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Abstract

Preeclampsia is a pregnancy-specific condition manifested by new-onset maternal hypertension
with systemic inflammation, including increased innate immune system complement activation.
While exact pathophysiology is unknown, evidence suggests that inadequate spiral artery invasion
and resulting utero-placental insufficiency is the initiating event. Cigarette smoking during
pregnancy decreases the risk of preeclampsia. Nicotine, a major component of cigarettes,
stimulates the efferent cholinergic anti-inflammatory pathway through peripherally expressed
nicotinic acetylcholine receptors (nAChR) and is known to attenuate ischemia reperfusion injury
in kidney and liver. Prior studies indicated that complement activation was critical for placental
ischemia-induced hypertension in a rat model. Thus, it was hypothesized here that nicotine was
responsible for the protective effect of cigarette smoking in preeclampsia and would attenuate
placental ischemia-induced hypertension and systemic complement activation. The reduced utero-
placental perfusion pressure (RUPP) model in the pregnant rat was employed to induce placental
ischemia, resulting in complement activation, fetal resorptions, and hypertension. On gestation day
(GD)-14, nicotine (1 mg/kg) or saline was administered via subcutaneous injection prior to RUPP
surgery and daily through GD18. On GD19, placental ischemia significantly increased mean
arterial pressure (MAP) in saline injected animals. However, the placental ischemia-induced
increase in blood pressure was not evident in nicotine treated animals and nicotine treatment
significantly increased MAP variability. Circulating C3a was measured as an indicator of
complement activation and increased C3a in RUPP compared to Sham persisted with nicotine
treatment, as did fetal resorptions. These data suggested to us that nicotine may contribute to the
decreased risk of preeclampsia with cigarette smoking, but this protective effect was confounded
by additional effects of nicotine on the cardiovascular system.
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Introduction

Hypertensive disorders in pregnancy affect ~ 10% of pregnancies (Abaolos et al. 2013). As a
subset of such pregnancy-specific disorders, preeclampsia is the leading cause of maternal
and perinatal mortality and morbidity worldwide, affecting up to 4% of pregnancies (Ananth
et al. 2013). Preeclampsia is chiefly characterized by new-onset maternal hypertension and
proteinuria, though recent ACOG criteria recognize preeclampsia in the absence of
proteinuria if systemic symptoms include thrombocytopenia, impaired liver, development of
renal insuffi-ciency, pulmonary edema, or cerebral or visual disturbances (ACOG 2013;
Ananth et al. 2013). Preeclampsia also increases the risk of subsequent hypertension in the
mother and offspring (Alsnes et al. 2017; Behrens et al. 2017; Best et al. 2017). Although
the precise mechanisms involved are incompletely understood, the predominant theory
posits the initiating event of inadequate spiral artery invasion limiting utero-placental blood
flow, reducing placental perfusion in the first half of pregnancy and resulting in symptoms of
preeclampsia during the second half of pregnancy (Fisher 2015). In response to the ischemic
event, systemic inflamma-tion and angiogenic imbalance occur, along with dysregulation of
innate and adaptive immunity including the complement system (Lynch and Salmon 2010).
Aside from placental delivery, effective treatments remain elusive.

Smoking during pregnancy decreases the risk of preeclampsia by up to 50% (England and
Zhang 2007). Nicotine, a major constituent of cigarette smoke, is anti-inflammatory and
causes immunosuppression through nicotinic acetylcholine receptors (nAChR) (Yang et al.
2014). These ligand-gated receptors are expressed by peripheral cells and activate the
cholinergic anti-inflammatory pathway, an efferent neural network mediated by the vagus
nerve, to modulate innate immune response (Tracey 2002; Bertrand et al. 2015). Stimulation
of the a7-nAChR subunit alters cytokine synthesis, most notably macrophage secretion of
tumor necrosis factor (TNF)-a (Wang et al. 2003). In normal pregnancy and placental
development, endogenous acetylcholine binds nAChR to supplement placental vessel and
syncytio-trophoblast develop-ment by regulating nutrient uptake, blood flow, and
vascularization (Arias 2000; Lips et al. 2005). In the preeclamptic placenta a.7-nAChR
protein expression is increased at term (Kwon et al. 2007; Machaalani et al. 2015),
potentially a response to hypoxia similar to that seen in endothelial and neuronal cells /n
vitro (Kwon et al. 2007). Also, acetylcholine levels in preeclamptic placenta are increased
with defective acetylcholine release observed, possibly resulting in a compensatory increase
in a7-nAChR (Kwon et al. 2007; Machaalani et al. 2015).

Nicotine activates the anti-inflammatory reflex through a.7-nAChR binding and subsequent
inhibition of pro-inflammatory cytokine production. Pretreatment with nicotine ameliorates
renal and liver ischemia-reperfusion injury by suppressing cytokine-mediated peripheral
inflammation (Yeboah et al. 2008; Park et al. 2013. The a7-nAChR-specific antago-nist
methyllycaconitine prevents nicotinic suppression of cytokines in liver, further demonstrat-
ing the potential utility of targeting a7-nAChR in ischemia reperfusion injury (Park et al.
2013).

The pro-inflammatory cytokine interleukin (IL)-6 has been implicated in placental ischemia-
induced hypertension in the rat (Gadonski et al. 2006). /n vitro studies in endothelial cells
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demonstrated that serum from pregnant women at term increases IL-6 production. In
addition, anti angiogenic factors sFltl and sEng damage endothelial cells, mimicking
endothelial dysfunction in preeclampsia. Nicotine inhibited IL-6 production and suppressed
NF-xB activa-tion /n vitro, demonstrating anti-inflammatory effects and providing a
potential explanation for the protective effects of nicotine in preeclampsia (Mimura et al.
2010; Sharentuya et al. 2010). These in vitro data suggest that investigating the effect of
nicotine in vivo in placental ischemia-induced hypertension is warranted.

The complement system is an innate immune amplification system with increased activation
in preeclampsia compared to normal pregnancy (Lynch and Salmon 2010). The therapeutic
utility of targeting the complement system to treat preeclampsia is supported by numerous
studies demonstrating increased complement activation in preeclampsia compared to normal
pregnancy, as well as by a case study demonstrating that treatment of severe preeclampsia
with an antibody to complement component C5 prolonged the pregnancy by more than two
weeks (Burwick and Feinberg 2013). In addition, our own research demonstrated that
inhibition of complement activation following placental ischemia in the pregnant rat
attenuates the subsequent hypertension (Lillegard et al. 2013). Thus, it was hypothesized
here that the anti-inflammatory effects of nicotine will suppress complement activation and
attenuate placental ischemia-induced hypertension. The established Reduced Utero-placental
Perfusion Pressure (RUPP) model in the rat was employed to investigate effects of nicotine
on placental ischemia-induced hypertension and to determine if the reduced risk of
preeclampsia in smokers may be related to anti-inflammatory effects of nicotine.

Materials and methods

Reduced utero-placental perfusion pressure (RUPP) procedure

The reduced utero-placental perfusion pressure (RUPP) model was used to induce placental
ischemia and stimulate high blood pressure in pregnancy as previously described (Crews et
al. 2000; Alexander et al. 2001; Granger et al. 2006; Gilbert et al. 2007). Surgeries were
performed under isoflurane anesthesia with pregnant Sprague Dawley dams (Charles River,
Raleigh, NC) on gestation day (GD)-14 of the 21-day gestation period. A ventral midline
incision was made and a sterile silver clip (0.203 mm inner diameter) placed around the
aorta, just above the iliac bifurcation to reduce uterine perfusion by ~ 40%. Precaution was
taken to avoid damaging adjacent nerves. A silver clip (0.100 mm inner diameter) was
placed at the ovarian ends of right and left uterine horns to reduce compensatory placental
blood flow. Sham surgery differed only in the placement of clips and was used in control
animals. On GD18, the left carotid artery was cannulated [under isoflurane anesthesia] and
cannula patency was sustained with a 25% dextrose lock solution in sterile pyrogen-free
saline. On GD19, mean arterial pressure (MAP) was measured in unanesthetized restrained
animals via the carotid cannula for 2 hr prior to tissue collection as we previously described
(Lillegard et al. 2013).

Following blood pressure measurements, animals were anesthetized with isoflurane, bled via
the abdominal aorta for collection of serum and EDTA plasma, fetal and placental weights
recorded and tissues collected and frozen in liquid nitrogen. Second to third order
mesenteric arteries were also isolated at time of tissue collection and endothelial dependent
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(acetylcholine) and independent (sodium nitroprusside) relaxation assessed in arteries pre-
contracted with the thromboxane mimetic U46619 as we previously described (Lillegard et
al. 2014). Briefly, mesenteric arteries were mounted in DMT system baths (Model 610M,
Danish Myo Technology, Aarhus, Denmark), normalized to a transmural pressure of 100
mm Hg, and the active contraction over baseline to 5.7 x 10~/ M U46619 determined.
Fractional relaxation to half log increments of acetylcholine were then assessed. After
washing, contraction with U46619 was repeated, followed by determination of fractional
relaxation to sodium nitroprusside.

Nicotine administration

Nicotine (1 mg nicotine base/kg/day) or saline vehicle was administered daily via subcu-
taneous injection beginning 0.5-3.0 hr prior to RUPP/Sham surgery, with the last dose
delivered on GD18. This dose was chosen to mimic nicotine concentrations resulting from
smoking 1-2 packs of cigarettes per day and has been used in studies of rat pregnancy
(Hudson and Timiras 1972; Yang et al. 2014ab). Nicotine ditartrate dihydrate (98%, Acros
Organics, Morris Plains, NJ) was dissolved in normal saline solution to obtain a 3 mg/ml
concentration of the salt, and the was pH adjusted to 7.5 with NaOH. Rats were randomly
assigned to one of four experimental groups based on surgical procedure and drug treatment:
(1) Sham surgery with normal saline vehicle (Sham Vehicle, n = 7); (2) RUPP surgery with
normal saline vehicle (RUPP Vehicle, n = 7); (3) RUPP surgery with nicotine (RUPP
Nicotine, n = 9); or, (4) Sham surgery with nicotine (Sham Nicotine, n = 8).

Complement measurement (C3a)

Complement activation product, C3a, was measured by Western immunaoblot as previously
described in Regal and Klos (2000), with modifications. NUPAGE Novex 10% Bis-Tris gels
with MES SDS Running Buffer and secondary antibody IRDye 800CW Goat anti-rabbit 1gG
(H+L) diluted to 1:10,000, were used and imaged with LiCor Odyssey Fc. A standard pool
of rat serum activated by yeast was used as a C3a standard and diluted appropri-ately to
construct a 5-point standard curve on each gel. Based on 1 uL standard serum, relative
amounts of C3a (expressed C3a units/ul) in samples were calculated by linear regression.

Statistical analysis

Data are expressed as mean + SE of the mean and differences were defined as significant at
p-values < 0.05. Likelihood ratio tests were used to determine if variances were equal. Two-
way analysis of variance (ANOVA) was performed either assuming or not assuming equal
variances as appropriate using JMP and SAS software (SAS Institute, Cary, NC). Data were
log transformed to stabilize variances as needed. Four contrasts were evaluated for
comparison of means: Sham Vehicle vs. RUPP \ehicle, RUPP Vehicle vs. RUPP Nicotine,
Sham Vehicle vs. Sham Nicotine, and Sham Nicotine vs. RUPP Nicotine.
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Nicotine effect on placental ischemia-induced changes in MAP and mesenteric artery

function

The variance of the MAP measurement in nicotine treated animals was statistically greater
as determined by likelihood ratio test and thus, means were compared assuming a nicotine
effect on variance. RUPP surgery significantly increased MAP in RUPP Vehicle vs. Sham
Vehicle groups as we have previously reported (Lillegard et al. 2013, 2014; Regal 2015,
2016) (Figure 1A). Nicotine treatment (1 mg/kg/day) did not significantly reduce MAP
follow-ing RUPP surgery when comparing RUPP Vehicle to RUPP Nicotine by a least-
squares mean contrast in a two-way ANOVA. However, if one compares RUPP Nicotine to
Sham Nicotine groups, the increase in blood pressure was not significant, indicating nicotine
prevented placental ischemia-induced increases in blood pressure.

Previous studies in the RUPP model indicate that placental ischemia modestly attenuates
acetylcholine-induced relaxation of mesenteric arteries (Lillegard et al. 2014). However, this
endothelial dysfunction was not apparent in the aorta of RUPP animals (Lillegard et al.
2013). In the present study, acetylcholine-induced relaxation of mesenteric arteries was not
significantly altered by placental ischemia (data not shown). However, placental ischemia
resulted in a significantly greater increase in contractile response to 0.57 pM U46619 than in
Sham animals (Figure 1B). In nicotine-treated animals, the contractile response to U46619
was significantly higher in the RUPP animals compared to in the Shams.

Effect of nicotine on fetal resorptions and pup weight

Placental insufficiency following RUPP surgery leads to fetal growth restriction and
resorption in the rat (Lillegard et al. 2013,. 2014; Regal et al. 2015, 2016). The fraction of
pups resorbed was significantly increased in the RUPP Vehicle vs. Sham \ehicle groups
(Figure 2). Nicotine treatment did not affect RUPP-induced resorptions and the comparison
of RUPP Nicotine to Sham Nicotine was significantly different (p < 0.05). In general, the
RUPP procedure resulted in a reduction in fetal weight. In this study, average fetal weights
tended to decrease in RUPP vs. Sham (2.21 £ 0.19 [RUPP V\ehicle] vs. 2.27 + 0.06 g [Sham
Vehicle]), but did not reach statistical significance. An ANOVA approach indicated a
significant effect of nicotine overall (p < 0.05) on fetal weight (RUPP Nicotine, 1.97 + 0.06
g; Sham Nicotine, 2.17 £+ 0.04) (data not shown). Placental weights were not significantly
affected by the RUPP procedure or nicotine in this cohort.

Nicotine does not affect placental ischemia-induced complement activation

Excessive complement activation occurs after placental ischemia and was used as an
indicator of inflammation. Complement component C3a was quantified to measure relative
complement activation. The data show that nicotine treatment did not suppress the placental
ischemia-induced increase in complement activation following RUPP surgery (Figure 3).

Changes in neutrophil levels are considered another indicator of inflammation. Previous
studies had examined the importance of neutrophils in placental ischemia-induced
hypertension and found that placental ischemia itself did not change the number of

J Immunotoxicol. Author manuscript; available in PMC 2018 December 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laule et al. Page 6

circulating neutrophils, but neutrophil depletion attenuated placental ischemia-induced
hypertension (Regal et al. 2015). Here, nicotine treatment did not significantly alter
neutrophil levels in the circulation (data not shown).

Discussion

The present studies demonstrate placental ischemia does not significantly increase blood
pressure in the pregnant rat following nicotine treatment during mid to late gestation. The
physiological significance of this observation is tempered by increased variance of the blood
pressure measurement following nicotine treatment relative to the magnitude of increased
blood pressure in the RUPP model, and the lack of a significant difference between RUPP
animals treated with nicotine vs. saline. Potential use of nicotine to reduce the risk of
preeclampsia may require careful targeting of the a7-nAChR peripherally to minimize
widespread effects of nicotine on multiple nicotinic receptors and the nicotine effect on
blood pressure. Thus, targeting of cholinergic anti-inflammatory pathways with a7-nAChR
agonists may be an effective strategy to minimize preeclamptic symptoms prior to and
following the onset of placental ischemia.

The experimental conclusions are limited since the comparison of RUPP Nicotine to RUPP
Vehicle animals was not statistically significant. However, no significant increase in blood
pressure was detected comparing RUPP Nicotine to Sham Nicotine. Our experimental
design assumed that the variance of vehicle and nicotine treated animals would be the same
and a 9% reduction in MAP (107 mm Hg — 98 mm Hg) would be detectable with 8
animals/treatment group. Clinical studies indicate that even a 5-10 mm Hg change in blood
pressure can be significant (McMahon et al. 1990; Hong 2017). Nicotine treatment in RUPP
animals decreased MAP to 99 and significantly increased the variance of the MAP
measurement. Experiments were well controlled in that all rats received equivalent handling
and injections, whether saline or nicotine.

The potentially favorable effect of nicotine on placental ischemia-induced hypertension is
overshadowed by effects nicotine has on the cardiovascular system in general, and its ability
to increase blood pressure itself. Nicotine can cause acute vasoconstriction (Mattila and
Vartiainen 1964) and with acute and chronic nicotine injection in the rat results in increased
blood pressure (Moon et al. 2014; Yagi et al. 2015). The increase in blood pressure is
attributed to the ability of nicotine to activate nAchR on peripheral postganglionic
sympathetic nerve endings and release of catecholamines from the adrenal medulla (Haass
1996). Nicotine is also implicated in increased blood pressure in humans (Cooke et al.
2015). In the current study, 1 mg nico-tine/kg/day did not significantly increase blood
pressure, but clearly increased variance of the blood pressure measurement compared to
vehicle treated. Even at 1 mg/kg/day, as others have reported (Becker et al. 1968), behavioral
effects were evident shortly after nicotine injections. Blood pressure was measured 18-24 hr
after the last nicotine treatment and behavioral effects were not evident at that time.
Measurement of blood pressure in the current study was done in unanesthetized restrained
animals through a carotid cannula. Care was taken to minimize disturbance of the animals
and measurements always occurred in a quiet room between 6:30 and 9:00 AM for all
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groups. However, central effects of nicotine may accentuate excitability of the animals and
the effects of external noise during that time.

Nicotine is clearly not the only component of cigarette smoke that may be responsible for
the protective effect of smoking in preeclampsia. Smokeless tobacco containing nicotine is
not protective for preeclampsia (England et al. 2003), suggesting that other combustible
products of cigarette smoke may be important. One such component that has been
considered is carbon monoxide (CO). End-tidal CO concentrations are decreased in women
with preeclampsia, suggesting the inverse association between cigarette smoke and onset of
the disease may be due to CO (Kreiser et al. 2004; England L and Zhang 2007). CO exhibits
similar physiological properties to the potent vasodilator, nitric oxide (NO), including
decrease in vascular tone and inhibition of inflammatory cascades (Otterbein et al. 2000;
Zhang et al. 2001; Fujita et al. 2010). A recent study demonstrates that daily administration
of the CO donor molecule, CORM-3, alleviates placental ischemia-induced hypertension in
the rat through a mechanism independent of angiogenic pathways (George et al. 2017).
Treatment with the CO donor molecule did not increase the variability of the blood pressure
response to placental ischemia, suggesting that this is a more viable approach for affecting
placental ischemia-induced hypertension than nicotine. However, the favorable effect of CO
donor molecules on blood pressure does not improve fetal outcomes, similarly to nicotine.
Nicotine has been demonstrated to suppress inflammation by inducing heme oxygenase-1
(HO-1), which degrades heme into biliverdin, ferrous iron, and CO (Ryter et al. 2006; Tsoyi
etal. 2011; Park et al. 2013). Thus, for nicotine, some of the anti-inflammatory effects or
favorable effects on placental ischemia-induced hypertension may be due to CO production.

Numerous mediators and systems have been implicated in the pathophysiology of
preeclampsia; various animal models initiate pregnancy-induced hypertension with
administra-tion of single mediators such as sFltl, TNFa, or autoantibodies to the
angiotensin receptor (LaMarca et al. 2016; Sones and Davisson 2016). However, the RUPP
model does not presume involvement of a single mediator in preeclampsia and relies on
inducing ischemia as the initiating event, with subsequent inflammation and angiogenic
imbalance. RUPP is a well-established model of pregnancy-induced hypertension that does
not incite characteristics of severe preeclampsia (Balta et al. 2011; Li et al. 2012). As with
many other models of preeclampsia, the RUPP model does not address the origins of the
placental defects that cause the ischemia, but models the response to ischemia in the second
half of pregnancy.

The dose of nicotine employed was chosen after reviewing studies of others in the pregnant
rat, as well as considering whether the dose was similar to human exposure. A dose of 1 mg
nicotine/kg/day was chosen to mimic smoking 1-2 packs of cigarettes/day and has been
established as a dose that does not cause developmental complications in pregnancy in the
rat (Becker et al. 1968; Hudson and Timiras 1972). Nicotine administration via
subcutaneous injection is minimally invasive and was chosen as a way to deliver daily doses
of nicotine with minimal animal handling (Ali et al. 2015). The data here suggested to us
that nicotine administration directly before and following placental ischemia did not affect
complement activation or fetal resorptions, but prevented placental ischemia from increasing
blood pressure. The favorable effect on blood pressure does not result in favorable fetal

J Immunotoxicol. Author manuscript; available in PMC 2018 December 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laule et al. Page 8

outcomes as evident by the significant negative effect of nicotine on fetal weight. Smoking is
not protective for fetal outcomes and increases risk of preterm delivery and fetal growth
restriction (England et al. 2003; Wong et al. 2015).

Complement activation and systemic inflammation are implicated in preeclampsia and we
previously demonstrated that complement inhibition in the RUPP model attenuates
associated hypertension, suggesting inhibition of complement activation may be a viable
therapeutic strategy (Lillegard et al. 2013). The present data indicated that placental
ischemia-induced hypertension did not occur in nicotine-treated animals even when an
increase in C3a was still evident. These data suggested to us that the effects of nicotine on
MAP are via a complement-independent mechanism.

Acute activation of the cholinergic anti-inflammatory pathway by cholinergic agonists and
vagus nerve stimulation attenuates ischemia reperfusion-induced damage in the liver, kidney,
and aorta (Bernik et al. 2002; Yeboah et al. 2008; Park et al. 2013). The a7 subunit is an
essential component of the cholinergic anti-inflammatory mechanism responsible for these
therapeutic effects (Wang et al. 2003; Yeboah et al. 2008; Park et al. 2013). When one
considers ischemia in the placenta and hypertension as the endpoint, the effects of nicotine
are more difficult to determine since nicotine itself impacts blood pressure and may acutely
contribute to constriction of arteries. Evidence suggests that chronic nicotine treatment
expedites the onset of hypertension in genetically pre-disposed rats and high doses (6 mg
nicotine/kg/day) blunt maternal systemic and renal adaptation to pregnancy (Ferreira et al.
2016). Nicotine has also been implicated in the development of hypertension by affecting
macrophage infiltration into the kidney (Harwani et al. 2016). As a vasoconstrictor and
stimulator of sympathetic neurotransmis-sion, nicotine increases blood pressure acutely. The
competing effects of nicotine as an anti-inflammatory and vasoconstrictor may obscure a
robust and clear effect in eliminating hypertension in placental ischemia.

Conclusions

Placental ischemia is a consistent feature of preeclampsia leading to excess complement
activation and hypertension. This study is the first to investigate the therapeutic potential of
nicotine administration in a chronic placental ischemia model in the rat. We report that
nicotine does not ameliorate complement and inflammatory cascades following placental
ischemia, nor improve fetal outcomes, but it does mitigate the hypertensive response to
placental ischemia.
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Figure 1.

Nicotine effect on MAP and contractile response of mesenteric arteries following placental
ischemia. RUPP or Sham animals were treated with nicotine or saline vehicle GD14-18 and
MAP and contractile responses determined on GD19. (A) MAP increased in RUPP Vehicle
(n=7) compared to Sham \ehicle (n=7), but RUPP Vehicle was not significantly greater
than RUPP animals treated with 1 mg nicotine/kg/day (RUPP Nicotine, n = 9). RUPP
Nicotine was not significantly different from Sham Nicotine (n = 8) treated animals. *p <
0.05. (B) RUPP surgery significantly increased the active tension generated in response to
0.57 uM U46619 comparing RUPP Vehicle (n = 6) to Sham Vehicle (n = 6). In nicotine-
treated animals, the contractile response to U46 was significantly higher in RUPP (n = 8) vs.
Sham (n =5). *p < 0.05.
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Page 13

Nicotine does not alter the fraction of fetuses resorbed. In vehicle-treated animals, RUPP
surgery (n = 7) increased pup resorptions compared to Sham (n = 7). This effect persisted
with nicotine treatment in RUPP (n = 9) and Sham (n = 8). *p < 0.05.
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Figure 3.

Nicotine does not affect the placental ischemia-induced increase in circulating C3a. C3a
serum concentration is increased in RUPP Vehicle (n = 7) vs. Sham Vehicle (n = 7).
Treatment with 1 mg nicotine/kg/day over a 5-day period did not attenuate the RUPP (n = 8)
increase in C3a compared to Sham (n = 8). *p < 0.05.
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