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Abstract

We recently reported that adoptive transfer of cytolytic Natural Killer cells (cNKs) from the 

Reduced Uterine Perfusion Pressure (RUPP) rat induces a preeclampsia (PE)-like phenotype in 

pregnant rats, accompanied by increased TNF-α. The purpose of this study was to investigate 

a role for increased TNF-α to induce oxidative stress (ROS), decrease nitric oxide (NO) 

bioavailability, and induce vascular dysfunction as mechanisms of hypertension and intrauterine 

growth restriction in RUPPs. Pregnant Sprague Dawley rats underwent the RUPP or a Sham 

procedure on GD14. On GDs15 and 18, a subset of Sham and RUPP rats received i.p.injections 

of vehicle or 0.4 mg/kg of Etanercept (ETA), a soluble TNF-α receptor (n=10/group). On GD18, 

Uterine Artery Resistance Index (UARI) was measured, and on GD19, mean arterial pressure 

(MAP), fetal and placental weights were measured, and blood and tissues were processed for 

analysis. TNF-α blockade normalized the elevated MAP observed RUPP. Additionally, both fetal 

and placental weights were decreased in RUPP compared to Sham, and were normalized in 

RUPP+ETA. Placental ROS was also increased in RUPP rats compared to Sham, and remained 

elevated in RUPP+ETA. Compared to Sham, UARI was elevated in RUPPs while plasma total 

nitrate was reduced, and these were normalized in ETA treated RUPPs. In conclusion, TNF-

α blockade in RUPPs reduced MAP and UARI, improved fetal growth, and increased NO 

bioavailability. These data suggest that TNF-α regulation of NO bioavailability is a potential 

mechanism that contributes to PE pathophysiology and may represent a therapeutic target to 

improve maternal outcomes and fetal growth.
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INTRODUCTION

Preeclampsia (PE) is a hypertensive obstetric disorder that is a leading contributor of 

maternal and fetal morbidity and mortality worldwide.[1] While the precise etiology of PE 

is not fully known, the most prevalent hypothesis suggests that PE pathophysiology occurs 

in two phases.[2] The initial phase is marked by insufficient invasion of cytotrophoblasts 

into the maternal myometrium resulting in poorly remodeled spiral arteries and impaired 

placental blood flow.[3, 4] The second phase is a result of these ischemic conditions 

with the placenta releasing inflammatory mediators into the maternal circulation [3, 5] 

leading to systemic maternal immune activation, endothelial dysfunction and subsequent 

manifestations of hypertension (HTN), intrauterine organ restriction (IUGR), and end organ 

dysfunction.[3, 4, 6] Natural Killer cells (NKs) are among the immune cells activated in PE 

[7–9], and upon activation NKs secrete excess tumor necrosis factor alpha (TNF-α).[7, 10] 

As serum TNF-α has been shown to be significantly increased in PE women [11, 12] the 

actions of this inflammatory mediator may be a potential mechanism of NK involvement in 

PE development and progression.

TNF-α is a well-studied cytokine whose signaling acts as a central mediator of inflammation 

and has been implicated in the pathophysiology of several pregnancy disorders including 

spontaneous miscarriage, fetal growth restriction, preterm birth, and PE.[13, 14] A number 

of clinical studies have reported an association between increased TNF-03B1 and PE 

development. Therefore, the role of TNF-α in pregnancy has been the subject of enhanced 

research focus.[15, 16] Indeed, several studies in pregnant animals have shown that 

TNF-α infusion causes a PE- like phenotype with increased blood pressure and fetal 

growth restriction.[17, 18] Potential mechanisms whereby TNF-α may contribute to PE 

pathophysiology are by (1) decreasing nitric oxide (NO) bioavailability, (2) increasing 

vascular tone, and (3) inducing excessive reactive oxygen species (ROS) generation to cause 

endothelial dysfunction.[14, 19, 20] These mechanisms of TNF-α to mediate endothelial 

dysfunction leading to the development of HTN in PE have not been previously examined in 

a PE animal model and require further investigation.

The Reduced Uterine Perfusion Pressure (RUPP) rat model of placental ischemia displays 

many characteristics of PE women including HTN, IUGR, and vascular dysfunction.[21–25] 

We have previously shown that TNF-α is increased in the circulation and placentas of RUPP 

rats similar to that in PE women [23, 24], and depletion of placental NKs reduced circulating 

TNF-α and improved the HTN observed in RUPP rats.[24] More recently, we demonstrated 

that adoptive transfer of RUPP cytolytic NKs (cNKs) into pregnant rats resulted in HTN, 

IUGR, increased Uterine Artery Resistance, reduced NO bioavailability, and increased 

circulating TNF-α.[23] These data suggest that cNKs are a significant source of circulating 

TNF-α in RUPP rats and that enhanced TNF-α secretion may be a mechanism of cNK­

induced pathophysiology. While previous investigations of TNF-α inhibition in RUPP rats 
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demonstrated that blockade of TNF-α reduced endothelin expression, mitochondrial ROS, 

and NK activation [26, 27], the purpose of this study was to investigate a role for TNF-α 
to induce placental ROS, reduce NO bioavailability, and increase vascular resistance as 

mechanisms to promote vascular dysfunction leading to the development of HTN and IUGR 

in RUPP rats. Thus, we hypothesized that TNF-α blockade in RUPP rats would improve 

vascular function leading to improved HTN and IUGR.

MATERIALS AND METHODS

12–13 week old, timed pregnant Sprague-Dawley rats purchased from Envigo RMS, Inc. 

(Indianapolis, IN) were used in this study. The animals were delivered to the Center for 

Comparative Research at the University of Mississippi Medical Center on gestations day 

(GD) 10 or 11 and weighed approximately 250–260g upon arrival. The animals were housed 

in a temperature-controlled room (23°C) with a 12:12-h light-dark cycle and maintained on 

Teklad 8640 diet (Envigo). The rats were group housed until surgery was performed and 

rats were randomly assigned to experimental groups. All experimental procedures conducted 

in this study were in accordance with the National Institute of Health guidelines for use 

and care of animals. All protocols were approved by the Institutional Animal Care and Use 

Committee at the University of Mississippi Medical Center.

Reduction in Uterine Perfusion Pressure

On GD14, a subset of timed pregnant Sprague Dawley rats, underwent RUPP or Sham 

surgery under isoflurane anesthesia delivered by an anesthesia apparatus (Ohio Medical 

Products, Madison, WI) as previously described.[28–30] Briefly, a midline incision was 

made, and a constrictive silver clip (.203mm) was placed on the abdominal aorta superior to 

the iliac bifurcation. To prevent compensatory blood flow via the ovarian arteries, restrictive 

silver clips (0.100 mm) were applied to the bilateral uterine arcades at the ovarian end. 

The animals received carprofen (5 mg/kg) immediately following surgery and 24 hours 

post-surgery to control for post-operative pain. Rats were excluded when the procedure 

resulted in total reabsorption of all fetuses.

Etanercept Treatment—Experiments were performed in four groups of rats: 

Sham+vehicle, Sham+etanercept (ETA) RUPP+vehicle, and RUPP+ETA (n=10/group). 

Vehicle treated rats received intraperitoneal (i.p.) injections of saline while the ETA treated 

group received 0.4 mg/kg Enbrel (a soluble TNF-α receptor) i.p. on GD15 and GD18. This 

dose been previously shown to decrease circulating TNF-α levels and decrease MAP in 

RUPP rats when given only on GD18.[27]

Measurement of Mean Arterial Pressure in Conscious Rats

Measurement of conscious MAP was performed as previously described by our group.

[28–30] Under isoflurane anesthesia, 0.58 mm I.D. × 0.99 mm O.D vinyl catheter tubing 

(Scientific Commodities Inc., Lake Havasu City, AZ) was implanted into the carotid arteries 

and tunneled to the back of the neck on GD18 for the measurement of mean arterial 

pressure. On GD19, rats were placed in individual restrainers and conscious MAP was 
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monitored with a pressure transducer (Powerlab, AD Instruments, Colorado Springs, CO). 

The MAP was recorded for 30 minutes following a 30-minute stabilization period.

Sample Collection

After MAP measurement, the animals were anesthetized for blood and tissue collection. 

Total litter size as well as the number of live pups were recorded. Placental and fetal weights 

were recorded for each dam and averaged. Randomly selected placenta tissues were snap 

frozen in liquid nitrogen and stored at −80°C until analyses.

Placental Reactive Oxygen Species and cyclic Guanosine Monophosphate (cGMP) 
Measurements

Superoxide production in the placenta was measured using the lucigenin technique, as 

previously described by our lab.[23, 28, 29] Briefly, placentas chosen at random from all 

groups were snap frozen in liquid nitrogen immediately after collection and stored at −80 

°C until further processing. Placentas were homogenized using the Bio-Rad Cell Lysis Kit 

(Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. The tissue lysate 

was incubated with lucigenin (Sigma-Aldrich, St. Louis, MO) at a concentration of 5 μM. 

The samples were allowed to equilibrate for 15 min in the dark, and the luminescence was 

measured for 10 s with a BioTek Plate Reader (BioTek, Winooski, VT). Luminescence was 

recorded as relative light units per minute (RLUs/min). An assay blank containing lucigenin 

with no homogenate was subtracted from the reading before transformation of the data. 

Each sample was run in triplicate and the average was used for data transformation. Levels 

of cGMP were measured in placental homogenates in duplicate using the Cyclic GMP 

ELISA Kit (# 581021, Cayman Chemical) according to the manufacturer’s instructions. 

The protein concentration of placental homogenates was measured using a protein assay 

with BSA standards (Pierce, Rockford, IL). All placental data were normalized to protein 

concentration and are expressed as RLU/min/mg protein.

Determination of placental and circulating cytokines and angiogenic factors

Circulating and placental TNF-α, IFN-γ, IL-6, and placental VEGF were measured in 

collected serum using a custom Bio-Plex Pro Rat Cytokine Immunoassay Kit (Bio-Rad, 

Hercules, CA) according to the manufacturer’s instructions Circulating VEGF was measured 

in collected serum via ELISA (Boster Biological Technology, Pleasanton, CA; Catalog# 

EK054) according to the manufacturer’s instructions. Circulating soluble Fms-like Tyrosine 

kinase (sFlt-1) levels were measured in collected plasma via ELISA (R&D systems, 

Minneapolis, MN; Catalog# MVR100) according to the manufacturer’s instructions. All 

sample analyses were performed in duplicate. Protein concentration of the placental 

homogenates was measured using a protein assay with BSA standards. All placental data 

were normalized to protein and are expressed as pg/mg.

Determination of Circulating Total Nitrate/Nitrite and 8-Isoprostane Levels

Blood was collected in EDTA tubes and spun at 3000 × g for 10 minutes at 4o C. The 

collected plasma was assessed for total nitrate/nitrite in duplicate using the Nitrate/Nitrite 

Colorimetric Assay Kit (Catalog# 780001, Cayman Chemical, Ann Arbor, MI) according to 
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the manufacturer’s instructions. Circulating levels of 8-isoprostane were assessed in plasma 

using the 8-Isoprostane ELISA Kit (Catalog# 516351, Cayman Chemical) according to the 

manufacturer’s instructions.

Determination of Uterine Artery Resistance Index

On GD 18, rats from all 4 groups were shaved and all abdominal hair was removed 

with a depilation cream. Power Doppler velocimetry measurements were performed on 

anesthetized pregnant dams at an imaging station with a Vevo 770 unit (Visual Sonics, 

Toronto, Canada) using a 30 Hz transducer and an insonating angle <30° as previously 

described.[31] The peak systolic flow velocity (PSV) and end diastolic flow velocity 

(EDV) were measured bilaterally. The uterine artery resistance index was calculated using 

the following formula: UARI= (PSV- EDV)/PSV. Uterine artery resistance index was 

determined using the mean measurements of three waveforms per side.

Western blot analysis of endothelial nitric oxide synthase (eNOS)

Placental eNOS expression and phosphorylation at S1176 were assessed in placental tissue 

via Western blot as previously described.[25, 31] Briefly, placentas were homogenized in 

cold RIPA-buffer and protein extracts, separated by SDS-PAGE using a polyacrylamide gel 

(4–20%). Proteins were transferred onto nitrocellulose membranes (Bio-Rad) and blocked 

with Blocking Buffer (LI-COR Biosciences, Lincoln, NE) for 1 h at room temperature. 

Membranes were incubated overnight at 4°C with primary antibody directed against eNOS 

(1:250; BD Transduction Laboratories, San Jose, CA. Cat# 610296) or Ser1177(human)/ 

Ser1176 (rodent) peNOS (BD Transduction Laboratories Cat# 612392). This was followed 

by anti-mouse IgG IRDye® 800Dx conjugated secondary antibody (1:10,000; Rockland, 

Gilbertsville, PA; Cat# 610731002) for 1 hr at room temperature and scanned using the 

Odyssey CLx Imager (LI-COR Biosciences, Lincoln, NE). The intensity of specific bands 

was quantified by densitometry using Image J (National Institutes of Health, USA) and the 

expression of eNOS or eNOS pS1176was normalized to β-actin (1:2,000; Miilipore Sigma, 

Darmstadt, Germany Cat# A1978).

Statistical analysis

All of the data are expressed as mean ± standard error mean for each group. Statistical 

analyses were performed using two-way ANOVA followed by multiple comparisons with 

Tukey’s post-hoc correction via GraphPad Prism 8 software. A value of p<0.05 was 

considered statistically significant.

RESUTS

Effects of TNF-α Blockade on Mean Arterial Pressure and Intrauterine Growth Restriction 
on Pregnant Rats

MAP was 105±3 mmHg in Sham and was unchanged at 109±2 mmHg in Sham+ETA 

(p=0.46 vs Sham). MAP was elevated to 127±2 mmHg in RUPP (p<0.0001 vs Sham) and 

was normalized to 109±3 mmHg in RUPP+ETA (p<0.0001 vs RUPP; Figure 1A). Mean 

fetal weight was 2.3±0.06 grams in Sham, 2.4±0.05 grams in Sham+ETA (p=0.65 vs Sham), 

and was reduced to 1.9±0.08 grams in RUPP (p=0.0002 vs Sham). Mean fetal weight was 
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normalized to 2.2±0.06 grams in RUPP+ETA (p=0.011 vs RUPP; Figure 1B). Similarly, 

placental weight was 0.55±0.01 grams in Sham, 0.56±0.02 grams in Sham+ETA (p=0.90 vs 

Sham), and was reduced to 0.45±0.02 grams in RUPP (p=0.0015 vs Sham). Placental weight 

was normalized to 0.52±0.01 grams in RUPP+ETA (p=0.02 vs RUPP; Figure 1C). The 

percentage of resorbed fetuses was 4±2% in Sham and 3±1% in Sham+ETA (p>0.9999 vs 

Sham). This was elevated to 49±7% in RUPP (p<0.0001 vs Sham) and reduced to 23±6% in 

RUPP+ETA (p=0.0008 vs RUPP) although it remained elevated compared to Sham (p=0.02 

vs Sham; Figure 1D).

Effects of TNF-α Blockade on Uterine Artery Resistance, Plasma total Nitrate, and 
Placental ROS in Pregnant Rats

Uterine Artery Resistance Index was 0.56±0.02 in Sham and 0.59±0.01 in Sham+ETA 

(p=0.54 vs Sham). This was elevated to 0.72±0.02 in RUPP (p<0.0001 vs Sham) and was 

normalized to 0.61±0.02 in RUPP+ETA (p= 0.002 vs RUPP; Figure 2A). Plasma total 

nitrate was 57±10 pmol/mL and remained 45±7 pmol/mL in Sham+ETA (p= 0.65 vs Sham). 

This was reduced to 17±1 pmol/mL in RUPP (p=0.0014 vs Sham) and was normalized to 

47±8 pmol/mL in RUPP+ETA (p= 0.02 vs RUPP; Figure 2B). Circulating 8-isoprostane, 

a biomarker of oxidative stress was 22±4 pg/mL in Sham and was significantly decreased 

to 10±0.5 pg/mL in Sham+ETA (p=0.048 vs Sham). In RUPP, circulating 8-isoprostane 

was 31±4 pg/mL (p= 0.22 vs Sham) and this was significantly reduced to 14±3 pg/mL in 

RUPP+ETA (p= 0.003 vs RUPP; Figure 2C). Placental cGMP was 0.031±0.004 pmol/mg in 

Sham and 0.037±0.004 pmol/mg in Sham+ETA (p=0.9989 vs Sham). This was elevated to 

0.176±0.045 pmol/mg in RUPP (p=0.0089 vs Sham) and remained elevated at 0.234±0.035 

pmol/mg in RUPP+ETA (p=0.50 vs RUPP; Figure 2D).Levels of placental ROS were 56±17 

RLU/min/mg in Sham and remained at 42±17 RLU/min/mg in Sham+ETA (p=0.98 vs 

Sham). The levels were elevated to 206±30 RLU/min/mg in RUPP (p=0.0006 vs Sham) and 

remained elevated in RUPP recipients of ETA at 159±28 RLU/min/mg (p=0.51 vs RUPP; 

Figure 2E).

Effects of TNF-α Blockade on Angiogenic Factors in Pregnant Rats

sFlt-1 was 92±34 pg/mL in Sham and 53±9 pg/mL in Sham+ETA (p=0.99 vs Sham). This 

was elevated to 1039±210 pg/mL in RUPP (p<0.0001 vs Sham) and was reduced to 145±33 

pg/mL in RUPP+ETA (p<0.0001 vs RUPP; Figure 3A). Circulating VEGF was 57±10 

pg/mL in Sham and 38±6 pg/mL in Sham+ETA (p=0.20 vs Sham) Circulating VEGF was 

reduced to 31±3 pg/mL in RUPP (p=0.04 vs Sham) and was 42±6 in RUPP+ETA (p=0.60 

vs RUPP; Figure 3B). The mean sFlt-1:VEGF ratio was 2±0.4 and 2±0.7 in Sham and 

Sham+ETA respectively (p=0.9997 vs Sham), was elevated to 36±10 in RUPP (p<0.0001 

vs Sham) and was normalized to 4±1 in RUPP+ETA (p=0.0002 vs RUPP; Figure 3C). 

Placental VEGF was unchanged in all groups at 1.5±0.2 pg/mg in Sham, 1.5±0.2 pg/mg in 

Sham+ETA, 1.5±0.2 pg/mg in RUPP and 1.1±0.1 pg/mg in RUPP+ETA (p>0.05 in all group 

comparisons; Figure 3D).

Effects of TNF-α Blockade on Circulating and Placental Cytokines in Pregnant Rats

Circulating TNF-α was 24±9 pg/mL in Sham and 16±3 pg/mL in Sham+ETA (p=0.95 vs 

Sham), elevated to 91±18pg/mL in RUPP (p=0.0007 vs Sham), and normalized to 29±7 
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pg/mL in RUPP+ETA (p=0.0018 vs RUPP: Figure 4A). Similarly, circulating IL-6 was 

23±4 pg/mL in Sham and 32±6 pg/mL in Sham+ETA (p=0.99 vs Sham). This was elevated 

to 158±33 pg/mL in RUPP (p=0.0002 vs Sham) and was reduced to 64±20 pg/mL in 

RUPP+ETA (p=0.011 vs RUPP; Figure 4B). Circulating IFN-γ was 27±9 pg/mL in Sham 

and was 26±3 pg/mL (p>0.9999 vs Sham). This was increased to 92±21 pg/mL in RUPP 

(p=0.023 vs Sham) and remained at 64±20 pg/mL in RUPP+ETA (p=0.55 vs RUPP; Figure 

4C).

Placental TNF-α was 1.6±0.2 pg/mg in Sham, 1.8±0.3 pg/mg in Sham+ETA, 1.9±0.3 pg/mg 

in RUPP, and 1.2±0.2 pg/mg in RUPP+ETA (p>0.05 in all group comparisons; Figure 

4D). Similarly, placental IL-6 was unchanged at 1.4±0.3 pg/mg, 1.0±0.3 pg/mg, 1.8±0.4 

pg/mg, and 0.7±0.3 pg/mg in Sham, Sham+ETA, RUPP, and RUPP+ETA respectively 

(p>0.05 in all group comparisons; Figure 4E). Placental IFN-γ was 0.9±0.2 pg/mg in Sham, 

0.7±0.1 pg/mg (p=0.66 vs Sham), and 0.8±0.2 pg/mg in RUPP (p=0.94 vs Sham). This was 

significantly reduced to 0.3±0.1 pg/mg in RUPP+ETA (p=0.01 vs Sham; p=0.047 vs RUPP; 

Figure 4F).

Effects of TNF-α Blockade on Placental expression and phosphorylation of eNOS in 
Pregnant Rats

Placental eNOS expression was unchanged in all groups with a mean fold change of 1±0.1 

in Sham, 0.9±0.3 in Sham+ETA, 1.1±0.4 in RUPP and 0.8±0.3 in RUPP+ETA (p> 0.05 in 

all group comparison; Figure 5A). A representative blot is shown in Figure 5B.

Fold change in placental eNOS pS1176 expression was 1 ±0.1 in Sham, 1.5±0.4 in 

Sham+ETA, 0.9±0.2 in RUPP, and 1.1±0.1 in RUPP+ETA (p>0.05 in all group comparisons; 

Figure 6A). A representative blot is shown in Figure 6B.

DISCUSSION

TNF-α is a potent inflammatory cytokine that has been observed to be elevated in PE 

women.[11, 12] It is also released by cNKs [32, 33] which previous adoptive transfer 

experiments have shown to induce a PE-like phenotype in pregnant rats.[23] Therefore, the 

purpose of this study was to investigate a role for TNF-α to induce ROS, decrease NO 

bioavailability, and promote vascular dysfunction as mechanism to promote HTN and IUGR 

in RUPP rats. We hypothesized that TNF-α blockade in RUPP rats would improve vascular 

function leading to improved HTN and IUGR. UARI and circulating sFlt-1 were reduced 

and plasma total nitrate was elevated in RUPPs treated with ETA compared to untreated 

RUPPs, and this was accompanied by a normalization of MAP and fetal growth. These data 

suggest that cNK secretion of TNF-α may mediate vascular dysfunction, HTN, and IUGR 

observed in RUPPs and is a potential mechanism of cNK involvement in PE.

In this study, we observed a normalization in MAP, fetal growth, and reduced fetal 

resorptions in RUPP+ETA compared to RUPP. These results differ somewhat from 

previous TNF-α inhibition studies in RUPP rats, which also saw improved MAP, but no 

improvements in fetal growth or live pups following ETA treatment.[26, 27, 34] These 

observed differences in fetal outcomes are likely due to differences in intervention. In 
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previous studies, ETA was only administered on GD 18 [26, 27, 34], while in the 

present study ETA treatment was administered on GDs 15 and 18. The purpose of this 

change in the treatment timeline was to evaluate the effects of earlier TNF-α blockade on 

RUPP pathophysiology. A potential mechanism of these improvements is reduced vascular 

resistance which is reflected by reduced UARI observed in RUPP+ETA compared to RUPP. 

UARI is a measure of uterine artery function and is often used as a diagnostic tool to 

predict pregnancy disorders including IUGR and PE.[35, 36] UARI normally decreases 

as pregnancy progresses, indicating proper spiral artery remodeling and vasodilation.[35] 

Increased UARI is often observed in women with PE and IUGR and is an indicator of 

increased vascular resistance, decreased placental perfusion and subsequently decreased 

fetal blood supply.[35, 37] TNF-α has previously been shown to promote vasoconstriction in 

certain microvascular beds[38] thereby acting as a regulator of perfusion and blood pressure. 

As previous studies performed by LaMarca et al found increased renal vascular resistance 

following TNF-α infusion into pregnant rats[17], we examined uterine artery resistance in 

RUPPs following TNF-α blockade to further analyze the role of TNF-α in RUPP vascular 

dysfunction. The observed reduction of UARI observed in RUPP+ETA suggests that reduced 

vascular resistance and improved placental perfusion is a mechanism of the improved MAP 

and IUGR seen in RUPP+ETA rats.

In this study, we also examined levels of plasma total nitrate as an indicator of NO 

bioavailability to investigate the role of TNF-a in NO signaling in PE. NO is a potent 

vasodilator mainly produced by endothelial nitric oxide synthase (eNOS) and it freely 

diffuses into vascular smooth muscle cells leading to vasorelaxation and reduced peripheral 

resistance.[39, 40] PE is characterized by maternal endothelial dysfunction, and this 

is further demonstrated by the reduced NO bioavailability observed in PE women.[41–

43] NO induced vasorelaxation is an important factor involved in the adaptation of 

maternal vasculature required to provide adequate blood flow to the fetal-placental unit.[44] 

Therefore, NO reduction is suggested to contribute to PE by causing increased vascular tone, 

which promotes increased blood pressure and reduced fetal blood flow.[45, 46] Infusion 

of the eNOS inhibitor L-NAME into pregnant rats and mice causes a PE like phenotype 

with HTN and fetal growth restriction, further supporting the importance of NO signaling 

in PE pathophysiology [47]. TNF-α has been recognized to decrease NO bioavailability 

by both increasing NO clearance and decreasing eNOS expression [19]. While previous 

studies by our collaborators have found a decrease in renal NOS expression in TNF-α 
infused pregnant rats there were no observed changes in placental eNOS expression or 

phosphorylation between groups in this study [48]. Furthermore, placental levels of cGMP, 

a NO second messenger, were elevated in both RUPP groups. While this appears to 

be paradoxical with the decreased plasma nitrate/nitrite levels, cGMP is also a second 

messenger of atrial natriuretic peptide (ANP) which has also been shown to be elevated 

in placental ischemic pregnant rats [49, 50]. ANP levels have also been reported to be 

elevated in preeclamptic women; however, the mechanism driving this elevation is still 

unknown and represents an area of further investigation [51, 52]. Importantly, in this study 

we also observed that ETA administration in RUPP rats significantly decreased circulating 

levels of 8-isoprostane, which is indicative of reduced circulating oxidative stress. Reactive 

oxygen species are known to quench NO resulting in reduced bioavailability; [53, 54] thus, 
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the reduced circulating oxidative stress in RUPP+ETA compared to RUPP may contribute 

to the normalization of plasma nitrate in this group. This increased NO bioavailability 

can lead to reduced vascular resistance and a subsequent reduction in MAP. NO-induced 

vasorelaxation can also improve placental perfusion[55, 56], thus the increased plasma 

nitrate may contribute to the improved UARI and fetal growth observed in RUPP+ETA. 

These data suggest that TNF-α-induced NO deficiency is a mechanism of HTN, IUGR, and 

increased UARI in RUPP rats.

Previous studies by our collaborators have shown increased sFlt-1 levels in RUPP rats 

that were normalized following TNF-α blockade.[34] The data in this study mirror these 

results and reinforce a role of TNF-α in induction of sFlt-1 production. sFlt-1 is a splice 

variant of the vascular endothelial growth factor (VEGF) receptor Flt-1 that is released into 

the maternal circulation where it binds proangiogenic factors VEGF and placental growth 

factor PLGF.[57–59] sFlt-1 acts as an antiangiogenic factor by sequestering VEGF and 

PLGF and preventing them from reaching their cellular receptors.[60] Elevated sFlt-1 has 

been observed in PE women and animal models andis implicated in PE pathophysiology.

[18, 58, 61, 62] Furthermore, infusion of sFlt-1 into pregnant animals causes a PE like 

phenotype with HTN and renal injury.[63–65] Although VEGF remained unchanged in 

RUPP+ETA, the reduced sFlt-1 resulted in a normalized sFlt-1:VEGF ratio. The reduced 

sFlt-1:VEGF ratio observed in response to TNF-α blockade likely contributed to the 

improved pathophysiology observed in the RUPP+ETA group.

An additional downstream action of TNF-α signaling is to stimulate production of other 

inflammatory mediators including IL-6.[66, 67] Previous studies have shown that circulating 

IL-6 is elevated in PE women [68, 69] and RUPP rats. [70] This was also observed in 

this study, and circulating IL-6 was significantly reduced in RUPP+ETA. IL-6 is known 

to induce endothelial dysfunction [71] and has been shown to decrease eNOS activity by 

reducing phosphorylation at S1177 in isolated human endothelial cells.[72] We did not 

observe any changes in placental eNOS phosphorylation at S1176 (the equivalent site in 

rodents) in this study, nor did we observed decreases in placental IL-6. However, there 

may have been effects on vascular endothelial eNOS that contributed to reduction in 

plasma nitrate in RUPPs and the normalization seen in RUPP+ETA. Additionally, a study 

by Lamarca, et al demonstrated that chronic infusion of IL-6 increased blood pressure 

in pregnant rats[73], indicating that IL-6 is a mediator of HTN during pregnancy. Thus, 

decreased circulating IL-6 is another potential mechanism of the reduced MAP seen in 

RUPP+ETA. These data suggest that TNF-α blockade may show additional benefits in PE 

by decreasing plasma IL-6 and limiting additional systemic inflammatory signaling.

Although the results of this study identified additional mechanisms of TNF-α in mediating 

HTN, IUGR, and vascular dysfunction in placental ischemia and PE, there are some 

limitations. While we observed reduced levels plasma nitrate in RUPP compared to Sham 

and normalized levels in RUPP+ETA, we did not detect any changes in placental eNOS 

expression or phosphorylation at S1176. This suggests that further investigation surrounding 

the mechanisms of TNF-α-mediated reductions in NO bioavailability in RUPPs is required. 

We also observed that TNF-α blockade did not reduce placental ROS, despite previous 

studies showing decreased placental mitochondrial ROS in RUPP rats that received ETA on 
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GD 18.[26] These data suggest that future studies of TNF-α induced oxidative stress will 

need to differentiate between ROS production in different cellular compartments. Finally, 

the administration of ETA inhibited the TNF-α signaling from all cellular sources, therefore 

the improvement observed in RUPP+ETA cannot be solely attributed to inhibition of cNK 

secreted TNF-α. However, these studies combined with our previous adoptive transfer 

experiments support this hypothesis, and future studies by our lab will further examine this 

mechanism. Despite these limitations, this study reveals that TNF-α blockade in RUPPs 

increased plasma total nitrate, decreased sFlt-1, reduced MAP and UARI, and improved fetal 

growth.
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Figure 1: Effect of TNF-α Blockade on Mean Arterial Pressure and Intrauterine Growth 
Restriction in Pregnant Rats.
On Gestation Day (GD) 14, either the Reduced Uterine Perfusion Pressure (RUPP) 

procedure or a Sham procedure was performed on pregnant Sprague Dawley rats. On GD 

15 and 18, vehicle or 0.4 mg/kg Etanercept (ETA) was injected i.p. in a subset of Sham 

and RUPP rats. On GD 19, conscious Mean Arterial Pressure (A) was measured and fetal 

weights, (B) placental weights (C),and fetal resorptions (D) were recorded under isoflurane 

anesthesia. Sham n=10; RUPP n=10; Sham+ETA n=10; RUPP+ETA n=10. All data are 

expressed as mean ± SEM. Statistical analyses were performed using two-way ANOVA with 

multiple comparisons followed by Tukey’s post-hoc test. *p<0.05 versus Sham; #p<0.05 vs 

RUPP.
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Figure 2: Effect of TNF-α Blockade on Uterine Artery Resistance Index (UARI), Circulating 
Total Nitrate and 8-Isoprostane, and Placental cGMP and Reactive Oxygen Species (ROS).
On Gestation Day (GD) 14, either the Reduced Uterine Perfusion Pressure (RUPP) 

procedure or a Sham procedure was performed on pregnant Sprague Dawley rats. On GD 

15 and 18, vehicle or 0.4 mg/kg Etanercept (ETA) was injected i.p. in a subset of Sham and 

RUPP rats. On GD18, UARI (A) was measured via Doppler Ultrasound and on GD19, blood 

and placentas were collected under isoflurane anesthesia and frozen for analysis. Plasma 

was used to measure circulating total nitrate (B) and circulating 8-isoprostane (C) levels. 

Additionally, placental cGMP (D) and placental ROS (E) were measured. Sham: n=5–10; 

RUPP: n=5–10; Sham+ETA: n=5–10; RUPP+anti-IFNγ: n=5–10. All data are expressed as 

mean ± SEM. Statistical analyses were performed using two-way ANOVA with multiple 

comparisons followed by Tukey’s post-hoc test. *p<0.05 versus Sham; #p<0.05 vs RUPP.
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Figure 3: Effect of TNF-α Blockade on Circulating and Placental Angiogenic Factors.
On Gestation Day (GD) 14, either the Reduced Uterine Perfusion Pressure (RUPP) 

procedure or a Sham procedure was performed on pregnant Sprague Dawley rats. On GD 15 

and 18, vehicle or 0.4 mg/kg Etanercept was injected i.p. in a subset of Sham and RUPP rats. 

On GD 19, blood and placentas were collected under isoflurane anesthesia and processed 

for further analysis. Circulating sFlt-1(A) and VEGF(B) were measured via ELISA and the 

sFlt-1:VEGF ratio (C) is shown. Placental VEGF (D) was measured using the Bio-Plex 

Pro Rat Cytokine Immunoassay Kit. Sham: n=9–10; RUPP: n=10; Sham+ETA: n=9–10; 

RUPP+ETA: n=9–10. All data are expressed as mean ± SEM. Statistical analyses were 

performed using two-way ANOVA with multiple comparisons followed by Tukey’s post-hoc 

test. *p<0.05 versus Sham; #p<0.05 vs RUPP.
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Figure 4: Effect of TNF-α Blockade on Circulating and Placental Cytokines.
On Gestation Day (GD) 14, either the Reduced Uterine Perfusion Pressure (RUPP) 

procedure or a Sham procedure was performed on pregnant Sprague Dawley rats. On GD 

15 and 18, vehicle or 0.4 mg/kg Etanercept was injected i.p. in a subset of Sham and RUPP 

rats. On GD19, blood and placentas were collected under isoflurane anesthesia and frozen 

for analysis of circulating TNF-α (A), circulating IL-6 (B), circulating IFNγ (C), placental 

TNF-α (D), placental IL-6 (E), and placental IFNγ (F). Sham: n=8–9; RUPP: n=8–10; 

Sham+ETA: n=7–9; RUPP+ETA: n=7–10. All data are expressed as mean ± SEM. Statistical 

analyses were performed using two-way ANOVA with multiple comparisons followed by 

Tukey’s post-hoc test. *p<0.05 versus Sham; #p<0.05 vs RUPP.
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Figure 5: Western Blot analysis of placental eNOS expression.
On Gestation Day (GD) 14, either the Reduced Uterine Perfusion Pressure (RUPP) 

procedure or a Sham procedure was performed on pregnant Sprague Dawley rats. On GD 

15 and 18, vehicle or 0.4 mg/kg Etanercept was injected i.p. in a subset of Sham and RUPP 

rats. On GD19, placentas were collected following sacrifice and processed for analysis 

of placental eNOS expression. (A).Quantified fold change of placental eNOS expression 

normalized to β-actin. (B) A representative blot of eNOS and β-actin expression in all 

groups is shown. Sham: n=6; RUPP: n=6; Sham+ETA: n=6; RUPP+ETA: n=6. All data are 

expressed as mean ± SEM. Statistical analyses were performed using two-way ANOVA with 

multiple comparisons followed by Tukey’s post-hoc test. *p<0.05 versus Sham; #p<0.05 vs 

RUPP.

Travis et al. Page 19

Pregnancy Hypertens. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: Western Blot analysis of placental eNOS S1176 phosphorylation.
On Gestation Day (GD) 14, either the Reduced Uterine Perfusion Pressure (RUPP) 

procedure or a Sham procedure was performed on pregnant Sprague Dawley rats. On GD 

15 and 18, vehicle or 0.4 mg/kg Etanercept was injected i.p. in a subset of Sham and RUPP 

rats. On GD19, placentas were collected following sacrifice and processed for analysis 

of placental eNOS expression. (A).Quantified fold change of placental eNOS expression 

normalized to β-actin. (B) A representative blot of eNOS pS1176 and β-actin expression 

in all groups is shown. Sham: n=6; RUPP: n=6; Sham+ETA: n=5; RUPP+ETAγ: n=6. All 

data are expressed as mean ± SEM. Statistical analyses were performed using two-way 

ANOVA with multiple comparisons followed by Tukey’s post-hoc test. *p<0.05 versus 

Sham; #p<0.05 vs RUPP.
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