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Objective: Approximately 30% of preeclamptic pregnancies exhibit abnormal liver function tests. We assessed liver injury-associated en-
zyme levels and circulating transforming growth factor beta (TGF-β) levels in an arginine vasopressin (AVP)-induced pregnant Sprague-Daw-
ley rat model. 
Methods: Pregnant and non-pregnant Sprague-Dawley rats (n=24) received AVP (150 ng/hr) subcutaneously via mini-osmotic pumps for 18 
days. Blood pressure was measured, urine samples were collected, and all animals were euthanized via isoflurane. Blood was collected to 
measure circulating levels of TGF-β1-3 isomers and liver injury enzymes in pregnant AVP (PAVP), pregnant saline (PS), non-pregnant AVP 
(NAVP), and non-pregnant saline (NS) rats. 
Results: The PAVP group showed significantly higher systolic and diastolic blood pressure than both saline-treated groups. The weight per 
pup was significantly lower in the AVP-treated group than in the saline group (p<0.05). Circulating TGF-β1-3 isomer levels were significantly 
higher in the PAVP rats than in the NS rats. However, similar TGF-β1 and TGF-β3 levels were noted in the PS and PAVP rats, while TGF-β2 levels 
were significantly higher in the PAVP rats. Circulating liver-type arginase-1 and 5’-nucleotidase levels were higher in the PAVP rats than in the 
saline group. 
Conclusion: This is the first study to demonstrate higher levels of TGF-β2, arginase, and 5’-nucleotidase activity in PAVP than in PS rats. AVP 
may cause vasoconstriction and increase peripheral resistance and blood pressure, thereby elevating TGF-β and inducing the preeclamp-
sia-associated inflammatory response. Future studies should explore the mechanisms through which AVP dysregulates liver injury enzymes 
and TGF-β in pregnant rats.
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maintenance of the homeostatic balance between acceptance of the 
semi-allograft fetus and immunological protection of the mother [1]. 
Immune anomalies within a compromised maternal-fetal system are 
linked to liver injury in cases of pregnancy complications such as pre-
eclampsia (PE) [1,2]. Notably, 3% of pregnancies worldwide are af-
fected by various liver disorders [3], a third (35%) of which are a con-
sequence of PE development, which is associated with considerable 
maternal and neonatal morbidity and mortality [4]. Liver damage in 
preeclamptic pregnancies includes hepatic arterial vasospasm and 
fibrin precipitation, eventually leading to lobular ischemia and he-
patocyte necrosis [5]. It is believed that hepatic injury elevates trans-
forming growth factor beta (TGF-β) gene expression [6]. 
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Introduction

Modulation of maternal immunity is challenging as it requires the 
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PE is characterized by high blood pressure with or without pro-
teinuria at 20 weeks of gestation [7]. Despite extensive ongoing re-
search surrounding its development, the mechanisms responsible 
for its progression remain uncertain. Extensive research has focused 
on the role of anti-angiogenic factors such as endoglin and soluble 
vascular endothelial growth factor receptor (sFt-1) in favor of proan-
giogenic factors, such as vascular endothelial growth factor and pla-
cental growth factor (PlGF) in the development and progression of 
PE [8,9]. More specifically, prior to the onset of maternal symptoms 
of PE, sFt-1 elevation is accompanied by a concurrent decline in cir-
culating PlGF levels [10]. 

TGF-β is a profibrogenic, multifunctional cytokine that has 3 iso-
forms (TGF-β1-3). It binds to transmembrane type I and type II recep-
tors, and this binding may be enhanced by connective tissue growth 
factors [11]. Its co-receptor, endoglin, is a transmembrane glycopro-
tein expressed on endothelial and syncytiotrophoblastic cells [12], 
and its expression has been reported to increase during early-onset 
PE rather than late-onset PE compared to gestational age-matched 
controls [13]. This elevation does not hinder TGF-β signaling, howev-
er; when interconnected with both onset types, it synergistically pre-
vents the signaling of TGF-β1 and TGF-β2. The soluble form of en-
doglin decreases endothelial nitric oxide (NO) signaling by inhibiting 
TGF-β1 signaling [14], resulting in the endothelial dysfunction char-
acteristic of early-onset PE [12]. The latent form of TGF-β is a key con-
stituent of the extracellular matrix (ECM), an obligatory target for in-
tegrins [15]. TGF-β1 regulates cell growth, differentiation, ECM pro-
duction, and proteolytic turnover; therefore, it plays a profound role 
in trophoblast cell migration and invasiveness [16]. The overexpres-
sion of placental TGF-β3 leads to deficient trophoblast invasion with 
consequential nonphysiological transformation of myometrial spiral 
arteries, a feature characteristic of PE development [17]. Moreover, its 
upregulation may be implicated in angiotensin II-induced target or-
gan damage in hypertension [18]. 

Common pregnancy-initiated liver diseases include hemolysis, el-
evated liver enzymes, low platelet count syndrome (HELLP) syn-
drome and acute fatty liver of pregnancy. Earlier studies have sug-
gested a role of TGF-β in every stage of the progression of chronic liv-
er disease, including the initial stages of liver injury that lead to in-
flammation and fibrosis [19]. In light of the fact that abnormal liver 
function tests occur in 20% to 30% of pregnancies complicated by 
hypertensive disorders of pregnancy such as PE [20], this study as-
sessed liver injury enzymes with concomitant circulating levels of 
TGF-β in an arginine vasopressin (AVP)-induced pregnant Sprague- 
Dawley rat model. It also attempted to correlate serum TGF-β levels  
with liver injuries. 

Methods

1. Ethical considerations and animal welfare
This study was approved by the Institutional Animal Research Ethics 

Committee (AREC/046/017) of University of KwaZulu-Natal (UKZN), 
South Africa. All procedures were conducted as described in the Ap-
proved Standard Protocols of the Animal Research Ethics Committee. 
Female Sprague-Dawley rats aged 10–12 weeks (weighing 160–180 
g) were obtained from the Biomedical Research Unit of UKZN. All ani-
mals were housed in polycarbonate cages under standard laboratory 
conditions of temperature (22°C–24°C), humidity (60%) and illumi-
nation (12-hr light/dark cycles). They had ad libitum access to stan-
dard rat chow (Meadows Feeds, Pietermaritzburg, South Africa) and 
normal drinking water.

2. Mating
Daily vaginal smears were done to determine the progression of 

the estrous cycle. Following the confirmation of the estrous phase, 
two female rats were housed with a single male in polycarbonate 
cages for 24 hours, followed by vaginal smears 24 hours later to de-
tect sperm and confirm fertilization.

3. Experimental study
Twenty-four pregnant Sprague-Dawley rats aged 10–12 weeks 

(160–180 g), were surgically implanted on gestational day (GD) 1 
with ALZET mini-osmotic pumps (model 2004; Durect Corp., Cuper-
tino, CA, USA) to subcutaneously deliver AVP at 150 ng/hr. All rats 
(saline and AVP delivery groups) were anaesthetized with isoflurane 
and maintained on gaseous anesthesia for the implantation of the 
subcutaneous mini-osmotic pumps, which remained implanted un-
til sacrifice. Physiological parameters (weight, systolic and diastolic 
blood pressure) were measured at GD 8, 14, and 18 using an mouse 
rat blood pressure tail-cuff blood pressure monitor (IITC Life Science 
Inc., Woodland Hills, CA, USA). The animals were categorized into 
four groups containing six rats each: group 1, non-pregnant with sa-
line delivery (NS); group 2, non-pregnant with AVP delivery (NAVP); 
group 3, pregnant with saline delivery (PS); and group 4, pregnant 
with AVP delivery (PAVP). Urinary protein levels were measured by 
collecting 24-hour urine samples (GD 8, 14, and 18) using the M-TP 
Microprotein Kit (Beckman Coulter, San Jose, CA, USA). All animals 
were euthanized on GD 18, via anesthesia inhalation using isoflurane 
(Safeline Pharmaceuticals, Johannesburg, South Africa). Blood sam-
ples were collected at sacrifice via cardiac puncture and centrifuged 
for 15 minutes at 3,500 rpm at 4°C. Serum was stored at –80°C to de-
termine the circulating levels of TGF-β and liver injury enzymes.
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4. TGF-β immunoassay protocol
The transforming growth factor magnetic bead kit (catalogue No. 

TGFBMAG-64K-03; Merck Millipore, Darmstadt, Germany) was used 
to quantify the levels of TGF-β1, TGF-β2 and TGF-β3, according to the 
manufacturer’s instructions (Merck, Darmstadt, Germany). Magnetic 
antibody-conjugated beads were prepared by sonicating for 30 sec-
onds, followed vortexing for 1 minute to reduce the aggregation of 
beads. All samples, including the quality control samples and stan-
dards, were prepared as recommended in the Milliplex map assay kit 
protocols. First, 200 μL of assay buffer was added to each well. The 
plate was then allowed to shake on a plate shaker for 10 minutes at 
room temperature. The assay buffer was thereafter decanted, and 25 
μL of each standard/control was added to the appropriate wells. 
Subsequently, 25 μL of treated sample and prepared beads were 
added to the appropriate wells along with buffering solutions. Each 
plate was subsequently sealed and incubated overnight at 4°C. The 
plates were washed 2 times, followed by the addition of 25 μL of de-
tection antibodies to each well. After 1 hour of incubation at room 
temperature, 25 μL of streptavidin-phycoerythrin was added to each 
well and incubated at room temperature for 30 minutes. The plates 
were washed twice and finally resuspended in 100 μL of sheath fluid 
in each well.

5. Liver injury immunoassay protocol
The rat liver injury magnetic bead panel (catalogue #RLI1MAG-

92K) was used to determine the serum expression of 5'-nucleoti-
dase/CD73 (5'-NT), aspartate transaminase 1 (AST) and glutamate 
oxaloacetate transaminase (GOT-1) and liver-type arginase 1 (ARG-1), 
according to the manufacturer’s instructions (Merck). Standards, 
control, and background and diluted serum samples (25 μL each) 
were added to each well, followed by an assay buffer and mixed an-
tibody-immobilized beads (25 μL). The plates were incubated with 
agitation for 2 hours at room temperature, followed by washing with 
wash buffer and the addition of 25 μL of detection antibodies. The 
plate was incubated for 1 hour at room temperature. Streptavi-
din-phycoerythrin (25 μL) was added to each well, incubated for 30 
minutes at room temperature, and washed three times and resus-
pended in sheath fluid (150 μL).

6. Plate analysis
Both assay plates were then analyzed with the Bio-Plex MAGPIX 

Multiplex reader (Bio-Rad Laboratories, Pleasanton, CA, USA) with 
xPONENT v.3.2 software and further analyzed with BelysaTM Immu-
noassay Curve Fitting-Software (v1) (Merck).

7. Statistical analysis
All statistical analyses were carried out using Stata ver. 10 

(StataCorp., College Station, TX, USA). Non-parametric data (blood 
pressure and proteinuria) are summarized as medians and interquar-
tile ranges, and parametric data are presented as mean and standard 
deviation. The Kruskal-Wallis and Dunn post hoc tests were used to 
compare the medians between groups and to determine statistical 
significance. One-way analysis of variance followed by a pair-wise 
comparison of means was used to determine whether significant 
differences existed among the groups. Pearson correlation coeffi-
cients were also used to assess the relationship between TGF-β and 
liver injury enzymes, and to estimate whether TGF levels depended 
on the expression of liver enzymes. A p-value < 0.05 was considered 
to indicate statistical significance.

Results

Changes in systolic (Figure 1A) and diastolic (Figure 1B) blood 
pressure, urinary protein levels (Figure 1C), liver and placental weight 
(Figure 1D-F) and birth outcomes (Figure 1G and H) are shown. Sig-
nificant elevations were noted in both the systolic and diastolic 
blood pressure in the PAVP group in comparison to the NS and PS 
groups at GD8 (p< 0.05), GD14 (p< 0.001), and GD18 (p< 0.001) 
(Figure 1A and B). Liver weight was significantly higher in the PAVP 
group than in the NAVP group (p< 0.001) (Figure 1D). Placental 
weight (individual and total) was significantly lower in the PAVP 
group than in the saline groups (p< 0.05) (Figure 1E and F). Addition-
ally, weight per pup was significantly lower in the AVP-treated group 
than in the saline group (p< 0.05) (Figure 1G); however, the PAVP rats 
demonstrated significantly higher pup numbers than the NAVP 
group (p< 0.05) (Figure 1H). 

The mean serum levels of TGF-β (1, 2 and 3) and liver toxicity indi-
cators (ARG-1, GOT-1/AST, and 5'-NT) for all groups are shown in  
Figure 2. Notably, TGF-β2 and TGF-β3 levels were significantly down-
regulated in the non-pregnant rats (saline and AVP) versus the preg-
nant rats (Figure 2B and C). However, only TGF-β2 was significantly dif-
ferent between the PAVP rats and the PS rats (p<0.001) (Figure 2B). In 
contrast, no observable difference was noted between these preg-
nant groups for TGF-β1 and TGF-β3, regardless of AVP treatment 
(Figure 2A and C). Serum GOT-1 (AST) levels were significantly lower 
in the PAVP rats than in the non-pregnant controls (Figure 2E). De-
spite the lack of statistical significance, GOT-1 (AST) levels were lower 
in the PAVP rats than in the PS group (Figure 2E). Circulating ARG-1 
and 5'-NT levels were significantly higher in the PAVP rats than in the 
PS rats (p< 0.05) (Figure 2D and F). In the PAVP group, ARG-1 levels 
were significantly higher than the NAVP group (Figure 2D), whereas 
5'-NT levels were higher in the NAVP group than in the PAVP group 
(Figure 2F).

The Pearson correlation analysis revealed a negative association 
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between TGF-β1 and 5'-NT in the PAVP group (r= –0.85, p= 0.15) 
and between TGF-β1 and 5'-NT in the NAVP group (r= –0.75, 
p= 0.25), as well as a positive association between TGF-β2 and ARG-
1 in the PS (r= 0.18, p= 0.78) and PAVP rats (r= 0.44, p= 0.56), albeit 
non-significant.

Discussion

This novel study demonstrates an apparently paradoxical synergy 
between TGF-β dysregulation and liver injury in pregnant rats treat-
ed with AVP. Similar to the report by Santillan et al. [21], the experi-

mental use of AVP elevated blood pressure in treated groups, and 
animals displayed the characteristic features of PE. Our data showed 
mild elevation of blood pressure (systolic and diastolic) and protein-
uria in the PAVP group compared to the other study groups. This ele-
vation is linked to the physiological role of AVP in promoting water 
reabsorption, which in excess will elevate blood pressure [22]. The 
AVP-induced elevation in blood pressure indicates low levels of circu-
lating renin-angiotensin system activity, which decreases blood flow 
through its vasoconstrictive action on V1a receptors and V2 recep-
tors [23]. This reduced blood flow may have resulted in low pup 
weights, mirroring the placental-related fetal growth restriction ob-

Figure 1. (A) Systolic blood pressure. (B) Diastolic blood pressure. (C) Urinary protein levels. (D) Liver weight (GD18). (E, F) Placental weight. 
(G, H) Pup weight. Summary statistics are presented as median and interquartile range (A-C) and mean±standard deviation (D-H). GD, 
gestational day; NS, non-pregnant saline control; NAVP, nonpregnant arginine vasopressin; PS, pregnant saline control; PAVP, pregnant 
arginine vasopressin. a)p<0.001: PAVP vs. PS; b)p<0.05: PAVP vs. NS; C)p<0.05: PAVP vs. NAVP; d)p<0.001: PAVP vs. NS; e)p<0.05: NAVP vs. PS;  
f)p<0.05: NAVP vs. NS; g)p<0.05: PAVP vs. PS; h)p<0.05.
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served in human PE [24]. Moreover, uncontrolled high blood pres-
sure leads to glomerular damage and resulting protein leakage [25]. 

TGF-β isoforms regulate placentation and cell growth, survival, 
and death during pregnancy [26,27], as well as enhance the differen-
tiation and invasiveness of trophoblast cells in rat pregnancies [28]. 
Serum TGF-β levels are higher in women with PE than in those with 
normotensive pregnancies [13,29,30]. However, TGF-β1 expression is 
variable in PE [31,32], which may reflect population-level differences 
in ethnicity, as well as variation in PE severity [33]. We highlight simi-
lar TGF-β1 and TGF-β3 levels in the PS and PAVP rats, whereas TGF-β2 
levels were significantly higher in the PAVP rats. Our results corrobo-
rate those of Shaarawy et al. [30], who demonstrated significantly 
higher maternal serum TGF-β2 levels in PE cases compared to con-
trols. The disproportionate expression of TGF-β2 in our study may be 
associated with reduced blood flow, which accounted for the re-
duced placental weight in AVP-treated pregnancies. It is possible 
that AVP-associated vasoconstriction alters placentation via elevated 

apoptosis of invasive trophoblast cells. Additionally, these elevations 
may be linked to a high placental affinity for TGF-β receptor, indica-
tive of its role as a prime target for TGF-β action [34]. 

On the contrary, AVP infusion was found to result in a pro-inflam-
matory environment and a reduction in plasma TGF-β levels [35], 
contradicting the findings of our study, possibly due to the lack of 
specification of individual isoforms in that study. However, this 
pro-inflammatory environment potentially leads to poor placental 
development [21], and supposedly enhances the reaction of the re-
nin-angiotensin system [36]. However, Sandgren et al. [37] highlight-
ed the inability of AVP to create a hypoxic environment. This likely in-
terrupts placental development, resulting in the similar TGF-β1 and 
TGF-β3 expression observed in our study. Moreover, the lack of a hy-
poxic environment may have also counteracted the placental secre-
tion of the other TGF-β isoforms, as well as contributed to significant-
ly higher pup numbers than in the saline groups. 

Additionally, to verify whether the AVP infusion altered the liver 

Figure 2. Serum expression of TGF-β (A: 1, B: 2, and C: 3) and liver toxicity indicators (D: ARG-1, E: GOT-1/AST, and F: 5’-NT). Summary statistics 
are presented as mean±standard deviation. TGF-β, transforming growth factor beta; ARG-1, arginase 1; GOT-1, glutamate oxaloacetate 
transaminase; 5'-NT, 5'-nucleotidase/CD73; NS, non-pregnant saline control; NAVP, non-pregnant arginine vasopressin; PS, pregnant saline 
control; PAVP, pregnant arginine vasopressin; AST, aspartate transaminase. a)p<0.05; b)p<0.01.
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function in this rat model, the circulating levels of liver injury en-
zymes were measured. Our data indicate that AVP-infused pregnant 
rats expressed higher ARG-1 and 5'-NT levels than their saline-treat-
ed counterparts. This elevation suggest some level of liver injury in-
duced by AVP, but the liver injury was insufficient to model the he-
patic dysfunction linked to HELLP syndrome, corroborating the find-
ings of Sandgren’s group [37]. Since TGF-β isoforms are profibrogenic 
in nature, they may also have an inhibitory action on the progression 
of liver injury [19]. Although pregnancy-initiated liver diseases such 
as HELLP syndrome and acute fatty liver disease are infrequent, their 
diagnosis should not be ruled out due to the possibility of acute liver 
failure, which contributes to maternal and neonatal mortality [38]. 
The cytosolic enzyme arginase I is significantly expressed in vascular 
endothelial and smooth muscle cells and responsible for urea me-
tabolism in the liver [39]. It reciprocally regulates the synthesis of NO 
through L-arginine as the NO synthase substrate [40] and its reduced 
bioavailability is associated with endothelial dysfunction and the eti-
ology of hypertension [41,42]. 

We report significantly higher ARG-1 and 5'-NT in the PAVP group 
than in the control groups. It is possible that the elevation in ARG-1 
may be linked to its role as a protagonist in fibrosis, immunosuppres-
sion, and inflammatory-derived immune anomalies [43]. Moreover, 
its increased expression in the PAVP rats is indicative of its role in in-
ducing an inflammatory response. Earlier in vivo reports also sug-
gested that activation of murine macrophages by interleukins (4, 10, 
and 13) was associated with elevated arginase expression [44-46]. 
Bagnost et al. [39] also demonstrated raised arginase activity in the 
larger blood vessels, heart, and lungs of spontaneously hypertensive 
rats (SHR), however, they were unable to demonstrate any significant 
difference in tissue arginase activity between prehypertensive SHRs 
and Wistar-Kyoto rats. 

The membrane glycoprotein 5’-NT is increased in the serum of pa-
tients with hepatobiliary disease, hepatitis, intrinsic liver damage, liv-
er malignancy, and biliary cirrhosis [47], indicating that 5’-NT may be 
clinically relevant as a risk indicator for identifying those vulnerable 
to liver disease. Hence, the AVP-induced elevations in 5'-NT observed 
in the PAVP rats in contrast to the PS rats may be associated with 
hepatobiliary disease, as previously reported [48]. An increase in 5'-
NT in AVP-induced pregnancies is suggestive of some level of hepa-
totoxicity, supporting the role of 5'-NT as a possible predictor of 
hepatobiliary lesions and hepatotoxicity [49]. Gowda et al. [50] linked 
elevated 5'-NT levels to obstructive jaundice and parenchymal liver 
disease, with the potential for it to be a biomarker of premature he-
patic tumors. More recently, Hyde et al. [51] demonstrated a 3-fold 
increase in the circulating levels of 5'-NT in patients with viral hepati-
tis and a two-fold increase in patients with liver cirrhosis in compari-
son to control participants. The elevated levels we observed may be 

linked to liver inflammation, which occurred in response to the 
AVP-induced high blood pressure and associated reduced blood flow 
that lowered placental and individual pup weight, characteristic of 
mild PE development. With regard to AST/GOT-1, our data showed 
little or no difference in their serum expression in the PS group ver-
sus the non-pregnant groups, corroborating several other studies 
[52,53], where levels of this enzyme remained within normal limits. 

The onset of fibrosis occurs due to elevated collagen deposition 
and insufficient ECM associated with the shift from fibroblasts to my-
ofibroblasts [11]. We also report various positive associations be-
tween TGF-β and liver enzymes, supporting their role in hepatocyte 
injury and wound healing via transdifferentiation of hepatic stellate 
cells into myofibroblasts [19]. This transition is believed to be facili-
tated through the increased production of ECM collagen fibers and 
α-smooth muscle actin (α-SMA) [11,54]. Nonetheless, fibrosis may 
also occur due to an endothelial-to-mesenchymal shift [55], since 
α-SMA, which is typically expressed in vascular smooth muscle cells, 
stimulates collagen type I formation through autocrine stimulation 
of TGF-β1 [56]. The negative associations between TGF-β1 and ARG-
1 in the PS and PAVP groups may be suggestive of fibroblast differen-
tiation into myofibroblasts, which negatively regulates ARG-1 syn-
thesis. 

This is the first study to demonstrate AVP-induced elevations in 
TGF-β2, ARG-1, and 5'-NT activity in pregnant rats treated with AVP 
in contrast to untreated pregnant rats. AVP likely causes vasocon-
striction, which increases peripheral resistance and blood pressure, 
potentially inducing TGF-β elevation and the inflammatory response 
associated with PE development. This suggests its potential diagnos-
tic use in PE development; however, its prognostic effect remains to 
be elucidated. Future studies should explore the mechanisms 
through which AVP dysregulates liver injury enzymes and TGF-β in 
pregnant rats.
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