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Abstract

Western style, high-fat diet (HFD) and associated high lipid levels have delete-

rious effects on fetal and placental development independent of maternal obe-

sity and/or diabetes. Our objectives were to determine whether HFD without

development of obesity would alter amniotic fluid volume (AFV) and amnion

aquaporin (AQP) expression in a non-human primate model. Japanese maca-

ques were fed either a control diet or HFD before and during pregnancy. The

four quadrant amniotic fluid index (AFI) was used as an ultrasonic estimate

of AFV at 120 days gestation. Amnion samples were collected at 130 days ges-

tation by cesarean section and AQP mRNA levels were determined by quanti-

tative RT-PCR. Similar to that in human, AQP1, AQP3, AQP8, AQP9, and

AQP11 were expressed in the macaque amnion with significant differences in

levels among AQPs. In macaque, neither individual AQPs nor expression pro-

files of the five AQPs differed between control and non-obese HFD animals.

There were regional differences in AQP expression in that, AQP1 mRNA levels

were highest and AQP8 lowest in reflected amnion while AQP3, AQP9, and

AQP11 were not different among amnion regions. When subdivided into con-

trol and HFD groups, AQP1 mRNA levels remain highest in the reflected

amnion of both groups. The HFD did not significantly affect the AFI, but AFI

was positively correlated with AQP11 mRNA levels independent of diet. Col-

lectively, these data suggest that HFD in pregnant non-obese individuals may

have at most modest effects on AFV as the AFI and amnion AQP expression

are not substantially altered.

Introduction

Consumption of a western-style, high-fat diet (HFD) dur-

ing pregnancy has been shown to alter maternal and fetal

metabolism (Frias and Grove 2012). The associated high

lipid levels cause deleterious effects on fetal and placental

development leading to long-term health consequences

(O’Tierney-Ginn et al. 2015; Roberts et al. 2015; Harris

et al. 2016; Lowensohn et al. 2016; Contu and Hawkes

2017). These effects often occur independent of the devel-

opment of obesity. Although unexplored, one potential

contributor to the adverse effects of HFD on the fetus

and placenta could be an abnormal amniotic fluid volume

(AFV). It has been well-documented that alterations in

AFV during human pregnancy adversely affect maternal

and fetal outcome. Both oligohydramnios and polyhy-

dramnios are associated with pregnancy complications

including preterm birth, low birth weight, abnormal fetal
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lie, placental abruption, postpartum hemorrhage, and

cesarean delivery (Locatelli et al. 2004; Hamza et al. 2013;

Morris et al. 2014). However, this issue can be complex

because pregnant subjects who are on HFD and conse-

quent obesity often have comorbid gestational diabetes

and that, in turn, is associated with elevated AFVs com-

pared to normal (McMahon et al. 1998; Abele et al.

2012).

Although an understanding of the regulation of AFV in

humans is necessary for mitigating the adverse effects of

aberrant AFVs on the fetus and newborn, much of our

understanding of the mechanisms that regulate AFV have

been derived from studies in fetal sheep (Brace and Che-

ung 2014; Brace et al. 2014). In the ovine experimental

model, AFV is primarily determined by the rate of fluid

transfer across the amnion (Brace and Cheung 2014;

Brace et al. 2014). However, the regulators of this trans-

amnion transport pathway have not been clearly estab-

lished. Aquaporins (AQPs) are transmembrane proteins

that facilitate transport of water and small solutes across

semi-permeable membranes. The presence of AQPs in the

amnion indicates that they most likely participate in

trans-amnion amniotic fluid transport (Liu and Wintour

2005; Mann et al. 2005; Beall et al. 2007). Consistent with

this concept is our recent finding that AQP1 expression

in the ovine amnion was positively correlated with the

rate of fluid transfer between the amniotic fluid compart-

ment and fetal intramembranous vasculature, thus poten-

tially participate in AFV regulation (Cheung et al. 2016).

In humans, five aquaporins (AQP1, AQP3, AQP8,

AQP9, and AQP11) have been identified in the amnion

(Prat et al. 2012). The amnion expression profiles reveal

differences in expression level of individual AQPs as well

as among amnion regions (Bednar et al. 2015). Function-

ally, AQP1 is a highly selective water transport channel

whereas AQP3 and AQP9 are aquaglyceroporins that

facilitate glycerol transport in addition to water. As such,

the AQPs expressed in the amnion may play an important

role not only in water movement but also in transfer of

other solutes such as glycerol. Past studies on the role of

AQP in AFV regulation were mostly conducted in preg-

nant sheep, however, several differences between the ovine

model and human pregnancies present challenges for

translational studies. Non-human primates would concep-

tually provide a more appropriate model for investigating

the regulation of AFV in humans; yet there have been

very few relevant studies in fetal monkeys. One study

reported that intramembranous fluid exchange occurs

rapidly between amniotic fluid and fetal blood across the

fetal surface of the rhesus placenta (Gilbert et al. 1997).

This is similar to the rapid uptake of amniotic fluid into

the fetal circulation shown in sheep fetuses (Brace et al.

2014). The specific role of AQPs in this rapid fluid

transfer has yet to be established but may be important as

AFV is elevated in AQP1 knockout mice (Mann et al.

2005).

Our group has developed a well-established Japanese

macaque HFD model which has been extensively utilized

for pregnancy and offspring outcome studies (McCurdy

et al. 2009, 2016; Grayson et al. 2010; Nicol et al. 2013;

Pound et al. 2014). In this model, animals chronically fed

a HFD typically segregate into two phenotypes: HFD-Sen-

sitive (HFD-S) animals that become obese and have dys-

regulation of insulin sensitivity analogous to diabetes in

humans, and HFD-Resistant (HFD-R) animals that

remain lean and have normal insulin function (McCurdy

et al. 2009; Frias et al. 2011). We have previously demon-

strated increased placental inflammation and infarction in

this model with effects that are observed due to

diet alone and independent of maternal obesity (Frias

et al. 2011). Since approximately half of the macaques on

the HFD prior to and during pregnancy do not become

obese and do not have dysregulation of insulin function

(HFD-R), this phenotype may possess an endogenous

protective mechanism that serves to reduce the impact of

increased fat intake, thus providing a unique opportunity

for determining the effects of HFD alone on AFV and

amnion AQPs in non-obese and non-diabetic subjects.

The monkey placenta is of particular interest because of

the presence of a bi-discoid placenta with the secondary

placenta generally smaller in diameter than the primary

(Grigsby 2016), thus raising the possibility of regional dif-

ferences in AQP expression in relation to each placental

disc.

In this study, in order to explore the effects of a HFD

on amniotic fluid status and to advance knowledge in the

regulation of AFV, we sought to determine whether a

HFD would alter AFV and amnion AQP expressions in

macaques that were non-obese and resistant to the HFD.

We hypothesized that the five AQPs expressed in human

amnion are also expressed in macaque amnion and that

the profile of expression would be similar. In addition,

we postulated that regional differences in AQP mRNA

levels would exist in macaque amnion. Furthermore, we

hypothesized that a HFD would reduce AFV in HFD-R

animals in parallel with an increased expression of AQPs

within the amnion.

Materials and Methods

Animal preparation

All animal protocols were approved by the Institutional

Animal Care and Utilization Committee (IACUC) of the

Oregon National Primate Research Center (ONPRC), and

guidelines for humane animal care were followed. The
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ONPRC abides by the Animal Welfare Act and Regula-

tions enforced by the USDA.

Pregnant Japanese macaques (Macaca fuscata) under-

went an ultrasound examination at approximately

120 days gestation (term = 175 days). In brief, after over-

night food withdrawal, sedation was induced with a 5- to

15-mg/kg intra-muscular injection of ketamine. Subjects

were positioned in dorsal recumbence, and physiological

vital signs were monitored throughout the procedure. The

four quadrant amniotic fluid index (AFI) was measured

(GE Voluson 730 Expert; Kretztechnik, Zipf, Austria) by

one ultrasonographer (AEF) and used as an index of

AFV.

As described in detail elsewhere, the animals were

maintained on either a control, standard monkey chow

diet (n = 8, 14% fat) or chronically on a HFD (n = 10,

36% fat. Purina Mills, Inc., St. Louis, MO) prior to and

during pregnancy (Harris et al. 2016). The composition

of this diet constituted a typical western style diet with

respect to the saturated fat content, and was matched in

micronutrient content to the standard control chow diet.

Both diets were sufficient in vitamin, mineral, and protein

content for normal growth. Only HFD animals resistant

to the diet were included in this study. At necropsy,

amnion tissues were obtained from the primary placental,

secondary placental, and reflected amnion. Because this

study was one of multiple studies that utilized this maca-

que preparation, not every region was available for sam-

pling from every animal.

Pregnant human subjects

In this study, the human amnion mRNA data for AQP1,

AQP3, AQP8, AQP9, and AQP11 were obtained from

subjects with normal non-diabetic term pregnancies

(n = 20), as reported in part in our recent study (Bednar

et al. 2015). The study design was approved by the Insti-

tution Review Board of Oregon Health and Science

University (OHSU). Written Informed Consent and

HIPPA Research Authorization was obtained from all

subjects that participated in the study. Experimental pro-

tocols and mRNA quantification methodologies have been

described in detail elsewhere (Bednar et al. 2015).

Real time RT-qPCR for macaque aquaporins

The AQP mRNA levels in macaque amnions were deter-

mined by real-time RT-qPCR. Amnion tissues collected

immediately at necropsy were placed in RNAlater�

(InVitrogen, Thermo Fisher Scientific) for RNA extraction

using an RNeasy Kit (Qiagen, Inc., Valencia, CA).

Total RNA (0.5 lg) was reversed transcribed using

MultiScribe reverse transcriptase. Sample cDNA was

amplified using custom designed Macaca mulatta-specific

primers for AQP1 (Primer Express� Software v3.0.

Applied Biosystems, Thermo Fisher Scientific). Pre-

designed Macaca mulatta-specific primers were used for

AQP3, AQP8, AQP9, and AQP11 (Applied Biosystems,

Thermo Fisher Scientific) (Table 1). PES1 (pescadillo

ribosomal biogenesis factor 1) was used as the house-

keeping gene.

The relative quantity of amnion mRNA was measured

by real-time qPCR using a PE Applied Biosystems PRISM

7900 Sequences Detector System (InVitrogen Life Tech-

nologies, Carlsbad, CA). The amplification was performed

as follows: 2 min at 50°C, 10 min at 95°C, followed by

45 cycles each at 95°C for 15 sec, and at 60°C for 60 sec.

Standard curves on serial dilutions of the cDNA (1:2, 1:5,

1:20, 1:50, 1:200 1:500, and 1:2000) were performed for

each AQP and PES1 using cDNA from pooled macaque

amnion samples. Standard curves were drawn on the basis

of the log of the input RNA versus the critical threshold

(CT) cycle, in which the fluorescence of the sample was

greater than the threshold of the baseline fluorescence.

Quantitative PCR results were normalized to PES1 house-

keeping gene expression. The relative quantities of AQP

Table 1. Macaca mulatta-specific aquaporin primers1.

Gene Assay ID/sequence Source

AQP12 A189LG2 RhAQP1_110514

Forward: 50–CGCGGTGATCACACACAACT-30

Reverse: 50–GGGCTCCCCCGATGAAT-30 (68 bp)

Custom designed

AQP3 Rh02856041_m1 AQP3 FAM Pre-designed

AQP8 Rh02837748_m1 AQP8 FAM Pre-designed

AQP9 Rh02878553_m1 AQP9 FAM Pre-designed

AQP11 Rh02887164_m1 AQP11 FAM Pre-designed

1

AQP primers conjugated to dye label FAM were pre-designed from Applied Biosystems. Sequence information and amplicon size were propri-

etary.
2

AQP1 primers were custom-designed (using Primer Express� Software v3.0., Applied Biosystems, Thermo Fisher Scientific).
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mRNA were determined using the 2�ΔΔCT method (Bed-

nar et al. 2015). To do this, using the mean CT values

from triplicate determinations of AQP1, AQP3, AQP8,

AQP9, and AQP11 and the internal reference PES1, the

ΔCT values were calculated for each AQP by subtracting

the associated PES1 CT means. The mean AQP1 ΔCT in

amnion of control diet animals was used as the calibrator

to obtain the ΔΔCT values for each AQP. Calculation of

2�ΔΔCT yields the relative quantity of mRNA normalized

to the control diet AQP1 levels in the amnion.

Statistical analysis

Data are presented as mean � SE and were statistically ana-

lyzed using t-tests as well as one and two factor analyses of

variance (1- factor and 2-factor ANOVA). Post hoc testing

utilized Fisher’s least significant difference for multiple

comparisons if the ANOVA null hypothesis was rejected.

The interaction term of a 2-factor ANOVA was used to

determine differences among expression profiles of the five

AQPs. Relationships between variables were determined by

bivariate and multivariate linear regression. For regression

of AFI against mRNA level of each AQP, the same AFI value

was used for each region of the amnion if multiple regions

of the amnion were analyzed. Data were logarithmically

transformed prior to statistical analysis to normalize vari-

ances as needed. P < 0.05 was considered significant.

Results

In the macaques, maternal weight in the control diet

group (11.1 � 0.69 kg) was not different than that in the

HFD group (11.6 � 1.1 kg).

Five AQPs were detected in the macaque amnion and

their relative mRNA levels are shown in Figure 1. In con-

trol diet animals, highly significant differences in amnion

mRNA levels were observed among the AQPs where AQP3,

AQP8, AQP9, and AQP11 mRNA levels were significantly

lower than that of AQP1. The largest difference was found

for AQP8 at a level 120 fold lower as compared to AQP1

(Fig. 1A). The mRNA profile of the five AQPs in the

amnion of non-obese HFD animals was similar to that in

the control diet animals (Fig. 1B. 2-factor ANOVA, inter-

action P = 0.79 comparing the two groups). By individual

AQP comparisons, similarly there were no statistically sig-

nificant differences in mRNA levels between the control

and HFD groups. When these values in the macaque

amnion were compared with AQP values in the amnion of

normal non-diabetic human subjects (Fig. 1C), the profile

of the five AQPs was significantly different for both the

control diet (2-factor ANOVA, interaction P < 0.001, con-

trol macaque vs. human) and the HFD (2-factor ANOVA,

interaction P < 0.001, HFD macaque vs. human) animals.

By post hoc testing, macaque mRNA levels for AQP3 and

AQP9 were significantly lower (P < 0.05) while AQP8 and

AQP11 mRNA significantly higher (P < 0.01) than human

levels relative to the respective mean AQP1 values.

When the control and HFD groups were combined,

there were regional differences in AQP1 (1-factor

ANOVA, P = 0.00038) and AQP8 (P = 0.0081) mRNA

levels (Fig. 2). AQP1 mRNA level was highest in the

reflected amnion (P < 0.05) while AQP8 was lowest in

the reflected amnion (P < 0.05) as compared to that in

the primary placental amnion. AQP3, AQP9, and AQP11

mRNA levels did not vary among amnion regions. When

Figure 1. Aquaporin 1, AQP3, AQP8, AQP9, and AQP11 mRNA

levels in the amnion of Japanese macaques from all amnion regions

combined (mean � SE) under, (A) control diet (n = 8) and (B) HFD (B,

n = 10) conditions. Individual AQP mRNA values are normalized to

mean AQP1 mRNA levels of control diet (dashed line). (C) Aquaporin

mRNA levels in human amnion of normal non-diabetic subjects

(n = 20) from our recent study (Bednar et al. 2015). The data are

normalized to mean human AQP1 mRNA (dashed line) from placental

and reflected amnion combined. The P values from 1-factor ANOVA

are shown. *P < 0.05, **P < 0.01, ***P < 0.001, and

****P < 0.0001 for each AQP compared to the respective AQP1

mRNA levels.
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subdivided according to diet, HFD significantly increased

AQP1 (2-factor ANOVA, P = 0.0055) and AQP8

(P = 0.0059) mRNA levels in all three amnion regions

(Fig. 3). By post hoc testing, the regional differences for

AQP1 (P < 0.01) persisted with levels highest in the

reflected amnion for both control and HFD groups. For

AQP8, regional differences in the two groups were not

significant with post hoc testing (Fig. 3).

The mean AFI in the HFD animals was slightly lower

than that in the control diet group however, the AFI in

the control (7.54 � 0.66 cm, n = 8) and HFD

(7.16 � 0.46 cm, n = 7) animals were not statistically

different (P = 0.66). The AFI was not correlated with

maternal weight independent of maternal diet status.

When regressed against AQP mRNA levels using bivariate

regression, the AFI was positively correlated with AQP11

(P = 0.0019) but not with the remaining AQPs (Fig. 4).

Using multivariate regression, AFI was again correlated

only with AQP11 mRNA levels.

Discussion

Although speculated to be important regulators of AFV

since their initial discovery in fetal membranes (Liu and

Wintour 2005), the physiologic significance of the AQPs

in the maintenance and regulation of amniotic fluid

transport has yet to be established. Furthermore, it is not

known whether species variations in AQP expressions in

the amnion would lead to differences in functional

responses to physiological or pathological alterations in

AFV. In this study, we demonstrated that in Japanese

macaques, five AQPs were expressed in all regions of the

amnion with mRNA levels of AQP1 and AQP3 being

highest and AQP8 lowest among the five AQPs. This

observation is comparable to that in human amnion

shown in our recent study (Bednar et al. 2015). However,

the expression profiles of the five AQPs in macaque

amnion of both control and HFD animals differed from

that in human amnion of normal non-diabetic subjects.

Our analysis showed that AQP3 and AQP9 mRNA levels

were significantly lower and AQP8 and AQP11 mRNA

levels higher in macaque than in human. In addition, in

human amnion, there were regional differences in expres-

sion of all five AQPs in that levels were lower in the

reflected compared to placental amnion (Bednar et al.

2015). In the macaque there were minimal regional differ-

ences for AQP3, AQP9, and AQP11 among the primary

placental, secondary placental, and reflected amnions

while AQP1 was highest and AQP8 lowest in the reflected

placental amnion. These findings are significant in that,

even among primates, there are species-specific differences

in AQP gene expressions in the amnion. It is noteworthy

that the sheep amnion similarly expresses these five AQPs

although the expression profile is significantly different

from that in the macaque and human amnion. In ovine

amnion, AQP8 mRNA level is highest while AQP9 is low-

est when compared to AQP1, AQP3 and AQP11 levels

(Cheung et al. 2016). Whether such differences would

alter amniotic fluid dynamics is unknown.

In this study, the HFD appeared to be associated with

increased mRNA levels of AQP1 and AQP8 in the maca-

que amnion. This suggests that amnion water transport

could potentially be affected since AQP1 is a high effi-

ciency water channel (Agre et al. 1993), and to a lesser

extent AQP8 (Koyama et al. 1998; Soria et al. 2010), in

Figure 2. Regional differences of AQP expression profiles in

amnion of control and HFD macaques. Data shown for each AQP

mRNA are combined control and HFD groups normalized to the

combined mean AQP1 level for the primary placental, secondary

placental, and reflected amnion (dashed lines). One factor ANOVA

P values are shown. *P < 0.05 compared to the respective AQP in

primary placental amnion.
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facilitating water transfer. However, since there was no

correlation between AFI and amnion AQP1 or AQP8

mRNA levels, AQPs may not be the primary determinant

of AFV in the macaques. The positive correlation between

AFI and AQP11 is of interest, although a water transport

function for AQP11 has not been clearly established since

AQP11 is primarily expressed in the testis with a function

yet to be defined (Gorelick et al. 2006; Yakata et al.

2011). Whether AQP11 would significantly alter AFV by

modifying amniotic fluid transport would require further

investigation.

The aquaglyceroporins AQP3 and AQP9 are transmem-

brane proteins that transport glycerol in addition to

water. Aquaporin 3 is involved in glycerol transport in

adipose tissues (Rodr�ıguez et al. 2011) and AQP9 is a

specific glycerol transport channel in the liver. Hepatic

AQP9 facilitates uptake of glycerol for synthesis of glucose

and triglycerides thus involved in the pathogenesis of obe-

sity and diabetes. Gene expression of AQP9 in the liver is

up-regulated in streptozotocin-induced diabetic rats (Car-

brey et al. 2003) and mice (Kuriyama et al. 2002), as well

as in diet-induced obese mice (Hirako et al. 2016). In the

present study, amnion AQP3 and AQP9 mRNA levels in

HFD resistant macaques were not different from that in

control animals. The lack of effect of high fat intake on

AQP3 and AQP 9 gene expression most likely is due to

the resistant phenotype in which the animals remain lean

with normal insulin function. Therefore, in the absence of

obesity and diabetes, dietary high fat content alone does

not appear to have significant effects on gene expression

of the aquaglyceroporins. Additionally, the amnion is not

known to be a major tissue important for lipogenesis.

Our present study examined the relationships between

macaque amnion AQP mRNA levels and maternal dietary

status. We further analyzed the correlation of AQP gene

expression and AFV in control and HFD groups. How-

ever, gene expression levels may not reflect biological

functions whereas proteins are the effectors that mediate

functions. The translation of genes from mRNA into

functional proteins is a complex process involving multi-

ple levels of translational regulation as well as post-trans-

lational modifications (Arcond�eguy et al. 2013). The

absence of protein data is a potential pitfall in this study.

However, since this study was one of multiple studies that

utilized this macaque preparation, as such, the amount of

amnion tissues available for the present study was limited

and insufficient for protein analysis in addition to mRNA

quantification. In our previous study of AQP gene expres-

sions in human amnion (Bednar et al. 2015), we found a

modest positive correlation (r2 9 100% = 32%) between

AQP mRNA and protein levels. Thus, the present gene

expression data in macaques could provide valuable

insights into the role of AQPs in AFV regulation under

conditions of high fat intake.

In view of the increasing prevalence of HFD and obe-

sity in the general population, it is important to consider

whether a diet high in fat could adversely affect AFV in

pregnancy. In sheep, maternal obesity reduced both amni-

otic and allantoic fluid volumes as compared to control

non-obese animals (Satterfield et al. 2012). In our previ-

ous study in pregnant women (Bednar et al. 2015), the

AFI tended to decrease as BMI increased in control non-

diabetic subjects although the dietary status of these sub-

jects was not known. In this study, a HFD in pregnant

Figure 3. Regional variations in AQP mRNA expression subdivided

into control and HFD in the primary placental, secondary placental,

and reflected amnion. Data for individual AQPs are normalized to

mean AQP1mRNA level (dashed line) from all regions and diets

combined. The interaction P values are from 2-factor ANOVA

comparing effects of diet. **P < 0.01 compared to respective AQP

mRNA levels in primary amnion of control diet.
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macaques that did not develop obesity was not associated

with significant decreases in the AFI and there was no

correlation between maternal weight and AFI. Although

our results appear to indicate changes in amnion AQP1

and AQP8 expression under HFD conditions, the result-

ing changes in amniotic water transport may not have

been reflected as changes of AFI. Collectively, this study

suggests that a diet high in fat without development of

obesity may have relatively minor effects on AFV and

AQP expressions in the amnion. Thus, a maternal high

fat resistant phenotype in the absence of obesity and dia-

betes may be protective against certain adverse effects of

HFD during pregnancy.
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