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Abstract

Bariatric surgery is increasingly employed to improve fertility and reduce obesity related co-

morbidities in obese women. Surgical weight loss not only improves the chance of conception but 

reduces the risk of pregnancy complications including pre-eclampsia, gestational diabetes, and 

macrosomia. However, bariatric procedures increase the incidence of intrauterine growth 

restriction (IUGR), fetal demise, thromboembolism and other gestational disorders. Using our 

rodent model of vertical sleeve gastrectomy (VSG), we tested the hypothesis that VSG in diet-

induced, obese dams would cause immune and placental structural abnormalities that may be 

responsible for fetal demise during pregnancy. VSG dams studied on gestational day (G) 19 had 

Corresponding Author: Bernadette E. Grayson, University of Mississippi Medical Center, Department of Neurobiology and 
Anatomical Sciences, 2500 North State Street, Jackson, MS 39216, bgrayson@umc.edu, Phone: 601-984-6809, Fax: 601-984-1655. 

No financial conflicts of interest exist.

HHS Public Access
Author manuscript
Clin Sci (Lond). Author manuscript; available in PMC 2018 June 06.

Published in final edited form as:
Clin Sci (Lond). 2018 January 31; 132(2): 295–312. doi:10.1042/CS20171416.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reduced circulating T cell (CD3+ and CD8+) populations compared to lean or obese controls. 

Further, local interleukin 1 β and interleukin 1 receptor antagonist mRNA were increased in 

placenta of VSG dams. Placental barrier function was also affected, with increased trans-placental 

permeability to small molecules, increased matrix metalloproteinase 9 expression, and increased 

apoptosis in VSG. Furthermore, we identified increased placental mTOR signaling that may 

contribute to preserving the body weight of the fetuses during gestation. These changes occurred 

in the absence of a macronutrient deficit or gestational hypertension in the VSG dams. In 

summary, previous VSG in dams may contribute to fetal demise by affecting maternal immune 

system activity and compromise placental integrity.
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INTRODUCTION

Obesity in women leads to reproductive difficulties that include oligo/anovulation, menstrual 

cycle disturbances and inappropriate sex hormone levels (3, 25, 29, 37, 56). In addition, 

obesity results in reduced fertility (22, 26), reduced ovarian reserve (3), and reduced quality/

quantity of embryos during in vitro fertilization (IVF) (46). Pregnant obese women have a 

higher-than-normal risk for preeclampsia (13, 58), gestational diabetes (45, 58), macrosomic 

births (10, 13, 48) and still births (1, 4, 53). Weight loss prior to pregnancy can lead to 

improvements in these indices; however, long-term body weight loss is difficult to achieve.

Bariatric surgery can be extremely effective for long-term body weight loss and amelioration 

of the comorbidities of obesity (5, 7, 12, 14). About 80% of the recipients of surgical weight 

loss are women of whom approximately half are of child bearing age. (52). The major 

advantage to bariatric surgery during the child-bearing years is the potential for improving 

reproductive capacity as well as achieving a healthier pregnancy. Improvements after 

bariatric surgery include return of normal menstrual cycles (16, 55), improved levels of 

reproductive hormones (44), recovery of luteal function (41), increased spontaneous 

(unassisted) pregnancies (36, 54), improvements in assisted pregnancies (36), lower risk of 

gestational diabetes and preeclampsia (19, 27), and reduced risk of large-for-gestational age 

(LGA) babies (27, 47, 48, 59). Thus, bariatric surgery holds great promise to improve 

reproductive outcomes for obese women interested in child-bearing.

In contrast to the many potential benefits of bariatric surgery, a number of negative 

pregnancy outcomes have also been reported with bariatric surgery. These negative 

outcomes include an increased risk for abnormal glucose kinetics and hypoglycemia during 

pregnancy (17), increased risk for miscarriage (20), small-for-gestational age babies (SGA) 

or intrauterine growth restricted infants (IUGR) (2, 19, 38), birth at a reduced gestational age 

(20, 27), preterm birth (19, 51) and still-birth or neonatal death (21, 27). These adverse 

events may be due to maternal micronutrient deficiencies following surgical weight loss or 

the timing of pregnancy with respect to the bariatric surgery (24, 33). To date, however, there 

are no conclusive data to support these hypotheses.
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Many of the positive metabolic benefits of bariatric surgery realized in humans are also 

observed in rodent models and thus rodents offer a relevant model for testing many aspects 

of the surgery. Obese rats that undergo bariatric surgery demonstrate body weight loss, body 

fat loss, improved glucose tolerance and improved lipid profiles (8, 23, 49). Furthermore, 

our previous studies in rats are consistent with reports of IUGR in human bariatric births as 

offspring born to rat dams that had received vertical sleeve gastrectomy (VSG) prior to 

pregnancy were smaller and shorter at postnatal day 2 (PND2). This finding was true 

irrespective of whether the dams were maintained on a low-fat chow or palatable high-fat 

diet (HFD) before and after surgery. However, the long term outcomes for offspring of dams 

consuming HFD after VSG were much worse (23), including the development of glucose 

intolerance, greater levels of adiposity, and less lean mass compared to the offspring of 

obese controls under the same conditions (23). This was despite no gross differences in 

macro- or micronutrients intake or levels.

In the present studies we tested the hypothesis that surgical weight loss impacted maternal 

immune function and placental physiology during gestation. Because we knew that offspring 

were smaller than controls at PND2, we reasoned that the insult(s) to development and 

growth occurred during gestation and that probing the in utero environment may uncover 

some of the contributing factors driving the IUGR phenotype. We used our female rat model 

of VSG to probe some of our hypotheses concerning the effects of maternal bariatric surgery 

on the morbidity and mortality of offspring. Here, we focused specifically on gestation and 

asked whether clinically-identified causes of reduced birth weight and fetal demise might be 

driving the negative issues in VSG offspring. We investigated macronutrient intake during 

pregnancy and pregnancy weight gain, whether blood pressure contributes to fetal loss and 

low weight as it does in pre-eclampsia and whether reproductive hormone levels were 

appropriate to sustain a pregnancy. In addition, to define any potential maternal 

immunologic deficits, plasma cytokine levels and various immune cell types were 

determined. Finally, placental molecular structure and function were also examined to 

identify systemic transcriptome changes that could lead to placental dysfunction. The 

present work suggests that maternal immune changes and local placental dysfunction may 

contribute to the problems identified with pregnancy post-VSG.

METHODS

Animals

All procedures for animal use complied with the Guidelines for the Care and Use of 
Laboratory Animals by the National Institutes of Health and were reviewed and approved by 

the University of Mississippi Medical Center Institutional Animal Care and Use Committee.

Female and male Long Evans rats (200-225g) (Harlan, Indianapolis, IN) were initially 

multiply housed and maintained in a room on a 12/12-h light/dark cycle at 25 °C and 

50-60% humidity with ad libitum access to water. After 1 week of acclimatization to the 

vivarium, female rats were placed on a palatable high-fat diet (HFD) (#D03082706, 

Research Diets, New Brunswick, NJ, 4.54 kCal/g; 40% fat, 46% carbohydrate, 15% protein) 

for 4 weeks prior to surgery. Animals were divided into sham-VSG or VSG groups. 

Following surgeries, one group of sham-VSG continued on HFD and were considered obese 
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controls. VSG animals and one group of sham-VSG were switched to standard rat chow 

(Harlan 8640, Harlan SD) for the remainder of the study. The sham-VSG on chow become 

lean as a result of switch to chow (Lean controls), and thus became body weight controls. In 

total, we used four cohorts of female rats animals totaling 100 animals of which 65 animals 

successfully became pregnant (Lean, N = 23; VSG = 19; Obese controls = 23) and were 

included in the study. Of the non-pregnant females, N=12 were used as controls for blood 

pressure measurements. The general paradigm for the studies is shown in Table 1.

Surgical Procedures

Pre-operative care—Four days prior to surgery, body composition was assessed using 

EchoMRI analyzer (Houston, TX). Animals were fed Osmolite OneCal liquid diet (Abbott 

Laboratories, IL), but no solid-food for 24 h prior to surgery.

VSG—As previously described (61), VSG consisted of a midline laparotomy with 

exteriorization of the stomach. Ligaments and connective tissue were removed leaving an 

easily articulated stomach. The lateral 80% of the stomach was excised using an ENDO GIA 

Ultra Universal stapler (#EGIAUSHORT, Covidien, MA) coupled with an ENDO GIA Auto 

Suture Universal Articulating Loading Unit, 45 mm – 2.5 mm (#030454, Covidien, MA). A 

gastric tube in continuity with the esophagus and duodenum thus remained. This gastric 

sleeve was then reintegrated into the abdominal cavity and the abdominal wall was closed in 

layers using 4-0 coated vicryl suture (#VE494, Ethicon Endo-Surgery Inc., OH).

Post-operative care—Following surgery, all rats received care for 3 d, consisting of 

once-daily subcutaneous injections of 5 mL saline, 0.10 mL Buprenex® (0.05mg/kg), and 

0.25 mL carprofen (5mg/kg) Animals were maintained on Osmolite until food was returned 

3 d following surgery.

Body weight, composition and food intake—Body weight was measured daily 

during the first post-operative week and then weekly until the start of mating. Echo 

Magnetic resonance imaging (echoMRI) whole-body composition analysis (EchoMedical 

Systems, Houston, TX) was performed on all rats at 1 week prior to surgery and 5 weeks 

post-surgery to determine fat and lean body composition.

Glucose tolerance testing—During post-operative week 5, a subset of animals (Lean, N 

= 19; VSG, N = 17; Obese, N = 19) were fasted 6 h after the onset of the light cycle. 

Baseline tail vein blood glucose was measured by Accu-Chek Aviva Plus™ glucometer and 

glucose strips (Roche, Indianapolis, IN). Animals were then dosed with 50% dextrose (1.5 

g/kg body weight) intraperitoneally at time (t) = 0 min and subsequently blood glucose 

measured at 15, 30, 45, 60 and 120 min post-injection. Tail vein blood was collected in 

heparinized tubes for insulin determination at 0 and 15 min. Insulin measurements were 

made using an Insulin ELISA (#90060, Crystal Chem INC., IL).

Breeding protocol—Beginning 6 weeks after sham or VSG surgery, females were placed 

in the cage of a male in a 1:1 or 2:1, female: male ratio. Vaginal smears were performed 

daily, and the presence of sperm was considered day 1 (G1) of pregnancy. Females were 
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returned to their own cage on G1, and body weight and food intake measured on G6, G12 

and G18.

Blood pressure (BP) measurement—On G18, a subset of rats (Non-pregnant: (Lean, 

N = 3; VSG, N = 3; Obese, N = 6). Pregnant: (Lean, N = 8; VSG, N = 6; Obese N= 7)) were 

anesthetized by isoflurane gas anesthesia, and a catheter was placed in the femoral artery for 

blood sampling and BP monitoring. The catheter was exteriorized at the back of the neck, as 

previously described (39). The next day, G19, conscious BP recordings were made in 

animals that were placed in restraining cages. Rats were habituated to the restraining cages 

for 1 h before catheter connection to instrumentation. Mean arterial pressure was monitored 

in conscious rats with a pressure transducer connected to a Grass recorder (model 7B-chart, 

Grass Instrument). After a 60-min stabilization period, recordings were made for two 

periods of 30 min each, and the data were averaged.

Tissue harvesting—All dams in the study were euthanized on G19. The uterus was 

exteriorized and placement and number fetuses were counted in the bi-horned uterus. The 

placentae were dissected and weighed, and fetuses were weighed individually. The fetus and 

placenta in the number 3 and 4 positions counting from the right, and the left ovary were 

preferentially collected for mRNA and protein processing to control for uterine position.

Cell Isolation Protocol—For a subset of dams (Lean, N = 6; VSG, N = 6; Obese, N= 6), 

total blood was collected for cell sorting following decapitation. Erythrocytes were lysed 

using 1X PharmLyse (BD Biosciences) according to the manufacturer’s instructions. 

Peripheral blood lymphocytes (PBL) were washed and resuspended in PBS pH 7.4 

containing 2% FCS and 0.09% sodium azide (stain buffer). 5×105 cells were stained with 

immune cell specific antibodies (BD Biosciences, Franklin Lakes, NJ) as follows CD8a 

(#561611), CD4 (#554837), CD3 (#554833), CD161a (#555009) or CD45R (#554881) at a 

concentration of 1:100 diluted in stain buffer for 30 min on ice. Cells were then washed two 

times with 2 mL stain buffer and centrifuged at 350 ×g for 5 min at 4°C. Cells were 

resuspended in 400 μL of stain buffer and immediately analyzed using a Beckman Coulter 

Gallios analyzer at the UMMC Cancer Institute Flow Cytometry Core Facility. Data were 

analyzed using Kaluza software.

Paraffin embedding and TUNEL assay—Paraformaldehyde (PFA) post-fixed hemi-

sectioned placentae (Lean, N = 13; VSG N = 9; Obese, N= 9) were subjected to standard 

paraffin-embedding, and then sectioned at 5 μm on to glass slides and processed for TUNEL 

staining with Click-iT Plus TUNEL Assay for In Situ Apoptosis Detection, Alexa Fluor® 

488 dye (#C10617, Molecular Probes, Inc., Eugene, OR), according to the manufacturer’s 

specifications.

Measurements of analytes—The following analytes were measured in plasma 

according to the manufacturer’s specifications: cholesterol (#TR13421, ThermoFisher, VA), 

triglycerides (#TR22421, ThermoFisher, VA), leptin (#MOB00, R & D System, 

Minneapolis, MD), testosterone (#DSL-4900, Beckman Coulter, Danvers, MA), insulin 

(#80558, Crystal Chem, Downers Grove, IL), progesterone (#90060, Crystal Chem, 
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Downers Grove, IL), and cytokines (#171K1001M, Bio-Plex Pro Rat Cytokine 24-Plex 

Immunoassay, BioRad, Laboratories Hercules, CA).

RNA processing and real-time PCR—Fresh tissue was flash frozen on methylbutane 

cooled dry ice and stored in −80 °C until further processing. Placentae (Lean, N = 11; VSG, 

N = 9; Obese, N = 11) were cut into 4 quadrants; one was used for RNA extraction, while 

the others were retained for additional analysis. RNA was extracted using a QIAGEN 

miniprep RNA kit (QIAGEN, Inc, Valencia, CA), and complementary DNA was transcribed 

using an iScript complementary DNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). 

Quantitative polymerase chain reaction was performed on a BioRad CFX96 Touch Real-

Time PCR Detection System using TaqMan inventoried gene expression assays (Life 

Technologies, Foster City, CA) listed in Table 2 and Supplemental Table 2.

Protein extraction and western blot procedure—Tissue was flash frozen on 

methylbutane cooled on dry ice then stored at −80°C until use. Protein was extracted from 

one quarter of a placenta (Lean, N = 5; VSG, N = 3; Obese, N= 5) using the Santa Cruz 

RIPA lysis buffer system (Santa Cruz Biotechnology, Dallas, TX). Concentrations were 

determined using a Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL), and 

spectrometry was performed with a Tecan Infinite 200 PRO. Protein was combined at a 1:1 

ratio with Laemmli sample buffer (BioRad Laboratories, Hercules, CA) and denatured at 95° 

C for 5 min. Protein (40 μg) was loaded onto BioRad 4-20% polyacrylamide Mini Protean 

TGX gels, and electrophoresis was performed in a BioRad Tetra-Cell 2 gel system. Protein 

was then transferred to PVDF membranes using a BioRad Trans-Turbo transfer system. 

Membranes were blocked for 1 h at room temperature with Pierce Protein-Free (TBS) 

Blocking Buffer (Thermo Scientific, Rockford, IL). Primary antibodies used were as 

follows: rabbit MMP9 (1:2000, #38898, Abcam), rabbit mTOR (1:1,000, #2983, Cell 

Signaling) and mouse β-actin (1:10,000, #A5441, Sigma-Aldrich) overnight at 4°C. In 

between incubations, membranes were washed with TBS with 0.05% Tween. Anti-rabbit 

HRP conjugate (1:5000, #sc-2004, Santa Cruz Biotechnology, Dallas, TX) and anti-mouse 

HRP conjugate (1:5000, #sc-2005, Santa Cruz Biotechnology, Dallas, TX) was used to 

incubate membranes for 1 h at room temperature before applying Thermo Scientific 

SuperSignal West Femto HRP substrate. Images were taken with a BioRad ChemiDoc XRS 

system and analyzed using ImageJ 1.48 software.

Microarray analysis—Whole genome transcript analysis was performed using an 

Affymetrix platform from G19 placentae from (Lean, N = 6; VSG N = 6). RNA was isolated 

using TRIzol® and RNeasy Mini Kit (#74106, Qiagen, Hilden, Germany), and evaluated for 

quality and integrity (Bio-Rad Experion™ System), as done previously (60). Placental RNA 

was processed using manufacturer directions for specific application [GeneChip® 2.0 ST] 

using Affymetrix equipment (Scanner 3000 7G System). Hybridized chips were 

automatically washed, stained and scanned at the UMMC Institutional Molecular and 

Genomics Core using Affymetrix equipment. Data obtained from these gene expression 

studies are deposited in the Gene Expression Omnibus (GEO) database (http://

www.ncbi.nlm.nih.gov/geo/) with the GEO accession number GSE106883.
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Analysis of microarray data was performed using software provided by Affymetrix 

(Affymetrix® Expression Console™ Software) and commercially available GeneSifter™ 

software platform (http://www.genesifter.net). In brief, differentially expressed genes 

evaluated by t-test using two methods: (1) FWER (family-wise error rate) procedure, P<0.05 

and fold-change ±1.2 or greater; and/or (2) Benjamini and Hochberg FDR (false discovery 

rate) which corrects for multiple comparison, using P<0.05, and fold-change ±1.2 or greater. 

Gene networks and functional analysis were evaluated through the use of Ingenuity 

Pathways Analysis (Ingenuity® Systems, www.ingenuity.com). Gene expression differences 

were confirmed using RT-PCR method described above.

Placental barrier testing—A subset of G19 pregnant animals (Lean, N = 8; VSG, N = 5; 

Obese, N = 4) were anaesthetized using isoflurane and received a bolus intravenous injection 

of a cocktail containing 1mg/kg neutral Texas Red tagged dextran, 3000 MW (#D3329, 

Molecular Probes, OR) and 0.5 mg/kg sodium fluorescein (#46960, Fluka, MO). Animals 

remained anesthetized for 60 min and were then euthanized and tissues harvested. Tissue 

fluorescence was determined by ex vivo whole organ fluorescence imaging using an IVIS 

Spectrum (Perkin Elmer, Waltham, MA) immediately after death. Tissues were dissected 

from the amniotic sac and placed in PBS and imaged in the IVIS using epi-illumination and 

465 nm excitation/520 nm emission filters for fluorescein and 570 nm excitation/620 nm 

emission filters for Texas Red, f-stop 2, and auto exposure. Mean fluorescence radiant 

efficiency of each organ in each fluorescence channel was determined using a closely drawn 

region of interest with Living Image 4.3 software (Perkin Elmer). The mean fluorescence 

radiant efficiency of each fetus was divided by the mean fluorescence radiant efficiency of 

its placenta to calculate percentage transferred. The percentage transferred for each fetal-

placental pair was averaged for all pups in each dam. Data represent the average placental 

transfer of (n=3-6 dams per group), each with an average of 7 pups/litter (range = 2-10). To 

generate images for publication, one representative image of placentae and pups from each 

group was utilized, and all images were displayed on the same scale to allow direct 

comparison of the fluorescence intensity among groups.

Statistical analyses—All statistical analyses were performed using GraphPad Prism 

version 6.07 (GraphPad Software, San Diego, California) USA. Differences between groups 

were assessed by using one-way ANOVA and two-tailed distribution with a Tukey’s post 
hoc to determine significant comparisons. To observe time-wise differences, two-way 

ANOVA (variables: surgical group and time) with Bonferroni post hoc test was used. All 

results are given as means ± SEM. Results were considered statistically significant when P< 

0.05.

RESULTS

Food intake and Body weights

All female rats given a HFD for 4 weeks prior to surgery increased body weight, and they all 

lost weight during the initial 7 post-operative days (POD), irrespective of the surgery (Sham 

or VSG) (Figure 2A). VSG rats lost the most weight in the first 7 days post-surgery (*P < 

0.05) (Figure 2A). Obese sham controls remained on HFD and continued to gain weight 
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following Sham-VSG over the next 5 weeks with body weights higher than the other two 

groups from POD21 until the end of the experiment at varying intervals (δP < 0.05, δδP < 

0.01) (Figure 2A). Lean sham controls and VSG rats that were both switched from HFD to 

chow 3 days post-surgery regained similar amounts of body weight during the next 5 weeks, 

such that body weights were similar by POD21 (Figure 2A). Thus, in the present study, the 

Lean group serves as a weight-matched control for the VSG as well as a diet control.

Obese controls consumed significantly more kCals cumulatively (Figure 2D inset) and per 

day than either Lean controls or VSG in the 5 weeks (***P<0.001) (Figure 2D). There was 

no difference between kCal consumption between Lean and VSG female rats after POD21.

Body composition—By post-operative week 5, body composition analysis by EchoMRI 

showed no impact of surgery on lean mass in any of the groups (Figure 2C). However, 

Obese controls had greater levels of fat mass than either Lean controls or VSG (P<0.0001), 

and VSG rats had significantly lower levels of fat mass than the Lean animals (*P<0.05) 

(Figure 2C).

Glucose and insulin tolerance tests—On POD37, an intraperitoneal glucose tolerance 

test (ipGTT) was performed on 6 h fasted rats. Baseline fasting glucose was similar between 

groups. As expected, Obese controls were significantly glucose intolerant over either Lean 

controls or VSG animals particularly at the 30 min time point (*P<0.05) and Obese rats 

exhibited significantly increased area-under the curve (AUC) over VSG rats (*P<0.05) 

(Figure 2E inset), and no difference between Lean and VSG female rats (Figure 2E inset). 

At baseline (t=0), Obese controls exhibited insulin resistance with two fold higher insulin 

levels than either Lean controls or VSG rats (***P<0.001) (Figure 2F). Furthermore, VSG 

animals had reduced insulin even over Lean controls (*P<0.05) (Figure 2F). At t=15 min 

post glucose injection, insulin levels were increased over baseline in Lean and VSG rats but 

not in Obese animals.

Pregnancy outcomes—Six weeks after sham or VSG surgery, animals were mated. 

Average food intake was measured during three successive time intervals gestation day (G) 

1-6, G6-12 and G12-18, and no difference was measured in average daily kCal intake 

between Lean and VSG animals (Figure 3A). Obese animals consumed significantly more 

kCals during G1-6 and G12-18 than the other groups, and hence consumed more kCals 

overall during the entire pregnancy than the other groups (Figure 3A). There was no 

difference in body weight gain during the G1-6 or G6-12 for any of the 3 groups (data not 

shown). However by the G12-18, VSG animals showed a reduced weight gain compared to 

the other two groups (Figure 3B) which is reflected in a reduced total weight gain for the 

entire pregnancy (P<0.05).

Blood pressure—In age-matched non-pregnant females, Obese controls had higher mean 

arterial pressure (MAP) than did Lean rats (P<0.05), while MAP was similar in non-

pregnant Lean and VSG rats (Figure 3C). On G19 of pregnancy, Obese females also had a 

higher MAP than VSG rats, but not Lean rats (P<0.01).
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Metabolic Parameters—As shown in Table 1 in plasma samples taken on G19, Obese 

controls had higher triglycerides, insulin and leptin levels than the other groups (P<0.05). 

Cholesterol levels were not different among the groups. Insulin was similar between Lean 

controls and VSG rats, and leptin levels were higher in Lean than VSG rats.

Steroid hormones and Placental Receptor Genes—On G19, testosterone levels 

were higher in VSG than either Obese or Lean controls (P<0.05) (Table 1). Progesterone 

was significantly higher in VSG and Obese dams in comparison to Lean rats (P<0.05) (Table 

1). We probed specifically for androgen receptors (ar) expression in the placenta and found 

ar to be significantly reduced in VSG and Obese (P < 0.05) whereas there was no difference 

in the expression of estrogen receptors (essra) and progesterone receptors (pr) between 

groups (Supplemental Table 2).

Evaluation of Maternal Circulating T cells, Cytokines, and IgG—Plasma was 

obtained on G19 from all rat groups for flow cytometry analysis of CD3+ (marker of total T 

cells), CD4+ (marker of T helper cells), and CD8+ (marker of cytotoxic T cells), CD161+ 

cells (marker of natural killer (NK) cells), and CD45r+ (marker of B cells). VSG dams had 

lower levels of CD3+ (pan T cells) and CD8+ cytotoxic T cells than Lean controls (P<0.05) 

(Figure 4A,C), but similar to levels in Obese controls. There were no differences in CD4+ (T 

helper) (Figure 4B), CD116+ (NK) (Figure 4D), or CD45R+ (B cells) (Figure 4E) amongst 

the rat groups. Immunoassay for 24 cytokines was done on G19 plasma from rats. 

Differences amongst the groups were identified in only four of the cytokines measured 

(Figure 4F-I) (Supplemental Table 1). Interleukin 7 (IL7) was significantly increased in VSG 

dams in comparison with Lean dams (P<0.05), but was not different than Obese dams. 

Obese dams exhibited reduced IL-13 (P<0.05) and M-CSF (P<0.01) in comparison with 

Lean dams, but not different than VSG dams. Circulating VEGF was significantly reduced 

in VSG dams compared with the other Lean dams (P<0.05). The level of circulating total 

plasma IgG are an indicator of responsiveness of the immune system [58], and we found that 

plasma total IgG was two-fold higher in VSG rats than in either Lean (P<0.05) or Obese 

(P<0.01) controls (Figure 4J). There were no differences in levels of plasma IgG1, IgG2a or 

IgG2b amongst the groups (results not shown).

Feto-placental Outcomes

Pregnant animals were euthanized on G19 and tissues harvested for analysis. VSG dams had 

significantly reduced number of viable (non-resorbed) pups (P<0.05) in comparison to lean 

(Figure 5A) and an increased but not significant number of resorbed feto-placental units 

(Figure 5B). As such, total fetal weight for VSG dams was significantly reduced (P<0.05) 

(Figure 5C) in comparison to Lean pregnancies. However, the average live fetal weight 

showed no significant difference between groups (Figure 5D). Total placental weight for 

VSG dams was also significantly reduced compared to the other groups (P<0.05) (Figure 

5E); however, average placental weight for VSG dams was not significantly different than 

the other groups (Figure 5F). Overall, the percentage of each pregnancy that experienced 

fetal demise was significantly increased in VSG (P<0.05) (Figure 5G). Hence, at G19 VSG 

dams on normal chow exhibited increased fetal death and reduced litter size with 

compensation for growth in the remainder of the fetuses. Our focus was to determine the 
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potential reasons for reduced fetal viability, and whether there were any adverse 

consequences in the fetuses that remained.

Placental Transcriptome Analyses

To determine if gene expression patterns of the VSG placenta could explain the increased 

fetal demise from VSG dams, whole transcriptome analysis was performed to query changes 

between Lean and VSG placentae (Figure 6A). Using a Student’s t test comparison with 

Benjamini and Hochberg correction and a statistical cutoff of P<0.05, 745 placental genes 

were differentially expressed (Figure 6B), of which 275 were down regulated, and 470 up-

regulated (Figure 6C). Using a statistical cutoff P<0.05 and Fold change (FC) of >1.3, 100 

genes were differentially expressed between groups (Figure 6B). Of these 100 genes, 53 of 

the genes (34 upregulated and 19 downregulated) were for RNA-coding genes. In addition 

there were 47 genes (32 upregulated and 15 downregulated) that had absolute fold-change 

differences of >1.3 that were non-coding RNA or small nucleolar RNA.

The list of 745 genes were subjected to further analysis using Ingenuity Pathway Analysis 

(IPA) and the top 12 canonical pathways from this analysis are reported (Figure 6D). The 

Granulocyte and agranulocyte adhesion diapedesis, Antigen presentation pathway, Death 

receptor signaling and mTOR signaling are shown (Figure 5D).

Under this this category, interleukin 1 receptor antagonist (il1rn) was significantly up-

regulated in VSG placenta in comparison to Lean (Table 1). We used RT-PCR to validate 

this VSG mRNA increase on an increased sample size. In addition to increases in il1rn, 

differences were observed in il1β (P<0.05) with no changes in il1α or the receptor il1r1.

To further validate the Death Receptor pathway, we performed TUNEL staining as marker 

for apoptotic cells. We determined a significant increase in TUNEL positive 

immunoreactivity for the Death receptor pathway in the VSG placenta in comparison to 

Lean (P<0.05) (Figure 6C). These data support an increased rate of cell death in the VSG 

placenta.

In addition, the top 4 networks dysregulated between Lean and VSG placenta include the 

following topical areas (Figure 6D): 1) Cardiovascular Disease, Developmental Disorder, 

Hematologic Disease, 2) Cancer, Gastrointestinal Disease, Organismal Injury and 

Abnormalities, 3) Cellular Compromise, Cardiovascular System Development and Function, 

Organismal Development and 4) Cell-To-Cell Signaling and Interaction, Inflammatory 

Response, Cellular Development. These networks include a host of genes that are inter-

related and are functionally up or down-regulated as reported (Figure 6E).

We validated a number of the gene transcripts that are listed in these Networks using 

targeted rtPCR (Table 2). Mmp9 was up-regulated (P<0.05) and was specific; it did not 

impact expression levels of mmp2, 3 or 12 (Supplemental Table 2). Timp1 was also not 

altered nor were MMP partners, adam17 or bsg (Supplemental Table 2). Western blot 

verification on placental tissue samples determined increased levels of MMP9 protein as 

well (Figure 7).
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Since the microarray IPA analysis suggested that the mTOR signaling network was 

highlighted in our VSG placental samples (Figure 6D), western blot analysis was used to 

verify the mRNA data. mTOR protein was significantly increased in the placentae of VSG 

dams (Figure 7B). In addition, there was a significant increase in placental mTOR in the 

Obese group. Because the remaining VSG fetuses that did not succumb to resorption did not 

have reduced weight, we hypothesized that mTOR programming may be driving the growth, 

allowing the fetuses to remain on a normal growth trajectory despite potentially adverse 

circumstances.

Based on the fact that VEGF was reduced in plasma of VSG dams, soluble VEGF receptor, 

s-FLT1, expression was measured by western blot in plasma of G19 rats. However, there 

were no differences in s-FLT1 among the groups (data not shown). In addition, there were 

no differences in the placental mRNA expression of VEGF (vegf), placental growth factor 

(plgf), or the hypoxia-related genes (hif1a, hmox1, and hspe1)(Supplemental Table 2).

Placental permeability and evaluation of tight junctions

Considering the specific changes in mmp9 mRNA and MMP9 protein, we sought to 

determine whether there were functional changes to barrier function in the placenta as 

described in Methods. VSG dams demonstrated an approximately 20% increase in transfer 

of fluorescein from dam to fetus (P<0.05) (Figure 8). However there was no difference in the 

percent transfer of the higher molecular weight dextran (Figure 8). Taken together these data 

suggest there is a breakdown of the placental barrier in VSG pregnancies.

Expanding on the finding that placental permeability is increased, we sought to determine if 

members of the tight junction complex in the placenta were altered. Placental expression of 

claudins has been previously reported, so we probed for cldn1-6 to determine placental 

expression. Of the highly-prevalent claudins in the placenta, only cldn5 was significantly 

upregulated in VSG animals (P<0.05) (Table 2). Also occludin (ocln) was down-regulated in 

VSG animals compared to Lean (P<0.05) (Table 2). Cadherin1 (cdh1), connexin 43 (cx43) 

and zona occludins (zo1) were not altered (Supplemental Table 2).

DISCUSSION

In the present study we tested the hypothesis that surgical weight loss impacted maternal 

immune function and placental physiology during gestation that negatively impacted the 

fetus leading to IUGR. The most important findings in dams were that, compared to the lean 

and/or obese sham controls: 1) VSG improved body weight, reduced fat mass with no effect 

on lean mass; 2) reduced fasting insulin and improved other metabolic and lipidomic 

parameters; 3) reduced the number of circulating pan (CD3+) T cells and CD8+ T cells; 4) 

reduced levels of circulating VEGF with increased levels of inflammatory cytokines such as 

IL17; and 5) attenuated the elevated blood pressure in the dams. Unfortunately, VSG in 

dams reduced the number of live pups and increased the number of resorbed pups. To 

determine potential mechanisms that may account for the negative effect of VSG on the 

fetuses, we found that placental MMP9 and mTOR were elevated compared to lean sham 

control dams, and there was a higher level of placental apoptosis as measured by TUNEL 

assay. Placental permeability to dextran in VSG dams was also increased. Finally, placental 
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transcriptome analyses identified numerous pro-inflammatory and pro-apoptosis pathways 

that can be evaluated further in the future to identify other potential mechanisms responsible 

for fetal demise in dams who have undergone VSG.

Women of childbearing age that are obese with other metabolic comorbidities frequently 

consider weight loss surgery to improve their chances of bearing children. Recent meta-

analyses suggest that 58% of infertile women become spontaneously pregnant after bariatric 

surgery (36). The desire to improve reproductive potential is a great motivator for obtaining 

bariatric surgeries in this sub-population of women. Therefore, it is imperative that we 

understand the impact of bariatric surgery on the offspring of these women.

Though many gestation-related diseases that are exacerbated with obesity appear to be 

reduced after surgical weight loss (19, 27, 47, 48, 59), a serious cause for concern in 

pregnancies is the increase in delivery of small-for-gestational-age (SGA) babies. 

Intrauterine growth restriction (IUGR) is increased by 2-3 fold after bariatric surgery (15, 

38). In addition, pregnancies in women who had undergone procedures such as Roux-en-Y 

gastric bypass or RYGB, had a greater risk for SGA in comparison to weight loss procedures 

that such as LAPBAND, including VSG (11). Though many of the human studies report 

IUGR with RYGB and not LAPBAND, few studies have determined the occurrence of 

IUGR by type of surgery. This is especially important since the numbers of VSG surgeries 

are presently surpassing RYGB, such that greater than 50% of the surgeries performed today 

are VSG, mainly due to the simplicity of the procedure and reduced complications in the 

women.

While there have been suggestions as to why there may be SGA births following bariatric 

surgery, these hypotheses have not been formally tested in the clinic. The most common 

hypothesis is that women who have undergone VSG are not following the directives on 

appropriate wait times to become pregnant following surgery, typically wait time is 

suggested to be 18 months. However, in a study where this notion was formally tested, 

timing did not appear to be a causative factor in SGA births (28, 50). Taken together the 

question remains as to whether the timing of pregnancy following bariatric surgery actually 

contributes to adverse outcomes in the fetus.

In the present studies, we systematically evaluated the common causes thought to elicit 

either fetal demise or reduced growth. Worldwide, the top causes of reduced birth weight 

include gestational malnutrition, drug, alcohol and cigarette consumption, pre-eclampsia/

gestational hypertension, and maternal infection/immune complications. Using our rodent 

model of VSG, we eliminated socially-derived causes of fetal developmental harm (i.e. 

nicotine, alcohol and drug use). Here we build off the body of work that we previously 

reported during pregnancy (23). Our earlier work suggested that the hyperphagia of 

pregnancy and lactation were intact in the VSG dams in comparison to Lean or obese sham 

control dams. In the present studies, we also conducted more structured analyses of body 

weight distribution during gestation in 6 day increments. These data highlight that in the 3rd 

segment of rat pregnancy, there is a substantial drop in body weight in the dams subjected to 

VSG that is not substantiated with reduced food intake. This suggests that between days 12 

and 18, the pregnancies are no longer progressing properly, and that this reduced body 
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weight may signal fetuses that are not progressing developmentally. Importantly, it is clear 

from our data that reduced body weight in dams is not due to reduced or aberrant food 

intake.

As noted above, at G19, VSG dams have a reduced number of viable pups and increased 

number of resorbed placental fetal units. The average of the reduction in body weight is 

partially made up by the number of missing fetal placental units. This further suggests that 

there may be some factor(s) driving this phenomenon during pregnancy. One limitation of 

these studies is that the fetuses that appear most vulnerable (i.e. are resorbed) by G19, and 

thus we were not able to distinguish the output measures in the fetuses that survive and the 

ones that do not. Our future studies would necessitate euthanasia earlier in gestation, 

potentially, mid-gestation, to determine the time course and potential mechanisms during 

which their viability diminishes.

Though bariatric surgery in humans reduces gestational hypertension and preeclampsia [26, 

27], we queried whether our rat model behaved similarly. Here we demonstrated that mean 

arterial pressure (MAP) in G19 VSG dams was similar to controls. Decreases in MAP/BP 

also occurred in non-pregnant, age-matched control VSG dams. To date, it is not known 

whether the mechanism for this reduced blood pressure after bariatric surgery is solely due 

to weight loss-dependent changes.

Abnormal levels of reproductive hormones, in particular low progesterone, is a source of 

loss of pregnancy and spontaneous abortion in humans (43). In our rat model progesterone 

in VSG pregnancy was higher than in lean sham (normal chow fed) control dams and similar 

to HFD fed obese control dams. Surprisingly, the VSG dams had higher than normal levels 

of testosterone with a concomitant increase in androgen receptor mRNA expression in the 

placenta, suggesting the potential influence of testosterone in somehow mediating fetal 

demise and/or IUGR. Higher levels of androgens during pregnancy have been linked to a 

variety of negative phenotypes in offspring including reproductive abnormalities in both 

male and female progeny, as well as some post-natal learning issues (6, 57). The cause of 

elevated testosterone and progesterone in the rat VSG dams is unknown, and has not been 

reported to date in pregnant women who have previously undergone VSG.

Infection and immune perturbations are significant drivers of fetal demise and failure-to-

thrive pregnancies. The 24-cytokines panel we performed on G19 maternal rat plasma 

suggested no overt infection in the VSG pregnancies, as evidenced by the absence of a rise 

in circulation of IL6, TNFα and IL1β. The only significantly increased cytokine during G19 

VSG pregnancy was interleukin 7. IL7 can be released with immune activation of the gut 

(31, 32) and globally works to increase maturation of T cells when lymphopenia is present 

(18). We hypothesized that IL7 may be increased to compensate for the reduced number of 

total T cells, especially cytotoxic T cells, in the cell sorting experiments. We found no 

differences in the total number of B cells among the three groups of pregnant dams. We did 

measure total immunoglobulin G (IgG) levels and found VSG dams had significantly 

increased levels of total IgG. Increases in IgGs suggest activation of immune system to 

induce pathogen elimination, toxin binding or in allergic hypersensitivity. IgG antibodies do 

cross the placental barrier and certain IgG antibodies are highly associated with still births 
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(42). It is unknown whether the uninhibited gastric emptying of VSG (9) also alters the 

permeability of the endothelial barrier of the gut resulting in an acute “leaky gut” and 

potentially allowing short term entry of pathogens or toxins that cause measurable IgG 

increases, and may also account for the increase in IL7.

We previously showed significant morphologic abnormalities of the placenta from VSG 

pregnancies from dams maintained on HFD after their surgery (23). If they were maintained 

on normal chow during pregnancy, there were no noticeable changes (23). In the present 

study, we also report a significantly increased number of apoptotic cells as labelled by 

TUNEL in the placentae of VSG pregnant dams maintained on normal chow. The biological 

significance of this increased level of cellular death is not clear, and more work needs to be 

done to determine the direct cause of this loss of cells along with determining the phenotype 

of these cells. These data however support the microarray reports of.

Using gene expression microarray analyses, immune system and barrier function gene 

networks were found to be increased in VSG pregnancy. Taken together with the IVIS 

studies that show increased permeability of the placental barrier, we hypothesized that 

circulating vasoactive mediators may be causing breakdown of the placental barrier through 

MMP9 activation. VSG surgery changes a variety of gut-related peptides that have 

vasoactive properties, including vasoactive intestinal peptide (VIP) and bradykinin. These 

might be acting more directly during pregnancy to affect barrier function. In the current 

study, the circulating systemic pro-inflammatory cytokines are not driving this reduced 

barrier since they are not increased, though the increased placental il1β and ilrn mRNA 

suggest other potential local cellular mediators in the placenta of unknown origin. The 

source of the inflammation could be local immune (Hofbauer) cells or endothelial cells in 

origin. However, identification of the cell mediators for inflammation is beyond the scope of 

the current work and will be evaluated in future studies.

Finally, gene activation of the mTOR pathway found by microarray in the VSG placentae 

was validated using western blot. Activation of mTOR may be a compensatory mechanism 

to continue nutrient partition and growth and development of the fetus of VSG dams at a rate 

similar to fetuses of Lean control dams. The surviving VSG fetuses from which we are able 

to sample, may be spared, because mTOR activation propagates growth and improves 

nutrient availability. At the present time why some VSG fetuses were not able to thrive, and 

why the remaining ones have a tendency to reduced barrier function but still appear to grow 

at a rate equivalent to fetuses of lean controls is unknown. Our previous work showed that 

whether the VSG dam was maintained on chow or HFD after the surgery, the results were 

similar, i.e. pups were smaller after VSG at postnatal day 2. Thus we hypothesize that during 

the final days of gestation, the reduced placental barrier coupled with the other insults we 

identified may reduce the growth of these offspring. Indeed sparing of some of the VSG 

fetuses through placental mTOR activation to increase nutrient availability during this phase 

is an intriguing hypothesis.

The present work does have limitations as a pre-clinical model. While the female rats gain 

significant weight on the HFD prior to pregnancy, obesity in a rat model is relative and not 

as clear as the increases in body mass index (BMI) seen in women. In addition, by the time 
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the female rats are ready to be mated, some have been on HFD for 8 weeks which can 

significantly reduce fertility just as found in obese women. If the animals were on diet for 

longer than that prior to surgery, infertility would detract from our ability to perform these 

studies (prior unpublished observation). Further, the immune system of the rat operates 

differently that in the human, and some of the differences we observe may be species 

specific.

In conclusion, the female rodent model of VSG largely mimics the metabolic improvements 

of VSG in women. There are a significant number of potentially negative consequences 

reported to date in humans who have undergone bariatric surgery that remain to be 

understood and whose mechanisms are unknown. Using our rodent model of VSG coupled 

with pregnancy, we report diverse changes in the VSG pregnancy that may provide insight 

into the adverse consequences on their offspring. While bariatric surgery is often 

contemplated in women who want to become pregnant, our work highlights that VSG 

surgery triggers significant changes to the maternal milieu during pregnancy, and suggests 

that women who are undergoing bariatric surgery with the hope of becoming pregnant 

should be counseled as to the potential for negative outcomes in their offspring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Timeline information for pregnancy studies in G19 rats.
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Figure 2. Metabolic parameters post-surgery prior to pregnancy
(A) Body weight change of Lean, VSG and obese female rats during the 35 d post-surgery 

period. (B) Body mass at 35 d post-surgery at the time of EchoMRI. (C) Lean and fat mass 

composition at 35 days post-surgery. (D) Cumulative calorie intake during the 35 d post-

surgery. (E) Blood glucose during an intraperitoneal glucose tolerance test. Inset (Area-

under-the-curve. (F) Baseline fasting insulin and 15 minutes after i.p. glucose injection at 

GTT. (*P < 0.05, **P < 0.01, ***P < 0.001). Lean vs. Obese, δP < 0.05, δδP < 0.01. Data are 

presented as mean ±SEM. N = 7-12/group
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Figure 3. Food intake, body weight gain and blood pressure during pregnancy
(A) Food intake binned into three 6-day intervals. Data shown as 1st-3rd intervals and total 

food intake (B) Body weight gain reported in three 6-day intervals and total. (C) Mean 

arterial blood pressure in non-pregnant female rats and G19 pregnant dams. *P<0.05, 

**P<0.01. Data are presented as mean ±SEM.

Spann et al. Page 22

Clin Sci (Lond). Author manuscript; available in PMC 2018 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Cell sorting of blood from G19 pregnant dams
(A) Percentage of CD3+ cells which labels all T cells. (B) Percentage of CD4+ cells which 

labels T Helper cells. (C) Percentage of CD3+ cells which labels cytotoxic T cells. (D) 

Percentage of CD161+ cells which labels natural killer cells. (E) Percentage of CD45+ cells 

which labels B cells. (F) Maternal circulating IL7 levels during G19. (G) Maternal 

circulating IL13 levels during G19. (H) Maternal circulating M-CSF levels during G19. (I) 

Maternal circulating VEGF levels during G19. (J) Plasma levels of total immunoglobulins. 

*P<0.05, **P<0.01. N=6/group. Data are presented as mean+−SEM.
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Figure 5. Fetal-placental unit analysis
(A) Average number of live fetuses (B) Average number of resorbed fetuses (C) Total fetal 

weight (D) Average fetal weight (E) Total placental weight (F) Average placental weight 

(G) Percentage of pregnancies ending in fetal demise. N = 19-23. *P < 0.05, **P < 0.01. 

Data are presented as mean ±SEM.
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Figure 6. Transcriptome analysis of Lean and VSG placenta
(A) Volcano plot of the log2 ratio of Lean and VSG microarray expression with green 

denoting down-regulation and red denoting up-regulation. (B) Fold change (FC) and 

absolute numbers of altered genes. (C) Venn diagrams demonstrating the apportioning of 

genes by directionality of change. (D) Pathway analysis chart using IPA demonstrating the 

top up and down regulated signaling families affected by VSG. (E) Top four networks 

affected by surgery in the placenta and the genes affected in the network organized by down-

regulation in green and up-regulation in red. N=6/group.
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Figure 7. Validation of three unique pathways altered by maternal VSG in the placenta
(A) Analysis of MMP9 protein by Western blot and normalized to β actin. (B) Protein levels 

of mTOR normalized to β actin by western blot. N = 3-5/group. (C) TUNEL staining of 

Lean, VSG and Obese placenta with positive control (PC) shown N=9-13/group. One way 

ANOVA with Tukey’s post hoc, *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as 

mean ±SEM.
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Figure 8. Imaging of G19 fetal placental units in Lean, VSG and Obese pregnancies
(A) Background/autofluorescence levels in each channel. (B) Images of fetuses and placenta 

in red and green channels after injection of ~300 Dalton fluorescein and 3000 Dalton Texas 

red labeled dextran. N =3-6/group, 3 saline controls. (C) Percent transfer of each of the two 

labelled chemicals. Student’s T test, *P < 0.05. Data are presented as mean ±SEM.
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