two independent experi-
ments are shown. * p < 0.05, ** p < 0.01. CT, circadian time; KO, 
TNFRp55-deficient; ns, not significant; PCR, polymerase chain re-
action; RT-PCR, reverse transcription polymerase chain reaction; 
WT, wild-type.
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the pivotal cytokine TNF showed a marked phase shift 
when compared to the other cytokines, reaching its high-
est level at CT 0.26 ± 1.28 (Fig. 3d).

To investigate whether TNF influences circadian 
rhythms of local cytokines via its TNFRp55 receptor, we 
further analyzed the articular circadian rhythms of IL-17, 
IL-6, and IL-10 as well as TNF in late pregnancy of KO 
mice. The lack of the TNF receptor impacted significant-
ly on the temporal profiles of the cytokine in the joints. 
Indeed, it produced significant phase delays in the circa-
dian rhythms of TNF, IL-6, and IL-10, with their acro-
phases changing from CT 0.26 ± 1.28 to CT 5.92 ± 1.05  
(p < 0.05) for TNF, from CT 20.85 ± 0.45 to CT 23.96 ± 
1.23 (p < 0.05) for IL-6, and from CT 19.5 ± 0.72 to CT 
0.02 ± 1.16 (p < 0.05) for IL-10 when the highest level of 
each cytokine in WT vs. KO mice was compared (Fig. 3). 
The amplitude of TNF and mesor of IL-6 showed a  
trend for variation in KO mice compared with WT mice 
(Table 1). However, the TNFRp55 deficiency decreased 
the mesor of the TNF circadian rhythm (0.43 ± 0.07 in 
WT mice vs. 0.10 ± 0.01 in KO mice, p < 0.01) (Fig. 3d), 
IL-10 mesor and amplitude (mesor: 5.61 ± 0.60 in WT 
mice vs. 1.9 ± 0.13 in KO mice, p < 0.01; amplitude: 6 ± 
0.34 in WT mice vs. 1.08 ± 0.32 in KO mice, p < 0.001) 
(Fig. 3c), and abolished the circadian oscillation of IL-17 
in the joints of late-pregnant mice (Fig. 3a; Table 1).

Table 1. Circadian rhythm descriptors: mesor (circadian rhythm-
adjusted mean), amplitude, and acrophase (time of the peak of a 
rhythm) derived from a Cosinor analysis by Cosinor 2.4 software 
of Pg and cytokine levels in ankle joints of pregnant WT and KO 
mice

Cytokine/
hormone

WT KO p 
value

IL-17 mesor 1.85±0.08 NA –
amplitude 0.64±0.11 NA –
acrophase 17±1.06 NA –

IL-6 mesor 0.43±0.03 0.25±0.02 0.057
amplitude 0.17±0.07 0.10±0.03 ns
acrophase 20.85±0.45 23.96±1.23 <0.05

IL-10 mesor 5.61±0.60 1.9±0.13 <0.01
amplitude 6±0.34 1.08±0.32 <0.001
acrophase 19.5±0.72 0.02±1.16 <0.05

TNF mesor 0.43±0.07 0.10±0.01 <0.01
amplitude 0.38±0.09 0.16±0.02 0.065
acrophase 0.26±1.28 5.92±1.05 <0.05

Pg mesor 2.33±0.17 3.63±1.46 ns
amplitude 2.12±0.28 1.89±0.39 ns
acrophase 19.23±0.86 10.68±0.85 <0.05

IL, interleukin; KO, TNFRp55-deficient; NA, not applicable; 
ns, not significant; Pg, progesterone; TNF, tumor necrosis factor; 
WT, wild-type.
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Fig. 2. Circadian rhythms of Pg in the serum and ankle joints of 
pregnant mice. Results are presented as mean ± standard error of 
serum (a) or joint (b) samples (n = 5) at a given CT. Horizontal 
bars just over the x axis represent the distribution of subjective day 
(gray) and night (black) phases of the light cycle over a 24-h period 
that the animals synchronized before the transition to constant 
darkness. The circadian rhythm was evaluated by statistical analy-
sis of the Pg levels at each CT using one-way ANOVA followed by 

Tukey multiple comparison test. Asterisks (for WT mice) or hash 
symbols (for KO mice) indicate the CT that showed the greatest 
difference compared to the CT with the highest Pg level in each 
animal group (# p < 0.05, ** p < 0.01). In addition, the circadian 
rhythm was also examined by Chronos-fit analysis, displayed on 
top of each graphic (p ≤ 0.05 indicated circadian rhythm). CT, cir-
cadian time; KO, TNFRp55-deficient; ns, not significant; Pg, pro-
gesterone; WT, wild-type.
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Discussion

To our knowledge, this is the first study showing that 
Pg and cytokines display circadian endogenously driven 
rhythms in the joints of late-pregnant mice. In addition, 
we found that TNFRp55 plays a role in the modulation of 
articular Pg and cytokine circadian rhythms.

Robust circadian rhythms in clock genes have been de-
tected in peripheral tissues [39, 40]. Mice are a nocturnal 
species, and therefore their locomotor activity occurs 
when lights are turned off in a mouse facility. In the pres-

ent work, we evaluated the mRNA expression of the clock 
genes Bmal1 and Per1 at CT7 on gestational day 18. Our 
results show that the diurnal expression of Bmal1 and 
Per1 is higher in the joints of pregnant KO mice. This ob-
servation would indicate a role for TNF, via its p55 recep-
tor, in the modulation of clock gene transcription. An ef-
fect of TNF on clock gene expression in murine and hu-
man cells has been previously observed. Our results are, 
somehow, consistent with those reported by Cavadini et 
al. [41], who showed that TNF inhibited the expression  
of Per1/Per2/Per3; however, this cytokine did not affect 
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evaluated by statistical analysis of the cytokine levels at each CT 
using one-way ANOVA followed by Tukey multiple comparison 

test. Asterisks (for WT mice) or hash symbols (for KO mice) indi-
cate the CT that showed the greatest difference compared with  
the CT with the highest cytokine levels in each animal group  
(*, # p < 0.05, **, ## p < 0.01, *** p < 0.001). In addition, the circa-
dian rhythm was also examined by Chronos-fit analysis, displayed 
on top of each graphic (p ≤ 0.05 indicated circadian rhythm). CT, 
circadian time; IL, interleukin; KO, TNFRp55-deficient; ns, not 
significant; TNF, tumor necrosis factor; WT, wild-type.
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Bmal1 transcript levels in NIH3T3 mouse fibroblast cells. 
The effect of TNF on Per1 gene expression was dependent 
on p38, mitogen-activated protein kinase, and/or calcium 
signaling [22]. On the contrary, TNF enhanced the ex-
pression of BMAL1 and did not affect, or slightly en-
hanced, the expression of PER1 in human monocytic 
THP-1 cells [16, 42–44]. In addition, previous studies 
have also reported an association between TNFRp55 and 
clock genes. The in vivo administration of TNF resulted 
in a significant delay in locomotor activity circadian 
rhythms, whereas no phase shifts were detected in KO 
mice [23]. All of the above observations would indicate 
differential cell-specific effects of the TNF signal. Particu-
larly, our results suggest that TNF may negatively modu-
late, through TNFRp55 signaling, the expression of clock 
Bmal1 and Per1 genes in the joints of pregnant-mice.

Having observed that TNF regulates the expression of 
clock genes in joints during pregnancy and taking into 
account that the Pg hormone contributes significantly to 
immune regulation during pregnancy [28], we continued 
analyzing the temporal variation of Pg levels in the serum 
and joints of our animals. Circadian rhythms of serum Pg 
have been reported during pregnancy in humans [45]. 
However, our chronobiological analysis revealed that cir-
culating Pg does not vary rhythmically on a circadian ba-
sis in pregnant mice on gestational day 18. Here, we show 
that Pg levels display a circadian rhythm in the joints of 
late-pregnant mice. Pg oscillation was in phase with IL-
17, IL-6, and IL-10 rhythms, but in antiphase with the 
TNF circadian fluctuation (Fig. 2, 3). This means that Pg 
acrophase concurs with IL-17, IL-6, and IL-10 peaks in 
the same temporal window. These results are consistent 
with previous reports showing that Pg alters the systemic 
profile of cytokine secretion, resulting in increased pro-
duction of anti-inflammatory cytokines such as IL-10 and 
in a reduced production of proinflammatory cytokines 
such as TNF [28]. Thus, our results indicate a positive as-
sociation between Pg and IL circadian rhythms.

The earlier peak of articular TNF may suggest a hier-
archical and pivotal role of this cytokine. To address this 
possibility, we investigated whether TNF could modulate 
cytokine and hormone circadian variations in the joint by 
using a KO mouse model. Previous studies reported that 
these mice are fertile and exhibit normal organ sizes of 
lymphatic tissues and lymphocyte populations similar  
to the ones in WT mice [46]. Furthermore, we observed 
that birth and the newborn KO mice were normal (mac-
roscopic observation). Unexpectedly, we observed the 
TNFRp55 deficiency advances the Pg acrophase. This re-
sult could point out to TNFRp55 as a mediator of the cir-

cadian organization of Pg during late pregnancy in the 
mouse joint.

It is known that levels of proinflammatory cytokines, 
such as IL-1β, IL-6, IL-8, and TNF, are elevated in amni-
otic fluid, uterine tissues, fetal membranes, and maternal 
serum during pregnancy when parturition is imminent 
[47–49]. Even though variations in cytokine levels have 
been observed at different stages of pregnancy, an in-
creased production of proinflammatory cytokines such as 
TNF and IL-17 has been shown to be a hallmark of late 
pregnancy [28, 50]. We observed that IL-17, IL-6, and IL-
10 circadian rhythms are in phase in the mouse joints at 
the end of pregnancy, with peaks occurring in the second 
half of the subjective night, suggesting a consistent and 
synchronized regulation of both pro- and anti-inflamma-
tory cytokines within the joints. These observations are in 
agreement with previous reports on day-night variations 
of inflammatory mediators in immune cells [17, 51]. In-
deed, it has been reported that around the time when 
mice transit into activity, the immune system anticipates 
the higher risk of infection, inducing proinflammatory 
cytokines [52]. Whether a proinflammatory cytokine 
triggers the increase in other ones is unknown. Our find-
ings show that TNF levels display a different pattern of 
circadian rhythm, with acrophase occurring at the begin-
ning of the subjective day and preceding the Pg and IL-6, 
IL-10, and IL-17 peaks. Our data support the participa-
tion of TNFRp55 in maintaining a temporal organization 
of immune and endocrine factors in the joints of pregnant 
mice. In accordance, there is evidence that TNF regulates 
clock gene expression through its receptor p55, indicat-
ing a pivotal role of this cytokine in the bidirectional cir-
cadian-immune connection [41].

Desynchronization was observed in the circadian 
rhythms of articular IL-17, IL-6, IL-10, and TNF in KO 
mice. The role of IL-17 in the pathogenesis of synovitis in 
RA has been well documented [53]. Additionally, we have 
previously demonstrated that IL-17 mediates articular in-
flammation in reactive arthritis [34]. In the present study, 
we found that the articular IL-17 circadian rhythm was 
abolished in the KO mice, suggesting a role for TNF in the 
circadian regulation of IL-17.

On the other hand, IL-10 is an important regulatory 
cytokine for pregnancy maintenance and immune toler-
ance [7]. This cytokine rises in serum immediately after 
midpregnancy to counterbalance the parallel increase in 
TNF, IFN-γ, and IL-6 [28]. In the present work we show 
that the IL-10 peak concurs with IL-6 acrophase and pre-
cedes TNF increase in the joint of late-pregnant mice. In 
turn, since TNFRp55 deficiency reduced the IL-10 circa-
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dian amplitude significantly and advanced the IL-10 ac-
rophase, we demonstrate that TNF is necessary for shap-
ing temporal patterns of IL-10 circadian rhythmicity in 
the joints of pregnant mice. Thaxton and Sharma [54] 
reported that IL-10 is a multifaceted agent of pregnancy. 
In this regard, we recently found that galectin-1, an im-
munoregulatory lectin which promotes immune toler-
ance during pregnancy by inducing IL-10 production, 
can also regulate murine circadian rhythmicity [55, 56]. 
It remains to be elucidated whether TNF signaling trig-
gers galectin-1 expression to regulate the rhythm of preg-
nancy-associated cytokines.

Furthermore, we also observed that the lack of TNF-
Rp55 receptor modified the IL-6 circadian oscillation at 
the end of pregnancy, reducing the mesor and delaying 
the acrophase. This would be relevant given that IL-6 has 
been established as an essential determinant of on-time 
parturition in mice [57]. In addition, IL-6 is an IL-17-in-
ducing cytokine secreted by synovial fibroblasts of RA pa-
tients [53]. Therefore, our results suggest the participa-
tion of TNFRp55 in the articular circadian rhythm of a 
cytokine, with immune-endocrine functions as a potent 
inductor of IL-17 and a trigger of labor.

In conclusion, the sequence of Pg and cytokine peaks 
occurring during the night (activity period) in the joints 
of mice would depend on an intact TNFRp55 signaling 
which modulates the expression of clock genes. There-
fore, the reported bidirectional interaction between the 
immune and the circadian system [58] is confirmed by 
the present study, contributing to the understanding of 
the interplay between immune, endocrine, and chrono-
biological parameters in the joint under a physiological 

inflammatory condition. Since women have a high risk of 
developing inflammatory disorders after pregnancy and 
studies on therapies that target TNF for pregnant women 
are still quite limited [59], our study provides data as well 
as a temporal basis to be considered in the use of these 
therapies.
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