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Abstract

C-reactive protein (CRP), an innate immune mediator, is elevated in the circulation prior to 

symptoms in patients with preeclampsia (PE), a severe hypertensive pregnancy disorder with high 

mortality and morbidity. However, the specific sources underlying increased CRP and the role of 

elevated CRP in PE are undefined. Here, we report that circulating CRP levels are significantly 

increased in a large cohort of normotensive pregnant individuals compared to nulligravid women 

and is further increased in PE patients. These findings led us to further discover that placental 

syncytiotrophoblasts are previously unrecognized cellular sources of CRP and underlie elevated 

CRP in normotensive pregnant women and the additional increase in PE patients. Next, we 

demonstrated that injection of CRP induces PE features including hypertension (157.08 mmHg 

CRP treated vs. 118.99 mmHg control), proteinuria (35.0 mg/μg CRP treated vs. 14.1 mg/μg 

control), kidney and placental damage and increased levels of sFlt-1 in pregnant mice but not 

nonpregnant mice. We hypothesize that phosphocholine transferase, a placental specific enzyme 

posttranslationally modifying neurokinin B (NKB), is essential for the pathogenic role of CRP in 

PE through activation of the neurokinin 3 receptor. Overall, our studies have provided significant 

new insight regarding the pathogenic role of CRP in PE and highlighted innovative therapeutic 

strategies.
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INTRODUCTION

Preeclampsia (PE) is a serious disease of pregnancy affecting approximately 8% of pregnant 

women and accounts for more than 50,000 maternal deaths worldwide per year. The key 

symptoms of PE are hypertension and proteinuria, and the disease is frequently associated 

with intrauterine growth restriction (IUGR), a condition that puts the fetus at risk for 

numerous cardiovascular disorders later in life. Thus, PE is a leading cause of maternal and 

neonatal morbidity and mortality and has both acute and long-term impact on moms and 

babies. Despite substantial research efforts, the etiology and pathogenesis of PE remain 

poorly understood and the clinical management of PE is hampered due to lack of pre-

symptomatic screening, reliable diagnostic tests and effective therapy. The only effective 

treatment is delivery of the fetus, often resulting in serious complications of prematurity for 

the neonate. Thus, understanding the mechanisms involved in the pathogenesis of PE is 

extremely urgent and important for early detection and safe and effective therapeutic 

strategies for disease.

Of the prevailing hypotheses underlying PE, inflammatory mediators have been implicated 

in the pathophysiology of this disease. An acute innate immune mediator, C-reactive protein 

(CRP), is a pentamer with approximately 26 kDa monomeric subunits noncovalently bound 

to each other. CRP production is stimulated by the potent cytokines IL-6/8 as well as TNF-

α1, 2 and is predominantly produced and secreted by liver. Although CRP is largely thought 

to work with complement components to assist in the removal of foreign pathogens by 

binding with phosphocholine on the membrane of the pathogen, a growing body of studies 

suggest that prolonged elevated CRP links with cardiovascular risk and likely play a 

detrimental role in disease development by targeting on host tissues or signaling 

inflammatory cells to the site of insult.3-5 For example, recent studies have demonstrated 

that elevated CRP is associated with renal dysfunction and atherosclerosis secondary to 

intimal arterial damage.6-9 Moreover, persistently elevated CRP is correlated to progressive 

decline of kidney function in patients with chronic kidney disease likely due to deposition of 

CRP in glomeruli and subsequent increase in oxidative stress. Of note, early studies showed 

that CRP directly induces endothelial damage by increasing foam cell formation and 

subsequently leading to atherosclerosis.10, 11 Notably, previous human studies report that 

circulating CRP is elevated in preeclamptic patients and its elevation is correlated to the 

clinical symptoms.12, 13 Moreover, plasma CRP is found to be elevated prior to maternal 

disease development in patients with PE,12, 14, 15 implicating that CRP is likely a pre-

symptomatic biomarker for early detection. However, the functional role of circulating CRP 

in PE remains unknown.

Intriguingly, recent studies show that neurokinin B (NKB), a known pathogenic molecule of 

PE, is posttranslationally modified by a phosphocholine transferase (PCT; i.e. 

PCYT1b).16, 17 Posttranslational modification (PTM) is an essential biological mechanism 

to control fundamental cellular and systemic functions. Modifications of biological 

molecules typically serve to amplify or diminish activity of the molecule, or alter their 

ligand-receptor relationship. Phosphorylation, glycosylation, ubiquitination, methylation, 

and acetylation are common and wel-recognized PTM. However, phosphocholination 
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modification has only recently begun to be studied and is poorly understood. At this 

moment, phosphocholine modification carried by PCT is only detected in two tissues, 

placenta and testis.18 One of the endogenous phosphocholinated molecules is NKB and 

phosphocholine modified NKB (PC-NKB) preferentially activates neurokinin 3 receptor 

(NK3R), a Gq coupled transmembrane receptor.16, 17 The NK3R has been hypothesized to 

be instrumental in the development of hypertension in pregnancy, however, due to the 

pleiotropic nature of NKB, the exact mechanism of specific activation of the NK3R has not 

been elucidated. In view of the facts that 1) NKB is produced predominantly from placentas 

and contributes to PE by activating NK3R, 2) NKB is phosphocholinated, 3) placenta is one 

of two tissues expressing PCT, and 4) CRP is elevated in PE and known to bind with 

phosphocholine, we hypothesize that elevated CRP is not just an early biomarker but likely a 

pathogenic factor contributing to PE by binding to phosphocholinated NKB and 

preferentially activating NK3R.

Results

Placenta is an additional source for increased circulating CRP in preeclamptic patients

Although CRP is increased in the circulation under PE conditions, the specific cell type 

responsible for its elevation remains largely unknown. In an effort to determine the potential 

source for increased circulating CRP under PE conditions, we first measured circulating 

CRP in a cohort human blood samples including nulligravid women (NG=21), normotensive 

pregnant women (NT=15) and preeclamptic patients (PE=15) (Detail see Supplementary 

Table 1). Intriguingly, the CRP level in sera of the nulligravid women was below the 

standard detectable threshold provided by the assay. However, circulating CRP level was 

significantly increased in the normal pregnant women compared to nulligravid individuals 

and further increased in the preeclamptic women compared to NT (Figure 1A). Although 

CRP is predominantly produced by the liver under nonpregnant state, our studies suggest 

that the placenta is likely an additional source for increased circulating CRP seen in NT and 

further increased CRP seen in PE setting.

To test this intriguing possibility, we first conducted quantitative RT-PCR to determine if 

CRP transcripts are expressed in the placentas. We found that CRP mRNA was present in 

the placentas of NT individuals and that CRP mRNA levels significantly increased around 

4-5 fold in placentas from women with PE (Fig. 1B). Next, we performed western blot 

analysis and found that CRP protein levels were also increased in PE compared to the NT 

placentas (Fig. 1C). Moreover, immunohistochemistry and immunofluorescence dual-

staining demonstrated that CRP was localized in the villus syncytiotrophoblast cells, around 

the villus border (Fig. 1D). Thus, we have shown that 1) syncytiotrophoblast cells in the 

placenta express CRP and they are a significant source contributing to increased circulating 

CRP under normal pregnancy state; 2) elevated placental CRP is an additional source 

responsible for substantial increased CRP under PE conditions.

CRP induces pathophysiology of PE in pregnant mice but not nonpregnant mice

To examine the pathogenic role of CRP in PE, we infused CRP into pregnant C57BL/6 mice 

on E13 and E14 of their gestation period to achieve a similar concentration as PE patients. 
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Our data indicate that a pathological concentration of CRP seen in PE patients at term (75 

μg/mL; based on the upper standard deviation detectable in our circulating CRP ELISA; Fig. 

1A) was sufficient to cause an elevation in mean systolic pressure in CRP-infused mice 

(157.08 mmHg vs. 118.99 mmHg control) (Fig. 2A). To verify the level of CRP injected 

into mice, sera was sampled at the endpoint of the experiment on E18 and measured by 

ELISA. We observed a mean level of 11.6 μg/mL of circulating CRP in our mice. The level 

of CRP on E18 is consistent with extrapolated predictions of two injections of 75 μg/mL on 

E13/14 (Supplementary Fig. 1). Proteinuria was also significantly elevated in CRP-infused 

mice (Fig. 2B). Similar to PE patients, both hypertension and proteinuria were significantly 

dropped to the basal levels postpartum (Fig. 2A-B). Additionally, histological studies 

demonstrated the typical glomerular damage featured with decreased capillary lumen space 

and narrowing Bowman's capsule space (Fig. 2C). Histologic glomerular scoring, indicating 

an overall decrease in the health of the glomerulus in the outer renal cortical region (Fig. 

2D). Furthermore, histological studies showed that increased placental damage characterized 

with increased placental calcification in the CRP-infused pregnant mice (Fig. 2E-F). 

Altogether, we provide the first evidence that CRP infusion directly induces 

pathophysiology of PE in pregnant mice as seen in PE patients.

Next, to determine whether CRP-induced PE pathophysiology is dependent on pregnancy, 

we infused similar concentrations of CRP into nonpregnant mice. The key features of PE 

including hypertension and proteinuria were not observed in CRP-infused nonpregnant mice 

(Fig 2G-H). sFlt-1, a pathogenic factor, is predominantly produced in the placentas and 

known to be induced by inflammatory factors 19, 20. Thus, CRP may be a previously 

unrecognized factor contributing to increased sFlt-1 production in the placentas and 

subsequently leading to PE. Supporting this possibility, we found that sFlt-1 levels in the 

sera were significantly increased in the pregnant mice with infusion of CRP compared to the 

control pregnant mice (Fig. 2I). In contrast, sFlt-1 levels were extremely low and no 

difference observed in the nonpregnant mice with or without CRP infusion (data not shown). 

Thus, we demonstrated that CRP is a novel pathogenic factor contributing to 

pathophysiology of PE including hypertension, proteinuria, kidney and placental damage 

and increased sFlt-1 secretion.

Antagonism of NK3R or specific knockdown of NK3R attenuates CRP-induced 
pathophysiology of PE in pregnant mice

Because CRP binds with phosphocholine and phosphocholinated NKB (PC-NKB) 

preferentially activates NK3R, it is possible that CRP-induced pathophysiology is dependent 

on NK3R activation. To test this intriguing possibility, we treated CRP-infused mice with or 

without NK3R specific inhibitor, SB222200. We found that SB222200 treatment 

significantly reduced mean systolic pressure and proteinuria in CRP-infused pregnant mice 

(Fig 3A-B). There was a marked reduction in glomerular damage as indicated by an overall 

improvement tubular diameter, Bowman's capsule diameter and glomerular scoring (Fig. 

3C/E). We also observed a decrease in placental calcifications of CRP-infused pregnant 

mice with SB222200 treatment (Fig. 3D/F). Finally, treatment with SB222200 decreased 

CRP-induced sFlt-1 levels in the pregnant mice (Fig. 3G).
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To further validate our pharmacological studies, we performed an in vivo knockdown of the 

NK3R via encapsulation of siRNA specific for the NK3R by a nanoparticle delivery system 

(Altogen). First, we demonstrated that siRNA specific for NK3R significantly reduced more 

than half of NK3R protein levels in the placentas compared to the scrambled siRNA in the 

CRP-infused pregnant mice (Supplementary Fig. 2A). In contrast, the efficiency of 

knockdown of NK3R in the kidneys was less evident compared to the placental tissues 

(Supplementary Fig. 2B). Thus, we concluded from these results that siRNA specifically for 

NK3R successfully reduced NK3R in the placentas but not kidneys in the CRP-infused 

pregnant mice. Next, we found that knockdown of NK3R more than half by specific siRNA 

was sufficient to attenuate mean systolic pressure and proteinuria in CRP-infused pregnant 

mice compared to the pregnant mice with nanoencapsulated scrambled RNA (Fig 3A). 

Furthermore, CRP-induced placental calcifications, kidney damage and increased circulating 

sFlt-1 levels were significantly attenuated by specific NK3R siRNA knockdown in pregnant 

mice (Fig. 3C-G). Thus, both pharmacological studies using specific NK3R antagonist and 

quasi-genetic studies using siRNA to specific knockdown of NK3R provide strong in vivo 

evidence that CRP-induced PE pathophysiology is signaling via NK3R.

Knockdown of phosphocholine transferase ameliorates CRP-induced PE features in 
pregnant mice

Because NKB is modified by placental phosphocholine transferase (PCT) (i.e. PCYT1b) and 

PCNKB preferentially activates NK3R, it is possible that CRP-mediated activation of NK3R 

and subsequent disease development are dependent on the placental PCT. To overcome the 

difficulty of lack of a potent and specific inhibitor for PCT, we performed quasi-genetic 

studies using nanoparticle encapsulated siRNA specifically to knockdown the synthesis of 

this important enzyme in CRP-infused pregnant mice. First, we confirmed that siRNA 

specific for PCT significantly reduced mRNA of this enzyme in the placentas of CRP-

infused mice compared to the scrambled siRNA (Fig. 4A). Additionally, knockdown of 

PCYT1b by specific siRNA for PCT significantly attenuated mean systolic pressure and 

proteinuria in the CRP-infused pregnant mice versus the CRP-infused pregnant mice 

injected with scrambled siRNA (Fig. 4A-B). Furthermore, CRP-induced placental 

calcifications, kidney damage and increased circulating sFlt-1 levels were significantly 

attenuated by specific PCT siRNA knockdown in pregnant mice (Fig. 4C-G). Thus, quasi-

genetic studies using siRNA to specifically knockdown PCT revealed that placental PCT, 

which is a key enzyme responsible for NKB phosphocholination, is essential for CRP-

induced PE pathophysiology.

Elevated CRP and NKB are co-localized in syncytiotrophoblast cells of placentas of PE 
patients

To extend our mouse findings to human, we performed coimmunofluorescence staining to 

determine the localization of CRP and NKB in the term placentas from NT pregnant women 

and PE patients. Specifically, we found that CRP and NKB were observed in the 

syncytiotrophoblast cells of the maternal villi and substantially increased in the placentas of 

PE compared to NT pregnant women (Fig. 5A). Additionally, co-localization of CRP and 

NKB was visualized along the cellular membrane of the villus syncytiotrophoblast cells 

(Fig. 5A). It is interesting to note that the CRP and NKB were extranuclear and mainly 
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outside of the cytoplasm of the trophoblast cells. Thus, these translational human studies 

demonstrated that CRP and NKB are elevated and colocalized in the syncytiotrophoblast 

cells in human placentas from PE patients.

CRP signaling via NK3R directly induces sFlt-1 secretion from cultured human placental 
villus explants in a PCT-dependent manner

Although we showed that CRP-induced hallmark features including hypertension, 

proteinuria and increased circulating sFlt-1 levels in an intact animal by activating NK3R 

and in a PCT-dependent manner, the pathological role of CRP in humans remains 

unidentified. To test the significance of CRP in PE in humans, we took advantage of primary 

cultured human villous explants to determine if CRP signaling via NK3R contributes to PE 

by directly inducing sFlt-1 secretion in a PCT-dependent manner. Similar to mouse finding, 

we found that CRP treatment directly induced sFlt-1 secretion from cultured human villous 

explants from NT pregnant women at term (Fig. 5B). Moreover, SB222200, a specific 

inhibitor of NK3R, and siRNA specific for NK3R significantly reduced CRP-induced sFlt-1 

secretion from cultured human villous explants (Fig.5B). Finally, siRNA specific for PCT 

also significantly reduced CRP-induced sFlt-1 secretion from cultured human villous 

explants (Fig. 5B). Taken together, these results translate our mouse finding to human 

pregnancy by showing that CRP signaling via NK3R contributes to sFlt-1 secretion in a 

PCT-dependent manner from cultured human villous explants.

DISCUSSION

CRP is increased in the circulation at early stage prior to PE symptoms and its elevation is 

correlated to the disease severity. However, nothing is known about its role in PE, the 

specific cell types responsible for its increased production and the molecular basis for its 

function. Here we have provided human evidence showing that CRP transcripts are present 

in syncytiotrophoblast cells of normal placentas and further increased in the PE placentas, 

indicating that syncytiotrophoblast cells in the placenta are a previously unrecognized 

additional source for increased circulating CRP seen in PE patients. Extending human 

studies we have further demonstrated the pathogenic nature of CRP in PE by showing that 

injection of CRP alone is sufficient to regenerate the key features of PE including 

hypertension, proteinuria, kidney damage and impaired placentas in pregnant mice. 

Mechanistically, we revealed CRP signaling via NK3R contributes to sFlt-1 secretion and 

disease development in PCT-dependent manner in intact animals and in cultured human 

villous explants. Overall, we have provided both human and mouse evidence that increased 

CRP contributes to PE pathophysiology by cross-talking with PCT and NK3R. Thus, our 

findings have identified detrimental role of CRP, new sources for its production and novel 

signaling cascade for its pathogenic effects in PE and immediately suggest novel therapeutic 

opportunities.

CRP is predominantly produced by hepatocytes under nonpregnant states. Prior to our 

studies it was unclear what specific cell type was responsible for increased circulating CRP 

in PE patients. Here we demonstrated for the first time that placentas contain transcripts for 

CRP and CRP transcript levels are significantly increased in the placentas of PE patients 
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compared to NT pregnant individuals. However, CRP levels are virtually undetectable in 

nulligravid women. Using immunohistological studies, we further found that CRP is 

predominantly expressed in syncytiotrophoblast cells of human placentas. Thus, we provide 

human evidence that placental syncytiotrophoblast cell is a previously unrecognized cell 

type expressing CRP and it is additional source contributing to circulating CRP in PE 

patients. Understanding how CRP gene expression is regulated under physiological and 

pathological pregnancy will be important questions for us to further address.

CRP is an innate immune factor and works with complement components to kill the bacteria 

and virus or remove damaged tissues. Because of its early rise in the inflammatory process, 

CRP is often considered as an important early predictor for the immune response. Although 

the transient elevation of CRP in response to the presence of pathogens is beneficial, the 

prolonged and persistent elevation of CRP is likely harmful resulting in damage to host 

tissues.4, 5, 7, 10, 21, 22 Some studies have suggested that obesity and increasing BMI, 

correlated with late-onset PE, are key factors in increasing CRP and those cytokines 

instrumental in its production and release.23

However, multiple human studies have shown that circulating CRP is elevated at the early 

stage prior to clinical symptoms in PE patients and its level is correlated to the severity of 

the disease.3, 24 Moreover, several studies indicate that the elevation of circulating CRP is 

correlated to multiple pathogenic factors including TNF-α, IL-6, excess complement 

production and soluble VEGF, implicating its role in endothelial dysfunction, uterine arterial 

constriction, macrophage activation, and arterial plaque formation.25 However, the 

pathogenic role of elevated circulating CRP in PE has not been previously examined in vivo. 

Here we demonstrated for the first time that injection of CRP to achieve similar 

concentrations to those seen in PE patients induced hallmark features of PE including 

hypertension, proteinuria, kidney damage and placental impairment in pregnant mice. 

Because PE is a pregnancy related disease, the placenta has been long considered to play an 

important role in the disease development. To examine the role of placentas in CRP-induced 

hypertension and proteinuria, we injected similar amount of CRP into nonpregnant as 

pregnant mice. In contrast to pregnant mice, CRP failed to induce PE features in 

nonpregnant mice. These findings are consistent with reports of LaMarca and colleagues 

showing that TNF-α, IL-6, and IL-17 can only induce high blood pressure in pregnant rats, 

not in nonpregnant rats.26-28 We further discovered that CRP induces sFlt-1 production in 

pregnant mice but not nonpregnant mice, suggesting the placenta as the source of increased 

sFlt-1. Extending our mouse studies, we have demonstrated that CRP directly induces sFlt-1 

secretion from cultured human villous explants. Elevated sFlt-1 contributes to 

pathophysiology of PE including abnormal placentation, hypertension and kidney injury.29 

Thus, a possible explanation for CRP only inducing PE features in pregnant mice but not 

nonpregnant mice is that CRP only induces secretion of placental derived toxic factor, 

sFlt-1, during pregnancy. Taken together, our studies revealed that elevated CRP is a potent 

immune mediator responsible for increased sFlt-1 secretion and impaired placentas. Without 

interference, CRP-sFlt-1-placental damage functions as malicious cycle leading to 

progression of the disease and symptom development (Fig. 5C).
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NKB is mainly secreted from brain and placentas. Early human studies found that 

circulating NKB is significantly elevated in PE patients.30-32 More recent studies showed 

that endogenous NKB is modified by phosphocholine transferase (PCT). The 

phosphocholinated NKB (PC-NKB) preferentially activates NK3R, a Gq coupled receptor. 

As such, elevated NKB activating NK3R induces calcium influx and subsequent vascular 

hypertension and kidney damage. During infection, CRP binds with phosphocholine on the 

membrane of bacteria and virus and works with complement systems and inflammatory cells 

together to eventually kill foreign invaders. Here we have provided multiple lines of 

evidence supporting a novel but compelling molecular basis that under PE condition in the 

absence of infection, increased CRP signaling via NK3R contributes to PE pathophysiology 

in a PCT-dependent manner. First, we have provided in vivo animal evidence that CRP-

induced PE pathophysiology is significantly reduced by blocking NK3R signaling by its 

specific antagonist or by lowering its protein levels by its specific siRNA. Subsequently, 

using quasi-genetic studies to specific knockdown PCT, CRP-induced PE features in the 

pregnant mice are significantly ameliorated. Thus, both pharmacological and quasi-genetic 

studies provide strong in vivo functional evidence that PCT mediated NKB 

phosphocholination, and NK3R signaling underlies CRP-induced pathogenic effects in 

pregnant mice.

We have further validated our mouse finding and provided human evidence showing that 

NKB and CRP are co-localized in membrane of syncytiotrophoblast cells of villous human 

placentas and their levels were significantly increased in the placentas of PE patients 

compared to the NT. Similar to our mouse finding, we have demonstrated that CRP 

signaling via NK3R directly induces sFlt-1 secretion from cultured human villous explants 

in a PCT-dependent manner. PCT is only expressed in two organs including placentas and 

testis. So far, two endogenous molecules are identified to be modified by PCT, i.e., NKB 

and corticotropin releasing factor (CRF).16 PCT-mediated PTM of these two molecules is 

considered leading to PC-NKB preferentially activating NK3R and preventing PC-CRF 

degradation in circulation, respectively. Because placenta serves as the only source of PCT 

necessary for posttranslational phosphocholination of NKB, PE features were not observed 

in nonpregnant CRP-injected mice. Thus, our findings support a novel working model: 

increased CRP functionally coupled with PCT, a key enzyme carrying posttranslational 

modification of NKB only occurring in the placentas, preferentially activates NK3R and 

subsequently promote disease development (Fig. 5C). Interfering with these pathogenic 

molecules including placental specific PCT and NK3R are promising therapeutic 

possibilities (Fig.5C). Although our results clearly show that PCT and NK3R signaling are 

functionally required for pathogenic role of CRP in PE, we have been unable to demonstrate 

how PCT-mediated PC-NKBs cross-talk with CRP. In view of important role of PCT and 

NK3R in CRP-induced pathophysiology of PE, one of the most reasonable possibilities is 

that CRP and PC-NKB directly interact and then this complex preferentially activates NK3B 

and leads to PE features. Although our human studies have showed that CRP and NKB are 

co-localized on the membrane of syncytiotrophoblast cells of human placentas, our 

coimmunoprecipitation pull down assay has been unable to show a direct interaction of these 

two molecules. Our lack of success may reflect a weak interaction that does not persist 

through such experiments or low abundance of PC-NKB that does not allow us to pull down 
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the complex. Nevertheless, lacking direct evidence for the interaction of CRP with PC-NKB 

does not prevent us to conclude that CRP is pathogenic for PE functioning through NK3R 

signaling in a PCT-dependent manner. Thus, the important and clear evidence of CRP 

functionally dependent on NK3R and PCT leads to several exciting new directions including 

determining the molecular mechanisms by which CRP pathogenesis requires PCT and 

activates NK3R signaling and developing a specific and potent PCT and NK3R inhibitors to 

treat PE.

In conclusion, our findings are extremely innovative since nothing was known about the role 

of CRP and placental PCT in PE until we revealed that placental PCT and NK3R are key 

factors responsible for CRP-induced pathophysiology of PE. Moreover, our discovery that 

placentas contain CRP transcripts and syncytiotrophoblast cells contribute to increase in 

circulating CRP in PE patients are also novel. Finally, our findings are clinically significant 

since we have determined that CRP is not only an early biomarker, but it has a pathogenic 

role in PE Thus, our current studies have added significant new insight to the pathogenesis 

of PE, have revealed early pre-symptomatic pathogenic biomarker and thereby have opened 

up novel therapeutic possibilities for the disease prevention and treatment.
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PERSPECTIVES

The work presented here is the first to show a pathogenic role for elevated CRP in PE via 

activation of NK3R. Additionally, our work also revealed a critical role for placenta-

specific phosphocholine transferase (PCTY1b) in CRP-induced PE features. Finally, we 

have also demonstrated that placenta is additional source contributing to elevated 

circulating CRP in PE. Significantly, we validate our mouse studies and demonstrated 

that CRP activates NK3R coupled with PCTY1b contributing to increased production of 

the anti-angiogenic factor, sFlt-1 in cultured human placental villous explants. Thus, our 

findings have revealed a CRP coupled with PCTY1b contributes to features of PE in 

pregnant mice and increased production of sFlt-1 by human placental villous explants by 

activating NK3R. As such, our work has revealed NKB, PCTY1b and NK3R as potential 

therapeutic targets for PE.
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NOVELTY AND SIGNIFICANCE

What Is New?

• An acute inflammatory mediator, CRP, is elevated in the circulation and 

placentas of women with PE. Thus, placenta is an additional source contributing 

to elevated CRP in PE

• Injection of recombinant murine CRP into pregnant mice results in increased 

sFlt-1 production, hypertension and proteinuria via cross-talk with NKB and 

subsequent activation of NK3R.

• A critical role for placenta-specific phosphocholine transferase (PCTY1b) in the 

modification of NKB was identified in CRP-induced pathophysiology of PE.

• CRP-NKB cross-talks with neurokinin 3 receptor (NK3R), increasing sFlt-1 

production in cultured human placenta villous explants in an PCTY1b 

dependent manner

What is relevant?

Our data reveal a previously unrecognized pathogenic role of CRP signaling via NK3B in 

the pathogenesis of PE dependent on placental specific enzyme, phosphocholine 

transferase, highlighting potential therapeutic possibilities.
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Summary

We report that CRP, previously thought to be a nonspecific inflammatory mediator, is 

elevated in circulation of normotensive pregnant women compared to nulligravid women 

and further elevated in women with PE. Additional experiments determined that CRP is 

produced by the syncytiotrophoblasts of the placenta. We demonstrated the pathogenic 

role of CRP by infusion of recombinant CRP into pregnant mice to show features of PE, 

including hypertension and proteinuria. Furthermore, by antagonism or knockdown of the 

NK3R using pharmacologic or siRNA methodology, we found that this receptor is 

essential for the CRP-induced features of PE including hypertension, proteinuria, 

placental and kidney pathology. Additionally, we found that the placenta-specific 

enzyme, phosphocholine transferase (PCTY1b), was required for the CRP-induced 

pathophysiology in pregnant mice. Finally, we validated our mouse studies in human and 

showed that CRP induced sFlt-1 secretion by isolated human placental villus explants via 

NK3R activation in a PCTY1b-dependent manner. Altogether, our human and mouse 

studies reveal CRP cross talks with NKB signaling contributes to pathophysiology of PE 

in a PCTY1bdepenent manner, and thereby highlight potential therapeutic possibilities.
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Figure 1. Placenta expresses CRP transcripts and syncytiotrophoblast cells are additional source 
for increased circulating CRP in PE patients
(A) CRP levels in the sera of a large cohort of women including PE patient (n=15), 

normotensive pregnant women, NT (n=15) and nulligravids (NG, n=21). * = p < 0.05 versus 

NG, ** = p < 0.05 versus NT (B) qRT-PCR showed the presence of CRP mRNA in term 

placental tissue lysates. PE patients (n=6) have a 4-fold increase in CRP mRNA copies 

versus the NT cohort (n=6). * = p < 0.05 (C) Western blotting confirmed an increased 

presence of CRP in PE patient placental tissue. (D) Placental tissue isolated from PE patients 

showed significant CRP in the villus trophoblast cells of terminal placental villi. This was 
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confirmed on immunofluorescence through a dual-staining protocol. (40x magnification; 

Scale bar = 100 μm).
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Figure 2. CRP induces features of PE—hypertension, proteinuria, renal and placental damage in 
pregnant mice but not nonpregnant mice
(A) 75 ug/mL IV injections on E13/E14 induced mean systolic pressure elevation by E14.5 

and dropped postpartum day 5-10. * = p < 0.05; ** = p <0.05 from CRP E17.5 (n=5-8) (B) 

Microalbuminuria/creatinine ratio assayed by ELISA was significantly increased in the mice 

injected with CRP but diminished by postpartum D10. * = p < 0.05; ** = p < 0.05 vs. CRP 

peri-partum (n=5-8) (C) Oil-immersion microscopy showed CRP injection resulted in 

impaired glomerular histological condition. (100x magnification; scale bar = 50 μm) (D) 

Blinded quantification of glomerular sections revealed a decrease in glomerular score of 
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CRP injected murine renal histological sections (n=10 fields per kidney; 7 animals). * = p < 

0.05 (E) Analysis of placental sections at 20x microscopy reveals significant placental 

damage as reflected by an increase in placental calcification and scarring in placentas of 

CRP injected mice (Arrows: indicate placental calcification; scale bar = 200 μm). (F) 

Confirmation by random high-powered field quantifications of placental sections (n=10 

fields per placenta; 7 animals). * = p < 0.05. (G) Nonpregnant mice injected with equivalent 

CRP concentrations (n=5) exhibited no elevation in mean systolic pressure versus 

nonpregnant mice injected with IV saline (n=10). (H) Microalbumin/creatinine ratio was not 

significantly altered in CRP injected nonpregnant mice relative to saline injected controls. 

(n=5-10) (I) sFlt-1 level in the circulation was induced by CRP injection in pregnant mice. * 

= p < 0.05.
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Figure 3. Pharmacologic antagonism or in vivo siRNA knockdown of NK3R attenuates systolic 
pressure, proteinuria, placental and kidney damage, sFlt-1 production
(A) Co-injection of SB222200 prevented CRP induced mean systolic pressure of pregnant 

mice when administered on E13/E14. Administration of nanoparticle-encapsulated siRNA 

with CRP on E13/14 also reduced the CRP induced mean systolic pressure of the pregnant 

mice. * = p < 0.05 CRP + scrambled vs. CRP + siNK3R and CRP + SB222200; (n=5-8) (B) 

Cotreatment with either SB222200 or NK3R siRNA reduced microalbuminuria/creatinine 

ratio. * = p < 0.05; (C) Glomerular damage was significantly attenuated by coadministration 

of SB222200 or NK3R siRNA as shown by H&E stained renal sections. (100x 
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magnification; scale bar = 50 μm) (D) Placental damage was attenuated by cotreatment of 

SB222200 or NK3R siRNA, as indicated by reduction of placental calcifications and 

scarring shown on H&E placental sections. (20x magnification; scale bar = 200 μm) (E) 

Histologic scoring of glomerular damage based on double-blind scoring criteria (n=10 fields 

per kidney; 7 animals). (F) Quantification of placental calcifications based on blinded image 

analysis (Arrows: indicate placental calcification; n=10 fields per placenta; 7 animals). * = p 

< 0.05 (G) sFlt-1 production is significantly attenuated in pregnant mice with co-

administration of SB222200 or siRNA for NK3R. * = p < 0.05
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Figure 4. In vivo siRNA knockdown of PCT (PCYT1b) attenuated systolic pressure, proteinuria, 
placental and kidney damage, sFlt-1 production
(A) Confirmation of knockdown is shown by qRT-PCR on placental lysates (n=5). 

Administration of nanoparticle-encapsulated siRNA for PCYT1b with CRP on E13/14 

reduced the mean systolic pressure of the pregnant mice. * = p < 0.05 (B) Cotreatment of 

PCYT1b siRNA reduced microalbuminuria/creatinine ratio. * = p < 0.05 (C) Glomerular 

damage was significantly attenuated by coadministration of PCYT1b siRNA as shown by 

H&E stained renal sections. (100x magnification; scale bar = 50 μm) (D) Placental damage 

was attenuated by cotreatment with PCYT1b siRNA, as indicated by reduction of placental 
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calcifications and scarring shown on H&E placental sections. (20x magnification; scale bar 

= 200 μm) (E) Histologic scoring of glomerular damage based on double-blinded scoring 

criteria (n=10 fields per kidney; 7 animals). * = p < 0.05 (F) Quantification of placental 

calcifications based on blinded image analysis (n=10 fields per placenta; 7 animals). * = p < 

0.05 (G) CRP induced sFlt-1 production was significantly attenuated in pregnant mice with 

coadministration of SB222200 or siRNA for PCYT1b. * = p < 0.05
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Figure 5. CRP and NKB are localized in the syncytiotrophoblast cells of placentas of PE patients 
and CRP directly induces sFlt-1 secretion from cultured term human villous explants via NK3R 
signaling in a PCT-dependent manner
(A) Coimmunofluorescence revealed increased CRP and NKB in syncytiotrophoblast cells 

in terminal villi. On the merged image, membrane colocalization was visualized along the 

syncytiotrophoblast cells. Some autofluorescence can be seen intravascularly due to the 

presence of autofluorescent RBCs. (40x magnification; scale bar = 100 μm). (B) Placental 

villus explants isolated from normal patients and treated with or without CRP in the 

presence or absence of series of drugs or siRNA. CRP directly induced secretion of sFlt-1 

from cultured human villus explants, but this increase was attenuated by treatment with 

SB222200 or siRNA for NK3R or PCYT1b. * = p < 0.05 difference from control; # = p < 

0.05 difference from CRP + scrambled. (n = 4 wells placental villous explant culture) 

(C)Working model: CRP is expressed in the placentas and elevated CRP in the 

syncytiotrophoblast cell is additional source underlying increased circulating CRP in PE 

patients. Locally-synthesized CRP cross-talks with post-translationally modified 
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phosphocholinated NKB (PC-NKB) by placental-specific enzyme, PCT. Subsequently, CRP 

and PC-NKB work together preferentially activates NK3R leading to increased sFlt-1 

secretion. Our findings reveal novel mechanisms for pathogenesis of PE and identify 

innovative therapeutic possibility for prevention and treatments.
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