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Fusobacterium nucleatum is an oral anaerobe prevalent in intrauterine infection associated with a wide spectrum of
adverse pregnancy outcomes. We demonstrate here that F. nucleatum triggers placental inflammation through maternal,
rather than paternal, TLR4-mediated signaling. Elimination of TLR4 from maternal endothelial cells alleviated placental
inflammation and reduced fetal and neonatal death, while elimination of TLR4 in the hematopoietic cells had no effect.
The placental inflammatory response followed a spatiotemporal pattern, with NF-κB activation observed first in the
maternal endothelial cells and then in the decidual cells surrounding the endothelium, followed by induction of
inflammatory cytokines and chemokines. Supplementation of pregnant mice with fish oil as a source of omega-3 fatty
acids suppressed placental inflammation, reduced F. nucleatum proliferation in the placenta, and increased fetal and
neonatal survival. In vitro analysis illustrates that omega-3 fatty acids inhibit bacterial-induced inflammatory responses
from human umbilical cord endothelial cells. Our study therefore reveals a mechanism by which microbial infections affect
pregnancy and identifies a prophylactic therapy to protect against intrauterine infections.
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Introduction
Intrauterine infection is a leading cause of  adverse pregnancy outcomes (APOs), including preterm birth, 
stillbirth, neonatal sepsis, etc. Fusobacterium nucleatum is among the most prevalent microorganisms in 
intrauterine infection; it is implicated in 10%–30% of  preterm births, with its detection inversely related to 
the gestational age at birth (1–7). Bacteria detected in intrauterine infection has been conventionally sug-
gested to ascend from the lower genital tract; however, F. nucleatum presents a surprising alternative in that 
it is absent in the normal vaginal flora and instead is ubiquitous in the oral cavity frequently associated with 
periodontal disease (1, 8, 9). We have previously reported that F. nucleatum from the subgingival plaque 
likely translocates to the fetoplacental unit through hematogenous transmission as a result of  transient den-
tal bacteremia (2). With pregnancy-associated gingivitis affecting 30%–100% of  the pregnant population, 
transient dental bacteremia is a frequent event during gestation (10–13). When F. nucleatum was injected 
into the tail veins of  pregnant mice to mimic dental bacteremia, it colonized specifically in the murine pla-
centa; first, it was detected in the venous sinuses or at foci adjacent to the venous sinuses in the decidua, and 
then it spread beyond the decidua to the placental membranes and fetal vessels (13). The bacteria eventually 
spread to the amniotic fluids and fetuses after 2–3 days, resulting in fetal demise. Although F. nucleatum was 
detected in the liver and spleen of  the dam at 6 hours following tail-vein injection, it was cleared after 24 
hours. Thus, F. nucleatum infection was localized within the fetoplacental unit, without causing systemic 
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infection (13). This acute infection model is consistent with a previously reported human case of  stillbirth, 
in which F. nucleatum was isolated from the mother’s placenta and as pure culture from the stillborn infant’s 
lung and stomach (2). In both mice and the human case, placental colonization by F. nucleatum was accom-
panied by neutrophil infiltration. In mice lacking TLR4, the fetal death rate was reduced despite bacterial 
colonization, indicating that inflammation was the cause of  fetal demise (14). However, the source of  
inflammation was unknown. In the present study, we examine the source and mechanism of  F. nucleatum–
induced placental inflammation and potential therapy to circumvent such inflammation.

Results
TLR4 mediates placental inflammation caused by F. nucleatum. TLRs play a key role in the host innate immune 
response to infection. LPS, an endotoxin present on the outer membrane of  Gram-negative bacteria, is rec-
ognized by TLR4, which then activates NF-κB to initiate transcription of  proinflammatory molecules (15). 
To investigate the host immune responses to F. nucleatum infection, we injected approximately 107 CFU into 
the tail vein of  pregnant wild-type C57BL/6 and Tlr4–/– mice (to mimic dental bacteremia) on day 16–17 
of  gestation as described previously (14, 16). Using nonpregnant mice, we found that F. nucleatum titers in 
the blood circulation underwent two phases of  killing following tail-vein injection (Supplemental Figure 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.125436DS1). 
The first phase occurred within the first hour, with the live F. nucleatum titer reducing by 3 logs. The titers 
then remained stable for the next 2 hours, before entering the second (and slower) reduction phase, until 
F. nucleatum was completely eliminated. As shown previously (16), F. nucleatum was evenly disseminated 
to the liver, spleen, and placenta at 6 hours after tail-vein injection, when the titer in the circulation was 
relatively stable at approximately 103 to 104 CFU/ml (Supplemental Figure 1). It has been reported that the 
bacterial titer in the blood can reach 105 CFU/ml in healthy individuals and 106 CFU/ml in periodontitis 
patients, with the mean quantities for F. nucleatum reaching 104 CFU/ml in healthy and 105 CFU/ml in 
diseased individuals (17). Thus, our injection dose was within the biological range. As reported previously, 
F. nucleatum did not persist in the liver or spleen and was cleared after 24 hours; instead, it proliferated spe-
cifically in the placenta (16). A temporal inflammatory activation was observed in the placenta (Figure 1A). 
At 24 hours following injection, a marked increase in the mRNA levels of  the proinflammatory cytokines 
IL-1α (IL1a), TNF-α (Tnfa), and granulocyte-macrophage CSF (Gmcsf/Csf2); chemokine monocyte chemo-
tactic protein 1 (Mcp1/Ccl2) and chemokine ligand 5 (Ccl5/Rantes); and COX-2 (Cox2), an enzyme mediat-
ing prostaglandin production during bacterial infection, was observed in comparison to the saline controls. 
At 48 hours, substantial induction of  IL-1β (IL1b) mRNA, along with continued induction of  Mcp1 and 
Gmcsf, was detected, suggesting a time-dependent exacerbation of  inflammation (Figure 1A). IL-12 (IL12), 
IL-18 (IL18), IL-6 (IL6), keratinocyte chemoattractant (KC/CXCL1), leukemia inhibitory factor (LIF), and 
hypoxia-inducible factor 1-α (HIF1a) were tested but not significantly induced in either wild-type or TLR4–/– 
mice (Supplemental Figure 2). H&E staining of  the placenta showed tissue necrosis and neutrophil infil-
tration in the infected placenta at 48 hours after injection but not in the uninfected controls (Figure 1, B 
and C). The protein levels of  IL-1β in the infected placentas were also markedly increased, as shown by 
immunohistochemical staining (Figure 1, D and E). In contrast, in Tlr4–/– pregnant mice, no induction of  
inflammatory cytokines and chemokines was detected, even after 48 hours of  injection of  F. nucleatum 
(Figure 1A). These results demonstrate that induction of  TLR4-mediated inflammatory responses precedes 
fetal death, which occurs after 48–72 hours following F. nucleatum injection (16).

F. nucleatum–induced placental inflammation originates from the maternal endothelial cells. The placenta con-
sists of  cells derived from both maternal (decidua and maternal blood vessels) and fetal (cytotrophoblasts, 
syncytiotrophoblasts, and fetal blood vessels) origins (18). To further dissect TLR4-mediated inflammation, 
Tlr4+/– chimeric placentas were generated by mating wild-type C57BL/6 (Tlr4+/+) and Tlr4–/– parents, fol-
lowed by F. nucleatum infection. The fetal and neonatal death rates of  Tlr4+/+ dams and Tlr4–/– sires were 
similar to those whose parents were both Tlr4+/+ (Figure 2A). In contrast, the death rates were substantially 
lower in Tlr4–/– dams, regardless of  the paternal genotypes (Figure 2A). Consistent with the birth outcomes, 
the expression levels of  inflammatory cytokines and chemokines were markedly induced in placentas from 
Tlr4+/+, but not Tlr4–/–, dams, regardless of  the paternal genotypes (Figure 2, B and C). These observations 
support that fetal and neonatal death results from placental inflammation of  the maternal origin.

Hematopoietic and endothelial cells express various pattern recognition receptors, such as TLRs, 
and are active responders to hematogenous infections. To identify the maternal cell type(s) that elicit the 
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inflammatory responses to F. nucleatum, two Cre-LoxP mouse strains were constructed: Vav1-iCre;Tlr4fl/fl,  
with Tlr4 deleted in 100% of  hematopoietic cells (19), and Tie2Cre;Tlr4fl/fl, with Tlr4 deleted in 80% of  
hematopoietic and 100% of  endothelial cells (20, 21). In comparison to the control group of Tlr4fl/fl mice, 
which were equivalent to Tlr4+/+ mice, fetal and neonatal death rates following F. nucleatum infection were 
significantly reduced in Tie2-Cre;Tlr4fl/fl mice, whereas no difference was detected in Vav1-iCre;Tlr4fl/fl mice 
(Figure 2A). Furthermore, the mRNA levels of  inflammatory cytokines and chemokines were significant-
ly reduced in F. nucleatum–infected Tie2-Cre;Tlr4fl/fl placentas but not in Vav1-iCre;Tlr4fl/fl placentas (Figure 
2B). These results suggest that TLR4 in the endothelial cells is critical for causing placental inflammation 
and fetal and neonatal demise.

To confirm this finding, we performed immunohistochemical analysis to examine NF-κB activation in 
the decidua. As soon as 30 minutes after injection, nuclei translocation of  the immunoreactive p65 subunit 

Figure 1. F. nucleatum induces placental inflammation through TLR4. On day 16 or 17 of gestation, each C57BL/6 wild-type or TLR4–/– mouse received 
approximately 107 CFU of F. nucleatum 12230 or saline. (A) At 24 or 48 hours after injection, the placentas were collected for RNA extraction. The mRNA 
levels of inflammatory cytokines and chemokines were measured by real-time quantitative PCR and are expressed as fold change compared to the 
saline-injected control group. At least 4 pregnant mice were included in each group. The results are presented as dot plots with average and SEM. Two-way 
ANOVA was performed with simple-effects analysis when the interaction was significant. Student-Newman-Keuls was applied for post-hoc comparisons. 
*P < 0.05, **P < 0.01. (B–E) H&E staining (B and C) and immunohistochemical staining of IL-1β (D and E) in the decidua of wild-type mice at 48 hours after 
injection with saline (B and D) or approximately 107 CFU of F. nucleatum (C and E). Original magnification, ×100 (B and C); ×500 (D and E); zoom, 3-fold 
from ×100 image (insets). Representative image from 4 placentas from 2 dams of each group was selected.
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of  NF-κB (also known as RelA) was detected in the decidual endothelial cells of  the wild-type, Tlr4fl/fl, and 
Vav1-iCre;Tlr4fl/fl placentas (Figure 3, A, D, and F). After 2 hours, p65 was no longer detected in the endo-
thelial nuclei but was instead in the nuclei of  the surrounding cells (Figure 3, G and I). No nuclear translo-
cation of  p65 was detected in the saline control or F. nucleatum–infected Tlr4–/– or Tie2-Cre;Tlr4fl/fl placentas 

Figure 2. F. nucleatum–induced placental inflammation originates from the maternal 
endothelial cells. Approximately 107 CFU F. nucleatum 12230 or saline was injected 
into the tail vein of each C57BL/6 pregnant dam on day 16 or 17 of gestation. (A) The 
fetal and neonatal death rate was calculated as the percentage of dead fetuses and 
neonates per litter at birth and followed up to 3 days after birth. Genotypes of the 
mating parents are shown below the x axis. Each geometric symbol represents 1 preg-
nant mouse. The horizontal lines indicate the average death rates. (B) mRNA levels in 
the placentas measured by real-time quantitative PCR and expressed as fold changes 
compared with each genotypes’ own saline-injected control groups. At least 3 pregnant 
dams were included in each group. (C) Protein levels of IL-1β in the placentas, as deter-
mined by ELISA. At least 3 pregnant dams were included in each group. For B and C, 
the placentas were collected at 48 hours after injection and pooled for each pregnant 
dam. The results are presented as dot plots with average and SEM. Two-way ANOVA 
was performed with simple-effects analysis when the interaction was significant. 
Student-Newman-Keuls was applied for post-hoc comparisons. *P < 0.05, **P < 0.01, 
***P < 0.001. D, Dam; S, Sire.
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(Figure 3, B, C, E, and H), demonstrating that the decidual endothelial TLR4 plays a critical role in NF-κB 
activation. We therefore conclude that placental inflammation originates from the maternal endothelial 
cells in this model. Combining the results from Figure 1 and Figure 3, a spatiotemporal pattern of  the pla-
cental inflammation has emerged, i.e., sequential NF-κB activation in the decidua precedes production of  
inflammatory cytokines and chemokines.

Dietary omega-3 fatty acids suppress F. nucleatum–induced placental inflammation and protect fetuses. Dietary 
supplementation of  omega-3 polyunsaturated fatty acids in the form of  fish oil has been widely used to 
reduce inflammation in chronic inflammatory diseases, such as cardiovascular disease and rheumatoid 
arthritis, and has been safely recommended for use during pregnancy (22–29). Humans consuming a diet 
rich in fish oil have been shown to harbor increased quantities of  omega-3 fatty acids, such as eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA), in their cellular phospholipid membranes (30) and 
in breast milk (31). Increase in omega-3 fatty acids in the cellular composition has been associated with 
antiinflammatory and immunosuppressive properties, although the extent and the mechanism of  immune 

Figure 3. F. nucleatuminduces nuclear translocation of the p65 subunit of NF-κB in the decidua. Immunohistochemical staining of the p65 subunit of NF-κB 
in the decidua of wild-type C57BL/6 (A, B, and G), Tlr4–/– (C), Tlr4f/f (D), Tie2-Cre;Tlr4f/f (E and H), and Vav1-iCre;Tlr4f/f (F and I) mice at 30 minutes (A–F) and 2 
hours (G–I) after injection with saline (B) or approximately 107 CFU F. nucleatum (A, C, and D–I). Immunoreactive p65 was detected in the endothelial nuclei in 
A, D, and F and in the cells surrounding the venous sinuses (V) in G and I (insets). No nuclear p65 was detected in B, C, E, or H. Original magnification, ×500; 
zoom, 3.5- to 5-fold (insets). Representative image of at least 3 placentas from 1–2 dams of each group was selected.
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modulation may vary depending on the nature of  fatty acids, source of  infection and inflammation, and 
infected tissue or cell types (22, 32–37).

To determine their antiinflammatory effects in endothelial cells, purified omega-3 fatty acids, EPA 
(20:5n-3) and DHA (22:6n-3), mixed at 3:1, were preincubated with primary cultures of  human umbilical 
vein endothelial cells (HUVECs) prior to addition of  F. nucleatum. A common omega-6 fatty acid, arachi-
donic acid (20:4n-6), was tested as a control. The mRNA expression levels of  MCP1, IL8, CCL5, IL1β, and 
IL6 and the endothelial activation markers intercellular adhesion molecule 1 (ICAM1) and E selectin were 
induced by F. nucleatum but the induction was substantially suppressed in cells preincubated with omega-3 
fatty acids in a dose-dependent manner (Figure 4). In contrast, only a few inflammatory markers were 
inhibited by omega-6 fatty acids, even at the maximum dose tested (Figure 4).

For in vivo testing, pregnant mice were orally gavaged with fish oil as a source of  omega-3 fatty acids 
throughout the gestation until they were injected with F. nucleatum. The fetal and neonatal death rate was 
markedly reduced in C57BL/6 mice fed with 33 mg omega-3 fatty acids compared with the water-gavaged 
controls (Figure 5A). The supplementation did not affect the maternal body weight (Supplemental Figure 
3). In order to determine if  the observed fetal and neonatal protection was specific to C57BL/6 mice, and 
because humans are outbred, the outbred CF-1 mice were also tested. Similar results were obtained, and a 
dose-dependent pattern was observed. A trend of  fetal and neonatal death reduction was detected at a lower 
dose of  3 mg omega-3 fatty acids, which reached significance at a higher dose of  16 mg (Figure 5C). Placental 
inflammation was suppressed by omega-3 fatty acids in both C57BL/6 and CF-1 mice, as shown by real-time 
qPCR analysis of  inflammatory molecules at 48 hours after F. nucleatum injection (Figure 5, B and D).

Surprisingly, omega-3 fatty acids also suppressed F. nucleatum proliferation in the placenta. In both 
C57BL/6 and CF-1 mice, the live bacterial titers increased with time in the control placentas, consistent 
with a previous report (16); however, they remained stagnant in C57BL/6 placentas and decreased in CF-1 
placentas following supplementation with omega-3 fatty acids (Figure 5, E and F). Bacteriostatic prop-
erties of  omega-3 fatty acids have been reported for Helicobacter pylori, both in vitro and in vivo (38–40), 
suggesting omega-3 fatty acids as potential preventives for H. pylori–associated gastric diseases. However, 
for F. nucleatum, in vitro testing showed that omega-3 fatty acids exhibited no bactericidal effects in vitro 
(Supplemental Figure 4). It is likely that the lack of  proliferation is secondary to the suppression of  inflam-
mation due to the possible inflammophilic nature of  F. nucleatum (41). In support of  this possibility are the 

Figure 4. Purified omega-3 fatty acids suppress endothelial inflammation induced by F. nucleatum. Purified omega-3 (300 μM or 600 μM) or omega-6 fatty 
acids (600 μM) were complexed with fatty acid–free BSA at a molar ratio of 4:1 and preincubated with HUVECs for 3 hours prior to bacterial infection. Log-
phase F. nucleatum was incubated with primary HUVECs at an MOI of 50:1 for 24 hours. Levels of mRNA were measured by real-time quantitative PCR and are 
expressed as fold change compared to the uninfected control group. Each experiment was performed in triplicates and repeated at least 3 times. The results 
are presented as dot plots with average and SEM. One-way ANOVA was performed with Bonferroni post-test. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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observations that the immune suppression was detected at 48 hours but the stagnation of  proliferation in 
C57BL/6 was not evident until 72 hours after injection (Figure 5, C and E). In addition, F. nucleatum titers 
in Tlr4–/– placentas exhibited stagnation after 48 hours, with or without fish oil supplementation, further 
supporting that the lack of  inflammation prohibited bacterial proliferation (Supplemental Figure 5).

In order to test if  the effect of  omega-3 fatty acids is specific for F. nucleatum, HUVECs were infected 
with methicillin-resistant Staphylococcus aureus (MRSA), a Gram-positive pathogen and a leading cause of  
health care–associated infections (42). Omega-3 fatty acids more effectively reduced the expression of  all 
inflammatory genes tested than omega-6 fatty acids (Supplemental Figure 6A). To determine if  omega-3 
fatty acids alleviate the inflammatory responses mediated through TLR signaling, we tested expression 
of  inflammatory cytokines and chemokines in primary HUVECs following incubation with purified E. 
coli LPS, a TLR4 agonist, and Pam3CSK, a TLR2 agonist (Supplemental Figure 6B). While both LPS 
and Pam3CSK upregulated expression of  the inflammatory genes, cells preincubated with omega-3 fatty 
acids exhibited markedly lower inflammatory responses to both LPS and Pam3CSK. Omega-6 fatty acids 
showed no inhibitory effect. These results demonstrate that omega-3 fatty acids effectively suppress endo-
thelial inflammation induced by both Gram-negative and Gram-positive microorganisms.

Discussion
Here, we investigate the placental inflammatory response and its effect on pregnancy outcome using F. nuclea-
tum as stimuli. F. nucleatum–induced placental inflammatory response exhibited a spatiotemporal pattern. 
TLR4-dependent activation of  NF-κB was first detected in the decidual endothelial cells and then in the 
neighboring tissues, followed by continuous induction of  proinflammatory cytokines and chemokines. Inhi-
bition of  placental inflammation in mice lacking TLR4 led to protection of  the fetuses, suggesting that the 
TLR4-mediated inflammatory responses are the cause, either direct or indirect, of  fetal and neonatal demise. 
These results contrast with those of  numerous other studies demonstrating TLR4 as playing a protective role 
against bacterial infection (43–48). In fact, TLR4 expression exclusively on endothelial cells has been shown 
to be sufficient to clear systemic E. coli infection in nonpregnant mice (49). The unusual deleterious role of  
TLR4 in placental infection possibly reflects the immunological features at the maternal-fetal interface. It 
appears that placental TLR4, especially the maternal endothelial TLR4, renders the fetoplacental unit highly 
sensitive to inflammatory responses to infectious microorganisms, causing harm rather than protection.

Elimination of  maternal but not paternal TLR4 inhibited placental inflammation. To the best of  our 
knowledge, this is the first demonstration that intrauterine microbial infection triggers inflammation from a 
maternal source. Our study further identified the maternal endothelium as the origin of  inflammation. This 
is consistent with our previous observation that F. nucleatum infection of  the murine placenta is localized 
primarily in the decidua (16), where the maternal blood is perfused into the placenta through spiral arteries 
(50). The endothelial cells play an important role in early modulation of  immune response against infec-
tious microorganisms, marked by increased permeability, leukocyte adherence, and angiogenesis (51). In 
our model of  hematogenous infection, the endothelial cells are understandably the first to come into con-
tact with the pathogen. Elimination of  endothelial TLR4 blocked the downstream placental inflammation 
and protected the fetuses from F. nucleatum infection. This is consistent with our previous observation of  
sequential detection F. nucleatum in the blood vessels and adherence and invasion of  the endothelial cells, 
followed by colonization and proliferation in the decidua of  infected placentas (13).

The amount of  F. nucleatum in the blood of  healthy and periodontal disease patients shows a remarkable 
difference, but the magnitude of  live F. nucleatum colonizing the placenta in clinical setting has not yet been 

Figure 5. Omega-3 fatty acids reduce F. nucleatum–induced fetal and neonatal death, placental inflammation, and bacterial proliferation. Inbred 
C57BL/6 mice and outbred CF-1 mice were gavaged with fish oil, water, or nothing throughout the gestation starting day 1 through day 16 or 17, when 
approximately 107 CFU of F. nucleatum 12230 or saline was injected via tail vein. (A and C) Fetal and neonatal death rates of C57BL/6 (A) and CF-1 
mice (C). Death rates are expressed as the percentage of dead fetus and neonates of each litter at birth and followed through 3 days after birth. Each 
geometric symbol represents 1 pregnant mouse. Treatment is listed below the x axis. The horizontal lines indicate the average death rates, and error 
bars represent SEM. (B and D) Placental inflammatory mRNA gene expression levels in C57BL/6 (B) or CF-1 mice (D) at 48 hours after injection. Gene 
expression is presented as fold change in comparison to the saline-injected controls, with average and SEM. At least 5 pregnant mice were included 
in each group. (E and F) Live F. nucleatum titers in the placentas of C57BL/6 (E) or CF-1 mice (F) at 48 and 72 hours (E) or 24, 48, and 72 hours (F) after 
injection are expressed as log(CFU per gram tissue). At least 3 pregnant mice were included in each group. The results are presented as dot plots, with 
average and SEM. Mann-Whitney test (A) or 2-way ANOVA (B–F) was performed with simple-effects analysis when the interaction was significant. 
Student-Newman-Keuls was applied for post-hoc comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.
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reported (17). In consideration of  literature that suggests F. nucleatum as a commensal microbe in the pla-
centa (52, 53), our study supports that there may be a concentration dependence, or even a threshold, of  the 
bacterial load in the placenta in causing placental inflammation. This is consistent with our previous report 
that F. nucleatum–induced murine fetal death rate was dose dependent. At an injection dose of  4 × 105 CFU, 
the fetal death rate was merely 6% (16). It is plausible that at low doses F. nucleatum either do not colonize or 
colonize at a very low level without inducing inflammatory responses. Supplementation with omega-3 fatty 
acids appears to keep the titer of  F. nucleatum below that required for activation of  inflammatory responses, 
thus protecting the fetuses.

Having identified the inflammatory origin allowed us to develop intervention therapies. Benefits of  
omega-3 fatty acids and their metabolites have been studied extensively in infectious diseases (54–60). Our 
results show that purified omega-3 fatty acids EPA and DHA suppress inflammatory responses in endothe-
lial cells mediated by both TLR2 and TLR4 and protect against inflammation caused by both Gram-posi-
tive and Gram-negative bacteria in vitro. EPA and DHA are precursors of  proresolving lipid mediators and 
low-inflammatory eicosanoids whose functions include inhibition of  trans-endothelial neutrophil migra-
tion, promotion of  macrophage clearance of  apoptotic neutrophils, and activation of  antiinflammatory 
cytokines and adhesion molecules (61–67). A large body of  literature has demonstrated the antiinflamma-
tory properties of  omega-3 fatty acids (68–71); nonetheless, some clinical trials of  dietary supplementation 
of  omega-3 fatty acids have shown no effect (35, 36, 72). Many supplementation studies have only tested 
modest doses. However, the present study and other successful human trials suggest that doses higher than 
currently recommended may be necessary for special conditions (27, 73–77).

Besides suppression of  inflammation, omega-3 fatty acids also inhibited F. nucleatum proliferation 
in the placenta, which appeared to be secondary to the immune suppression. This is likely due to the 
inflammophilic nature of  F. nucleatum. Previous studies have reported that periodontal pathogens, e.g., 
Porphyromonas gingivalis, are inflammophilic in that inflammation generates a favorable environment for 
its proliferation due to an abundance of  degraded proteins and enrichment of  nutrient-rich exudates 
(78). F. nucleatum is a strong immune stimulator (79–82), consistent with the inflammophilic character-
istics. Fetal protection may be a result of  immune suppression alone or in combination with inhibition 
of  bacterial proliferation. Regardless, this proof-of-concept study opens a wide door for developing ther-
apies to prevent APOs induced by F. nucleatum and possibly other microorganisms that cause localized 
intrauterine infections.

The notion that omega-3 fatty acids may protect against bacterial infection during pregnancy is very 
exciting, especially because there are no safe prophylactic therapies currently available. Given that intra-
uterine infection may occur at any point during pregnancy, continuous use of  antibiotics for preventive 
purpose is impractical. Dietary supplementation of  omega-3 fatty acids has been recommended for preg-
nant women for its benefits in maternal depression, fetal growth, and childhood neurologic and immune 
development (83–85). Our results suggest that it may protect against APO. Previous studies suggest that a 
variety of  oral bacteria may colonize the placenta through hematogenous translocation (1, 52, 86). Our 
study demonstrates that omega-3 fatty acids suppress endothelial inflammatory responses caused by both 
Gram-positive and Gram-negative bacteria. Future studies should examine the effects of  omega-3 fatty 
acids in reducing APOs caused by different inflammatory stimuli.

Methods
Bacterial and mouse strains. F. nucleatum 12230 was maintained as previously described (87). S. aureus LAC 
USA300 CA-MRSA was obtained from Alice Prince (Columbia University, New York, New York, USA) 
and grown in Lysogeny Broth (BD) or on Tryptic Soy Agar plates (BD). CF-1 wild-type mice were pur-
chased from National Cancer Institute Mouse Repository or Charles River Laboratories. C57BL/6 wild-
type mice were purchased from The Jackson Laboratory and bred in-house. Tie2-Cre (20) and Vav1-iCre (19) 
mice were gifts of  Lei Ding (Columbia University). Tlr4–/– mice (88) were obtained from Robert Schwabe 
(Columbia University). Tlr4fl/fl mice (89) were obtained from David Hackam (Johns Hopkins University, 
Baltimore, Maryland, USA). All mice were kept in sterilized filtered-topped cages with a 12-hour light 
cycle, fed autoclaved food (PicoLab Mouse Diet 20 5058; 22 kcal% fat, 55 kcal% carbohydrate, and 23 
kcal% protein) and water ad libitum, and handled in a laminar flow hood.

Mating, fish oil administration, and i.v. injection of  mice. Mating was conducted as previously described (16). 
Briefly, mice were caged together at a female-to-male ratio of 2:1. Mating was determined by the presence of  
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a white vaginal plug. The day when the plug was detected was termed day 1 
of gestation. Mice were randomly distributed to study groups. The omega-3 
group received 3, 16, or 33 mg omega-3 fatty acids from commercial fish oil 
every other day (for C57BL/6) or every day (for CF-1) from day 1 to day 16 of  
gestation by oral gavage. The gavage schedule was determined through consul-
tation with the vet. The control group received an equal volume of sterilized 
water (C57BL/6) or nothing (CF-1). Pregnant mice were injected with approx-
imately 107 CFU of F. nucleatum on day 16 or 17, as described previously (16). 
The death rates of the fetuses and the neonates were recorded up to 3 days after 
birth. For measuring the level of inflammatory response, mice were sacrificed 
at the indicated time after injection, and placentas of each dam were pooled 
and processed for mRNA expression analysis (see Real-time quantitative PCR for 
experimental details). The live bacterial titer was determined from placentas or 
blood collected from tail tips by serial dilutions on blood agar plates. The titer 
was expressed as log CFU/ml of blood or log CFU/g of tissue.

Endothelial cell cultures. Primary cultures of  HUVECs were isolated as 
previously described (90). The cells were maintained at 37°C in 5% CO2 
in complete medium using EGM-2 Bullet Kit (LONZA). HUVECs were 
seeded into 6-well plates coated with rat collagen type I (Corning, 354236) 
and allowed to grow to confluency. For fatty acid treatment, DHA, EPA, 
arachidonic acid, or an equal volume of  absolute ethanol as vehicle control 
were mixed with 1% low-fatty-acid and endotoxin-free BSA (US Biological, 
A1311). Growth medium was replaced with antibiotics-free medium con-
taining indicated concentrations of  the fatty acids or vehicle control for 3 
hours, followed by incubation with F. nucleatum 12230, ultra-pure LPS from 
E. coli 0111:B4 (Invivogen, tlrl-3pelps), or N-palmitoyl(S)-[2,3-bis(palmitoy-
loxy)-(2, RS)-propyl]-Cys-Ser-Lys4 (Pam3CSK4) (Invivogen, tlrl-pms) for 24 
hours or with S. aureus for 5 hours.

Real-time quantitative PCR. RNA was extracted from HUVECs or mouse 
placental tissues using a Qiagen RNeasy Mini Kit (Qiagen, 74106). The 
quantity and quality of  extracted RNA were measured using a NanoDrop 
ND 1000 spectrophotometer (NanoDrop Technologies). cDNA was syn-
thesized by reverse-transcription PCR using the Superscript IV First-Strand 
Synthesis System (Invitrogen, 18091050) according to the manufacturer’s 
instructions. Real-time quantitative PCR was performed in duplicates, using 
StepOnePlus (Applied Biosystems). Each reaction was prepared with the 
Power SYBR Green PCR Master Mix kit according to the manufacturer’s 
instructions (Applied Biosystems). Specific forward and reverse primers 
(Table 1) were used at a concentration of  500 nM. PCR amplifications were 
performed with 40 cycles of  95°C for 30 seconds, 59°C for 30 seconds, and 
72°C for 30 seconds. The results were expressed as 2–ΔCt, where ΔCt is the dif-
ference between the mean Ct value of  the targeted gene and the endogenous 
GAPDH or β-actin control. The fold change was calculated in comparison 
to the saline, PBS, or vehicle-treated control groups.

Immunohistochemistry. Mouse placentas were fixed in 4% paraformalde-
hyde, dehydrated in ethanol, and embedded in paraffin. Tissue sections of 3 
μm were placed on electro-charged slides and heated in a 60°C oven for 1 hour, 

deparaffinized in xylene, and rehydrated sequentially in 100%, 95%, and 75% ethanol and water. Antigen 
retrieval was performed in low-pH solution (Dako Omnis) for 30 minutes at 98°C. After washing in tap water, 
endogenous peroxidase was quenched in 3% hydrogen peroxide, followed by cell permeabilization in 0.3% Tri-
ton X-100. Slides were incubated with 10% horse serum and 0.05% Tween 20 for 30 minutes, followed by rab-
bit anti–IL-1β antibody (Abcam, ab9722), rabbit anti–NF-κB p65 subunit antibody (Cell Signaling Technology, 
CST8242), or rabbit IgG isotype control for 2 hours at room temperature. After washes, slides were incubated 
with ImmPRESS HRP anti-rabbit IgG (Vector Lab) for 30 minutes at room temperature. Slides were developed 

Table 1. Primers used in this study

m β-Actin F: CARCCGTAAAGACCTCTATGCCAAC
R: ATGGGAGCCACCGATCCACA

m KC F: GCTGGGATTCACCTCAAGAA
R: TGGGGACACCTTTTAGCATC

m ICAM1 F: GTGATGCTCAGGTATCCATCCA
R: CACAGTTCTCAAAGCACAGCG

m RANTES F: TGCCCACGTCAAGGAGTATTTC
R: AACCCACTTCTTCTCTGGGTTG

m IL-1α F: ATCAGTACCTCACGGCTGC
R: TGGGTATCTCAGGCATCTCC

m IL-1β F: GAGCACCTTCTTTCCCTTCATCT
R: GATATTCTGTCCATTGAGGTGGA

m IL-6 F: TCCAGTTGCCTTCTTGGGAC
R: GTGTAATTAAGCCTCCGACCTG

m MCP1 F: GCATCCACGTGTTGGCTCA
R: CTCCAGCCTACTCATTGGGATCA

m COX2 F: CAGACAGATTGCTGGCCGGGTTGC
R: GGAGAAGCGTTTGCGGTACTCATT

m IL-12 p35 F: AGTTTGGCCAGGGTCATTCC
R: TCTCTGGCCCTCTTCACCAT

m IL-18 F: CAAGGAATTGTCTCCCAGTGC
R: CAGCCGCTTTAGCAGCCA

m LIF F: AATGCCACCTGTGCCATACG
R: CAACTTGGTCTTCTCTGTCCCG

m HIF1α F: TGCTCATCAGTTGCCACTTC
R: CTTCCACGTTGCTGACTTGA

m GMCSF F: ATGCCTGTCACGTTGAATGAAG
R: GCGGGTCTGCACACATGTTA

m TNF-α F: CAGAGGGAAGAGTTCCCCAG
R: CCTTGGTCTGGTAGGAGACG

h GAPDH F: TGCACCACCAACTGCTTAG
R: GATGCAGGGATGATGTTC

h MCP1 F: AGCAAGTGTCCCAAAGAAGC
R: TGGAATCCTGAACCCACTTC

h IL-8 F: GACATACTCCAAACCTTTCCACC
R: AACTTCTCCACAACCCTCTGC

h IL-1β F: AAGGCGGCCAGGATATAACT
R: CCCTAGGGATTGAGTCCACA

h IL-6 F: CAAATTCGGTACATCCTCGAC
R: GTCAGGGGTGGTTATTGCATC

h RANTES F: GCTGTCATCCTCATTGCTACTG
R: TGGTGTAGAAATACTCCTTGATGTG

h ICAM1 F: ACCATCTACAGCTTTCCGGC
R: CAATCCCTCTCGTCCAGTCG

h E selectin F: AAGGCTTCATGTTGCAGGGA
R: AGCATCGCATCTCACAGCTT

m, mouse; h, human; F, forward; R, reverse. 
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with the DAB Peroxidase Substrate Kit (Vector Lab) and counterstained with 20% hematoxylin followed by 
1% ammonium hydroxide.

ELISA. Placental tissues (50 mg) were homogenized in 500 μl tissue extraction reagent I (Invitrogen, 
FNN0071) with 5 μl protease inhibitor (Thermo) and 1% Triton (Invitrogen). Total protein concentrations 
in the supernatants were measured using the BCA kit. IL-1β was measured by ELISA Antibody Pair (Invi-
trogen, CMC0813) according to the manufacture’s protocol.

Statistics. All results are expressed as the mean ± SEM. Nonparametric Kruskal-Wallis test with Conover 
post-test was used for comparison of  fetal and neonatal death rates (InfoStat version 2014, Córdoba Univer-
sity, Córdoba, Argentina). One-way ANOVA with Bonferroni post-test or two-way ANOVA with simple-ef-
fects analysis and Student-Newman-Keuls post-test were used for group comparisons (GraphPad Prism 5.00 
for Windows). All tests were 2 sided, and a P values of  less than 0.05 were considered statistically significant.

Study approval. This study has been approved by the Institutional Animal Care and Use Committee at 
Columbia University.
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