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Abstract

Preeclampsia is associated with oxidative stress which is suspected to play a role in hypertension, 

placental ischemia and fetal demise associated with the disease. Various cellular sources of 

oxidative stress such as neutrophils, monocytes and CD4+T cells have been suggested as culprits 

in the pathophysiology of preeclampsia. The objective of this study was to examine a role for 

circulating and placental CD4+T cells in oxidative stress in response to placental ischemia during 

pregnancy. CD4+T cells and oxidative stress was measured in preeclamptic and normal pregnant 

women, placental ischemic and normal pregnant rats and normal pregnant recipient rats of 

placental ischemic CD4+ T cells. Preeclamptic women had significantly increased circulating 

(p=0.02) and placental CD4+T cells (p=0.0001); lymphocyte secretion of myeloperoxidase 

(p=0.004); and placental reactive oxygen species (p=0.0004) compared to normal pregnant 

women. CD4+T cells from placental ischemic rats cause many facets of preeclampsia when 

injected into normal pregnant recipient rats on gestational day 13. On gestational day 19 blood 

pressure increased in normal pregnant recipients of placental ischemic CD4+T cells (p=0.002) 

compared to normal pregnant rats. Similar to preeclamptic patients, CD4+ T cells from placental 

ischemic rats secreted significantly more myeloperoxidase (p=0.003) and induced oxidative stress 

in cultured vascular cells (p=0.003) than normal pregnant rat CD4+Tcells. Apocynin, an NADPH 

inhibitor, attenuated hypertension, and all oxidative stress markers in placental ischemic and 

normal pregnant recipient rats of placental ischemic CD4+Tcells (p=0.05). These data demonstrate 

an important role for CD4+T cells in mediating another factor, oxidative stress, to cause 

hypertension during preeclampsia.
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INTRODUCTION

Preeclampsia, defined as new onset hypertension and proteinuria during pregnancy, is one of 

the leading causes of maternal and perinatal morbidity1, 2. Abnormal trophoblast invasion 

into the maternal uterine spiral arteries is postulated to be the initiating event in 

preeclampsia resulting in reduced uterine perfusion pressure to the placenta3. As 

preeclampsia develops, dysregulation of various immune cells such as monocytes, 

macrophages, T lymphocytes and endothelial cells occur thus leading to an alteration in 

various circulating factors that are thought to increase blood pressure and decrease renal 

excretory function4, 5. One such factor is oxidative stress. Macrophages and neutrophils and 

proinflammatory T cells are capable of converting molecular oxygen into reactive oxygen 

species (ROS) in pathological disease states, such as in preeclampsia4, 6. These immune 

cells, released upon placental ischemia can generate superoxide within the maternal vascular 

endothelium7. Indeed increased levels of ROS and 8-isoPGF2α, the free form of 

isoprostane, are found in placentas and in the circulation of women with preeclampsia8, 9, 

indicating that preeclampsia is accompanied by an increase in pro-oxidant factors. During 

hypertensive disorders peroxynitrite concentrations10, 11 and ROS are also released by the 

maternal vascular endothelium and smooth muscle cells (SMC) stimulated by stress or 

angiotensin II. In the case of preeclampsia, SMC and endothelial cells (HUVECS) in culture 

have been shown to release increased ROS when stimulated by autoantibodies to the 

angiotensin II type I receptor (AT1-AA) or by antiangiogenic factors sFlt-112, 13. Therefore, 

during preeclampsia there are multiple stimulators and pathways of oxidative stress, which 

are known to be important mediators of endothelial dysfunction and hypertension. However, 

not many studies have illustrated a direct role for T cells as producers or mediators of 

oxidative stress during preeclampsia. Many studies have demonstrated, however, an increase 

in circulating CD4+ T cells in preeclamptic women compared to normal pregnant (NP) 

women. In addition, this profile has been further characterized by an increase in Thelper 

17(Th17) and decrease Tregulatory (Treg) cells. Additionally, women with preeclampsia 

were found to have decreased mRNA expression of transcription factors directly associated 

with Treg cells and increased mRNA expression of transcription factors directly associated 

with Th17 cells in both the blood and the decidua when compared to normal pregnant 

women14. It is believed that placental ischemia stimulates factors circulating in preeclampsia 

that cause much of the disease pathology. However, no studies have identified if this altered 

circulating T cell ratio is reflective of that occurring within the placenta or if it is associated 

with elevated ROS.

Our laboratory has recently demonstrated in an animal model of reduced uterine perfusion 

pressure (RUPP), that markers of oxidative stress and circulating CD4+ T cells, are 

increased compared to NP rats, similar to what is seen in preeclamptic women15, 16. 

Previous work has shown that malondialdehyde, superoxide and myeloperoxidase activity is 

increased in RUPP placentas similar to what is observed in placentas from women with 

preeclampsia17, 18. We have further shown that adoptive transfer of placental ischemia 

stimulated CD4+ T cells into NP recipient rats, resulted in hypertension, increases in 

inflammatory cytokines, AT1-AA and endothelial activation in NP recipient rats15, 16, 19, 20. 

Wallace et al. Page 2

Hypertension. Author manuscript; available in PMC 2015 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



One mechanism whereby hypertension and oxidative stress may be increased during 

placental ischemia is via T cells21, 22.

Although, antioxidant therapy has shown not to benefit mother and baby during 

preeclampsia, these studies only supplemented mothers and did not attempt to target cellular 

sources to reduce oxidative free radicals from being released23, 24. It is understandable that 

such studies may be difficult to perform in a clinical cohort, therefore, it is important to 

ascertain such knowledge from reliable and repeatable animal models of disease. Therefore 

the objective of this study was 2-fold, first to determine if placental CD4+ T cells have the 

same profile as circulating T cells from preeclamptic women and whether or not they are 

important mediators of oxidative stress. Secondly was to determine if placental ischemic 

stimulated CD4+ T cells are a source of oxidative stress and if specific therapy targeting 

reactive oxygen species could reduce blood pressure or T cells in animal models of 

preeclampsia.

MATERIALS AND METHODS

Protocol 1: Human study subjects

Women diagnosed with preeclampsia25 or as having a normal pregnancy at the University of 

Mississippi Medical Center (UMMC) were consented and enrolled in this study approved by 

the Institutional Review Board. All participants were scheduled for caesarian section 

delivery, after which placentas were immediately collected. Plasma was collected for 

analysis of immune cells.

Isolation of CD4+ placental lymphocytes—Placental white blood cells were isolated 

from the placenta and used for the next set of studies (Supplemental Methods). CD4+ 

lymphocytes were isolated from placentas to determine their role in contributing to oxidative 

stress. Briefly, lymphocytes were resuspended in degassed MACS running buffer (Miltenyi 

Biotec) according to manufacturer's directions (Supplemental Methods). The resulting 

CD4+ lymphocytes were cultured overnight at standard atmospheric conditions in 

lymphocyte media.

Determination of CD4+ Treg and Th17 lymphocytes—Flow cytometry was used to 

measure CD4+ T cell subpopulations in lymphocytes isolated from placentas and whole 

blood samples. To determine if Treg and Th17 cells were decreased and increased, 

respectively, we measured markers for Treg cells (CD4+CD25High+FOXP3+) and Th17 

(CD4+CD25−RORγ+) cells (Supplemental Methods; Gating strategies are in S1 & S2).

Determination of oxidative stress—Superoxide production in the placenta was 

measured using the lucigenin technique21, 26 (Supplemental Methods). Each sample was 

repeated 5 times and the average used for data transformation. The protein concentration 

was measured using a protein assay. Data are expressed as RLU/min/mg protein.

Myeloperoxidase (MPO) was measured in plasma and cell culture supernatants according to 

manufacturer's directions (RnD Systems).
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To determine if placentas and placental CD4+ T lymphocytes could cause an increase in 

vascular ROS production, previously collected tissue and cell culture media was placed over 

human umbilical vein endothelial cells (HUVECs) and oxidative stress was measured via 

dihydroethidium (DHE) staining (Supplemental Methods).

Protocol 2: Animal study

All animal studies were performed in 250g timed-pregnant Sprague Dawley rats (Harlan, 

Indianapolis, IN). Animals were housed in a temperature controlled room with a 12:12 

light:dark cycle. All experimental procedures were in accordance with the National 

Institutes of Health guidelines for use and care of animals and approved by the Institutional 

Animal Care and Use Committee at UMMC.

Reduced Uterine Perfusion Pressure (RUPP rat model of preeclampsia)—
Reduction in uterine perfusion pressure was performed on gestational day (GD)14 as 

previously described15, 16, 27 (Supplemental Methods). Mean Arterial Pressure (MAP) was 

measured via the carotid artery (Supplemental Methods), blood, placentas, urine and 

spleens were isolated and pups collected and weighed on GD19.

Placental explants were cultured as previously described for 24hrs, after which culture 

media was collected28. To determine if placentas and splenic CD4+ T lymphocytes from 

RUPP rats could cause an increase in vascular ROS production, we repeated the HUVEC 

and DHE studies described above.

Adoptive transfer of RUPP CD4+ T cells into NP recipient rats—The current study 

was designed to determine the effect of RUPP CD4+ T cells to increase oxidative stress as a 

mechanism of hypertension in NP recipient rats. As such CD4+ T cells were isolated from 

NP and RUPP spleens as previously described16, 20, 28 (Supplemental methods). The four 

groups examined were: NP rats (n=7); NP rats injected with NP CD4+ T cells (NP

+NPTCells; n=3); RUPP rats (n=8) and NP rats injected with CD4+ RUPP T cells (NP

+RPTCells; n=6). As adoptive transfer of NP or RUPP CD4+ T cells into virgin rats has 

been shown to not increase blood pressure, these groups were not examined16.

Isolation and measurement of rat lymphocytes from whole blood—1mL of 

whole blood was mixed with 9mL's of RPMI 1640 and placed over a Lymphoprep® 

gradient and centrifuged at 1200RPM for 25min. Flow cytometry was used to measure 

CD4+ T cells after cells were stained with fluorescein isothyiocyanate conjugated mouse 

anti-rat CD4 (BD Pharmingen)16. As we have previously reported that experimental 

placental ischemia does not significantly increase circulating CD8+ T cells we did not 

measure them in the current study28.

Determination of oxidative stress—MPO was measured in CD4+ T cell culture 

supernatants and 15-isoprostane F2t, a marker of in vivo oxidative stress was measured in 

urine, according to manufacturer's protocol (RnD Systems; Oxford Biomedical Research, 

Rochester Hills, MI). Superoxide production in the placenta and renal cortex was measured 

using lucigenin techniques21, 26.
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The effect of anti-oxidant therapy on CD4+ T cell induced hypertension—As the 

generation of oxygen free radicals and NADPH oxidase activity are contributors to 

hypertension8, 17, 21, 26, 29, we sought to determine if suppression of either of these 

mechanisms affects hypertension in response to adoptive transfer of RUPP stimulated CD4+ 

T cells. The superoxide dismutase mimetic Tempol (TEM; Sigma) and the antioxidant, 

apocynin (APO; Sigma) were utilized. On GD13 Tempol (5mg/kg/day) or apocynin 

(100mg/kg/day) were administered in the drinking water ad libitum of pregnant rats until 

GD19. The groups examined were as follows: NP+TEM (n=6); NP+NPTCells+TEM (n=3); 

RUPP+TEM (n=4); RPTCells+TEM (n=6) and NP+APO (n=6); NP+NPTCells+APO (n=2); 

RUPP+APO (n=4); NP+RPTCells+APO (n=6). MAP and tissues were measured/collected 

in all groups of pregnant rats on GD19.

Statistical Analysis

All data are expressed as mean±standard error mean. Differences between control and 

experimental groups were analyzed via one-way analysis of variance and post-hoc analyses 

were obtained through Bonferroni post-hoc test. Student's Ttest was used to compare groups 

treated with Tempol or APO to their untreated groups. For confocal studies, three separate 

frames per experimental condition were taken per experiment; n=6 per experimental 

condition. All conditions of image collections, including gain, offset, pinhole and laser 

power were identical among all samples. Values of p < 0.05 were considered significant.

RESULTS

Protocol 1: Human study

Twenty women undergoing scheduled cesarean section were enrolled in the current study. 

There was not a significant difference between preeclamptic women (n=10) and NP women 

(n=10) in maternal age at delivery (p=0.19; Table 1) or in body mass index at admission 

(p=0.583; Table 1). Women with preeclampsia delivered at a significantly earlier gestational 

age compared to NP women (p=0.0001) and had significantly smaller babies (p=0.0001, 

Table 1). MAP in women with preeclampsia was significantly higher compared to NP 

(p=0.0001; Table 1), as were systolic (p=0.0001) and diastolic (p=0.0001) pressures.

CD4+ T cells are increased in preeclamptic women—In the current study 

preeclamptic women had significantly increased circulating (23.39±3.04% vs. 10.84±1.6%; 

p=0.006; Figure 1A) CD4+ T cells. Preeclamptic women had significantly decreased Tregs 

compared to NP women (0.51±0.29% vs. 4.58±1.2%; p=0.01) and significantly increased 

Th17s (15.75±1.18% vs. 6.84±1.25%; p=0.0008; Figure 1A). Preeclamptic women had 

increased CD4+ T cells compared to NP women (15.91±2.9% vs. 2.81±0.86%; p=0.003). 

Tregs were significantly decreased (0.67±0.23% vs. 2.08±0.45%, p=0.02) and Th17s were 

increased (14.02±1.7% vs. 0.64±0.34, p=0.0001) compared to NP women (Figure 1B). 

There was a negative correlation between the number of Tregs and the gestational age at 

delivery in both circulating (r=0.663, n=10, p=0.037) and placental Tregs (r=0.653, n=10, 

p=0.041). CD8+ T cells were not significantly increased in the circulation (p=0.55) but were 

significantly increased in the placenta (p=0.021; Data Supplement).
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Oxidative stress is increased in women with preeclampsia—As demonstrated in 

Figure 1C placentas from women with preeclampsia (n=5) produce significantly more ROS 

compared to NP women (n=5; 658.5±112.8 vs. 267.8±72.8RLU/min/mg; p=0.019). The 

same is true when stimulated with NADPH oxidase (1333±53.7 vs. 

688.1±98.9RLU/min/mg; p=0.0004). Preeclamptic women had significantly higher levels of 

circulating MPO compared to NP women (23.81±2.4 vs. 13.78±1.8ng/mL; p=0.004; Figure 
1D). Placental WBCs from preeclamptic women secreted significantly more MPO into cell 

culture media compared to NP women (65.67±6 vs. 31.53±2.7ng/mg/mL; p=0.0004; Figure 
1D).

Conditioned media from preeclamptic placental explants tended to increase ROS production 

in HUVECs (59.68±4.4% signal intensity; n=4) compared to conditioned media from NP 

explants (46.98±3.87%, n=4, p=0.07; Figure 2). The mean intensity of HUVECs exposed to 

media from preeclamptic CD4+ T cells was 78.87±1.86% vs. 67.52±5.7% in HUVECs 

exposed to media from NP+NPTcells (p=0.107; Figure 2A-E).

Protocol 2: Animal study

Placental ischemia stimulates oxidative stress—Conditioned media from RUPP 

placentas (62.98±1.96%) significantly increased ROS in HUVECs compared to placentas 

from NP rats (54.97±0.96%; n=4 per group; p=0.01; Figure 2F). Conditioned media from 

CD4+ T cells from RUPP rats (89.43±1.54%) significantly increased ROS in HUVECs 

compared to media from NP+NPTcells (80.54±1.1%, n=4 per group; p=0.003; Figure 2F-
J).

CD4+ T cells isolated from the spleens of RUPP rats secreted significantly more MPO 

compared NP rats (n=6; 116.9±15.2 vs. 48.5±8.3ng/mg/mL; p=0.003; Figure 3A).

Adoptive Transfer of RUPP CD4+ T cells increases MAP and CD4+ T cells in 
recipient NP rats—In the current study MAP increased from 100±2mmHg in NP rats to 

126±4mmHg in RUPP rats (p=0.0001) and to 118±4mmHg in NP+RPTcell rats (p=0.002) 

which was significantly greater than NP+NPTcells (93±4mmHg; p=0.006;Figure 3B). MAP 

in RUPP rats was significantly increased compared to NP+NPTcell rats (p=0.0008; Figure 
3B). Litter survival and pup weight for all groups treated with and without APO and TEM 

were unchanged among the groups but is reported in the Data Supplement.

Compared to NP rats (22.6±1.2%) circulating levels of CD4+ T cells were significantly 

increased in RUPP (35.51±3.8%; p=0.01; Figure 3C) and NP+RPTcell rats (29.55±2.5%; 

p=0.03). There were no significant differences in circulating levels of CD4+ T cells between 

NP+NPTcells (21.68±1.4%) and NP rats (p=0.64) which would indicate that RUPPCD4+ T 

cells stimulate endogenous T cells in the circulation in NP recipient rats.

Oxidative stress is increased in response to adoptive transfer of RUPP CD4+ 

T cells—Urinary isoprostane excretion was significantly increased in RUPP and NP

+RPTcell rats compared to NP and NP+NPTcell rats (Data Supplement; Figure 3D). Basal 

placental production of ROS between the groups was not statistically significant (p=0.403; 

data not shown). With the addition of NADPH oxidase, placental ROS production in RUPP 
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rats (830.6±68 RLU/min/mg) and NP+RPTcell rats (726.2±43.73 RLU/min/mg) was 

significantly increased compared to NP rats (420.7±51.4 RLU/min/mg; p=0.009 and 

p=0.004) and NP+NPTcell rats (449±36.58 RLU/min/mg; p=0.002 and p=0.001; Figure 
4A).

Basal renal cortical ROS production between the groups was not statistically significant 

(p=0.808; data not shown). With the addition of NADPH oxidase renal cortical ROS 

production in RUPP rats (966.9±53.15RLU/min/mg) was significantly increased compared 

to NP rats (634.6±54.4RLU/min/mg; p=0.007) and NP+NPTcell rats 

(348.9±71.9RLU/min/mg; p=0.0007; Figure 4B). NP+RPTcell rats (798.9±22RLU/min/mg) 

produced significantly more cortical ROS compared to NP controls (p=0.025) and NP

+NPTcell rats (p=0.004; Figure 4B).

Apocynin decreases MAP and CD4+ T cells in NP recipients of RUPP CD4+ T 
cells—MAP in RUPP rats treated with apocynin (111±2mmHg) was significantly 

decreased compared to untreated RUPP rats (p=0.03; Figure 4C). Administration of TEM 

did not significantly decrease RUPPCD4+ T cell induced MAP (Data supplement), 
however administration of APO to NP+RPTcell rats significantly decreased MAP (102±3 

mmHg; p=0.01) compared to NP+RPTcell rats not receiving APO. There was not a 

significant effect of APO on NP rats (p=0.330) or NP+NPTcell rats (p=0.877; Figure 4C) 

compared to untreated NP rats.

Importantly, CD4+ T cells were decreased upon APO administration in both RUPP rats 

(decreased to 17.28±1.8%; p=0.002) and NP+RPTcell rats (decreased to 15.96±3.1%; 

p=0.008; Figure 5A).

Apocynin (APO) decreases tissue ROS production in NP recipients of RUPP 
CD4+ T cells—APO administration decreased NADPH induced placental ROS production 

in RUPP rats (622.5±40.3RLU/min/mg; p=0.05) and in NP+RPTcell rats 

(431.4±52.5RLU/min/mg; p=0.006; Figure 5B). Cortical ROS production in RUPP rats 

treated with APO was significantly decreased (789.3±17RLU/min/mg; p=0.04) compared to 

untreated RUPP rats. APO administration significantly decreased cortical ROS production in 

NP+RPTcell rats (693.9±15.7RLU/min/mg; p=0.02; Figure 5C).

Administration of APO decreased urinary excretion of isoprostane from RUPP rats 

(54.83±4.4ng/mg/mL; p=0.003; Figure 5D). Urinary isoprostane excretion showed a trend 

to decrease in NP+RPTcell rats administered APO (78.57ng/mg/mL; p=0.13; Figure 5D) 

but did not reach statistical significance.

DISCUSSION

Many characteristics of preeclampsia are associated with those of various immune diseases 

such as elevated circulating inflammatory cytokines, oxidative stress and an imbalance in T 

cells. In this study we demonstrate for the first time that when measured by flow cytometry, 

placental T cell ratio mirrors that of circulating T cell alterations among preeclamptic 

patients (Fig1). In addition we demonstrate that circulating and placental cells are a source 
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of oxidative stress from preeclamptic patients and not from those with normal pregnancies 

(Fig1). Furthermore, exposure of endothelial cells from conditioned media from 

preeclamptic T cells or placental explants stimulated endothelial cell oxidative stress 

indicating the importance of these cells to cause vascular oxidative stress systemically 

(Fig2).

Additionally, we demonstrate in our model of adoptive transfer of placental ischemic CD4+ 

T cells from RUPP rats into NP rats that placental and renal oxidative stress and mean 

arterial pressure are all increased in recipient rats. Furthermore, like preeclamptic CD4+ T 

cell media, RUPPCD4+ T cell media directly stimulated oxidative stress in vascular 

endothelial cells (Fig2). In addition, conditioned media from RUPP rat placental explants 

stimulated oxidative stress in vascular endothelial cells. Importantly, we demonstrate 

hypertension and circulating CD4+ T cells both decreased upon treatment with apocynin, an 

inhibitor of NADPH oxidase, which correlated with lower placental and renal NADPH 

stimulated oxidative stress (Fig5). Although previous supplementation of preeclamptic 

women with anti-oxidants vitamin E and C didn't prove beneficial, we demonstrate here that 

oxidative stress stimulated via CD4+ T cells plays an important role in hypertension during 

pregnancy. This study highlights the importance of continued drug discovery for safe 

alternatives to suppress CD4+ T cells as a mechanism to decrease oxidative stress and many 

other important mediators in the pathology of preeclampsia which would prove beneficial 

for the health of both moms and babies affected by this disease.

There is increasing evidence demonstrating a role of T cells in the pathogenesis of 

preeclampsia. In the current study we demonstrate that T cells are increased in the 

circulation and placentas of preeclamptic women compared to those with normal 

pregnancies. As Tregs peak during the 2nd trimester and then begin to decrease as the 

pregnancy continues30, 31, we determined if the changes in the number of Tregs between NP 

and preeclamptic women was possibly a function of pregnancy. There was a negative 

correlation between gestational age at delivery and the number of Tregs, indicating that the 

decrease in Tregs in the preeclamptic group is not due to an earlier gestational delivery date. 

Furthermore, we show that WBCs from preeclamptic placentas secrete greater MPO, 

suggesting that these cells, once activated by placental ischemia, may play a role in 

contributing to placental oxidative stress. Although there are studies that trophoblasts and 

vascular smooth muscle cells release reactive oxygen species during preeclampsia, to our 

knowledge there is currently no data on the role of CD4+ T cells in contributing to the 

development of oxidative stress mediated hypertension in preeclampsia. In the current study 

media collected from cultured placental CD4+ T cells from women with preeclampsia did 

not significantly stimulate oxidative stress in HUVECs. It is possible that since our isolated 

CD4+ cells from the placenta were less than 99% pure, there were potentially other cell 

types involved, which could contribute to the lack of statistical significance in the HUVEC 

studies. We have previously demonstrated that by adoptively transferring RUPP stimulated 

CD4+ T cells into NP recipient rats, we can mimic some of the factors associated with 

preeclampsia16, 19, 20, thereby suggesting that CD4+ T cells play an important role in the 

hypertension and pathophysiological features associated with preeclampsia. The present 

study reveals that the hypertension associated with adoptive transfer of RUPP CD4+ T cells 
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is accompanied by increases in the production of placental and renal ROS. Furthermore we 

demonstrate that CD4+T cells also secrete greater MPO and stimulate MPO in NP recipient 

rats, indicating their role to mediate multiple oxidative stress pathways as a 

pathophysiological mechanism triggered in response to placental ischemia. Interestingly it 

has recently been reported that MPO-specific CD4+ T cells contribute to renal injury in mice 

adoptively transferred with T cells, further supporting the idea that CD4+ T cells are indeed 

inducing oxidative stress32.

As oxidative stress is associated with hypertension in both clinical and experimental 

models26, 33, 34, we sought to determine if the increase in oxidative stress led to the 

development of the hypertension. Treatment with TEM has previously been shown to 

decrease oxidative stress and hypertension in experimental animal models of hypertension 

during pregnancy17, 21, 26, however administration of Tempol did not significantly decrease 

the blood pressure in NP recipients of RUPPCD4+ T cells. A study by De Miguel et al, 

demonstrated that administration of TEM to Dahl SS rats decreased hypertension but not T 

cell infiltration33. Therefore it is possible that in this model of adoptive transfer of 

RUPPCD4+ T cells, the action of TEM is inefficient to decrease blood pressure. Therefore, 

we tried a more specific inhibitor of NADPH oxidase. We found that administration of 

APO, an NADPH inhibitor did significantly decrease the blood pressure in NP recipients of 

RUPPCD4+ T cells. In addition, administration of APO also decreased placental and cortical 

ROS in NP recipients of RUPP CD4+ T cells circulating CD4+ T cells in both RUPP control 

rats and NP recipient rats of RUPP CD4+ T cells (Fig 5). Importantly, urinary isoprostane 

excretion was not significantly decreased in NP+RPTcell rats receiving APO, which may 

indicate that while APO is effective at reducing NADPH induced oxidative stress, other 

oxidative stress pathways may still be active in response to placental ischemic stimulated 

CD4+ T cells. In addition, while T cells seemed to have been decreased in NP+RPTcell

+APO, other immune cells that could be present in our cell prep used for adoptive transfer 

such as neutrophils or monocytes could be present releasing ROS molecules in these rats. 

These cell types however, were not measured and may not have been affected by APO and 

could be contributing to the elevation in urinary isoprostanes. This study illustrates the 

importance of cellular communication between reactive oxygen molecules with immune 

cells and highlights how multifactorial placental ischemia can be in regard to immune 

activation. Although we acknowledge the importance of monocytes and neutrophils as 

producers of oxidative stress we demonstrate a causal role for CD4+ T lymphocytes to 

mediate oxidative stress pathways as a mechanism of hypertension during pregnancy. This 

study further supports the importance of drug discovery to find novel immunosuppressive 

therapies applicable during pregnancy.

Perspectives

Preeclampsia has long been suggested to result from immunological origins. Many studies 

worldwide have demonstrated preeclamptic women have exacerbated immune responses 

characterized by elevated TNF alpha, IL-6, IL-17, autoantibodies, activated immune cells 

and oxidative stress. Most recently much focus has turned to characterizing the T cell 

subsets activating and playing a role in this disease. We have focused our research attentions 

to deciphering a role for placental ischemia as a stimulus for dysregulation among the T cell 
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subsets Tregs/Th17s. In this study we demonstrated that the placental T cell profile mirrors 

that in the circulation (increased Th17/decreased Tregs) and that these cells are secretors of 

oxidative stress molecules and stimulate reactive oxygen species from vascular cells in vitro. 

Furthermore, we demonstrate for the first time that transferring CD4+ T cells mediates 

oxidative stress and we have previously shown that placental ischemic stimulated CD4+ T 

cells mediate other pathologies associated with preeclampsia. The increase in placental and 

cortical oxidative stress, urinary isoprostane and MPO in recipients of RUPPCD4+ T cells 

indicates the importance of CD4+ T cells in stimulating oxidative stress during pregnancy. 

Importantly, NADPH oxidase inhibition attenuated oxidative stress, hypertension, and most 

importantly T cells from increasing in response to placental ischemia or in response to 

adoptive transfer of T cells during pregnancy. Collectively the studies indicate the 

importance of continued research into drug discovery to improve oxidation and clinical 

symptoms and outcomes in preeclamptic women.
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Novelty and Significance

What is new?

Placental T cells mirror the profile previously described in the circulation of preeclamptic 

women. Those T cells are mediators of oxidative stress. Administration of NADPH 

oxidase inhibitor versus SOD mimetic or antioxidant supplementation decreased immune 

cells and oxidative signaling molecules in a rat model of hypertension during pregnancy 

This decrease of immune cells and oxidative stress molecules resulted in lower blood 

pressures in pregnant rat models of preeclampsia.

What is relevant?

Blockade of this inflammatory cascade versus antioxidant supplementation could be used 

to improve pregnancy outcomes in preeclamptic women

Summary

This study highlights the importance of immune mechanisms to cause the increase in 

blood pressure and oxidative stress that is associated with preeclampsia, both of which 

can be corrected by administration of specific anti-inflammatories during the later 

gestational stages.
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Figure 1. CD4+ T cells and oxidative stress are increased in women with preeclampsia
Circulating (A) and placental (C) CD4+ T cells are increased in preeclamptic women 

compared to normal pregnant women. Additionally Tregs (Tregulatory) were decreased and 

THelper 17 (Th17) was increased in preeclamptic women compared to normal pregnant 

women. Placental tissue from preeclamptic women produced significantly more reactive 

oxygen species compared to normal pregnant women (C). Preeclamptic women had 

significantly higher circulating and placental levels of myeloperoxidase compared to normal 

pregnant women (D). Data is expressed as mean±standard error mean. *p <0.05, **p<0.005, 

***p<0.0005 compared to normal pregnant women.
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Figure 2. Placental ischemia induced CD4+ T cells increase oxidative stress in vascular cells
The mean signal intensity of dihydroethidium (DHE) was measured from human umbilical 

vein endothelial cells (HUVECs) exposed to conditioned media from normal pregnant and 

preeclamptic women (A) and conditioned media from normal pregnant or reduced uterine 

perfusion pressure (RUPP) rats (F). Representative photomicrographs of DHE staining in 

HUVECs; B-E from humans and G-J of rats where pictures on the left correspond with 

normal pregnant and pictures on the left with preeclamptic or RUPP. Data is expressed as 

mean±standard error mean. *p<0.05, **p<0.005, compared to normal pregnant rats.
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Figure 3. Adoptive transfer of RUPP CD4+ T cells into normal pregnant (NP) rats increases 
mean arterial pressure (MAP) and circulating CD4+ T cells
Splenic CD4+ T cells isolated from placental ischemic (RUPP) rats and cultured for 24hrs 

produced significantly more MPO compared to CD4+ T cells isolated from NP rats (A). 

MAP was significantly increased in RUPP rats compared to NP rats and to NP+NPCD4+ T 

cell rats (NP+NPTcells) (B). NP recipients of RUPP CD4+ T cells (NP+RPTcells) had 

significantly increased circulating CD4+ T cells compared to NP+NP Tcell rats and NP rats. 

CD4+ T cells are increased in placental ischemic RUPP rats and in NP+RPTcell rats 

compared to NP rats and NP+NPTcell rats (C). Excretion of urinary isoprostane was 

significantly increased in RUPP and NP+RPTcell rats compared to NP and NP+NPTcell rats 

(D). Data is expressed as mean±standard error mean. *p <0.05, **p<0.005, ***p<0.0005 

between indicated groups.
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Figure 4. Local reactive oxygen species production is increased in RUPP and NP recipients of 
RUPP CD4+ T cells
Placental (A) and renal cortical (B) production of reactive oxygen species was significantly 

increased upon addition of NADPH oxidase. MAP (mean arterial pressure) was significantly 

decreased in RUPP and NP recipients of RUPP CD4+ T cells (NP+RPTcells) upon apocynin 

administration (C). Data is expressed as mean±standard error mean. *p <0.05, **p<0.005, 

***p<0.0005 between indicated groups.
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Figure 5. Apocynin (APO) decreases CD4+ T cells and reactive oxygen species
APO administration decreased circulating CD4+ T cells (A), and placental (B) and cortical 

(C) reactive oxygen species production. Administration of APO to RUPP and NP recipients 

of RUPP CD4+ T cell rats significantly decreased excretion of urinary isoprostane compared 

to the untreated groups (D). Data is expressed as mean±standard error mean. *p <0.05, 

**p<0.005 between indicated groups.
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