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Abstract

Pre-eclampsia (PE) is a hypertensive disorder of pregnancy associated with chronic inflammation,
mitochondrial (mt) dysfunction and fetal demise. Natural Killer cells (NK cells) are critical for
the innate immune response against tumors or infection by disrupting cellular mt function and
causing cell death. Although NK cells can be stimulated by Tumor necrosis factor alpha (TNF-a),
we don’t know the role of TNF-a on NK cell mediated mt dysfunction during PE. Our objective
was to determine if mechanisms of TNF-a induced hypertension included activation of NK cells
and multi-organ mt dysfunction during pregnancy. Pregnant rats were divided into 2 groups:
normal pregnant (NP) (n=18) and NP +TNF-a (n=18). On gestational day 14, TNF-a (50ng/ml)
was infused via mini-osmotic pump and on day 18, carotid artery catheters were inserted. Blood
pressure (MAP) and samples were collected on day 19. TNF-a increased MAP (109 + 2 vs 100

+ 2, p<0.05), circulating cytolytic NK cells (0.771 + 0.328 vs.0.008 + 0.003 % gated, <0.05) and
fetal reabsorptions compared to NP rats. Moreover, TNF-a caused mtROS in the placenta (12976
+ 7038 vs 176.9 + 68.04 % fold, p <0.05) and in the kidney (2191 + 1027 vs 816 + 454.7% fold,
p<0.05) compared to NP rats. TNF-a induced hypertension is associated fetal demise, activation
of NK cells and multi-organ mt dysfunction which could be mechanisms for fetal demise and
hypertension. Understanding of the mechanisms by which TNF-a causes pathology is important
for the use of anti-TNF-a therapeutic agents in pregnancies complicated by PE.
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INTRODUCTION:

Pre-eclampsia is a multi-system disorder that is caused by sudden onset hypertension after
20 weeks of gestation. The organs that are affected by the disease include placenta, kidney,
heart, brain and uterus. While we have made advances in understanding the pathophysiology
of the disease, delivery of the fetus and the placenta remains the only treatment for this
disease. There are multiple theories postulating the pathophysiology of pre-eclampsia, most
of which revolve around the imbalance between anti-angiogenic factors in the maternal-
placental interface 1-3. The complications of the disease is a significant contributor to
maternal and perinatal morbidity and mortality worldwide. Maternal complications include
end organ damage causing cerebrovascular disease, cardiovascular disease, renal, hepatic
dysfunction and future cardiovascular disease. Fetal complications include fetal growth
restriction, iatrogenic preterm birth, placental abruption and intrauterine fetal demise.
Hence, understanding the pathophysiology of pre-eclampsia is important to enable use of
targeted therapeutics to not only improve maternal outcomes but also in an attempt to
prolong the gestation to improve fetal outcomes.

It is postulated that pre-eclampsia consists of a two stage model in which the first

stage is due to a poorly perfused placenta3. This is associated with multiple factors

such as increased Natural Killer cells, increased production of Angiotensin 1 receptor
autoantibodies, increased oxidative stress and genetic factors. This hypoperfused placenta,
leads to release of various circulating markers which causes endothelial dysfunction and
produces the clinical manifestations of preeclampsia which is the second stage of the
pathophysiology of pre-eclampsia®®.

Tumor necrosis factor alpha (TNF-a.) is a pro-inflammatory cytokine that can be produced
by many immune cells and is increased in women with pre-eclampsia®’. The median
concentration of plasma TNF-a is increased by twofold in women with preeclampsia
compared with that in normal third-trimester pregnancy 8. We have previously demonstrated
that chronic infusion of TNF-a in pregnant rats, at a rates that mimics this observation

in women with preeclampsia, results in a significant increase in blood pressure as well as
increases circulating levels of TNF-a in treated rats compared to normal pregnant rats®.
Natural Killer (NK) cells are stimulated by inflammatory cytokines such as TNF-a and are
critical in host defense against intracellular stress, tumor or infection!?. Cytolytic natural
killer cells kill other cells by recognition of antibodies bound to the cellular surface or
because of lack of MHCI molecules. We have previously shown the importance of NK

cells in response to placental ischemia to cause hypertension and alterations in placental
mitochondrial functionl. Moreover, our laboratory has also previously shown an increase
in mitochondrial reactive oxygen species (mtROS) and dysfunction to cause hypertension

in response to placental ischemia 2. In addition, we have shown that infusing TNF-a into
pregnant rats increased vasoconstrictor ET-1, mean arterial pressure (MAP) and decreased
renal hemodynamics3. However, we do not know the effects of TNF-a on NK cells or
mitochondrial function during pregnancy. Therefore, we hypothesized that TNF-a induced
hypertension was associated with cytolytic NK cell activation and mitochondrial dysfunction
thus contributing to the clinical pathology of pre-eclampsia. The objective of our study was
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to measure cytolytic NK cells and mitochondrial respiration and ROS in normal pregnant
rats infused with TNF-a..

METHODS:

Female pregnant Sprague-Dawley rats purchased from Envigo (Indianapolis, IN) were used
in the present study. Rats were housed in a temperature-controlled room (23°C) with a
12:12-h light-dark cycle with free access to standard rat chow and water. This study
complied with guidelines and principles published in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and was approved by the University

of Mississippi Medical Center’s Institutional Care of Animals and the Institutional Animal
Care and Use Committee (IACUC). All first-time pregnant rats used were age (12-13 wk)
and weight (250 g) matched. Pregnant rats were divided into two groups, the study group
was infused with TNF-a. and the control group consisted of normal pregnant rats.

The effect of TNF-a onBlood pressure measurement in normal pregnant rats

Recombinant, purified rat TNF-a (BioSource International, Morrisville, NC) was infused
via mini-osmotic pump into NP rats at a rate of 50 ng/day for 5 days beginning on day 14

of gestation, as previously described by our laboratory 913 Arterial pressure was determined
in all groups of rats on day 19 of gestation. Pregnant rats were catheterized on day 18

of gestation and catheter of V-3 tubing (SCI) was inserted into the carotid artery and
exteriorized for direct monitoring of blood pressure. On day 19 of gestation, pregnant rats
were placed in individual restraining cages and blood pressure measurements were recorded
continuously for two 20-min periods after 30 min of stabilization using a pressure transducer
(Cobe Il Transducer CDX Sema). Rats were then anesthetized using isoflurane delivered by
an anesthesia apparatus for blood and tissue collection. Pups and placentas were excised and
weighed while dams were under anesthesia.

The effect of TNF-a on placental, renal and circulating natural killer cells

The placental, renal and circulating of NK cells were quantified by flow cytometry from
placental and renal immune cells and peripheral blood mononuclear cells (PBMCs) isolated
on gestational day 19 from Normal Pregnant (NP) rats and Normal pregnant rats with
TNF-a infusion (NP + TNF-a). At the time of harvest, placenta, kidney and whole

blood were collected and placental and renal lymphocytes and PBMCs were isolated

by centrifugation on a cushion of Ficoll-Hypaque (Lymphoprep, Accurate Chemical &
Scientific Corp., Westbury, NY) according to the instructions of the manufacturer. For flow
cytometric analysis, 1 x 10° cells were incubated for 30 min at 4°C with antibodies against
rat Anti-Natural Killer Cell Activation Structures (ANK61) or rat Anti-Natural Killer Cell
antibody (ANK44) (AbCam, Cambridge, MA). ANKG61 is a Killer cell activation structure
that is expressed on all NK cells, while ANK44 is a marker of cytolytic activation in NK
cells because it is only expressed on stimulated, cytotoxic NK cells 14, After washing, cells
were labeled with secondary Fluorescein isothiocyanate (FITC; AbCam) antibody for 30
min at 4°C. As a negative control for each individual rat, cells were treated exactly as
described above except they were incubated with isotype control antibodies conjugated to
FITC alone. Subsequently, cells were washed, fixed, and resuspended in 500 pl of Rosswell
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Park Memorial Institute (RPMI) medium and analyzed for single staining on a Gallios flow
cytometer (Beckman Coulter, Brea, CA). Cells were gated in the forward and side scatter
plot. Cells that stained as ANK61+ were designated as NK cells. Cells that stained as
ANK44+ were designated as cNK cells. The percent of positive stained cells in the gated
population above the negative control was collected for individual rats and the mean values
for each experimental group were calculated.

The effect of TNF-a on Mitochondrial function

Intact placental and renal mitochondria were isolated by a differential centrifugation method.
Briefly, placentas (2 placentas per rat) were rinsed Mito | buffer, minced with fine scissors,
and homogenized using a glass-glass dounce homogenizer 1213, Oroboros Oxygraph-2K
was used to perform respiration measurements in the isolated mitochondria. Basal oxygen
consumption was collected from the isolated mitochondria suspended in respiration buffer
with no added exogenous substrates. Glutamate/malate (Complex | substrates) were added
to collect state 2 respiration rate, and state 3 (coupled respiratory state) was measured

by adding ADP. This was followed by leak/state 4 and uncoupled states, obtained by

adding oligomycin and FCCP respectively. At the end of the experiment, non-mitochondrial
oxygen consumption was measured by the addition of rotenone and antimycin A which was
subtracted from all the measured states to correct for non-mitochondrial respiration. The
measurements were taken using a sample volume of 30 pl in 2 ml of respiration buffer for
placenta and 10ul in 2 ml of respiration for kidney. The collected data were normalized

for the amount of protein and expressed as picomoles of oxygen consumed per second per
milligram of mitochondrial protein. Hydrogen peroxide (H,O5) production was determined
fluorometrically by using Amplex Red reagent.

Statistical analysis:

RESULTS:

All data and results are presented as means * SE. In the TNF-a arm of the study, an
unpaired t-test was used when the 2 groups were compared. Analysis of Variance (ANOVA)
was used for when more than 2 groups were compared, with a Bonferroni’s multiple
comparisons test performed as post hoc analysis. A value of P <0.05 was considered
statistically significant. A value of p <0.05 was considered statistically significant.

The effect of TNF-a on hypertension and fetal demise in normal pregnant rats

We have previously shown that chronic infusion of rat TNF-a increases blood pressure in
normal pregnant rats 9. We were able to demonstrate that MAP was increased in the TNF-a
treated rats as compared to the normal pregnant rats (109 + 2 vs 100 + 2, p<0.05, n=18).
Figure. 1 Additionally, we noted an increase in pup reabsorptions in the TNF-a infused
pregnant rats compared to reabsorptions in the normal pregnant group, Figure 2. However,
there were no differences in weight of pups collected on gestation day 19 (2.3 + 0.05 vs

2.4 + 0.05) or their placental weight (0.6 £ 0.007 vs 0.5 + 0.012) between the two groups;
Figures 2 B-C. There was no significant differences in the total litter size (14.8 + 0.34 vs
14.0 £ 0.49) between treatment groups or the total litter weight (32.9 £ 1.47 vs 34.4 + 1.54),
Figure 3.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

JAYARAM et al. Page 5

The effect of TNF-a on placental, renal and circulating natural killer cells:

We measured total and activated (cytolytic) NK cells in the peripheral blood, placenta and
kidney of pregnant rats in the two groups. Circulating activated (cytolytic) NK cells were
significantly increased in the TNF-a infused rats (0.8 + 0.33 vs 0.008 £ 0.003 % gated,
*p<0.05, n=6, Figure 4A). Although not significant, activated NK cells were also greater in
placenta (1.15 vs 0.28% gated) and kidney (1.40 vs 0.25% gated) of pregnant rats infused
with TNF-a as compared to the normal pregnant group; Figure 4 B-C. Images of flow
cytometry plots are provided for circulating, kidney, and placenta NK cells in Figures 5 A-C.

The effect of TNF-a on renal Mitochondrial function during pregnancy:

Mitochondrial reactive oxygen species (mtROS) was measured in isolated mitochondria
from the placental and kidney. An increase in ROS production has been reported in

normal gestation, but an excessive amount of ROS production is reported in pathological
states such as PE.12 Therefore, an increase in mitochondrial ROS is indicative of impaired
mitochondrial function. The mtROS was noted to be significantly increased in the placenta
of rats infused with TNF-a (12976 + 7038 vs 176.9 + 68.04 %fold, *p <0.05, Figure

6A. Similarly, there was a significant increase in mtROS in the renal mitochondria of

rats treated with TNF- a as compared to the normal pregnant group (2191 + 1027

vs 816 + 454.7 % fold, * p<0.05; Figure 6B. There were no differences noted in the
different states of mitochondrial respiration from placenta of the NP rats compared to rats
infused with TNF- a.. Similarly, isolated renal mitochondria from pregnant rats infused
with TNF-a showed no significant differences in the various states of respiration. We
calculated the mitochondrial Respiratory Control Ratio (RCR), which is a measure of
mitochondrial efficiency. Mitochondrial respiratory control encapsulates the main function
of mitochondria: their ability to idle at a low rate yet respond to ADP by making ATP at

a high rate, and, therefore, is an indicator of energy metabolism efficiency. Ratio (RCR)
defined by the ratio of the oxidation rate in the presence of excess substrate and adenosine
diphosphate (State 3) to the oxidation rate after ADP has been phosphorylated to a steady
state concentration (State 4). A high RCR implies that the mitochondria have a high capacity
for substrate oxidation and ATP turnover and a low proton leak. In contrast, a lower

RCR ratio indicates less ATP is produced for a given consumption of oxygen and energy
substrates. In our study a decrease in the RCR in both the placental and renal mitochondria
were noted however this did not reach statistical significance Figure 7.

Discussion:

We have previously shown TNF to cause hypertension by decreasing renal hemodynamics
and stimulating AT1-AA, sFlt-1 and endothelin®13. In this study, we tested the hypothesis
that an additional mechanism of TNF-a in causing the pathophysiology of PE would be to
stimulate cytolytic NK cells to cause mitochondrial oxidative stress and dysfunction in the
kidney and placenta during pregnancy.

The uterine natural Killer cells play an important role in maintaining a normal pregnancy
through angiogenesis at the maternal-fetal interface and are not cytolytic in nature 1°.
Activation of cytolytic NK cells leads to cytokine secretion, release of granzymes and
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perforins which cause mitochondrial dysfunction and cell death 1617, In pre-eclampsia,
there is an increase in the cytolytic NK cells and a decrease in the uterine natural killer

cells 17:18 We have previously shown an important role for cytolytic NK cells to cause
mitochondrial dysfunction in the placentas of RUPP rats compared to normal pregnant rats
18. Mitochondria have the ability to control cell survival and death, calcium homeostasis
and a variety of intracellular processes 1°. The mitochondrial function is largely dependent
on the production of ATP and superoxide/hydrogen peroxide. Placental ischemia incites
mitochondrial damage leading to a disruption in the electron transport chain (ETC) and
release of free radicals 12. Although we have previously shown in the RUPP rat model of
placental ischemia that reduction in mitochondrial respiration and increased mitochondrial
ROS production in both placenta and kidney contribute to hypertension in response to
placental ischemial?, the effect of TNF-a on mitochondria during pregnancy has not been
examined. In our study, we were able to demonstrate that in response to TNF-a infusion,
circulating cytolytic NK cells were significantly higher than in NP rats. In association

with higher NK cells, both placental and renal mitochondrial ROS were significantly
increased during TNF- a induced hypertension in pregnant rats. Interestingly, we were
unable to demonstrate any significant differences in mitochondrial respiration in either renal
or placental tissue. In addition, the respiratory control rate was decreased in placental and
renal tissues however this wasn’t significant. Nevertheless this is suggestive of decreased
mitochondrial efficiency in pregnant rats infused with TNF-a.. Moreover, placental and
renal cytolytic NK cells were increased but not significantly. Albeit those cytolytic NK
from the circulation may not have yet completely infiltrated those tissues and this number
may have been significantly higher with time. Our study confirms that indeed TNF-a
activates cytolytic natural killer cells but also plays an important role to cause mitochondrial
mtROS, independent of NK cells as a mechanisms of hypertension and fetal demise during
pregnancy. Importantly we have recently published that CD4_ T cells from RUPP rats cause
mt dysfunction, also independent of activated NK cells. It could be that TNF alpha is
stimulating T cells or a factor stimulated in response to T cells that causes mt dysfunctionZ°.
However, T cells were not measured in this study but will be subject of further investigations
into the mechanisms of mt dysfuction in responses to placental ischemia.

Natural Killer cells are one of the earliest responders to arrive at target organs of
inflammation. The role of NK cells in different organs is quite varied and yet to be fully
understood 21. These cells have receptors on their surface which could either activate or
inhibit their cytotoxic activity. NK cells function as soldiers in the innate immune system
and are normally held in check when an inhibitory receptor binds to its ligand. NK cells
are activated to kill cells that lack a signature of “self” Major Histocompatibility Complex
class I antigen (MHC Class 1), also called as the “missing self” MHC Class | theory

of NK cell activation 22:23, These cells include tumor cells and host cells infected with
viruses or other intracellular pathogens. Important to the “missing self” theory, in normal
pregnancies, uterine NK cells in human placenta do not show killer activity but instead assist
in establishing immunosuppression and tolerance to fetus allograft.

We have previously discussed the role of granzyme mediated ROS generation produced
by cytolytic NK cells stimulated in response to placental ischemia. ROS production is an
important signaling of the redox pathway and it controls physiological adaptation such
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as intracellular stress. However, ROS overproduction has been associated with endothelial
dysfunction, vascular remodeling and end organ damage 2425, For example, it is known
that patients with renal allograft rejection have increased NK cell mediated cytotoxicity
26-28 Moreover, there are studies that demonstrate the role of mitochondrial dysfunction

in patients with chronic renal allograft rejection 2930, Although there is an increase in

ROS, it does not have a significant impact on mitochondrial respiration which may be a
product of functional “sparing” of mitochondria. Several studies have reported that TNF-a
up-regulatory effect on HIF-1a was ROS mediated and independent of tissue hypoxia

31,32 HIF-1a has a protective effect against hypoxic events where it reduces mitochondrial
oxygen consumption 33-36_ This is an important cellular adaptation for survival and could
be an explanation of the preserved mitochondrial respiration in the TNF-a. infused rats. It is
important to note that although there is no significant change in mitochondrial respiration in
the TNF-a treated rats, the Respiratory Control Ratio (RCR) was decreased while mt ROS
was increased, supporting the idea of inefficient oxygen utilization in the kidney of TNF
alpha infused rats.

There have been other studies demonstrating conflicting responses concerning the effect of
TNF-a especially in regard to organ function and mitochondrial sparing 37-39, Additional
studies indicate TNF-a worsens cardiac function in patients with congestive heart failure
and there is conflicting data that demonstrate the role of TNF-a in Doxorubicin mediated
cardiotoxicity in cancer therapy 40. It has been shown that endogenous TNF-alpha
production exerts a protective effect at the intracellular level against doxorubicin-induced
cytotoxicity by up-regulating the mitochondrial anti-oxidant, MnSOD. 3940, To determine
if this was the case in our study, we measure MnSOD by western blot, which is a
mitochondrial antioxidant that plays an important role in scavenging superoxide radicals
(0-2). MnSOD was unchanged in our study. We measured other markers of renal injury
and dysfunction. NGAL, which is a marker of acute kidney injury, which was not changed
in pregnant rats treated with TNF-a. compared to NP controls. KIM-1 is a marker of acute
kidney injury specific to the proximal tubules and is detected as early at 24—28h after the
insult has occurred 41, Similar to NGAL, there were no differences in plasma KIM-1 levels
in the TNF-a pregnant rats.

TNF-a infusion causes renal vasoconstriction, reduces renal blood flow and has a natriuretic
effect on the renal tubules 4243, The oxygen consumption at the level of the kidneys is
directly dependent on the sodium transport across the renal tubules 3. Therefore increased
renal blood flow and glomerular filtration lead to increased oxygen consumption. In fact the
kidney derives 95% of its energy through oxidative metabolism. Mitochondria are plentiful
in both the proximal tubule and thick ascending limb, the site most significantly active in
sodium transport and thus oxygen expenditure. However the coupling of transport and renal
oxygenation in pathological states isn’t well described. In patients with acute renal injury
where GFR and sodium transport are lower than normal healthy individuals, the oxygen
consumption and extraction was increased 44. This suggests inefficient use of oxygen
during Na transport, or other processes besides Na reabsorption, and supports the idea

of dysfunction of mitochondrial utilization of oxygen for oxidative metabolism. This could
be an alternative mechanism occurring in the Kidney in this study in which mitochondrial
respiration was maintained with TNF alpha during pregnancy #°. Nevertheless, further
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studies are necessary for us to better understand the effect that cytokines and immune

cells have on not only renal function but renal oxidative phosphorylation and mitochondrial
function even in presence of decreased GFR and RPF in order to better treat patients at the
level of mitochondrial function and have a positive clinical outcome on their disease state.

There have been studies with several other ROS scavengers such as vitamin E and vitamin C
with no proven benefit in the treatment of pre-eclampsia?6:47. Other animal studies, such as
the one from our laboratory has shown the use of MitoTEMPO, another such ROS scavenger
to be beneficial in reducing hypertension 2. Mitochondrial supplements are commercially
available and are routinely used in athletes to improve performance during long periods

of exercise. Supplementing mitochondrial function improves respiration at the tissue level
and could be a way to improve both renal and placental functions especially in the face

of hypoxia, which is often associated with pre-eclampsia. However, it is unknown if these
supplements or reduction of TNF mediated NK cell mitochondrial ROS will be beneficial
during pre-eclampsia until new clinical trials are approved.

Our study has demonstrated that the role of TNF-a in pregnant rats causes NK cell mediated
cytotoxicity in the placenta and kidneys and generates a significant amount of mtROS,
however, sparing mitochondrial respiration. It is unknown if this sparing or protective effect
of TNF-a in the mitochondria is a transient effect. Overall, both the mtROS and RCR data
indicate that there is mt dysfunction in response to TNF during pregnancy, which ultimately
may result in mt oxidative stress and reduced bioenergetics in the placenta and kidney.
Clinically, understanding the role of TNF-a on the hemodynamics of pregnancy could

play an important role in determining the timing of worsening clinical pathophysiology of
pre-eclampsia. Although, delivery remains the only known treatment of pre-eclampsia, the
use of novel therapeutic agents in pre-eclampsia, can prolong the gestation reduce neonatal
morbidity and mortality. Understanding the role of TNF-a and its blockade in the different
organ systems can also prevent the long term complications of pre-eclampsia.
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Highlights
. TNF alpha causes hypertension and fetal demise during pregnancy
. Renal and placental mitochondrial dysfunction occurs in response to elevated
TNF alpha, which may be the mechanisms for hypertension and increased

fetal death

. Understanding the pathology caused by TNF alpha during pregnancy will
provide a better understanding of the efficacy of TNF alpha inhibitors as
potential therapeutics for preeclampsia.
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Figure 1.
MAP was significantly elevated in TNF-a infused vs. normal pregnant rats (NP); p= <0.05
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Figure 2.

(A) Fetal reabsorptions significantly increased in the TNF-a infused group as compared to
the NP rats; p <0.05. However neither individual fetal weight (B) nor placental weight (C)
were significantly different between NP and NP+TNF-a..
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Figure 3.
There was no significant differences in total (A) litter size nor (B) litter weight between NP

and NP+TNF-a..
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(A) An increase in activated cNK cells noted in the circulation (p<0.05; (B) kidney and (C)
placenta of the pregnant rats infused with TNF-a., however the increase in the placenta nor
kidney reached statistical significance.
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Figure 5.

Representative pictures of flow cytometry for activated NK cells in (A) circulating, (B)

Kidney, and (C) Placenta.
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Figure 6.

Renal (NP(n=5) TNF (n=8)) and placental (NP (n=4) TNF (N=9) mtROS was increased in
NP+TNF-a vs NP rats, (*p <0.05).
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Figure 7.
RCR, a measure of mitochondrial efficiency, was noted to be lower but not significantly

decreased in either the placenta or kidney of pregnant rats infused with TNF-a..
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