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Abstract

Objectives: Preeclampsia is a life-threatening disorder of pregnancy unique to humans. Poor placentation
in the first trimester of pregnancy is widely accepted to be an underlying cause of preeclampsia. Galectin-
7 is abnormally elevated in chorionic villous samples and serum from women that subsequently develop
pre-term preeclampsia. Administration of exogenous galectin-7 to pregnant mice causes preeclampsia-
like features (hypertension, proteinuria), associated with dysregulation of the renin-angiotensin system
(RAS). In this study investigated the mechanism by which galectin-7 induces alterations to tissue RAS
homeostasis and ROS production. We hypothesized that galectin-7 induces alterations in the production
of either placental RAS or NADPH oxidases (or both) to drive the dysregulated RAS and ROS production
seen in preeclampsia.

Study Design: Mated female mice (n=5-6/group) received single (embryonic day [E]12/13) or multiple (E8-
12) subcutaneous injections of 400ug/kg/day galectin-7 or vehicle control and killed on E13 or E18. Human
first trimester placental villous and decidual tissue (n=11) was cultured under 8% oxygen 1 ug/mL galectin-
7 or vehicle control for 16h.

Results: Galectin-7 administration to pregnant mice impaired placental labyrinth formation, suppressed
circulating aldosterone and altered placental RAS (Agt, Renin) and NADPH oxidase (Cyba, Cybb and Icam1)
MRNA expression. In vitro, galectin-7 regulated human placental villous RAS (AGT) and NADPH oxidase
(CYBA, ICAM1 and VCAM1) mRNA expression.

Conclusions: Overall, galectin-7 likely drives hypertension in preeclampsia via its direct regulation of
multiple pathways associated with preeclampsia in the placenta. Galectin-7 may therefore be a

therapeutic target to improve placental function and prevent preeclampsia.

Key words: Galectin-7, preeclampsia, renin-angiotensin system, reactive oxygen species, placenta
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Introduction

Preeclampsia is a life-threatening disorder of pregnancy unique to humans. Worldwide, more than 4
million women develop preeclampsia each year [1], resulting in significant maternal and neonatal
morbidity and mortality [1-3]. Preeclampsia is a complex multi-system disease, diagnosed by sudden onset
hypertension (>20 weeks gestation) and at least one other associated complication including proteinuria,

other maternal organ dysfunction or fetal growth restriction [4].

Poor implantation and placentation in the first trimester of pregnancy are widely accepted to be the
sentinel causes of pregnancy diseases including preeclampsia. Inadequate extravillous trophoblast
invasion and impaired spiral artery remodeling results in reduced uterine blood flow leading to placental
ischemia [1]. The damaged placenta releases toxins into maternal blood causing systemic inflammation
and widespread maternal endothelial dysfunction, resulting in the maternal syndrome of preeclampsia

[1, 5].

Galectins are animal (soluble) lectins abundantly expressed at the maternal-fetal interface [6].
Dysregulated expression of galectins-1,2,3,7,9, 13 and 14 is associated with preeclampsia [6-11]. Galectin-
7, expressed by first-trimester syncytiotrophoblast and extravillous trophoblast [12, 13], is abnormally
elevated in chorionic villous samples [14] and first-trimester serum [12] from women who subsequently
develop pre-term preeclampsia. In vivo administration of galectin-7 causes preeclampsia-like features
including hypertension, albuminuria and impaired placentation in pregnant mice [14]. Non-pregnant mice
treated with gal-7 do not develop hypertension or albuminuria, demonstrating that galectin-7 acts via the
placenta to cause preeclampsia-like features in this model [14].

We previously showed that in mice, exogenous galectin-7 induces alterations to tissue renin-angiotensin-
(aldosterone)-system (RAS) homeostasis and drives a pro-inflammatory placental state [14]. In a healthy
pregnancy, activation of the maternal renal RAS and circulating renin-angiotensin-aldosterone system

(RAAS) expands the maternal cardiovascular system, maintaining blood pressure and increasing renal
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blood flow [15]. In preeclampsia, alterations to the circulating RAAS and placental RAS are clear [15, 16]:
prorenin, angiotensinogen (AGT), ACE (angiotensin converting enzyme), and the AT1R (angiotensin Il type
1 receptor) are all upregulated in the placenta [17-19]. Placental oxidative stress is another key driver of
preeclampsia. Reactive oxygen species (ROS) have critical roles in the development of vascular disease via
their involvement in endothelial dysfunction [20]. Although during uncomplicated pregnancies there is an
increase in ROS production, in preeclampsia a further elevation in ROS is found in the placenta and
maternal circulation causing cytokine and anti-angiogenic factor release into the maternal circulation
which leads to endothelial dysfunction, a key feature in the pathophysiology of [21]. One tissue source of
ROS, are the nicotinamide adenine dinucleotide phosphate (NADPH) oxidases which play a central role as
‘kindling radicals’ that affect other enzymes [20]. Angiotensin Il (Angll) drives ROS production via NADPH
oxidases in many tissues [22]. Galectin-7 treatment causes ROS accumulation in bladder cancer cell lines
[23], but the mechanism leading to this accumulation remains unknown.

In this study we aimed to investigate the mechanism by which galectin-7 induces alterations to the tissue
RAS homeostasis and ROS production using both human and mouse models. We hypothesized that
galectin-7 induces alterations in the production of either placental RAS or NADPH oxidases (or both) to

drive the dysregulated RAS and ROS production seen in preeclampsia.

Methods

Galectin-7 recombinant protein

Human galectin-7 recombinant protein from two sources was used in this project as follows - in vivo
mouse experiments treated with one dose of galectin-7 (killed on Embryonic Day [E]13) or treated from
E8-E12 and killed on E18 and ex vivo primary 1st trimester human placenta and decidua explant cultures:
in-house prepared (WEHI) as described in [24], except the purified protein was not dialyzed against

potassium phosphate (vehicle: 150 mM alpha-lactose, 10 mM Tris-HCI, 100 mM NaCl, pH 8.0 containing
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0.02% sodium azide); in vivo mouse experiments treated daily from E8-E12 and killed on E13 (Biovision;

#4647-1000; vehicle: PBS). Each batch of galectin-7 was tested for its activity as previously described [14].

In vivo mouse experiments

C57BL6/) female (virgin 8-12 weeks) and male (8-52 weeks) mice (WEHI, Kew, VIC, Australia) housed under
conventional conditions, had food and water ad libitium and were maintained in a 12h: light-dark cycle.
All procedures were approved by Melbourne University Animal Ethics Committee (#1814697) following

the NHMRC Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.

Serum clearance Non-pregnant female mice received a single subcutaneous injection of 400ug/kg

galectin-7 or vehicle control and were killed after 6, 16, 24 and 48 hours. Galectin-7 levels in serum peaked

24h after injection and were still detectable 48h after injection (Fig 1A).

Placental development and pregnancy outcome Mated female mice received either a single subcutaneous

injection of 400ug/kg galectin-7 or vehicle control on E12/13 (EO is day of plug detection) and killed after
8 and 16h at E13.5, or once daily sub-cutaneous injections of 400ug/kg/day galectin-7 or vehicle control

from E8 to E12. Pregnant mice were killed on E13 or E18 (n=5-6/group).

Serum and tissue collection Mice were killed on E13 and E18 by tail vein injection of ketamine (235mg/kg)

and xylazine (23.5mg/kg) followed by cardiac puncture to collect peripheral blood. Ketamine/xylazine
overdose was chosen to kill the mice to ensure the E18 fetuses were killed at the same time as the dam.
Serum was separated by centrifugation at 1500xg after 2h incubation at room temperature and snap-
frozen until use. Implantation sites (at least 5/mouse) were dissected to obtain decidua, placenta and
fetus. The decidua and placenta were weighed as a single unit and fixed in 10% neutral buffered formalin

or separated and snap frozen on dry ice. The fetus was also weighed.
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Blood pressure measurements Systolic Blood Pressure (sBP) was measured in conscious pregnant mice

every 2-3 days from E8-17 by tail cuff plethysmography, following a procedure adapted from the

manufacturer’s manual (Kent Scientific). Briefly, following 15 min of stabilization on the preheated
mat (Kent Scientific) before 15 (5 acclimatization, 10 regular) consecutive automated
inflation—-deflation cycles were performed and sBP was calculated by the software (Kent
Scientific). Training prior to mating was not performed as pilot studies showed no benefit from
this training, most likely as this occurred up to 3 weeks prior to the mouse becoming pregnant.
Instead, mice were trained from E8-E12 in 2-3 sessions, before experimental readings were taken
from E13 onwards.

Placental Morphometry Placenta/decidua (one per mouse) stained with Masson’s trichrome were used

to determine the area of the labyrinth, junctional and decidual zones [25]. The area of each zone was
quantified using Image J software [26].

Human placenta/decidua

Human placental and decidual tissue was collected under appropriate Human Research and Ethics
Committee approvals at the Royal Women’s Hospital (#09317B). Written informed consent was obtained
from each patient before surgery. First trimester placental villous and decidual tissue (n=11) was donated
by healthy women undergoing pregnancy termination for psychosocial reasons (amenorrhea 6-13 weeks).
Small pieces of first-trimester placental villous or decidua tissue were cultured under 8% oxygen in

DMEM/F-12 with 1 ug/mL galectin-7 or vehicle control. Explants were collected after 16h and snap frozen.

Gene expression

RNA was extracted using the RNeasy kit (QIAGEN) according to the manufacturer’s instructions. Genomic

DNA was digested using the on-column kit (RNase-free DNase set, #79256, QIAGEN) according to the
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manufacturer’s instructions. RNA samples concentration, yield and purity were analysed by
spectrophotometry (Nanodrop Thermo Scientific, Scoresby, Victoria, Australia) at an absorbance ratio of

A260/280nm.

Total RNA (250ng) was reverse transcribed using Superscript Ill as per the manufacturer’s instructions
(Invitrogen) except 0.5uL Superscript Il was added per reaction [27]. Real time PCR was performed using
Power SYBR Green master mix (Applied Biosystems) on the Veriti 7 fast block real-time gqPCR system
(Applied Biosystems) in triplicate (final reaction volume, 10ul) in 384-well Micro Optical plates (Applied
Biosystems). A template-free negative control in the presence of primers and RNase-free water only
negative controls were added for each run. Primer sequences are shown in Tables S1 and S2 (Sigma-
Aldrich). The gPCR protocol was as follows: 95 °C for 10 min and 40 cycles of 95 °C for 15s followed by
60°C for 1 min. Relative expression levels were calculated using comparative cycle threshold method
(AACt) as outlined in the manufacturer's user manual, with 18S ribosomal RNA serving as the endogenous

control for normalization.

ELISA

Mouse serum retention of recombinant galectin-7 was assayed by ELISA against human galectin-7 (diluted
4-fold, ELH-Galectin7-1, RayBio Technology) and mouse serum concentration of aldosterone (diluted 2-
fold, #AB136933-1X, Abcam) or total renin (diluted 10-fold, #HEMREN1, Thermo-Scientific) was quantified

by ELISA as per the manufacturer’s instructions.

Western Blot

Total protein was extracted from frozen tissue by mechanical homogenization (QIAGEN Tissue Lyser) in
Universal Lysis Buffer (50 mM Tris-HCl (pH 7.5), 150 mM NacCl, 2 mM EDTA, 2 mM EGTA, 25 mM NaF, 25
mM B-glycerolphosphate, protease inhibitor mixture [Calbiochem]), centrifuged at 10,000xg to pellet cell

membrane and quantified using the BCA assay (Pierce).
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Denatured protein (40ug) was run on 4-15% SDS-PAGE gel (BioRad) for 45min at 150v before protein was
transferred to PVDF (TransBlot Turbo Transfer System, BioRad). Membranes were blocked (5% skim milk
in TBS-0.05% Tween) for 1h before being incubated overnight at 4°C with anti-Renin (1:500; Invitrogen,
PA5-102432) or anti-Gapdh (1:1000 CST #2110S). Membranes were then washed 3 times (5 mins) with
TBS-0.1% Tween before secondary antibody incubation (1:1000; CST 7074P2) at room temperature for
1h. After 3 further washes, membranes were incubated in ECL (Clarity™ Western ECL Substrate) for 5
mins then chemiluminescent bands visualized (iBright, BioRad). Renin band density was quantified using

Image J [26] and normalized to Gapdh band density as a loading control.

Statistics
Statistical analyses were performed by GraphPad Prism version 9.2.0. P<0.05 was considered significant.
Data were tested for normality and statistical tests (indicated in figure legends) chosen according to

experimental design. A two-sided P value was calculated for all experiments.

Results

As our previous paper [14] used a commercial galectin-7 (Biovision) for the in vivo mouse studies and here
we used an in-house purified protein (WEHI), we initially verified its in vivo activity. After 6 hours the
serum concentration of the WEHI galectin-7 was significantly higher than the commercial galectin-7
(Figure 1A) but the serum retention was no different at any subsequent time-point (Figure 1A).
Administration of Biovision galectin-7 to pregnant mice from E8-12 induces hypertension [14] and likewise
the WEHI galectin-7 induced hypertension at E15-16 (Figure 1B). Galectin-7 treatment did not affect fetal
(Figure 1C) or placental weight (Figure 1D) at E18, however the fetal:placental ratio was significantly
increased (Figure 1E). Galectin-7 treated placentas showed a reduction in total area of the labyrinth zone
associated with increased junctional zone area (Figure 1F&G), and a significant decrease in the

labyrinth:junctional ratio (Figure 1H).
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We previously showed sustained (E8-12) galectin-7 treatment dysregulated tissue RAS mRNA expression
[14], however whether galectin-7 directly regulates RAS gene expression is unknown. We found a single
dose of galectin-7 significantly decreased placental Agt expression after 8h and increased placental Renin
expression after 16h (Figure 2A). In the decidua, galectin-7 treatment significantly increased Agt
expression after 16h (Figure 2B). Kidney Renin expression was significantly increased at 8h (Figure 2C). At
the protein level, active renin (37kDa) was found only in the placenta (Figure 2D-F). Daily treatment of
galectin-7 from E8-12 had no effect on placental active renin expression (Figure 2D) but significantly
reduced placental expression of a ~“55-60kDa band, likely representing an inactive form of renin [28, 29].
Galectin-7 treatment had no effect on the large molecular weight renin in the decidua or kidney (Figure

2E,F).

In human placenta, we have previously shown that galectin-7 treatment significantly reduces placental
AGT production [14]. Galectin-7 treatment for 16h significantly reduced placental AGT mRNA in placentas
collected from pregnancies 7-11 weeks gestation but significantly increased placental AGT mRNA in
placentas from 12+ weeks gestation (Figure 3A). There was no significant effect on decidual RAS mRNA

production (Figure 3B).

To determine whether galectin-7 affects the circulating RAAS we measured circulating aldosterone and
total renin in pregnant mice. Galectin-7 treatment significantly reduced circulating aldosterone at E13,
but levels were restored to control at E17 (Figure 4A). There was no effect of galectin-7 on total renin

(Figure 4B), but the aldosterone:renin (total) ratio was significantly reduced at E13 (Figure 4C).

To determine the mechanism by which galectin-7 may cause ROS accumulation the effect of galectin-7 on
NADPH oxidase complex factors (Figure 5A/D), nitric oxidase synthases (Figure 5B) and markers of

oxidative stress (Figure 5C/E) was investigated in human and murine placenta. We found galectin-7
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treatment for 16h significantly increased human placental mRNA levels of CYBA (Figure 5A), ICAM1 and

VCAM1 (Figure 5C) and mouse placental mRNA levels of Cyba, Cybb (Figure 5D) and Icam1 (Figure 5E).

Discussion

Here we show elevated galectin-7 directly regulated placental angiotensinogen and NADPH oxidase gene
expression in human and murine placenta. In mice, galectin-7 directly regulated placental, decidual and
kidney angiotensinogen and renin production and suppressed circulating aldosterone levels. In humans,
galectin-7 altered placental production of angiotensinogen in a gestation week dependent manner. In
both humans and mice, galectin-7 also increased placental production of the key NADPH oxidase complex
factor CYBA and the marker of oxidative stress ICAM1. Altogether this study demonstrates that the
elevated placental galectin-7 seen in women with preeclampsia [12, 14] likely drives preeclampsia by
dysregulating homeostasis in multiple pathways, including tissue RASs, the circulating RAAS and NADPH
oxidases.

The specific role of the RAS in preeclampsia has been difficult to study due to a lack of models that
demonstrate alterations to RAS homeostasis without interventions to silence/overexpress specific RAS
factors or surgically reducing uteroplacental perfusion. To our knowledge this model of elevated galectin-
7 is the only mouse model of preeclampsia to show direct regulation of RAS specific factors. In
preeclampsia, circulating active renin, Ang Il and aldosterone are reduced [15]. In this mouse model of
preeclampsia we previously showed alterations to tissue RAS mRNA, including reduced placental
Angiotensinogen and reduced decidual renin following 5 days of galectin-7 treatment [14]. Here we
further show reduced placental renin protein and circulating aldosterone following 5 days of galectin-7
treatment. Although we saw a change in only the high molecular weight placental renin it is probable that
placental-released prorenin would be cleaved whilst in circulation [28]. In an uncomplicated pregnancy,

the RAAS supports the increasing blood volume by increasing aldosterone which increases distal sodium
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reabsorption [30]. In preeclampsia however, circulating aldosterone is reduced [15, 31-33]. Angll
promotes aldosterone production [34], thus the reduced placental angiotensinogen production observed
in response to galectin-7 treatment both here and in [14] likely impacts aldosterone production, driving
the reduced circulating aldosterone seen in this mouse model of preeclampsia at E13.

Placental oxidative stress is a key driver of cytokine and anti-angiogenic factor release into maternal
circulation which leads to endothelial dysfunction. Galectin-7 causes ROS accumulation in bladder cancer
cell lines following treatment with cis-diamminedichloroplatinum [23] and galectin-7 drives VCAM1
production in human endometrial epithelial cells [35]: ICAM1/VCAM1 are induced by NADPH oxidase
activation [20]. We were interested therefore to determine whether galectin-7 directly disrupted
placental ROS production. Here we found increased galectin-7 increased the NADPH oxidase component
CYBA, also known as p22phox, in human and murine placentas. CYBA is increased in the placenta from
preeclamptic pregnancies [36, 37]. CYBA is a membrane protein that combines with CYBB
(gp91phox/NOX2) to create cytochrome b558, the catalytical core of the NADPH oxidase enzyme.
Following stimulation, cytochrome b558 translocates to the membrane causing the release of large
amounts of superoxide. Overexpression of CYBA in mice increases intracellular superoxide and H202
production [38-40], suggesting that elevated placental CYBA may cause ROS accumulation. Certainly, we
found galectin-7 increased placental production of ICAM1 and VCAMI1, providing evidence of NADPH
oxidase activation. Unlike AGT, galectin-7 regulation of CYBA, ICAM and VCAM1 was not gestation week
dependent, emphasizing that galectin-7 dysregulation of ROS homeostasis in the placenta is independent
of its alterations to the RAS. Changes to both pathways are likely required to induce preeclampsia.

Here we found that galectin-7 dysregulated homeostasis in both the RAS and NADPH oxidase pathways,
suggesting that elevated galectin-7 would disrupt placental RAS and ROS. It should be noted that the
numbers of mice used in this study were small and future studies should include larger groups of mice.

Overall, data presented here and in previous studies [14] suggests galectin-7 drives hypertension in



265

266

267

268

269

270

271

272

273

274

275

276

277
278
279
280
281

282

283

284
285
286
287
288
289
290
291
292

preeclampsia via its dysregulation of multiple pathways in the placenta, resulting in altered RAAS,
placental ROS accumulation, placental inflammation and placental release of anti-angiogenic factors,
including sFlt-1 [14]. Galectin-7 may therefore be a therapeutic target to improve placental function and

prevent preeclampsia.
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Figure legends

Figure 1. In-house produced galectin-7 (WEHI) induces hypertension and placental damage comparable
to the commercial (Biovision) galectin-7 in mice. A. Serum concentration of galectin-7 produced by
Biovision (o) or WEHI (e) following one subcutaneous injection of 400ug/kg to non-pregnant female
mice (n=3/group); B-H. Blood pressure, placental morphology and fetal weight in mice following daily
administration of 400ug/kg galectin-7 (o) or vehicle control (®) from embryonic day (E)8-12. B. Systolic
blood pressure (sBP), C. Fetal weight at E18, D. Placenta & Decidua weight at E18, E. Fetal:placenta and
decidua ratio at E18, F. Masson’s trichrome stained placenta showing labyrinth (pink area in insert) and
junctional zone (blue area in insert) area at E18, G. Area of labyrinth, junctional and decidual zones at
E18, H. Labyrinth: junctional ratio at E18. Data shows mean+SEM from n=3-5 mice/ treatment group; B,
E, G, H, student’s t-test. Permission to re-use data (Biovision serum concentrations) in A from [14]

granted by Wolters Kluwer Health, License Number 5257301002554.

Figure 2. A-C: Angiotensinogen and Renin mRNA and protein expression in mice. A-C. On E13 after 8 and
16h following a single dose of galectin-7 (o, 400ug/kg) or vehicle control (e). A. Placenta mRNA; B.
Decidua mRNA; C. Kidney mRNA; D-F. At E13 after daily galectin-7 (o, 400ug/kg) or vehicle control (e)
treatment from E8-E12. Each panel shows a representative Western Blot and graphed densitometry
data. D. Placenta renin protein; E. Decidua renin protein; F. Kidney renin protein. h, hour; data shows

mean+SEM from n=3-6 mice/treatment group; A-D, student’s t-test.

Figure 3. Angiotensinogen and Renin mRNA expression in human placental villous explants (A) and
decidua (B) following treatment for 16h with 1ug/ml galectin-7 (o) or vehicle control (e; Con). Data

shows mean+SEM; n=4-7 primary villous explant culture experiments; A, student’s t-test.



420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

Figure 4. Circulating (serum) Aldosterone (A), Renin (B) and Renin:aldosterone ratio (C) in mice following
daily administration of 400ug/kg galectin-7 (o) or vehicle control () from embryonic day (E)8-12; Data

shows mean+SEM from n=5-6 mice/treatment group; A, C, student’s t-test.

Figure 5. NADPH oxidase complex, NADPH oxidase synthase and oxidative stress gene expression in
human (A-C) and mouse (D-E) placenta following galectin-7 treatment. A-C. Gene expression in human
placental villous explants following treatment for 16h with 1pg/ml galectin-7 (o) or vehicle control (e;
Con). D-E. Gene expression in mouse placenta at 8 and 16h after a single dose of galectin-7 (o,
400pug/kg) or vehicle control (e). h, hour; Data shows mean+SEM from n=5 primary villous explant

culture experiments (A-C) or n=3-5 mice (D-E); student’s t-test.

Supplementary Figure 1. Renin-angiotensin system component expression in mice at E13 at 8 and 16h
after a single dose of galectin-7 (o, 400ug/kg) or vehicle control (e). A. Placenta mRNA; B. Decidua
mMRNA; C. Kidney mRNA. h, hour; Data shows mean+SEM from n=3-6 mice/treatment group; A-C,

student’s t-test.

Supplementary Figure 2. Renin-angiotensin system component expression in human placental villous
explants (A) and decidua (B) following treatment for 16h with 1ug/ml galectin-7 (0) or vehicle control (e;

Con). Data shows mean+SEM; n=4-7 primary villous explant culture experiments; A, student’s t-test.
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