
UC Davis
UC Davis Previously Published Works

Title
Lipopolysaccharide‐induced maternal inflammation induces direct placental injury without 
alteration in placental blood flow and induces a secondary fetal intestinal injury that persists 
into adulthood

Permalink
https://escholarship.org/uc/item/0gf6m6v7

Journal
American Journal of Reproductive Immunology, 79(5)

ISSN
1354-4195

Authors
Fricke, Erin M
Elgin, Timothy G
Gong, Huiyu
et al.

Publication Date
2018-05-01

DOI
10.1111/aji.12816
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0gf6m6v7
https://escholarship.org/uc/item/0gf6m6v7#author
https://escholarship.org
http://www.cdlib.org/


Lipopolysaccharide-induced maternal inflammation induces 
direct placental injury without alteration in placental blood flow 
and induces a secondary fetal intestinal injury that persists into 
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Abstract

Problem—Premature birth complicates 10%–12% of deliveries. Infection and inflammation are 

the most common etiologies and are associated with increased offspring morbidity and mortality. 

We hypothesize that lipopolysaccharide (LPS)-induced maternal inflammation causes direct 

placenta injury and subsequent injury to the fetal intestine.

Method of study—Pregnant C57Bl6 mice were injected intraperitoneally on day 15.5 with 100 

μg/kg LPS or saline. Maternal serum, amniotic fluid, placental samples, and ileal samples of 

offspring were obtained assessed for inflammation and/or injury. Maternal placental ultrasounds 

were performed. Placental DNA was isolated for microbiome analysis.

Results—Maternal injection with LPS caused elevated IL- 1β, IL-10, IL-6, KC-GRO, and TNF. 

Placental tissue showed increased IL-1β, IL-6, and KC-GRO and decreased IL-10, but no changes 

were observed in amniotic fluid. Placental histology demonstrated LPS-induced increases in 

mineralization and necrosis, but no difference in placental blood flow. Most placentas had no 

detectable microbiome. Exposure to maternal LPS induced significant injury to the ilea of the 

offspring.

Conclusion—Lipopolysaccharide causes a maternal inflammatory response that is mirrored in 

the placenta. Placental histology demonstrates structural changes; however, placental blood flow is 

preserved. LPS also induces an indirect intestinal injury in the offspring that lasts beyond the 

neonatal period.
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1 | INTRODUCTION

Intrauterine infection and inflammation, which most commonly occurs following ascending 

microbial invasion into the amniotic cavity, are major causes of preterm birth,1 and perinatal 

morbidity and mortality.2 Preterm infants exposed to intrauterine infection have higher rates 

of neonatal sepsis, respiratory distress syndrome, necrotizing enterocolitis, patent ductus 

arteriosus, intraventricular hemorrhage, bronchopulmonary dysplasia, hearing loss, and 

cerebral palsy.3–5 However, the mechanisms linking maternal inflammation to these adverse 

infant outcomes remain unclear. The effect of maternal inflammation and infection on the 

placenta is largely unknown. Clinical studies indicate that cellular changes on the maternal 

and fetal sides of the placenta are stereotypical and can be graded for severity,6 but how this 

relates to placental function and clinical outcome of the newborn fetus has yet to be 

elucidated.

Emerging evidence suggests that when an intrauterine infection is present, it is detected by 

the maternal innate immune system.7,8 Activation of the innate immune system results in 

downstream synthesis of pro-inflammatory cytokines and chemokines,9 with the most 

significant elevations seen in IL-6, IL-8, IL-1β, TNF, and macrophage inflammatory 

proteins.9,10 In severe cases, maternal infection can elicit fetal inflammatory response 

syndrome (FIRS), which is defined as a fetal plasma concentration of IL-6 >11 pg/mL,11 or 

result in development of preterm labor.12 Neonates who are diagnosed with FIRS have an 

increased risk for severe neonatal morbidity.7,11,13 However, it is unclear if FIRS is 

generated in response to direct microorganism exposure, by trans-placental passage of 

maternal cytokines and chemokines, or by a direct alteration of the placental structure or 

function resulting in a secondary effect on the newborn.

To begin to understand the association between maternal inflammation and subsequent 

adverse neonatal outcomes, we aimed to investigate the effects of maternal inflammation on 

inflammatory cytokine levels, placental structure, placental blood flow, the placental 

microbiome, and the intestinal health in a murine model. We hypothesized that in an 

established model,14,15 lipopolysaccharide (LPS)-induced maternal inflammation will 

induce direct injury to the placenta, resulting in altered blood flow and subsequent fetal 

injury.

2 | MATERIALS AND METHODS

2.1 | Animals and sample collection

All animal experiments were performed according to protocols approved by the Institutional 

Animal Care and Usage Committees at the University of Iowa (Iowa City, IA) and in 

accordance with ARRIVE guidelines. Experiments were performed using C57BL/6j mice 

whose founders were purchased from Jackson Laboratories. The mice were housed in the 
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University of Iowa AAALAC-approved vivarium and bred to achieve timed pregnancy. On 

day 15.5 gestation, pregnant mice were given a single 100 μg/kg intraperitoneal injection of 

LPS derived from Escherichia coli O55:B5 (Sigma Aldrich) or equivalent volume of saline 

(Sham) unless otherwise noted based on established models.14,15 Unless prenatal samples 

were collected, pregnant mice were monitored for preterm delivery and gestation was 

allowed to continue uninterrupted until term gestation (E20/P0). Maternal serum samples 

were obtained 4 hours following LPS injection via venous puncture of the submandibular 

vein with a 4 mm Goldenrod animal-bleeding lancet. Samples were centrifuged at 8000 g for 

6 minutes, and serum was collected for analysis. A schematic of the timing of injections and 

sample harvesting is presented as Figure 1.

On E19.5, pregnant mice underwent carbon dioxide euthanasia and the uterus was 

exteriorized via a midline laparotomy to identify individual gestational sacs. Amniotic fluid 

was aspirated under sterile conditions using a 28-gauge insulin syringe. Gestational sacs that 

yielded <1 μL of amniotic fluid were pooled for analysis. The gestational sacs were then 

opened, and individual placentas were collected. Placental samples underwent tissue 

homogenization with a TissueLyser LT Bead Beater (Qiagen) or were fixed in 10% buffered 

formalin for 48 hours prior to embedding in paraffin for histologic analysis. Samples were 

normalized for the amount of protein obtained and maternal serum, placental homogenates, 

and amniotic fluid samples were quantified for cytokine levels (IL-1β, IL-6, IL-10, KC-GRO 

TNF, IL-2, IL-4, IL-5, IL-12, and INFγ) using a Meso Scale Discovery technology as 

previously described.16 Non-significant cytokines differences are not shown.

2.2 | Placental histology

Placental samples were H&E-stained and scored by a single-blinded board-certified 

veterinary pathologist using the following system, based on prior rodent placental histologic 

assessments.17 Placental tissue was scored for mineralization (0 = no mineralization in field 

of view; 1 = rare, multifocal mineralization; 2 = multifocally, scattered mineralization; 3 = 

large zones of diffuse mineralization) and necrosis (0 = no necrosis in field of view; 1 = 

multifocal placental necrosis exclusively within the marginal placenta; 2 = multifocal 

necrosis throughout the placenta; 3 = multifocal to coalescing, large zones of necrosis 

throughout the placenta; 4 = diffuse placental necrosis).

2.3 | Intestinal histology

Neonatal offspring were raised under standard conditions in the University of Iowa 

AAALAC-approved vivarium and had ad lib access to food and water. The distal 1/3 of the 

intestine between the stomach and the cecum was collected following euthanasia at ages 

listed. Tissue samples were fixed in neutral-buffered 10% formalin, embedded in paraffin, 

and sectioned at 5 μm thickness. The samples were stained with hemotoxin and eosin (H&E) 

stain and evaluated microscopically by a single, blinded investigator. Injury scores were 

determined via a 3-point intestinal injury scoring scale (0 = normal, 1 = mild, 2 = severe) 

based on degree of villi vacuolization, mucosal ulceration, lamina propria damage, and the 

presence of hemorrhage within villi as previously described.18
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2.4 | Quantification of LPS

All samples analyzed for LPS quantification were obtained 24 hours following maternal 

intraperitoneal injection with LPS. Maternal serum samples were obtained as above from 

submandibular venipuncture immediately prior to euthanasia. Immediately following 

euthanasia, a midline laparotomy was performed and 200 μL saline was pipetted into the 

peritoneal cavity. The peritoneal fluid was re-aspirated and collected for analysis as 

peritoneal wash. The uterus was then exteriorized, and individual gestational sacs were 

identified. Amniotic fluid was aspirated using a 28-gauge insulin syringe. Lastly, the 

gestational sacs were opened and individual placentas were collected and homogenized as 

above with a new bead for each sample to prevent cross-contamination. The serum, 

peritoneal, amniotic fluid, and placental samples were then analyzed for the presence of LPS 

using a commercially available limulus amebocyte lysate assay that detects >0.03 EU/mL of 

LPS (E-toxate; Sigma Aldrich).

2.5 | Placental blood flow analysis

Abdominal ultrasounds were performed at 6 and 30 hours following maternal LPS injection 

by a single-blinded investigator. Immediately prior to ultrasound, mice were sedated with 

midazolam (0.1 mg subcutaneous injection). The anterior thorax and abdomen were shaved. 

The animal was grasped by the nape of the neck and cradled in the recumbent position in the 

imager’s hand. Warmed gel was applied to the ultrasound probe to optimize the acoustic 

interface. Maternal cardiac, uterine, and fetal sonography was performed using a 40 MHz 

linear array probe coupled to a Vevo 2100R imaging system (VisualSonics, Toronto, ON, 

Canada), generating ~180–200 2- dimensional (2-D) frames per second. Maternal heart rates 

were measured using M- mode echocardiography, which reports the time between heartbeats 

in milliseconds. Fetal cardiac activity was visualized using 2-D images. Discrimination 

between uterine (maternal) and fetal arterial flow was accomplished by noting differences in 

heart rate (~600 vs ~200, respectively).19 Maternal uterine and umbilical artery flow velocity 

were identified and interrogated using 2-D images as previously described.20 S:D ratio was 

calculated using the peak systolic pressure/end diastolic pressure. Resistive index was 

calculated as 1 – (1/pulsatility index), with pulsatility index being defined as peak 

systolic/end diastolic flow velocity by Doppler.20

2.6 | Analysis of the placental microbiome

On E19, pregnant mice underwent carbon dioxide euthanasia. Immediately following 

euthanasia, midline laparotomy was performed under sterile conditions and the uterus was 

exteriorized and individual gestational sacs were identified. Gestational sacs were opened, 

and individual placentas were collected. DNA was isolated from placental samples using 

Fecal DNA MiniPrep™ (Zymo Research). The extracted DNA was stored at −20°C and 

analyzed as previously described.21 Bacterial 16s rRNA amplification of the V4 domain was 

performed using the following primers: F515 (5′-

NNNNNNNNGTGTGCCAFCMGCCGCCGCGGTAA-3′) and R806 (5′-

GGACTACHVGGGTWTCTAAT-3′), with the forward primer modified to contain a unique 

8 nucleotide linker sequence (italicized poly-N section of the primer above) and a 2 

nucleotide linker sequence (bold, underlined portion) at the 5′ end. PCR reactions used 5–
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100 ng DNA template, 1× GoTaq Green Master Mix (Promega, Madison, WI, USA), 1 

mmol/L MgCl2, and 2 pmol of each primer. PCR was performed at 94°C for the initial 3 

minutes followed by 35 cycles of 94°C for 45 seconds, 50°C for 60 seconds, and 72°C for 

90 seconds, with a final extension of 72°C for 10 minutes. PCR amplicons were grouped at 

approximately equal amplification intensity ratios and were purified using the Qiaquick PCR 

purification kit (Qiagen). The PCR amplicons were submitted to the UC Davis Genome 

Center DNA Technologies Core for Illumina paired-end library preparation, cluster 

generation, and 250 bp paired-end Illumina MiSeq sequencing. Data from the sequencing 

run were analyzed using the QIIME software package (version 1.7.0; University of 

Colorado, Boulder, CO, USA).22 Sequences were quality filtered and demultiplexed, and the 

UCLUST (drive5.com; Tiburon, CA, USA) was used to assign operational taxonomic units 

(OTUs), based on a 97% pairwise identity.23,24 Secondary filtration of 0.005% was used to 

remove low-abundance OTUs.23 The filtered OTUs were taxonomically classified based on 

the Ribosomal Database Project classifier (Michigan State University, East Lansing, MI, 

USA)25 against a representative subset of the Greengenes 16s rRNA database (gg_13_5 

release; Second Genome, South San Francisco, CA, USA).26 The data were analyzed using 

linear discriminate analysis (LDA) effect size to determine the significantly differentiated 

taxa.

2.7 | Statistical analysis

All experiments were performed in at least triplicate, and specific sample sizes are denoted 

in the Results section. Non-parametric ANOVA with Kruskal-Wallis multiple comparisons 

or Mann-Whitney non-parametric t testing was performed as appropriate to determine 

statistical significance using GraphPad Prism v7. Significance of LPS presence was 

determined using Chi-square with Fisher’s exact testing using GraphPad Prism v7. 

Significance was set as P < .05 for all experiments. Microbiome statistics were performed as 

described above.

3 | RESULTS

3.1 | LPS-induced maternal inflammation has a dose- dependent effect on maternal and 
neonatal survival

To determine the optimal dose for our experiments, a dose-response curve was generated to 

evaluate maternal survival, rates of preterm birth, newborn survival, and maternal serum 

cytokines (Figure 2, n = 60 pregnant mice). Maternal survival was 100% at doses ranging 

from 50 to 1500 μg/kg. When LPS was administered at 2000 μg/kg, maternal survival 

precipitously dropped to 0% (Figure 2A). Preterm birth rates increased with increasing doses 

of LPS—the rates were 0%, 15%, 50%, and 100% at doses of 50, 100, 200, and 500 μg/kg, 

respectively (Figure 2B, n = 55 litters). The proportion of litters that survived to birth and 

then through 7 days of life also varied by maternal LPS dose. Litters that were exposed to 50 

μg/kg survived to 7 days in 100% of cases, while those exposed to 100, 200, and 500 μg/kg 

only survived 50%, 25%, and 0% of all cases (Figure 2C). Based on the results of these 

experiments, we chose to use 100 μg/kg for the remainder of our experiments to maximize 

inflammatory phenotypes while minimizing the risk of preterm delivery and maternal 

mortality. To ensure that pregnant mice were exhibiting a response to the intraperitoneal LPS 
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dosed at 100ug/kg, maternal serum was collected 4 hours following LPS injection. Pregnant 

mice exposed to intraperitoneal LPS had a significant rise in the levels of IL-1β, IL-10, IL-6, 

KC-GRO, and TNF (P < .0009 for all serum cytokines; Sham n = 5, LPS n = 10 pregnant 

mice) (Figure 2D).

3.2 | Maternal inflammation induces cytokine upregulation in the placenta, but not the 
amniotic fluid

To assess whether the maternal serum response was mirrored in the placenta and amniotic 

fluid, we quantified cytokines levels in both the placenta and amniotic fluid compartments. 

Pregnant mice exposed to LPS had increased levels of IL-1β, IL-6, and KC-GRO and 

decreased levels of IL-10 within the placenta when compared to controls (P = .0001; n = 8 

pregnant dams per group, only 1 placenta was used from each animal) (Figure 3A). 

However, when the amniotic fluid was analyzed, there were no differences between levels of 

IL-1β, IL-10, IL-6, KC-GRO, and TNF in the 2 treatment groups (n = 8 pregnant dams per 

group with roughly 3 amniotic fluid compartments sampled and pooled per mother) (Figure 

3B). To understand the localization of cytokines, placental samples were stained for IL-6 

(Figure 3C). Animals exposed to LPS had increased staining compared to sham controls. 

While IL-6 staining is present in both intra- and extracellular spaces, there was a trend for 

increased placental tissue staining.

3.3 | Maternal LPS exposure induces placental injury

To examine whether the placental structure was altered as a result of maternal inflammation, 

we performed histologic analysis following exposure to LPS and compared this to controls. 

A histologic scoring system was developed based on prior studies9 to quantify the degree of 

placental mineralization and necrosis (Figure 4A, C). Placental tissue exposed to LPS had 

significantly higher scores for mineralization, most significantly within the 

spongiotrophoblastic layer (P = .001; LPS n = 8, Sham n = 10) (Figure 4B, D). There also 

was significant multifocal necrosis within the giant cell layer, the spongiotrophoblastic layer, 

and the maternal vascular layer of the placental tissue exposed to LPS (P = .0004; n = 8 

pregnant dams in the sham group and 10 pregnant dams in the LPS group, only 1 placenta 

was used from each animal) (Figure 4E, F), as compared to controls.

3.4 | LPS is not detected in the fetal compartment 24 hours after maternal injection

After demonstrating that maternal administration of LPS caused differences in maternal 

serum cytokines, placental cytokines, and placental structure, we next asked whether LPS in 

our model crossed the placenta and thus could be exerting direct effects on the fetus. To 

answer this, we obtained maternal serum, a saline washing of the peritoneal cavity, placenta, 

and amniotic fluid samples 24 hours following intraperitoneal injection of the pregnant 

mother. Maternal serum from LPS mothers continues to have detectible LPS in 33% of cases 

(Figure 5A). Similarly, LPS was detected in 66% of peritoneal wash samples of mothers 

injected with LPS compared to controls (Figure 5B). However, we were unable to detect any 

evidence of LPS within the placenta (n = 26) or amniotic fluid samples (n = 33) in either 

treatment group (Figure 5C, D), suggesting that LPS does not cross the placenta All samples 

were obtained from 2 separate sham-treated and 3 separate LPS-treated pregnant dams.
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3.5 | LPS-induced maternal inflammation does not alter placental blood flow patterns

To examine whether LPS-induced maternal inflammation injures the placenta through 

alteration of blood flow, we performed Doppler ultrasounds of the umbilical artery and small 

branches of the uterine artery 6 and 30 hours following exposure to LPS (Figure 6) (6 hours: 

n = 5 Sham pregnant dams, 5 LPS pregnant dams; and 30 hours: n = 6 Sham pregnant dams, 

8 LPS pregnant dams). To determine the overall health of the mother, maternal heart rate and 

placental thickness were measured (Figure 6A, B). There were no significant differences 

between LPS-treated and Sham mothers. We next examined the fetal heart rates (Figure 6C). 

One Sham fetus developed tachycardia 6 hours post-procedure. Excluding that 1 outlier, 

there were no significant differences in fetal heart rate in LPS-exposed vs Sham, at either 

time point. We lastly examined the blood flow velocity of the placenta (Figure 6D–F). There 

was no difference in the systolic:diastolic flow velocity ratio or resistive index in the 

umbilical arteries at either 6 (P = .42) or 30 hours (P = .32) following LPS compared to 

Sham controls. There also were no differences in the systolic:diastolic flow velocity ratio or 

resistive index in the branches of the uterine arteries at either 6 (P = .42) or 30 hours (P > .

99), as compared to controls. Sample pulse wave Doppler tracings are shown in Figure 6G, 

H.

3.6 | LPS-induced maternal inflammation has no effect on the limited bacterial flora of the 
placenta

Recently, there has been discrepancy in the literature regarding the presence of a placental 

microbiome.27–29 To determine if there was a detectible microbiome in our model and 

further if LPS-induced maternal inflammation had an effect on it, placental samples were 

collected for microbiome analysis under careful sterile conditions. Of the 17 samples 

obtained (9 sham and 8 LPS, 1 placenta sampled per pregnant mother), bacterial DNA was 

only isolated in 3 of the sham samples and 1 of the LPS samples (Figure 7A). Among these 

4 specimens, the majority of bacteria in both groups were bacteroides and firmicutes with 

small proportions of tenericutes, actinobacteria, and proteobacteria. Statistical analysis could 

not be performed based on the inadequate sample size; however, large alterations in the 

microbiome do not appear to result from LPS exposure (Figure 7B).

3.7 | Fetal exposure to LPS-induced maternal inflammation induces neonatal intestinal 
injury

As there is a known association between maternal chorioamnionitis and later development of 

neonatal necrotizing enterocolitis in her infants, we lastly wanted to assess whether fetal 

exposure to maternal LPS-induced inflammation would injure the developing intestinal tract. 

To assess this, we harvested small intestinal tissues from infants at weekly intervals and 

assessed them for injury using an intestinal injury score as previously described17 (Figure 8). 

Significantly increased injury scores were seen in the exposed pups at P0, P7, and P56 (P = .

0259, 0.0134 and 0.0031) compared to sham controls (n = 8 sham-treated and 8 LPS-treated 

pups from at least 3 separate pregnant dams at each time point). Although they did not reach 

significance, injury scores at P14 and P28 also remained elevated from baseline.
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4 | DISCUSSION

Preterm birth is commonly associated with intrauterine infection and inflammation. In 

patients who deliver between 25 and 28 weeks, the incidence of chorioamnionitis is 40%, as 

compared to 4% in those who deliver at term.10 Clinical studies have demonstrated that 

infants who are born preterm with intrauterine infection are at increased risk of neonatal 

complications.3–5 Several prior animal studies have used maternal injection with LPS to 

induce maternal inflammation and induce preterm birth,30–32 or neonatal injury.14,15 While 

it is known that administering LPS can generate preterm birth, we aimed to investigate the 

consequences of creating an environment of maternal inflammation, short of causing 

preterm birth. While this model does not replicate the ascending bacterial translocation 

component thought to induce human chorioamnionitis, it does allow us to understand the 

effects caused by isolated maternal inflammation that is induced during chorioamnionitis 

and is important and relevant to understanding the human condition. Our hypothesis was that 

LPS-induced maternal inflammation will cause direct injury to the placenta, resulting in 

altered blood flow, and subsequent damage to the offspring. Our novel findings presented in 

this manuscript show that injecting intraperitoneal LPS into a pregnant mouse causes an 

expected inflammatory response within the maternal serum but spares the amniotic fluid 

compartment suggesting that neonatal consequences of maternal LPS-induced inflammation 

are secondary and not directly due to LPS exposure. Furthermore, our data show that LPS-

induced maternal inflammation induces direct damage to the placenta, but does not alter 

resistance in uterine arteries. Importantly, we show that in our study, most placentas do not 

have a detectible microbiome, and what is present, is not altered by LPS-induced maternal 

inflammation. Lastly, we show that exposure to maternal LPS induces intestinal injury 

through an indirect method in the offspring that lasts beyond the perinatal period. Based on 

these data, we speculate that neonatal morbidities following chorioamnionitis are more 

likely due to transmission of maternal cytokines and/or alterations in placental function 

(unrelated to placental blood flow) than a direct effect of the inflammatory agent on the fetus 

or of alterations to placental blood flow.

The inflammatory response seen in maternal serum following LPS exposure is similar to 

what is clinically seen in pregnant patients who are subsequently diagnosed with histologic 

chorioamnionitis.33,34 Furthermore, the increase in maternal serum cytokines is mirrored in 

the cytokine levels within the placental tissue.34 However, no elevation was seen within the 

amniotic fluid (Figure 2B). The human placenta has the capacity to both produce and 

express virtually all known cytokines.35 Prior research has demonstrated that in vitro 

administration of LPS to first-trimester cytotrophoblast cells results in increased 

cytotrophoblastic production of TNF-alpha, IL-1B, IL-6, and IL-8.36 LPS injections in 

pregnant sheep have also been shown to induce systemic inflammation; however, similar to 

our results, in sheep, LPS was not found to cross the placenta into the fetal compartment.
37,38 The elevated levels of placental cytokines seen in our study (IL-1B, IL-6, and KC-

GRO) match historical data and could be the result of inflammatory cell transfer from 

uteroplacental circulation or by innate placental generation.

Our histologic analysis of the placentas determined that mice exposed to maternal 

inflammation have significantly increased mineralization and necrosis within the placental 
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tissue. Cytokines are known to alter environmental conditions and can alter the function of 

placental cells.39,40 While it is likely that these parenchymal changes can be attributed to 

pro-inflammatory cytokines, a relevant question is whether or not the placental changes 

could also be attributed to direct damage by LPS. Our data show no evidence of LPS within 

either the placenta or amniotic fluid 24 hours following maternal injection. Given this result, 

it is more likely that the placenta is directly damaged by transmission of cytokines. This 

correlates with clinical literature demonstrating that placental cellularity and vascular 

structure are compromised in the setting of infection and inflammation.41 However, it 

remained possible the LPS was altering blood flow in the placenta which then caused a 

secondary effect on the fetus due to in utero hypoxemia. To examine this possibility, we 

quantified the blood flow of both umbilical and uterine arteries. We could find no significant 

differences in systolic:diastolic ratios or resistive index in either arterial systems, making it 

unlikely that adverse neonatal outcomes are related to alterations in blood flow. Recent data 

have shown that intraperitoneal vs intrauterine administration of infectious or inflammatory 

agents can affect the severity of sequelae to the fetus.42 Importantly, our data demonstrate 

that exposure to intraperitoneally injected LPS into pregnant dams induced a sustained 

injury pattern in the intestinal tract of the fetuses. This is despite no evidence that LPS was 

able to cross the placenta.

Lastly, we wanted to evaluate any effects that LPS-induced maternal inflammation would 

have on the placental microbiome. Historically, the placenta and the developing fetus were 

thought to be sterile43; however, over the last several years, several studies have introduced 

the idea that the placenta may harbor a unique low-abundance microbiome.29,44 This 

concept has recently been called into question based on studies that have revealed no 

differences in the microbiome of the placenta as compared to sterile swabs, air swabs, and 

blank DNA purification kits, raising the concern for contamination.27,28 Our data support 

this recent evidence given that such a low proportion of our samples revealed any bacteria 

for analysis. In the context of our study, these results suggest that the placental microbiome 

likely does not have a significant role in the increased risk that accompanies pregnancies 

complicated by intrauterine infection and inflammation.

5 | CONCLUSION

This study demonstrates use of a highly relevant mouse model that is developmentally 

similar to the early third trimester in human gestation, when the majority of cases of preterm 

birth occur. We have shown that this method reliably introduces maternal and placental 

inflammation. Although structural changes were noted in the placenta, this is seemingly 

unrelated to placental perfusion. Based on our results, the leading hypothesis for adverse 

neonatal intestinal outcomes in pregnancies complicated by antenatal infection and 

inflammation is fetal exposure to inflammatory cytokines. Future studies investigating the 

role of individual cytokines and further defining the effects of exposure on the neonatal 

intestine are warranted to determine the molecular mechanisms by which maternal 

inflammation impacts the fetus. Understanding of these mechanisms has the potential to 

reveal potential preventive therapies.
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FIGURE 1. 
Schematic representation of experimental time points
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FIGURE 2. 
Increased doses of intraperitoneal lipopolysaccharide (LPS) result in higher rates of preterm 

birth without significant effect on maternal survival. A, Pregnant mice were given increasing 

doses of LPS to assess effect on maternal and neonatal survival. There was no effect on 

maternal survival below a dose of 2000 μg/kg (n = 60 pregnant mice). B, Rates of preterm 

birth were 0%, 15%, 50%, and 100% for doses of 50, 100, 200, and 500 μg/kg, respectively 

(n = 55 litters). C, The proportion of litters that survived to term and then 7 d of life were 

100%, 50%, 25%, and 0% at doses of 50, 100, 200, and 500 μg/kg, respectively. D, To assess 

maternal response to injection, serum cytokines were obtained 4 h following injection. There 

were significant elevations in the levels of IL-1β, IL-10, IL-6, KC-GRO, and TNF (P < .

0009 for all serum cytokines; Sham n = 5, LPS n = 10 pregnant mice, P < .0001)
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FIGURE 3. 
Maternal injection with lipopolysaccharide (LPS) increases inflammatory cytokines in the 

placenta, but not in the amniotic fluid. A, IL-1B, IL-6, and KC-GRO were significantly 

elevated, and IL-10 was decreased in placental tissue (P = .0001; n = 8 pregnant dams per 

group, only 1 placenta was used from each animal). B, There were no significant differences 

in cytokine levels in the amniotic fluid compared to sham controls (P < .0001; n = 8 

pregnant dams per group with roughly 3 amniotic fluid compartments sampled and pooled 

per mother). C, Placental tissue samples were stained for IL-6 and examined at 6× (total 

placenta) and 20× (intervillous space). LPS-exposed animals had increased staining 

compared to sham with a trend toward intracellular staining (n = 6)
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FIGURE 4. 
Placental histopathology demonstrates increased levels of mineralization and necrosis in 

placental tissue exposed to maternal lipopolysaccharide (LPS). A, Mineralization scoring 

criteria. B, Analysis of placental mineralization demonstrates increased mineralization in 

tissue exposed to LPS (P = .001; n = 8 pregnant dams in the sham group and 10 pregnant 

dams in the LPS group, only 1 placenta was used from each animal). C, Necrosis scoring 

criteria. D, Analysis of placental necrosis demonstrates increased necrosis in tissue exposed 

to LPS (P = .0004; n = 8 pregnant dams in the sham group and 10 pregnant dams in the LPS 

group, only 1 placenta was used from each animal). E, Sham example: rare zones of 

coagulation necrosis (circle). Variable-sized zones of mineral accumulation in vascular 

spaces (arrows). Inset (40× magnification) highlights an area of mineralization characterized 

by accumulation of a basophilic granular material. F, LPS-exposed example: extensive, 

multifocal necrosis (circle) with severe, extensive mineralization (dashed circle). Inset (40× 

magnification) highlights multifocal, variably sized zones of placental necrosis
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FIGURE 5. 
Intraperitoneal injections of lipopolysaccharide (LPS) do not cross the placenta. A, LPS was 

detected in 1 of 3 maternal serum and in (B) 2 of 3 maternal peritoneal fluid in the LPS-

treated dams but not in the 2 sham-treated dams. C, LPS was not detected in either the 

amniotic fluid (n = 45) or (D) placenta (n = 45). All samples were obtained from 2 separate 

sham-treated and 3 separate LPS-treated pregnant dams
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FIGURE 6. 
Maternal exposure to lipopolysaccharide (LPS) does not alter umbilical or uterine artery 

blood flow. At 6 (n = 5 Sham pregnant dams, 5 LPS pregnant dams) and 30 h (n = 6 Sham 

pregnant dams, 8 LPS pregnant dams) following injection, Doppler ultrasounds of the 

umbilical and uterine artery were performed. A, Maternal heart rate (beats/min) was not 

significantly different in the LPS-treated group compared to Sham controls. B, Placental 

thickness (mm) was not significantly different between LPS-treated mothers and Sham 

controls. C, Fetal heart rate was significantly lower in the LPS-treated group compared to 

the sham group at 6 h (P = .026), but if the single outlier was removed, this significance is 

lost. There were no significant differences at 30 h (P = .88). No changes were seen in (D) 

umbilical artery blood flow (P = .42 [6 h], P = .32 [30 h]), in (E) uterine artery blood flow (P 
= .42 [6 h], P > .99 [30 h]) following maternal LPS exposure, or in (F) calculated 

systolic:diastolic ratio. Sample pulse wave Doppler tracings are shown for umbilical (G) and 

uterine (H) arteries
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FIGURE 7. 
Rare bacterial DNA was isolated from placental tissues, but lipopolysaccharide (LPS) did 

not significantly alter detected bacterial ratios. Placental DNA was isolated from both 

treatment groups under sterile conditions (n = 9 Sham placentas and 8 LPS placentas, 1 

placenta sampled per pregnant dam). A, DNA was only isolated in 3 of 9 of sham samples 

and 1 of 8 LPS samples. B, The majority of bacteria in both groups were bacteroides and 

firmicutes with small proportions of tenericutes, actinobacteria, and proteobacteria. 

Statistical analysis could not be performed based on inadequate sample size
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FIGURE 8. 
Exposure to lipopolysaccharide (LPS)-induced maternal inflammation generates intestinal 

injury in her offspring. Intestinal ileal samples showed significantly higher injury scores in 

mice who had been exposed to maternal LPS-induced inflammation compared with controls 

(n = 8 Sham and 8 LPS offspring from at least 3 separate pregnant dams at each time point). 

Significant differences in injury score were seen at PO (P = .0259), P7 (P = .0134), and P56 

(P = .0031). Differences at P14 and P21 were not statistically different. Scores as shown as a 

percentage of the total (A) and as an average for each age (B)
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