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Abstract 

Our previous work has shown that pregnancy exacerbates the hypotensive response to both 

infection and LPS. The high levels of progesterone (P4) associated with pregnancy have been 

suggested to be responsible for the pregnancy-induced changes in the cardiovascular response 

to infection. Here, we test the hypothesis that P4 supplementation exacerbates the 

hypotensive response of the maternal cardiovascular to LPS.  

Female CD1 mice had radiotelemetry probes implanted to measure haemodynamic function 

non-invasively and were time-mated. From day 14 of pregnancy, mice received either 10mg 

of P4 or vehicle alone per day and on day 16, intraperitoneal LPS (10µg of serotype 0111:B4) 

was injected. In two identically treated cohorts of mice, tissue and serum (for RNA, protein 

studies) were collected at 6 and 12 hours. 

Administration of LPS resulted in a fall in blood pressure in vehicle treated, but not P4 

supplemented mice. This occurred with similar changes in the circulating levels of cytokines, 

vasoactive factors and in both circulating and tissue inflammatory cell numbers, but with 

reduced left ventricular expression of cytokines in P4-supplemented mice. However, left 

ventricular expression of markers of cardiac dysfunction and apoptosis were similar.  

This study demonstrates that P4 supplementation prevented LPS-induced hypotension in 

pregnant mice in association with reduced myocardial inflammatory cytokine gene 

expression. These observations suggest that rather than being detrimental, P4 

supplementation has a protective effect on the maternal cardiovascular response to sepsis.  

Key words: Sepsis, Blood Pressure, Innate Immune System, parturition, pup death, 
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Introduction 

Pregnant women are more vulnerable to infection, with a three times greater risk of dying 

from flu or malaria [1] and with genital tract sepsis being the leading cause of direct maternal 

mortality in the recent CSMED report [2]. This may relate to pregnancy-induced changes in 

the cardiovascular system or to an excessive response of the innate immune system to 

infection. Previously, we reported that the administration of the bacterial wall component, 

lipopolysaccharide (LPS), to pregnant mice resulted in marked hypotension, but had no effect 

in non-pregnant mice [3]. We extended these findings using caecal ligation and puncture 

(CLP), showing that pregnant mice had a more marked hypotensive response and a higher 

mortality [4]. Earlier, in a mouse model of inflammation-induced preterm labour (PTL) based 

on an intrauterine injection of LPS, Elovitz and Mrinalini reported that progesterone (P4) 

supplementation, in the form of 17-alpha hydroxyprogesterone caproate [17-OHPC], was 

associated with a dose dependent increase in maternal mortality of between 50-75% [5]. 

These data suggest that the greater susceptibility to sepsis may be related to a progesterone-

induced effect on the cardiovascular or immune response to infection. 

 

Hormonal control of blood pressure during pregnancy is relatively poorly understood. 

Gonadal steroids affect blood vessel function, oestrogens promoting vasodilatation through 

the production of nitric oxide, prostacyclin and prostaglandin E2 (PGE2) [6-8] and P4 having 

inconsistent effects depending on the tissue and the level of exposure [9-11]. However, P4 

seems to predominantly lower blood pressure as shown by Barbagallo et al (2001), who 

demonstrated that intravenous P4 blunted the hypertensive response to noradrenaline infusion 

in anaesthetised rats and reduced agonist-induced vessel constriction in rat aorta and tail 

artery strips [12]. In hypertensive subjects, oral P4 treatment reduced blood pressure [13]. 
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These studies were conducted in non-pregnant animals/subjects and it is possible that in the 

context of pregnancy, where progesterone levels are already high, that the administration of 

exogenous P4 may modulate the cardiovascular response to LPS. 

  

In terms of the inflammatory response, P4 has also been shown to directly influence the shift 

in immunity to Th2-type responses at the maternal-fetal interface by suppression of T-cell 

differentiation into Th1 cells, thus contributing to the development of maternal immune 

tolerance of the feto-placental unit [14]. P4 supplementation, given to reduce the risk of 

spontaneous PTL, appears to repress the response to recall antigens [15]. Further, we have 

shown that P4 represses inflammation in human myometrial cultures, acting via the 

glucocorticoid receptor (GR) [16]. Consequently, the greater maternal mortality seen in mice 

pre-treated with 17-OHPC was surprising, particularly its association with higher circulating 

levels of IL-6 [5].  

Currently, 17-OHPC is recommended by the American College of Obstetricians and 

Gynecologists for the prevention of PTL in singleton pregnancies, but doubts remain about 

the potential adverse effects of 17-OHPC [17]. In contrast, natural progestogens have not 

been reported to have adverse effects in animal or human studies and are widely used for the 

prevention of PTL in high-risk women, despite inconsistent evidence. However, since P4 

alters both the maternal immune and cardiovascular systems, it is possible that it could 

change the maternal response to infection, potentially making women more susceptible to 

sepsis. In an earlier study, we reported that LPS administration induced a greater hypotensive 

response in pregnant compared to non-pregnant mice  [3]. In this study, we have tested the 

hypothesis that P4 supplementation exacerbates this hypotensive response in pregnant mice 

and investigated potential causative mechanisms, studying aspects of the innate immune and 

the cardiac responses to LPS. The results of this study may help us understand the greater 
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susceptibility to sepsis exhibited by pregnant women and identify a potential causative 

mechanism. They may also provide a further reason to withhold P4 supplementation in 

women at risk of PTL, given the failure of the Opptimum study, the largest randomised study 

to date, to show any benefit [18]. 

Materials and Methods 

Female CD1 mice (Charles River, UK) aged 8-12 weeks were used for all experiments. All 

animal procedures were carried out in accordance with the Home Office Animals (Scientific 

Procedures) Act, 1986 (PPL 70/7372), and were previously approved by the Animal Welfare 

and Ethical Review Board (AWERB) at Imperial College London. All mice were housed in 

individually ventilated cages with access to normal rodent chow and water ad libitum, and 

maintained on a 12:12 light-dark cycle.   

 

Time-mating: Female mice were placed overnight into cages with male studs. The following 

morning the female mice were inspected for a copulatory plug. The day the plug was detected 

was designated as gestational day 0 (E0). From previous work in our group, we defined E16 

to be equivalent to 34 weeks gestation of a human pregnancy. All experiments in pregnant 

animals were conducted on day 16 or pregnancy (E16). 

 

Mouse blood pressure telemetry: Telemetry probes (PA-C10, Data Sciences International) 

were surgically implanted. The technique allows continuous measurements of blood pressure, 

heart rate and activity to be made. Mice were anaesthetised using isoflurane (5% for 

induction and 2% maintenance of isoflurane, 2L/min O2 flow rate), and surgically cleaned 

and draped. Pre-operatively, mice received 5% enrofloxacin and 0.3mg/mL buprenorphine. A 

small ventral incision on the neck was made and the left common carotid artery isolated prior 
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to cannulation. The catheter was advanced until placed in the aortic arch and secured in place 

with sutures. The transmitter body was then advanced subcutaneously to lie over the right 

flank before the incision was closed. Mice were then placed into a heated recovery chamber 

(30ᵒC).  Buprenorphine was given the day after surgery and animals were allowed to recover 

for a minimum of one week prior to any experiments. 

 

All experiments included light and dark periods to account for diurnal variations. Following 

recovery, continuous 24 hour recording (data collection) began using the Dataquest ART 

Acquisition System (Data Sciences International, v4.1) for at least 48 hours to collect data in 

non pregnant (NP) animals (NP baseline). These data allowed animals to act as their own 

controls. Radio-telemeters were magnetically activated and deactivated. Whilst recording, 

animals were kept in their standard cages with access to food and water ad libitum. These 

cages were placed in a separate room to ensure a calm environment for recording.  

 

For this study, data were collected for 24 hours after LPS administration from NP and 

pregnant mice at E16 and compared. The data collected included mean arterial pressure 

(MAP), systolic arterial pressure (SAP), diastolic arterial pressure (DAP), heart rate (HR), 

and activity. Haemodynamic data were collected for 10 seconds every 30 seconds. Labour 

time (latency to labour after intraperitoneal (i.p.) injection of LPS or control) and litter sizes 

were also recorded. Accurate labour time was enabled by the use of infrared cameras in 

conjunction with the AVerDiGi (NV3000 Series) HYBRID Surveillance Platform (RF 

Concepts, Dundonald, UK). 

 

LPS administration: LPS endotoxin (serotype 0111:B4, Sigma-Aldrich) or sterile vehicle 

control phosphate buffered saline (PBS) were administered i.p. on day 16 of gestation (E16). 
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The dose of LPS was firstly determined using a dose-response study in CD1 females on E16 

using a range of doses indicated by the intrauterine work in our group and current literature. 

A single injection of 10μg LPS per dam (in 100μL PBS) gave the most consistent outcomes 

in time to labour from LPS and causing no maternal mortality (see supplementary data Fig. 1, 

http://links.lww.com/SHK/A858). All pregnant mice were anaesthetised under isoflurane for 

i.p. injection to minimise potential harm to fetuses and carried out between 8am and 10am.  

 

Progesterone Treatment: In those experiments examining the role of progesterone, P4 

(Sigma-Aldrich, Poole, UK) was dissolved in peanut oil (Sigma-Aldrich, Poole, UK) at a 

stock concentration of 250mg/mL. A final concentration of 10mg per mouse (in 40μL peanut 

oil) was injected subcutaneously (s.c.) into the right flank. P4 or vehicle (peanut oil) 

injections were carried out once a day from E14 to E16 between 8am-10am.  

 

Time points: To avoid effects of handling animals during telemetry recordings, serum and 

other tissues were taken from separate groups of animals at two time points, 6 hours and 12 

hours post i.p. LPS injection or vehicle control. Mice were terminally anaesthetised using 5% 

isoflurane (2L/min O2 flow rate) and a cardiac puncture was performed to collect plasma or 

serum samples. Subsequent to schedule 1 culling, lung, heart, left ventricle, myometrium and 

placenta were collected and snap frozen on dry ice. These samples were then stored at -80ᵒC 

until RNA and protein extraction.  

 

Flow cytometry: Fluorescence-activated cell sorting (FACS) technique was used to further 

investigate the impact of P4 supplementation on the innate immune response to LPS. 

Monocyte and neutrophil numbers were analysed in the blood, myometrium, placenta, lung 

and liver. Macrophage numbers were studied in uterus and placenta only. The detailed 
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methods have been described previous [4] and the antibodies used listed in Supplementary 

table 1, http://links.lww.com/SHK/A861. 

 

Multiplex Assay: Mouse cytokine/chemokine or angiogenesis/growth factor magnetic bead 

panel (Merck Millipore) were used according to manufacturer’s protocol. Analytes were 

quantified using a Luminex MAGPIX instrument with xPonent 4.2 software (Luminex Corp).   

 

RNA extraction and quantitative RT-PCR: RNeasy mini kit by Qiagen Ltd. (Crawley) was 

used to extract RNA from the whole heart and from a second series of animals from the left 

ventricle only following the manufacturer’s instruction. Less than 20mg of tissue was used. 

To convert the extracted RNA to cDNA, 6μg of the RNA was reverse transcribed using oligo 

dT random primers using MuLV transcriptase (Applied Biosystems Ltd.). A unique set of 

primers (such as Anp, Bnp, Vegf, eNos etc.) specific to mouse were designed and obtained 

from Life Technologies Ltd. (Paisley, UK, see supplementary table 2, 

http://links.lww.com/SHK/A862). These were validated prior to their use. Quantitative real-

time PCR was done using SYBR Green (Roche Diagnostics Ltd.) and amplicon yield 

monitored by Rotor Gene R-G 3000 (Corbett research Ltd.). The results of the PCR analysis 

were expressed relative to the constitutively expressed ribosomal protein s18. 

 

Statistical Analysis 

Data collected in the 24 hour period after LPS injections were shown as hourly mean values ± 

SEM as a change (Δ) from baseline alongside area under the curve (AUC) analysis, 

maximum increase and maximum decrease (where appropriate). Normally distributed data 

were analysed using t test or ANOVA with correction for multiple comparisons as indicated. 

Where the data were not normally distributed as determined by Kolmogorov-Smirnoff tests, 
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non-parametric equivalent tests such as Kruskal-Wallis followed by Dunn’s post-hoc test, or 

Mann-Whitney U were employed. Differences in the cardiovascular parameters at different 

time points throughout pregnancy were analysed by repeated measures ANOVA followed by 

Bonferroni correction for multiple comparisons between the means. Two-way ANOVA 

followed by Bonferroni correction was used to compare pup survival and latency to delivery 

after LPS.  

Results 

Labour Time and Pup Survival: To explore the effect of P4 supplementation on maternal 

haemodynamic and inflammatory pathways, a dose-response using increasing concentrations 

of P4 was performed. Previous work in the group (Lei et al. unpublished data) demonstrated 

that progesterone levels could be elevated 10-fold (from approximately 400nmol/L on E16) 

by daily subcutaneous administration of 10mg P4 in pregnant CD1 mice. Also, in a previous 

paper, we measure circulating P4 levels in response to 2mg of P4 administered on alternate 

days, this was able to maintain blood levels at approximately stable levels vs. E13 levels [19] 

and prevent the mice from labouring if daily injections were continued through to E18. In this 

study, daily subcutaneous injections on gestational days E14-E16 of peanut oil (control: 

vehicle), 5mg or 10mg P4 were given to raise P4 concentrations for 48hr prior to LPS 

administration. In the initial experiments, 5mg/day P4 delayed the onset of labour after LPS 

administration on E16 compared to controls (52.92 ± 13.21 hours vs. 22.46 ± 1.47 hours 

respectively), however latency to labour was only significantly increased compared to 

controls using 10mg/day P4 (95.33 ± 7.76 hours, p<0.001; Supplementary Figure 1A, 

http://links.lww.com/SHK/A858). Pup survival was increased using 5mg/day P4 compared to 

vehicle (61.54 ± 31.09 % vs. 0 %), but fell to 10 ± 10 % using 10mg/day P4 (Supplementary 

Figure 1B, http://links.lww.com/SHK/A858). As 10mg/day was able to significantly delay 

latency to labour this dose was chosen for use in all subsequent experiments. 
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Latency to labour was recorded throughout the experiments using telemetered mice to 

monitor blood pressure after supplementation with P4 (Supplementary Figure 1C, 

http://links.lww.com/SHK/A858). P4 supplementation reproducibly increased latency to 

labour after LPS (p<0.001, 98 ± 11.8 hours vs. 21.5 ± 2.07 hours). However, in this cohort of 

animals, no pup survival was recorded at labour in either control or P4 treatment groups 

(Supplementary Figure 1D, http://links.lww.com/SHK/A858). At the intermediate time-

points after LPS administration, pup survival significantly decreased from 56.9 ± 13.5 % and 

50.5 ± 15.8 % for control and P4 respectively at 6 hours, to 6.67 ± 6.67 % and 7.5 ± 7.5 % 

respectively at 12 hours (p<0.001). P4 treatment had no impact on pup survival 

(Supplementary Figure 1D, http://links.lww.com/SHK/A858).  The study design is shown in 

supplementary figure 2, http://links.lww.com/SHK/A859 illustrating how the design mimics 

the management of a woman at high risk of preterm labour treated with supplementary P4 

(Supplementary 2, http://links.lww.com/SHK/A859).   

The Haemodynamic Response to LPS-induced: Haemodynamic and activity data were 

collected from telemetered CD1 mice. Mice were given 10mg P4 or vehicle (peanut oil 

control) via the subcutaneous route daily from E14-E16 followed by i.p. LPS on E16. A 

decline in MAP was observed in animals treated with vehicle in the first 12 hours post-LPS 

(n=3, Figure 1A) and consistent with our previous work [3]. A nadir was observed at 9 hours 

post-LPS when MAP dropped to 101.09 ± 9.9 mmHg from a pre-LPS baseline of 115.54 ± 

6.1 mmHg (Δ-14.5 ± 6.2). P4-treated animals maintained their MAP without any hypotensive 

response (n=4, Δ-1.56 ± 4.44 at 9 hours post-LPS).  However, analysis using 2-way ANOVA 

did not indicate any significant differences between the treatment groups. Similar changes in 

blood pressure were also reflected in SAP (Figure 1B). In vehicle-treated animals a nadir was 

observed at 11 hours post-LPS when SAP dropped to 118.2 ± 15.7 mmHg from a pre-LPS 
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baseline of 131.37 ± 13.9 mmHg (Δ-13.18 ± 7.9). No hypotensive response was seen in P4-

treated animals (Δ-1.51 ± 4.47 at 11 hours post-LPS). Less marked changes were observed in 

DAP (Figure 1C). From 12-24 hours post-LPS there appeared to be a gradual return to 

baseline in all three parameteres in the vehicle-treated group, however P4-treated animals 

exhibited a slight increase in blood pressure above baseline pre-LPS levels. This was more 

pronounced in DAP where the peak pressure was 89.79 ± 2.8 mmHg compared to pre-LPS 

baseline of 76.78 ± 2.8 mmHg (Δ13.01 ± 3.39) at 19 hours post-LPS. No rise above baseline 

was observed in the vehicle-treated group (99.3 ± 7.4 mmHg at 19 hours vs. 99.59 ± 1.1 at 

baseline). The peanut oil vehicle itself was not thought to affect the haemodynamic profile of 

E16 mice as a similar response was observed in mice treated with LPS alone [3]. In the 

vehicle-treated group, there was a small reduction in HR, however due to the large variability 

of HR between animals this did not reach significance, therefore there was no signficiant 

change in heart rate in either treatment group after LPS (Figure 1D). P4-treatment had no 

significant effect on the %TSI and activity displayed by CD1 mice in the 24 hours after LPS 

administration (Figure 1E). There was no significant change from baseline observed in either 

treatment group in the %TSI, although there was a slight reduction in the last three hours 

observed (Figure 1E).  As labour would have occurred in the PO-treated animals, this could 

account for the increase in activity at this point, however, as this was not true of P4-treated 

animals, it may be that the effects of the LPS was wearing off (Figure 1E).  These results are 

also reflected in a slight increase in activity at 18-23 hours post-LPS, although the increase 

was not significant (Figure 1E).  The intenstity of activity, as described by activity >0, also 

remained unchanged from baseline despite a sharp and unexplained drop in activity >0 in 

both groups at 3 hours post-LPS (Figure 1E). These results indicate that altered activity are 

not likely to be responsible for any differences in blood pressure in P4-treated mice. Area 

under the curve (AUC) analyses showed no significant changes between P4- and vehicle-
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treated animals for either  MAP, SAP, DAP or HR (Supplementary Figure 3A, D, G & H, 

http://links.lww.com/SHK/A860). However, the maximum decrease in SAP  was 

significantly reduced in P4 treated mice (p<0.05; Supplementary Figure 3E, 

http://links.lww.com/SHK/A860).  

Circulating Cytokine, Nitric Oxide, Asymmetric Dimethylarginine and VEGF levels: The 

maternal serum levels of cytokines were measured in samples obtained from vehicle and P4-

treated mice at 6 and 12 hours after LPS i.p (n=6 in each group). There were no significant 

differences in any of the pro- or anti-inflammatory cytokines measured between P4 and 

vehicle-treated mice (Figure 2A-C), suggesting that P4 supplementation did not change the 

response to LPS in pregnant mice. Similar results were found for the chemokines (CCL2, 

CCL5, CXCL1, CXCL2) and anti-inflammatory cytokines measured in these samples (Figure 

2D-I). Circulating NO, ADMA and VEGF levels were not significantly different between P4-

treated mice and controls (Figure 3A-C).  

Left ventricular mRNA expression of cytokines, markers of cardiac dysfunction and 

apoptosis: In contrast to the lack of change in circulating cytokine levels, cytokine mRNA 

expression in left ventricular tissue of IL-1β, at 6 hours, but not 12 hours (p<0.05, Figure 4A) 

and TNF-α, at 6 hours and 12 hours (p<0.01 and p<0.001, Figure 4C), was significantly 

reduced after P4-supplementation. There were no differences in IL-6 or IL-10 expression in 

any treatment group (Figure 4B & D). Markers of myocardial dysfunction were not 

significantly different after P4 supplementation (Figure 4E-G). The expression of Nkx2.5, a 

transcription factor implicated in cardiac development and function [20], was significantly 

greater after P4 supplementation (p<0.05, Figure 4H). The expression of the markers of 

apoptosis was unchanged after P4-supplementation (Figure 4I-K). We studied the expression 

of LPS-binding protein cysteine-rich secretory protein containing LCCL domain 2 (Crispld2) 
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in myocardial samples as recent evidence suggests that P4 up-regulates its expression and 

that it protects mice from LPS-induced mortality [21-23]. Surprisingly, Crispld2 expression 

was significantly reduced in P4 treated compared to control mice (p<0.05; Figure 4L).  

Leukocyte densities: Baseline levels of leukocytes were similar in the blood and all tissues in 

E16 mice with and without P4 supplementation (Fig.5). The changes in response to LPS were 

also similar in each group and to those we have reported before [3]. In summary, circulating 

neutrophils increased and monocytes declined, while tissue levels of both cell types increased 

(Fig.5).    

Discussion 

P4 supplementation prevented the LPS-induced hypotensive response observed in control 

animals and although there appeared to be no differences in the systemic cytokine and 

inflammatory cellular response to LPS, left ventricle mRNA expression of IL-1β and TNF-α 

were significantly down regulated after P4-treatment, suggesting that the hypotensive effect 

of LPS may be mediated through a negative effect on cardiac function and that P4 

ameliorates this. These data suggest that P4 supplementation in pregnant mice certainly does 

not exacerbate the hypotensive response to LPS observed in pregnant animals [3] and, 

actually contrary to our hypothesis that P4 would exacerbate the haemodynamic response to 

LPS, it appears to exert a protective effect on LPS-induced hypotension.  

P4 supplementation did not influence the response of the innate immune system either in 

terms of leukocyte dynamics or in terms of the circulating levels of pro- or anti-inflammatory 

cytokines. This is surprising given the well-documented immune-modulatory and anti-

inflammatory effects of P4, for example in the shift from Th1 to Th2 dominance in pregnancy 

[24-27] and the repression of macrophage LPS-induced TNFα release [28]. However, 
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although we found no significant difference in the circulating inflammatory cytokine levels, 

in the left ventricle, P4 supplementation reduced the LPS-induced increase in IL-1β and 

TNFα mRNA expression. In macrophages, P4-repression of LPS-induced TNFα release was 

mediated through an increase in IκBα levels, an endogenous inhibitor of NFκB activation 

[28] and we have shown previously that P4 represses both NFκB and AP-1 activation in 

human myometrial explants [29]. Collectively, these data, suggest that P4 may exert a 

differential effect in tissues and inflammatory cells. Indeed, we have observed a similar 

repressive effect using a lower dose of P4 on LPS-induced myometrial inflammation (Herbert 

et al, unpublished observation), suggesting that P4 does repress LPS-induced inflammation at 

the tissue level. Perhaps inflammatory cells are less responsive to P4 during pregnancy. 

Interestingly, Jain et al (2004) showed that P4 treatment of a human pro-monocytic cell line 

(U937) actually induced a two-fold increase in basal TNF-α secretion [30]. Interestingly, 

Elovitz and Wang found that 2mg progesterone (per mouse) did not significantly delay the 

onset of labour induced by intra-uterine LPS, while 1mg MPA (per mouse), which has both 

glucocorticoid and progestational effects, was able to delay labour onset and reduce pup 

mortality [31]. These data suggest that P4 may exert only a limited anti-inflammatory effect. 

However, when we used 5mg of P4 in the same model, although we did not see any delay in 

LPS-induced labour onset, we did see a reduction in inflammatory cytokine mRNA and 

protein levels (Herbert et al, unpublished observation), suggesting that P4 does exert some 

anti-inflammatory effect at the tissue level.  

Since Elovitz and Mrinalini reported that the administration of 17-OHPC, but not 

medroxyprogesterone acetate (MPA) was associated with increased maternal mortality using 

the IU LPS model of PTL [5], we chose to assess the affect of the widely prescribed “natural” 

progesterone in the current study. Neither 17-OHPC or MPA exactly resemble progesterone, 
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17-OHPC is a purely synthetic compound, that has been associated with an increase risk of 

gestational diabetes and stillbirth [32], and MPA has both glucocorticoid and progestotogenic 

effects. Further, while vaginal progesterone has been shown to have anti-inflammatory 

effects at the choriodecidual interface in a murine model, sub-cutaneous 17-OHPC did not 

[33]. Nor did 17-OHPC repress basal or LPS-stimulated TNFα or COX-2 production in 

human myometrial explants [34]. In terms of in vitro contractility studies on strips of human 

myometrium, 17-OHPC enhanced oxytocin-induced contractions in one study [35] and to 

have no effect in several other studies [36-38]. These data suggest that there are marked 

differences between 17-OHPC and progesterone and question how 17-OHPC might act to 

reduce the risk of PTL. 

The ability of P4 to prevent LPS-induced hypotension in association with a reduction in 

myocardial inflammatory cytokine expression suggests that LPS may cause hypotensive 

through a repressive effect on cardiac function as has been described in septic shock [39]. 

However, in our earlier study, where we first described the marked hypotensive effect of LPS 

in pregnant as compared to non-pregnant mice, we found that LPS-induced increased 

inflammatory cytokine gene expression in LV samples [3] and, in this study, although we 

observed differences in cytokine mRNA levels, they were not associated with a reduction in 

markers of apoptosis or cardiac dysfunction. These data question whether cardiac dysfunction 

is the cause of the hypotension. Cardiac echo may have helped to clarify whether there was 

any evidence of cardiac dysfunction, but we did not have access to this.  

Circulating NO levels were not different between groups, this may be because P4 has 

opposing actions on NO production in different sites. In macrophages, P4 appears to repress 

NO production [40], however, these experiments were undertaken in macrophage cell lines 

and mouse bone marrow culture-derived macrophages in vitro. While in endothelial cells, P4 
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alone and incombination with oestradiol enhances NO production [41]. These opposing 

effects may explain the lack of change in circulating NO levels after P4 supplementation.  

The expression of Crispld2 in P4-treated mice was signficantly decreased compared to PO 

controls. This result was surprising, as in previous studies, performed in mice treated with P4 

for 6 hours, Crispld2 expression in the uterus was increased [23]. This group also 

demonstrated that P4 regulation of Crispld2 is regulated by the P4 receptor (PR) as Crispld2 

was signficantly increased upon treatment with P4 only in WT mice and not in PR knockouts. 

However, the expression of Crispld2 may be regulated differently in the heart or prolonged 

P4 stimulation may reduce PR levels and/or increase PR chaperone proteins altering the 

response to P4 [42]. Indeed, there is limited evidence to suggest that the classic nuclear PR 

(nPR) is downregulated at very high concentrations of P4, but the mPRα has been shown to 

undergo endocytosis after P4 stimulation via a clathrin-mediated pathway [43, 44]. Further 

work to define which PR are expressed in the heart would help to clarify P4 action on cardiac 

Crispld2 expression.   

Taken together, these results are reassuring that P4 supplementation does not exaccerbate the 

LPS-induced hypotension reported in our previous study [3]. Consequently, they suggest that 

P4 supplementation is not likely to increase maternal mortality or morbidity in the context of 

infection. However, we used progesterone in this study and not 17-OHPC, which may have a 

very different effect as suggested by the work of Elovitz et al [5]. Further, these data suggest 

that P4 supplementation may afford some haemodynamic protection to pregnant individuals, 

perhaps through a repressive effect on cardiac inflammation. 
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Legends 

Figure 1 (A-E): The haemodynamic response to LPS-induced inflammation after 

progesterone supplementation. The haemodynamic response in CD1 mice recorded 24-

hours after LPS administration following either vehicle or P4 treatment daily from E14. (A) 

ΔMAP, (B) ΔSAP, (C) ΔDAP, (D) ΔHR and (E) Δ%TSI. Data are expressed as mean change 

from pre-LPS baseline (pre) ± SEM (n=3-4). Veh- vehicle, peanut oil; P4- progesterone.     
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Figure 2: Circulating concentrations of cytokines in the serum of pregnant mice treated 

with LPS after supplementation with progesterone (P4) or vehicle (Veh). Measurements 

were made in serum samples taken 6 or 12 hours after LPS in PO- or P4-treated mice. (A) IL-

1β (B) TNF-α, (C) IL-6, (D) CCL2 (E) CCL5 (F) CXCL1 (G) CXCL2, (H) IL-4 and (I) IL-

10. Data are expressed as median ± interquartile range (n=6) and were compared with a 

paired t test or Willcoxon matched pairs test depending on the data distribution. PO- vehicle, 

peanut oil; P4- progesterone 
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Figure 3: Circulating concentrations of nitric oxide, asymmetric dimethylarginine and 

VEGF in the serum of pregnant mice treated with LPS after supplementation with 

progesterone or vehicle. Measurements were made in serum samples taken 6 or 12 hours 

after LPS in vehicle or P4-treated mice. (A) Concentration of total nitrates and nitrites (NOx) 

as measured by nitric oxide analyser (B) ADMA as measured by mass spectrometry and (C) 

VEGF measured in a multiplex assay. Data are expressed as median ± interquartile range 

(n=6) and were compared with a paired t test or Willcoxon matched pairs test depending on 

the data distribution.  PO- vehicle, peanut oil; P4- progesterone. 
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Figure 4 mRNA expression of cytokines, markers of cardiac dysfunction and apoptosis 

in left ventricular tissue taken from pregnant mice treated with LPS after 

supplementation with progesterone or vehicle. (A) Il-1β (B) Il-6 (C) Tnf-α (D) Il-10, (E) 

Anp (F) Bnp (G) c-Troponin I (H) Nkx2.5, (I) Bcl-2 (J) Bax (K) Bad and (L) Crispld2. Data 

are expressed as median ± interquartile range (n=6) and were compared with a paired t test or 

Willcoxon matched pairs test depending on the data distribution.  *p<0.05, **p<0.01, 

***p<0.001. Vehicle, peanut oil; P4- progesterone.  
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Figure 5: Leucocyte counts after LPS treatment with supplementation with 

progesterone or vehicle. Neutrophils and monocyte subsets in Blood (A-C), Uterus (D-F), 

Lungs (G-I), Liver (J&K) and Placenta (M-O). Samples were collected from pregnant (E16) 

mice after vehicle control (peanut oil) or at 6 or 12 hours after 10 μg LPS. Comparisons are 

made between progesterone and vehicle treated mice at each point using an unpaired 

student’s t-test or Mann Whitney U tests depending on the data distribution. Data are 

expressed as median ± interquartile range (n=6-10). E16-pregnant. 

 


