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ABSTRACT 

 

Background: The growing prevalence of pre-eclampsia (PE) has been recognized as a 

serious global health threat being a key contributor to maternal and feotal morbidity and 

mortality.  Locally, the effects of PE are multiplied due to strained public healthcare 

resources. The need for novel therapeutic strategies has gained significant importance, as 

conventional options may be inaccessible and costly to a large percentage of the 

population and are often associated with side effects. The scientific validation of 

alternative approaches, such as phytotherapy, has become a major focal point in the 

treatment and management of PE, as it is perceived to be cheap, accessible, and possess 

minimal side effects. Medicinal plants are a rich source of phytocompounds that display 

various biological activities. Hence, these plants have gained interest within the field of 

novel drug discovery and may offer potential therapeutic benefits in managing PE and its 

associated complications.  

 

Aim: This study aimed to determine the potential of applications of South African 

medicinal plants in the management of PE by investigating their anti-oxidative and 

angiotensin-converting enzyme (ACE) inhibitory activities. The plants used in this study 

were Artemisia afra, Clausena anisata, Dombeya rotundifolia, Rhus chirendensis, 

Sclerocarrya birrea and Warbugia salutaris, as well as phytocompounds 3β-taraxerol, β-

amyrin, oleanolic acid, hesperidin, nicotinamide, and quercetin for the treatment of PE. 

We then explored the anti-hypertensive properties of hesperidin in a novel rodent model 

of PE as a potential treatment option. 

 

Methodology: The methanolic extracts of the selected plants and phytocompounds were 

initially evaluated in vitro for their antioxidant potential and ACE inhibition activities 

using the 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay, the nitric 

oxide (NO) scavenging assay and the ACE inhibition assay, respectively. To investigate 

in vivo effect of the hesperidin, Sprague-Dawley rats were surgically implanted with mini-

osmotic pumps to deliver arginine vasopressin (200 ng/h) subcutaneously to create a PE 

phenotype. Animals were treated with hesperidin (200mg/kg.b.w) via oral gavage for 14 
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days and the physiological effects were characterized by evaluating the clinical, 

biochemical, hematological, and foetal parameters across all experimental groups. 

 

Key findings: Of the medicinal plants and phytocompounds evaluated, Dombeya 

rotundifolia, hesperidin, and nicotinamide demonstrated significant ACE inhibitory and 

antioxidant activity, showing the best potential for management of PE related symptoms. 

Hesperidin administration alleviated the AVP-induced hypertension associated with PE 

development and improved maternal and foetal outcomes. Placental and individual pup 

weights were significantly increased in the pregnant hesperidin-treated groups. Urinary 

protein and urine creatine levels were also significantly improved following treatment 

with the phytocompound. In addition, hesperidin improved several biochemical and 

hematological markers including white blood cell counts and lymphocyte levels.  

 

Conclusion: Our findings suggest the potential of medicinal plants to ameliorate 

oxidative stress-associated disorders. Furthermore, hesperidin improves physiological 

outcomes in a novel AVP-induced rodent model and support its potential use in the 

treatment of PE. We provide significant physiological evidence for the use of hesperidin 

as an alternate anti-hypertensive agent, in resource-limited areas where conventional 

drugs are often costly and inaccessible. Moreover, we provide a workflow for evaluating 

other potential phytochemicals that may be valuable in the treatment of hypertensive 

disorders of pregnancy. 
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THESIS OVERVIEW 

This thesis is organized into 6 chapters. The general structure of the thesis and the focal point 

of each chapter is described below: The principal findings of this PhD research study have been 

compiled and presented by a manuscript format.  

 

CHAPTER 1: Introduction  

This chapter provides a general background of the study, explaining the problem statement, the 

rationale, and the aims and objectives of the study. 

 

CHAPTER 2: Literature review (Section A and B) 

Section A provides a detailed literature review pertaining to the pathogenesis of pre-eclampsia 

development, its association with the renin-angiotensin-aldosterone system, 

treatment/management of pre-eclampsia, the use of medicinal plants and phytocompounds as 

alternatives to synthetic drugs as well as the use of animal models for the study of pre-

eclampsia. Section B (published manuscript in the Journal of Ayurveda and Integrative 

Medicine) highlights the use of indigenous medicinal plants found in South Africa displaying 

angiotensin-converting enzyme inhibitory activity whilst also evaluating their potential use in 

the treatment of pre-eclampsia. 

 

CHAPTER 3: Published in the South African Journal of Botany 

This chapter is associated with objective 1 and 2. It investigated the in-vitro antioxidant and 

anti-hypertensive activity of South African medicinal plant extracts and bioactive compounds 

and the potential use in the management of pregnancy-related hypertension.  

 

CHAPTER 4: Published in the Journal of Reproductive Biology 

This chapter is associated with objective 3 and involves the laboratory methods undertaken to 

achieve successful mating. It discusses the importance of timed pregnancies, and provides 

recommendations for timed-pregnancy experiments to achieve an appropriate sample size for 

the study of human pregnancy disorders such as pre-eclampsia.   

 

CHAPTER 5: Manuscript accepted in the Journal of Fundamental and Clinical Pharmacology  

This chapter provides a complete physiological report of hesperidin for the treatment of pre-

eclampsia. 



xv 
 

CHAPTER 6: Synthesis (conclusion) and recommendations 

This chapter provides an overview of the study based on the results of the previous chapters. It 

also provides recommendations for future research.  
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INTRODUCTION 
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1.1. Background  

Hypertensive disorders of pregnancy (HDP) are a significant cause of maternal and perinatal 

morbidity and mortality (1) and affect approximately 10% of all pregnant women (2). Pre-

eclampsia (PE), the predominant form of HDP, complicates almost 2–4 % of all pregnancies 

worldwide (3). The vast majority (>95%) of an estimated 76,000 maternal and 500,000 foetal 

and neonatal fatalities occur in low- and middle-income countries (LMICs) (4-6). Due to 

limited resources and a lack of access to adequate obstetric care and family planning services, 

LMICs bear the greatest burden of key complications compared to high-income countries (7, 

8).  

 

Current management options for PE involve the premature delivery of the foetus and placenta, 

and the use of synthetic antihypertensive agents such as diuretics, beta (β)-blockers, calcium-

channel blockers, as well as blockers of the renin-angiotensin-aldosterone system (i.e., 

angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II receptor blockers) (9, 

10). However, the majority of these drugs are accompanied by various side effects viz., renal 

failure, heart failure, and pregnancy angioneurotic edema (11). As a result, the treatment focus 

has shifted to naturally-derived compounds rather than synthetic drugs since they potentially 

have fewer toxic side effects and more potent positive therapeutic effects (12).  

 

Approximately 80% of the population in developing countries, utilises traditional medicine as 

the first-line of treatment to address their primary healthcare needs (13). In South Africa, an 

estimated 200,000 native traditional healers report the use of 3000 plant species as traditional 

herbal remedies (14). Plant-based medicines and plant-derived compounds have also been used 

for many decades to alleviate the complications associated with pregnancy and childbirth (15). 

Traditional medicinal plants are reported to contain several naturally occurring phytochemicals 

that have the potential to address a large number of healthcare concerns, which have not yet 

entered the drug discovery pipeline (16). In South Africa, we have access to one of the largest 

varieties of indigenous plants that are possible unexploited reservoirs of phytochemicals that 

may confer antihypertensive potential in the management of PE (17).  

 

1.2. Motivation and rationale of the study  

Natural product research is an exciting platform for novel drug discovery initiatives in the 

pharmaceutical industry. Since PE is a growing public health threat, it may negatively impact 

the economy and increase the disease burden of South Africa. Medicinal plants are easily 
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accessible, demonstrate minimal side effects, and may confer novel medicinal options as a 

treatment and preventive preference. Despite the increasing evidence of approximately 30 000 

plant species found in South Africa, only less than 10% have been scientifically evaluated (18). 

Nevertheless, the current use of herbal preparations by the public for basic health care 

management may impose various health risks, as they may contain harmful properties. Since 

the local population in South Africa actively utilises several of these plants, improving the 

current understanding of their physiological effects in the management of PE is essential. 

Extensive investigations on the biological properties are of utmost importance to validate the 

use of phytomedicine and its compounds. It is within this framework that this study was 

performed since there is little or no scientific validation of the selected medicinal plants for the 

treatment of hypertensive disorders of pregnancy.  

 

The results of this study will unmask the mechanism of action and assist in determining the 

anti-hypertensive effects of indigenous medicinal plants and phytocompounds, which may be 

further investigated as potential therapeutic agents for the management of hypertensive 

disorders of pregnancy such as PE. We provide an in vitro and in vivo approach that can be 

applied to the future evaluation of other potential PE/hypertension treatments. Our study 

proposes new possibilities in the search for improved therapeutic advances for the treatment of 

PE. Hence, the outcomes from this study are novel and contribute to the global understanding 

of the pathophysiology and treatment of PE and its associated complications. The use of natural 

products may serve as a precursor for the possible development of drugs within the world health 

organization (WHO) approved recommendations and guidelines. Furthermore, this information 

provided could be helpful for patients who are continuously looking for cost-effective 

alternatives to synthetic drugs, especially in Africa, where the emergence of PE is reaching 

high rates. This study therefore aimed to explore the anti-oxidative and anti-hypertensive 

properties of selected indigenous medicinal plants and phytocompounds in a novel rodent 

model of PE as a potential treatment option.  

 

1.3. Aims and objectives 

This study aimed to conduct a detailed investigation on the anti-oxidative, and anti-

hypertensive potentials of medicinal plants found in South Africa, namely, Artemisia afra, 

Clausena anisata, Dombeya rotundifolia, Rhus chirendensis, Sclerocarrya birrea, and 

Warbugia salutaris, and phytocompounds; 3β-taraxerol, β-amyrin, oleanolic acid, hesperidin, 

nicotinamide, and quercetin for the treatment of PE. 
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The specific objectives of this research are: 

1. To assess the in vitro anti-oxidative activities of the crude extracts and phytocompounds 

using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay and ferric 

reducing antioxidant power (FRAP) assay. 

2. To determine the in vitro angiotensin-converting enzyme (ACE) inhibitory potential of 

the selected plant extracts and phytocompounds using the ACE inhibitory enzyme 

assay. 

3. To develop a suitable mating protocol to achieve an appropriate sample size of pregnant 

rats with an accurate gestational day 0 for the study of PE. 

4. To investigate the in vivo anti-hypertensive effects of the phytocompound (Hesperidin) 

that demonstrated potent antioxidant and ACE inhibitory activity, using a novel 

arginine vasopressin (AVP)-induced rodent model of PE. 

5. To determine the maternal and foetal outcomes in Sprague-Dawley (SD) rats with and 

without treatment of the phytocompound using the AVP-induced rodent model of PE.   
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This chapter is divided into sections A and B. Section A provides a detailed literature review 

pertaining to the pathogenesis of PE development, its association with the renin-angiotensin-

aldosterone system, treatment/management of PE, the use of medicinal plants and 

phytocompounds as alternatives to synthetic drugs as well as the use of animal models for the 

study of PE. Section B (published manuscript in the Journal of Ayurveda and Integrative 

Medicine) highlights the use of indigenous medicinal plants found in South Africa displaying 

angiotensin-converting enzyme inhibitory activity whilst also evaluating their potential use in 

the treatment of PE.   

  



 

9 
 

SECTION A 

2.1. Clinical definition and prevalence of pre-eclampsia 

PE is defined as new-onset hypertension (systolic blood pressure ≥140mmHg or diastolic blood 

pressure ≥90mmHg), with/without proteinuria (urinary protein ≥300 mg per 24 h), maternal 

organ dysfunction or foetal growth restriction; such clinical characteristics are usually detected 

at or after 20 weeks of gestation (1). Organs affected by PE include the brain, resulting in severe 

headaches, visual disturbances, or eclamptic seizures; the liver, causing epigastric pain or 

abnormal liver function tests; the kidneys, causing abnormal renal function tests or proteinuria; 

the hematological system, causing hemolysis, thrombocytopaenia, or coagulopathy; the lungs, 

producing low oxygen saturation or pulmonary oedema; and the placenta, causing foetal 

growth restriction (1-3).  

PE is responsible for about 2-4 % of all pregnancy complications worldwide and is estimated 

to cause at least 76 000 maternal deaths (4). LMICs bear the greatest burden of major 

complications owing to inadequate resources and poor access to suitable obstetric care and 

family planning services than high-income countries (5). In Africa, PE occurs in 10 % of 

pregnancies, which is considerably greater than the global average (6). Hence the development 

of preventive options using natural therapies in low-income countries is of utmost importance.  

 

2.2. Risk factors 

The risk factors associated with PE development are illustrated in Fig. 1, with chronic 

hypertension and a history of PE posing the greatest risks (7). The risk of developing PE is 

highest in those with a history of preterm pre-eclampsia and about 25–30% of women who 

have recurrent illnesses (8). Obstetric complications from a previous pregnancy, such as foetal 

growth restriction, stillbirth, and abruption, also carry an elevated risk of PE (7). Some pre-

pregnancy risk factors for PE such as weight loss and avoiding multiple pregnancies may be 

more amenable to change than others (7). Hence, raising public awareness of the negative 

pregnancy outcomes linked to maternal age, as well as managing chronic medical conditions 

may reduce the risks associated with PE development (7).  
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Fig. 1: Risk factors associated with pre-eclampsia. (Image created with BioRender; adapted from (7)).    

 

2.3. Pathogenesis of pre-eclampsia 

2.3.1. The classical “2-stage” model 

During the early stages of a normal pregnancy, spiral artery remodeling enhances nutrient and 

oxygen exchange in pregnancy (7). The smooth muscle cells of the media of the spiral artery 

are replaced by a fibroid-type material mediated in part by extravillous trophoblast cells’ 

migration into the inner third of the uterine myometrium (9). The terminal portion of the spiral 

artery is consequently flaccid creating a system with high capacitance and low resistance at the 

maternal-foetal interface (7). This supports nutrient exchange between the mother and foetus 

as well as a rich vascular supply to the implantation site (7). In contrast, women with PE 

experience impaired spiral artery remodeling (stage 1: Fig. 2) (10), and resultant hypoperfusion 

that is unable to meet the oxygen and nutrient demands of the foetus (7). This promotes a 

turbulent lower blood flow and subsequent placental ischemia (11). Moreover, the hypoxic 

microenvironment promotes the release of various factors that cause oxidative stress (12, 13), 

placental injury, and an angiogenic imbalance (14). As the second trimester of pregnancy 

progresses, the disproportionate angiogenic levels result in endothelial dysfunction, vascular 

inflammation, and maternal vascular damage (stage 2: Fig. 2) (12).  
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Endothelial dysfunction is associated with a dysregulation in placental-derived 

proinflammatory cytokines (7), exosomes (15), extracellular vesicles (16), anti-angiogenic 

soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (sENG) (17, 18). sFlt-1 

subsequently binds to the proangiogenic vascular endothelial growth factor (VEGF) functional 

receptor-1 binding domain and blocks VEGF's ability to signal the endothelial cells to maintain 

vasorelaxation (7). Furthermore, the elevations in sFlt-1 are accompanied by a suppression of 

pro-angiogenic placental growth factor (PlGF) (7). Reports confirm elevations in sFlt-1 

concentrations several weeks prior to and during the clinical onset of PE (18, 19). This 

angiogenic imbalance is accompanied by the onset of clinical manifestations of hypertension 

and maternal organ injury (Fig. 2) (7).     

 

2.3.2. An update of the classic “2-stage” model 

For several years PE was considered a 2-stage disease that involves poor placentation (stage 1) 

followed by the clinical manifestation of the disorder namely hypertension and proteinuria 

(stage 2) (20), which has subsequently become insufficient and now revised to a 5-stage model 

(Fig. 2). Robillard and co-workers suggested that “poor tolerization” arising from a short 

interval between first coitus and conception increases the likelihood of poor placentation 

indicating that primipaternity is a risk factor for PE development (21). Previous pregnancy with 

the same conceiving father creates memory regulatory T cells that presumably decline over 

time demonstrating the loss of protective benefits after a long inter-pregnancy interval (22). 

The importance of decidual regulatory T cells for maternal immune tolerance to ensure a 

healthy placenta is emphasized (23). Furthermore, the possible impact of pre-existing maternal 

chronic vascular inflammation caused by diseases (e.g., obesity, diabetes, hypertension, etc) 

and pregnancy risk factors (e.g., multiple pregnancies) could increase the risk of poor 

placentation which constitutes the 2nd stage (24). The resultant compromised immune tolerance 

associated with the placental oxidative, endoplasmic reticulum, and inflammatory stress leads 

to placental development dysfunction and promotes impaired uteroplacental perfusion (stage 

3), and is associated with excessive or deficient placental derived factors in the maternal 

circulation (Fig. 2) (20). This is followed by stage 4, which is characterized by the clinical signs 

of PE (hypertension and proteinuria) (24). The 5th stage is associated with acute atherosis, 

similar to atherosclerosis, suffered by middle and old-aged, non-pregnant adults (24). This is 

significant as it can intensify dysfunctional placental perfusion and influences spiral artery 

thrombosis, thereby worsening the clinical disorder (20, 24) (Fig. 2).  
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Fig. 2: Pathogenesis of pre-eclampsia depicting the original “2-stage model and the updated 5-stage model. 

sFlt-1: soluble fms-like tyrosine kinase-1; sENG: soluble endoglin; PlGF: placental growth factor. (Image 

created with BioRender; adapted from (7, 24)).  

 

2.4. Other contributing factors to the pathogenesis of pre-eclampsia 

2.4.1. The role of oxidative stress in the pathogenesis of PE 

Pregnancy is known to cause increased oxidative stress induced by a normal systemic 

inflammatory response, resulting in high levels of circulating reactive oxygen species (ROS) 

(25). Accordingly, the elevated oxidative stress may result in potential tissue damage (26, 27), 

however, this is counter-balanced by an upsurge in the synthesis of antioxidants such as 

superoxide dismutase, carotenoids, tocopherols, and ascorbic acid, hence maintaining a normal 

state (28). The apparent antioxidant reduction in response to this oxygenation stimulus may 

contribute to oxidative stress and subsequent trophoblast degeneration and impaired spiral 

artery remodeling (29).   
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As discussed above, placental insufficiency induced by defective trophoblast cell migration 

and the resultant absence of physiological conversion of spiral arteries predisposes a 

hypoxic/ischaemic microenvironment that promotes the release of cytotoxic factors into the 

maternal circulation (7). Hypoxia and/or reoxygenation in the placenta is associated with an 

imbalance in angiogenesis, vascular endothelial damage, cardiovascular complications, an 

elevated inflammatory response (30-32), and consequent oxidative stress resulting in adverse 

maternal and foetal consequences (25).  

 

2.4.2. Markers of oxidative stress in PE 

Circulating lipid peroxidation products in normal healthy pregnancies (33) are usually counter-

balanced by an increase in the activity of antioxidant systems (34, 35). The activity of 

glutathione peroxidase in maternal erythrocytes and platelets, as well as extracellular 

superoxide dismutase activity, gradually rises during pregnancy until the third trimester (36, 

37). However, this antioxidant ability is deficient in pre-eclamptic women, resulting in an 

imbalance between the existing pro-oxidant and antioxidant systems and consequent oxidative 

stress (38-40). This oxidative imbalance is demonstrated by enhanced placental production of 

ROS, reactive nitrogen species, and reduced antioxidant levels, which act as free radical 

scavengers and inhibitors of ROS (28, 41). Earlier studies highlight decreased plasma levels of 

catalase, superoxide dismutase, and increased lipid peroxidation by-products as well as reduced 

placental activity of glutathione peroxidase, and glutathione S-transferase from women with 

PE (42, 43). Reduction in non-enzymatic antioxidants such as total thiols in plasma, α-

tocopherol, and carotenoids (vitamin A, β-carotene, and lycopene) have also been reported (44-

49). Additionally, lower plasma vitamin C concentrations have been reported in PE compared 

to normotensive pregnancies (44, 46, 49, 50).  

 

In PE, activated neutrophils increase the production of superoxide compared with normal-

tension neutrophils in normotensive pregnancies (51-53). Increased placental superoxide levels 

are also observed in pre-eclamptic women (54-56). Furthermore, a higher expression of F2-

isoprostanes, a placental marker for lipid peroxidation occurs in PE compared to normal 

pregnancies (57). Off note, serum paraoxonase levels, an enzyme found in high-density 

lipoprotein which protects against oxidative stress, is decreased in PE (58, 59). Furthermore, 

the cellular concentration of 8-hydroxy-20-deoxyguanosine, a marker of oxidative DNA 

damage, is higher in placental DNA from pre-eclamptic versus normal pregnancies (60, 61), 
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suggesting that oxidative stress stimulates DNA and RNA damage. These reports collectively 

confirm that pregnancies complicated with PE predict lower antioxidant defenses than normal 

pregnancies (62).  

 

2.4.3. Antioxidant therapy for the treatment of PE 

The combination of higher lipid peroxidation markers and decreased antioxidant capacity is a 

strong indicator of oxidative stress, as evidenced by studies investigating the potential value of 

antioxidant supplementation in PE (50, 63, 64). Antioxidants protect proteins and enzymes 

from oxidation and destruction by free radicals, as well as maintain cell membrane integrity 

(65). They are categorized as either free radical scavengers or cellular and extracellular 

enzymes (viz., glutathione peroxidase, superoxide dismutase, and catalase), that inhibit 

peroxidase reactions involved in free radical production (65). An earlier report demonstrated 

that the intake of vitamin C below the recommended dietary allowance increases the risk of PE 

development (46). However, the administration of a combination of antioxidants (vitamin E: 

800 IU/day; vitamin C:1000 mg/day; allopurinol: 200 mg/day) to women with established PE 

showed no improvement in symptoms (66). In contrast, Chappell and co-workers showed a 

reduction in the incidence of PE by 50% in a high-risk population, when a combination of 1000 

mg of vitamin C and 400 I of vitamin E was administered daily from 16 to 22 weeks until 

delivery (63). These investigators later demonstrated a decrease in placental and endothelial 

dysfunction biomarkers, viz., 8-epi-prostaglandin F2α, leptin, and plasminogen activator 

inhibitor-1/-2 indicating that vitamin supplementation prevented lipid peroxidation (50).  

 

Furthermore, the antioxidant lycopene when used in the treatment of PE increased mean birth 

weight and reduced the rate of intrauterine growth restriction (67). Likewise, L-arginine 

supplementation resulted in higher birth weight and a reduced number of preterm births in high-

risk pregnancies, highlighting the effectiveness of L-arginine in reducing the adverse neonatal 

outcomes associated with PE (68). Additionally, supplementation with 200 mg of co-enzyme 

Q10 daily from 20 weeks of pregnancy until delivery reduced the risk of developing PE in 

high-risk women (69). Recent data demonstrate that melatonin, a direct free-radical scavenger, 

and indirect antioxidant, induces antioxidant pathways in the placenta and endothelial cells as 

well as reduces trophoblastic sFlt-1 secretion (70). Moreover, resveratrol reduced the secretion 

of anti-angiogenic sFlt-1 and sENG from primary trophoblasts (64) supporting its clinical use 

in the prevention and treatment of PE. The data confirms that antioxidant therapy improves 



 

15 
 

maternal and neonatal outcomes in PE and highlights their potential utility in the prevention 

and delay of its development (71). Oxidative stress can thus be overcome or prevented by 

exogenous antioxidant supplementations or by enhancing endogenous antioxidant defense 

systems of the body (71). 

 

2.5. The role of the renin-angiotensin-aldosterone system (RAAS) in pre-eclampsia 

2.5.1. The Classical RAAS pathway 

The RAAS is a crucial modulator in the regulation of blood pressure and electrolyte balance 

(72). Renin is synthesized and released by juxtaglomerular cells of the kidney in response to 

low blood pressure and low circulating sodium chloride (72). Angiotensinogen, produced in 

the liver, is enzymatically cleaved by renin to form angiotensin-I (Ang-I) (72), which is cleaved 

by ACE to form angiotensin II (Ang-II), a potent vasoconstrictor (Fig. 3). Ang II subsequently 

activates the G-protein coupled angiotensin II receptor type 1 (AT1) and increases the 

peripheral vascular resistance, leading to vasoconstriction and a subsequent rise in blood 

pressure (73). The effects of Ang-II are also mediated by the AT2 receptor, which is abundantly 

expressed in foetal tissues, and adult cardiac and renal tissues (74). Furthermore, Ang-II 

stimulates the adrenal secretion of aldosterone and the subsequent increase in re-absorption of 

sodium and water, and blood volume (75). 

 

2.5.2. The RAAS in pre-eclampsia 

Various characteristics of the RAAS in PE vary from normal pregnancy (72). In the normal 

pregnancy state, RAAS components (renin, angiotensinogen, Ang-I, Ang-II, and aldosterone) 

except ACE in the circulation are increased. (72). In contrast, in pre-eclamptic women, the 

circulating levels of renin, Ang-I, Ang-II, and aldosterone are lower than their normotensive 

counterparts (72). The maternal symptoms, viz., hypertension and renal damage in PE, may be 

associated with increased Ang-II or AT1 receptor activation (72). In an earlier study, women 

with PE were reported to have an autoantibody that stimulates the AT1 receptor (76). This AT1 

receptor agonistic autoantibody signifies a key interference with the normal functioning of the 

RAAS (72).  



 

16 
 

The clinical significance of sFlt-1 in placental development and PE is widely reported (18, 76) 

(77, 78). As previously discussed, sFlt-1 is an antagonist of free VEGF and PlGF (79-81) and 

is subsequently elevated in pre-eclamptic placentas compared with normotensive pregnancies 

(82, 83). During normal pregnancy, the placenta produces sFlt-1 through Ang-II stimulation of 

trophoblast cells via the calcineurin-nuclear factor of activated T-cells pathway (84). The 

overstimulation of the AT1 receptor by the AT1-autoantibody results in excessive sFlt-1 

production (72). Hence, AT1-autoantibody purified from pre-eclamptic patient serum is 

reported to induce sFlt-1 secretion in a pregnant mouse model, human placental villous 

explants, and human trophoblast cells (84) indicative that AT1-autoantibody may be 

responsible for the increase in sFlt-1 secretion observed in PE. 

 

2.6. Treating and managing hypertension in pre-eclampsia 

Currently, several pharmacologically active compounds/drugs viz., adrenergic inhibitors, 

diuretics, and direct vasodilators are employed in the treatment and management of 

hypertensive disorders of pregnancy.  

2.6.1. Adrenergic inhibitors  

This class of antihypertensive medications inhibits the sympathetic nervous system and 

subsequently reduces the force and rate of cardiac contraction (85), as well as peripheral 

vascular resistance, thereby lowering blood pressure (86). Off note, beta-adrenergic blockers 

affect the renin RAAS pathway by reducing renin production in the kidney's juxtaglomerular 

cells (87). However, adrenergic inhibitors frequently cause side effects such as orthostatic 

hypotension and severe hepatotoxicity that can be fatal (88).  

2.6.2. Diuretics  

Diuretics are effective in the treatment of hypertensive disorders as short-term use results in 

natriuresis and a concomitant decrease in blood volume, subsequently lowering cardiac output 

(89).  Long-term use of diuretics may also result in a decrease in peripheral vascular resistance, 

thereby lowering blood pressure (90). Albeit, diuretics frequently cause side effects such as 

hyperlipidemia, hyperglycemia, glycosuria, and hyperuricemia (91). 
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2.6.3. Direct Vasodilators  

2.6.3.1. Calcium channel blockers  

Calcium channel blockers lower blood pressure by attaching to L-type high-voltage calcium 

channels, preventing calcium ions from entering blood vessels, and resulting in subsequent 

vasodilation (92). An earlier report suggests that calcium channel blockers may boost nitric 

oxide bioavailability, thereby enhancing endothelial function (93). Nevertheless, concerns 

remain regarding the potential negative effects of blocking these channels because of the 

significant role that calcium plays in a number of cellular processes (94). As such, side effects 

emanating from its use include excessive hypotension, headaches, tachycardia, and oedema 

(95).  

2.6.3.2. Angiotensin receptor blockers (ARBs) 

ARBs are reported to displace Ang II from its target receptor (AT1 receptor) in blood vessels, 

thereby antagonizing its effect (96). Furthermore, ARBs reduce aldosterone production and 

lead to an increase in sodium excretion (97). However, long-term use is associated with 

angioedema and ageusia (98).  

2.6.3.3. Angiotensin-converting enzyme inhibitors 

To-date, ACEIs have proven to be valuable in the management of hypertensive disorders (99). 

The mechanism by which ACEIs exert their effects is by inhibiting Ang-II production (Fig.3), 

which subsequently increases sodium and urine excretion, reduces vascular resistance, 

increases venous capacity, stimulates vasodilation, and decreases blood pressure (99). 

Additionally, ACEIs may cause a reduction in arterial wave reflection and an increase in aortic 

distensibility (100). These hemodynamic changes in blood flow associated with the use of 

ACEIs help to reverse heart hypertrophy (100). Currently, ACEIs are the drug of choice for 

preventing end-organ damage caused by hypertension and are recommended in patients at 

increased risk of developing cardiac and renal abnormalities linked to hypertension (100). In 

addition to their hemodynamic effects, ACEIs are reported to minimize/stop the build-up of 

interstitial collagen (101).  

Off note, treatment with a low-dose, short-acting ACE inhibitor (captopril, 12.5 to 25 mg/day) 

in pregnancies complicated by severe hypertension is associated with an increase in cardiac 

output, reduced total peripheral resistance, and minimal/no foetal complications (102). The 

clinical value of RAAS inhibitors, as well as ACEIs and ARBs, confirms a significant reduction 
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in all-cause mortality (103, 104). Albeit, conventional ACEIs such as Captopril, Ramipril, 

Lisinopril, and Enapril also demonstrate several side effects including increased blood-

potassium levels (hyperkalemia), fatigue, dizziness, persistent headaches, and a loss of taste 

(104). Furthermore, synthetic ACEIs remain contra-indicated during the 2nd and 3rd trimesters 

of pregnancy despite having an excellent safety profile and being well tolerated (1, 105, 106). 

Several other limitations are associated with the use of anti-hypertensive pharmaceutical 

products (107). Hence, the urgency for an alternative treatment that is effective in slowing the 

development and progression of hypertension and its symptoms in pregnancy with fewer or no 

side effects is warranted.  

 

Fig. 3: The renin-angiotensin-system pathway. ACE: Angiotensin-converting enzyme; ARBs: 

Angiotensin-1 receptor blockers. (Created with BioRender; Adapted from (108)).   

 

2.7. Medicinal plants and phytocompounds: an alternative to synthetic drugs 

2.7.1. Medicinal Plants  

The use of plants to treat various diseases dates back to when Indian, Chinese, and African 

civilizations left written records of their use (109-111). In general, medicinal plants refer to the 

whole or parts of plants that comprise one or more active compounds, that could serve as 

essential ingredients in drug development (112). They contain various phytochemicals and 
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have unique nutritional value, that may show potential biological and therapeutic effects. One 

of the earliest discoveries was the presence of quinine in Cinchona bark which sparked interest 

in plants and the development of new medicines (113). Several natural substances extracted 

from higher plants viz., quinine, morphine, codeine, digoxin, atropine, and hyoscine have been 

explored for their therapeutic utility and continues to be in use today (114). Medicinal plants 

are currently more widely recognized and in higher demand than ever before, with more than 

50 000 plant species being used in pharmaceutical and cosmetic products (115).   

In Africa, current research into the treatment of chronic diseases, including PE, is aimed largely 

at determining the effectiveness of medicinal plants, as a result of the high costs and 

unaffordability of conventional pharmaceutical drugs. Additionally, several side effects and 

setbacks are associated with conventional pharmaceutical drugs thus making them more 

difficult to adhere to (116). Conventional drugs may thus contain a single active compound 

that works to produce a positive pharmacological effect, however, this is accompanied by 

several side effects and contraindications with adverse reactions (117). In contrast, medicinal 

plants contain several bioactive compounds that work synergistically to create a net therapeutic 

effect (118). Hence these bioactive compounds have the potential to serve as precursors in 

novel drug development, as 40% of conventional drugs are obtained from plants (117).  

Due to the low socioeconomic state of Africa, traditional medicine remains the primary method 

of healthcare for 80% of the African population (119, 120). The identification and evaluation 

of medicinal plants in Africa, especially South Africa, will improve the availability, 

effectiveness, safety, and affordability to improve public health (121). Even in scientifically 

and economically advanced countries, about 40% of the population reports the use of 

alternative remedies, including herbal medicines, for disease prevention and treatment (71).  

 

2.7.2. Phytocompounds in the treatment of pre-eclampsia 

In the 19th century, morphine was isolated from opium and recognised as the first plant 

secondary metabolite to be used in medicine (122). Biological studies of secondary metabolites 

widely demonstrate both physiological and pharmacological properties (123-125). Off note, 

phenolic compounds such as tannins, flavonoids, and phenolic acids, are found in fruits, 

vegetables, tea, coffee, fruit juices, wines, and other plant-based foods and have a significant 

impact on human health (126). Furthermore, they are implicated in physiological repair and 
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adaptive systems as well as demonstrate antioxidant, anti-inflammatory, and antibacterial 

activities (127).  

Phytomedicine is reported to provide diuretic, sympathetic, and vasodilative effects that benefit 

the management of hypertension (128). Currently available anti-hypertension medications such 

as Serpasil are reported to contain alkaloids like reserpine, rescinnamine, and serpentine which 

originate from plants (128). To date, several phenolic compounds with antioxidant, anti-

inflammatory, and potential anti-hypertensive effects have been investigated to establish their 

effectiveness in managing PE (129). Notably, baicalin, a flavonoid produced in underground 

parts of Scutellaria baicalensis (130), has demonstrated anti-inflammatory, cardioprotective, 

antiplatelet, anticoagulant, profibrinolytic, and anti-hypertensive effects (131-133). In vitro and 

ex vivo studies that have evaluated the activity of baicalin confirm its anti-inflammatory and 

myorelaxant properties, inhibition of renin activity, attenuation of chronic hypoxia-induced 

pulmonary hypertension, and promotion of embryo adhesion and implantation after use (134).   

 

Another widely investigated polyphenol is curcumin which is found in turmeric rhizomes 

(Curcuma longa L., Zingiberaceae) and is reported to positively impact the management and 

treatment of pregnancy-related disorders viz., PE, as well as foetal growth disorders (129). A 

recent animal study has demonstrated the ability of curcumin to improve pre-eclampsia-like 

phenotype by inhibiting the Toll-like receptor 4 signaling pathway in lipopolysaccharide 

(LPS)-induced in rats (135). Likewise, curcumin inhibits the expression of proinflammatory 

factors and macrophage infiltration in the placenta and ameliorates LPS-induced adverse 

pregnancy outcomes in mice (136).  

 

Punicalagin, another example of a natural product, is an ellagitannin found in Punica granatum 

fruits and is the most abundant polyphenolic found in pomegranate juice (137). Earlier reports 

demonstrate that the long-term use of P. granatum juice reduces blood pressure and lipid 

peroxidation in patients with carotid artery stenosis (138).  In vitro and in vivo studies 

demonstrate that pomegranate juice, which is abundant in the polyphenol punicalagin, reduces 

oxidative stress and attenuated spontaneous and induced apoptosis in villous explants and 

cultured human trophoblast (139).  

 

Quercetin, a flavonol, commonly available, easily accessible, and abundant in plants, has 

shown anti-hypertensive effects in vitro, in vivo, and clinical trials, promoting embryonic, 
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foetal, and placental development (140). A study demonstrated that quercetin supplementation 

during pregnancy effectively reduced blood pressure and suppressed the production of tumour 

necrosis factor-alpha and interleukin-6 (IL-6) in the placenta of LPS-induced pre-eclamptic 

rats indicating its potential as a preventative and therapeutic molecule of PE (141). 

Furthermore, quercetin decreased systolic blood pressure, proteinuria, malonyldialdehyde, and 

inflammatory cytokines levels in L-NAME rats. In the same model, quercetin prevented the 

expression of VEGF and sFlt-1 mRNA and increased the survival rate and weight of pups 

(142).   

 

Resveratrol is also naturally produced by the Ericaceae, Leguminosae, Liliaceae, Moraceae, 

Myrtaceae, Pinaceae, Polygonaceae, Rosaceae, and Vitaceae plant families (143). 

Investigations have highlighted the anti-hypertensive effects (i.e., the antioxidant and anti-

inflammatory activity) and the mechanisms of action of resveratrol, via its effect in reducing 

IL-6 and interleukin 1 (IL-1) expression, as well as enhancing endothelial NO production (144-

146), improving markers of endothelial cells (147), and inhibiting vascular endothelial growth. 

Interestingly, Silibinin, a flavonolignan found in the fruits and seeds of Silybum marianum (L.) 

has recently been shown to be effective in lowering systolic pressure by upregulating 

chemokine receptor type 4 (CXCR4) in bone marrow, downregulating CXCR4 in pulmonary 

arteries and IL-1 production (148, 149). The data highlights their potential use in managing 

HDPs and suggests that naturally occurring compounds of plant origin and plant extracts are 

promising investigative areas to manage PE. Despite the availability of data regarding various 

plant extracts and phytocompounds with anti-inflammatory and anti-hypertensive properties, 

future research exploring its effectiveness in reducing the symptoms of PE and managing the 

disease in animal models and clinical trials is warranted.  

 

2.8. Animal models for the study of pre-eclampsia 

As the prevalence of PE continues to rise globally, extensive efforts are being made to fully 

elucidate the pathogenic mechanisms as well as create safe therapeutics for both mother and 

foetus. In order to evaluate the usefulness of medicinal plant extracts and phytocompounds, a 

suitable pre-clinical model is required. Pre-clinical models of PE are characterized by the 

development of hypertension during pregnancy, together with proteinuria, renal pathology, 

impaired remodeling of blood vessels supplying the uterus, placental dysfunction, and 

intrauterine growth restriction (150). Various animal models have been suggested such as the 
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reduced uterine perfusion pressure (RUPP) model, which involves induction of placental 

ischemia by reducing uterine blood flow by the placement of clips on the uterine arteries and 

abdominal aorta, that results in a pre-eclamptic state (151). Another interesting model is the 

sFlt-1 rodent model, which induces hypertension, proteinuria, and glomerular endotheliosis, 

the classic lesion of PE in pregnancy (17). Likewise, the BPH/5 mouse model has been widely 

studied due to the spontaneous development of a superimposed PE-like syndrome, which 

manifests with hypertension, proteinuria, and reduced foetal viability (152). In early pregnancy, 

BPH/5 mice exhibit placental dysfunction resulting in compromised maternal–foetal 

circulation and a progressive inflammatory response at the utero–placental interface (152). 

However, these models are limited in that the RUPP and sFlt-1 models are unable to reproduce 

liver dysfunction and intrauterine growth restriction associated with PE development (17, 151), 

while the BPH/5 model indicates pre-existing hypertension in non-pregnant mice (152). 

Therefore, alternative animal models must be available to further develop the study of PE 

pathogenesis.  

 

Recently, AVP, a vasoconstrictor and antidiuretic hormone demonstrated the characteristic 

features of PE in a mouse model (153). The infusion of AVP into pregnant C57BL/6J mice 

resulted in hypertension, renal glomerular endotheliosis, intrauterine growth restriction, 

decreased placental growth factor (PGF), altered placental morphology, placental oxidative 

stress, and placental gene expression consistent with human PE (154). In non-pregnancy, AVP 

controls angiogenesis in the hypothalamus (155) and exerts physiological effects via V1a 

receptors, thus stimulating vasoconstriction (156). Moreover, it promotes water reabsorption 

in the kidney via V2 receptors (157), thus regulating blood pressure and blood volume (153, 

156). These findings support the practicality of this model in the study of PE. Moreover, a 

recent study conducted in our laboratory provided a thorough physiological characterization of 

the AVP-induced (150 ng/hr) model in rats (158). The data obtained confirm the usefulness of 

the rat model in the study of PE, since AVP-induced vasoconstriction increases peripheral 

resistance and successfully mimics the pathological changes associated with PE development 

in humans (158).  
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Abstract 

Ethnopharmacological relevance: Hesperidin, a flavanone commonly found in citrus 

fruits and herbal formulations, has emerged as a potential new therapeutic agent for 

modulating several diseases. Since pre-eclampsia is a growing public health threat, it may 

negatively impact the economy and increase the disease burden of South Africa. 

Phytocompounds are easily accessible, demonstrate minimal side effects and may confer 

novel medicinal options as a treatment and preventive preference. 

Aim of the study: We aimed to investigate the physiological, biochemical, and 

haematological outcomes of hesperidin in an arginine vasopressin (AVP)-induced rodent 

model of pre-eclampsia. 

Materials and Methods: Sprague-Dawley rats were surgically implanted with mini-

osmotic pumps to deliver AVP (200 ng/h) subcutaneously. Animals were treated with 

hesperidin at 200 mg/kg.b.w via oral gavage for 14 days. Systolic and diastolic blood 

pressures were measured on GD 7, 14, and 18 using a non-invasive tail cuff method and 

were euthanised on GD 21. Biochemical and haematological analyses was conducted by 

a pathology laboratory.  

Results: The findings showed that hesperidin administration significantly decreased 

blood pressure and urinary protein levels in pregnant rats (p < 0.001). Placental and 

individual pup weight also increased significantly in the pregnant hesperidin-treated 

groups compared to AVP untreated groups (p < 0.001). Biochemical and haematological 

markers such as white blood cell count and lymphocyte levels differed significantly (p < 

0.05) in AVP groups treated with and without hesperidin. 

Conclusion: Our results suggests that hesperidin is an antihypertensive agent with modes 

of action associated with its diuretic and blood pressure lowing effects and reduction of 

proteinuria in AVP-induced pre-eclamptic rats. Moreover, our findings suggests that 

hesperidin improves physiological outcomes indicating its applicability in the treatment 

and management of pre-eclampsia. 
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1. Introduction 

Epidemiological research demonstrates a correlation between a high dietary intake of 

plant-based polyphenols and a decrease in cardiovascular morbidity and mortality (Chiva-

Blanch et al., 2013; Ivey et al., 2015; Peterson et al., 2012). Flavonoids, a group of plant 

polyphenolic phytochemicals, have been widely explored for their pharmacological 

impact (Jain and Parmar, 2011; Lee et al., 2010; Morand et al., 2011). Furthermore, being 

naturally occurring, flavonoids appear to be highly safe and without potential severe 

adverse effects, even during pregnancy (Garg et al., 2001).  

One such flavonoid is hesperidin, which is an abundant and inexpensive by-product of 

citrus cultivation and is the major phytochemical component of oranges, lemons, and 

other citrus fruits (Garg et al., 2001). Hesperidin can account for up to 14% of the fresh 

weight of young, immature oranges (Barthe et al., 1988). Multiple studies have 

demonstrated the health-promoting and pharmacological effects of hesperidin in treating 

type 2 diabetes, cancer, cardiovascular disease, and neurological and psychiatric 

disorders. (Aruoma et al., 2012; Khan and Dangles, 2014; Syahputra et al., 2022). 

Furthermore, hesperidin has exhibited vasodilator, anti-thrombotic, anti-inflammatory, 

anti-lipemic, and antioxidant activities (Dobiaš et al., 2016; Ohtsuki et al., 2002; Sun et 

al., 2017; Yamamoto et al., 2013; Yamamoto et al., 2008), demonstrating its potential use 

for the treatment and management of a wide range of health conditions. In addition to 

these, studies have demonstrated its’ significant anti-hypertensive and diuretic effects of 

hesperidin in rats (Dobiaš et al., 2016; Galati et al., 1996; Yamamoto et al., 2008).  

Since hypertension in pregnancy, especially pre-eclampsia, is associated with substantial 

maternal and foetal morbidity and mortality, access to therapeutic drugs is essential for 

clinical management (Acharya, 2016). Globally, pre-eclampsia affects 8% of pregnancies 

(Fasanya et al., 2021), with a higher prevalence in low and middle-income countries 

(World Health Organization, 2019). This disorder is characterised by new-onset 

hypertension (≥140/90 mmHg), with/without proteinuria (urinary protein ≥300 mg per 24 

h) (Magee et al., 2022) and has multifactorial pathogenesis (Germain et al., 2007; 

Rambaldi et al., 2019; Shirasuna et al., 2020; Var et al., 2003). Moreover, pre-eclampsia 

is characterised by altered renal function (Wiles et al., 2022) and HELLP (haemolysis, 

elevated liver functions, low platelet count) syndrome (Brown et al., 2018) as well as 

foetal growth restriction and stillbirth (Chappell et al., 2021).  
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Current management strategies aim to lower blood pressure and alleviate maternal and 

neonatal complications (Bell, 2010). Plant phenolic compounds exhibiting antioxidant, 

anti-inflammatory, and anti-hypertensive properties may be valuable cost-effective, 

easily accessible sources for novel pharmaceutical agents in treating pre-eclampsia in low 

and middle-income countries (Ożarowski et al., 2021).  

Therefore, this study aimed to investigate the effect of hesperidin on physiological, 

biochemical, and haematological outcomes in an arginine vasopressin (AVP) rat model 

of pre-eclampsia and determine its applicability in the treatment and management of pre-

eclampsia.  
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2. Materials and Methods 

2.1. Chemicals  

AVP (> 95%; Mw: 1084.23 g/mol) and hesperidin (80%; Mw: 610.56 g/mol) were 

purchased from Merck, Germany.  

2.2. Animal welfare 

Pregnant and non-pregnant Sprague-Dawley rats were procured from the Biomedical 

Resource Unit (BRU), Westville Campus, University of KwaZulu-Natal (UKZN), 

Durban, South Africa. The animals were maintained under the guidelines approved by 

the Animal Ethics Committee, UKZN (Protocol approval number: AREC/067/017D). 

Animals were housed in pairs in medium-sized polycarbonate cages, with a caged area of 

646 cm2 at the BRU under standard laboratory conditions of temperature (22 to 24°C), 

humidity (60%), and illumination (12 h light/dark cycles), with ad libitum access to 

standard rat chow and regular drinking water.  

2.3.  Experimental study 

Twenty-four Sprague-Dawley rats were surgically implanted with ALZET mini-osmotic 

pumps (model 2004; Durect Corporation, Cupertino, CA) on gestational day (GD) 2 to 

deliver AVP (200 ng/h) subcutaneously. The study groups (n=6) were defined as follows: 

• Group 1: Pregnant with AVP delivery and saline (PAVPS) 

• Group 2: Pregnant with AVP delivery and hesperidin (PAVPH) 

• Group 3: Pregnant with AVP delivery and captopril (PAVPC) 

• Group 4: Pregnant with saline delivery (PS) 

• Group 5: Pregnant with hesperidin delivery (PH) 

• Group 6: Non-pregnant with hesperidin delivery (NH) 

• Group 7: Non-pregnant with AVP delivery and hesperidin (NAVPH) 

The mini osmotic pumps remained implanted until sacrifice. All rats received a dose of 

hesperidin or captopril (positive control) by oral gavage daily for 14 days from GD 7 to 

GD 20. The dosage of AVP and captopril was determined based on previous reports 

(Kanthlal et al., 2020; Ramdin et al., 2022).   

Systolic and diastolic blood pressure were measured on GD 7, 14, and 18 using the MRBP 

tail-cuff BP monitor (IITC Life Sciences Inc., USA) by placing animals in a suitably sized 

restrainer. Normal blood pressure was defined as systolic ≤120 mmHg and diastolic ≤80 
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mmHg. Hypertension in rats was defined as systolic ≥140 mmHg and diastolic ≥90 

mmHg.  Animals were housed in metabolic cages (Techniplast, Italy) on GD 7, 14, and 

18 to collect 24 h urine samples and measure urinary output. Animals were euthanised on 

GD 21 via isoflurane overdose (Safeline Pharmaceuticals, South Africa). Blood samples 

were collected via cardiac puncture and centrifuged for 15 min at 3500 rpm at 4°C. The 

number and weight of placentae and pups were recorded. Biochemical and 

haematological analysis was carried out by a pathology laboratory using rodent reference 

ranges. 

2.4.  Statistical analysis  

All statistical analyses were carried out using Stata (Version 12). All data are parametric 

(SK test) and summarised as mean ± SD. Tukey’s post hoc test was used to compare the 

means between groups. A probability value of p < 0.05 was considered statistically 

significant. 
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3.3. Effects of hesperidin on urine protein and creatinine levels 

The urinary protein level of the PAVPS group (2.6 ± 0.3 g/L; p < 0.001) was significantly 

higher than the other experimental groups (Figure 3A). In contrast, a significant reduction 

in urinary protein levels was noted in the hesperidin and captopril-treated groups 

compared to the negative control group (PAVPH: 1.0 ± 0.6 g/L; p < 0.001; NAVPH: 1.5 

± 0.1 g/L; p < 0.01; PAVPC: 1.3 ± 0.2 g/L; p < 0.001). Urinary creatinine levels were 

significantly reduced in the PAVPH (1.7 ± 1.5 mmol/L), NAVPH (2.8 ± 1.2 mmol/L), 

and PAVPC (0.36 ± 0.1 mmol/L) groups compared to the PAVPS (8.7 ± 1.7 mmol/L) 

group (p < 0.001; Figure 3B). Furthermore, the urinary protein:creatinine ratio 

significantly (p < 0.001) increased in the PAVPS (4.3 ± 1.6 g/mmol) compared to the PS 

(1.0 ± 0.1 g/mmol) group. A significant (p < 0.001) decrease was noted in the PAVPH 

(0.91 ± 0.8 g/mmol), NAVPH (0.6 ± 0.2 g/mmol), and PAVPC (0.94 ± 0.1 g/mmol) 

groups compared to PAVPS (Figure 3C).  
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3.4. Effects of hesperidin on placental and foetal outcomes 

A statistically significant difference (p < 0.001; Figure 4A) was noted in the placental 

weight of the PAVPS (0.45 ± 0.3 g) group compared to PS (0.68 ± 0.5 g), PH (0.71 ± 0.4 

g), PAVPH (0.76 ± 0.4 g) and PAVPC (0.67 ± 0.3 g) groups. Similarly, the individual 

pup weight of the PAVPS (3.5 ± 0.4 g) group was significantly lower than the PS (5.4 ± 

0.9 g), PH (5.5 ± 1.0 g), PAVPH (5.9 ± 0.2 g) and PAVPC (6.5 ± 0.1 g) groups, 

respectively. The number of pups in the PAVPS (9 ± 1) group was significantly lower 

than in PS (12 ± 1), PH (11 ± 1), PAVPH (14 ± 1), and PAVPC (12 ± 0) groups.  
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Table 1: Indices of hepatic, renal damage, and electrolyte levels across experimental groups on gestational day (GD) 18 

Data is shown as mean ± SD; *p < 0.05 was considered statistically significant, PS vs PAVPSa; PAVPS vs PAVPHb; PAVPS vs NAVPHc; PAVPS vs PAVPCd; NAVPH vs 

PAVPHe. AST - aspartate aminotransferase and ALT - serum alanine transaminase. 

KEY: Pregnant with saline delivery (PS), Pregnant with AVP delivery and saline (PAVPS), Pregnant with hesperidin delivery (PH), Pregnant with AVP delivery and hesperidin 

(PAVPH), Non-pregnant with hesperidin delivery (NH), Non-pregnant with AVP delivery and hesperidin (NAVPH), Pregnant with AVP delivery and captopril (PAVPC) 

 

 

 

 

 

 

 

    Study groups     

 PS PAVPS PH PAVPH NH NAVPH PAVPC p value 

Copeptin (pg/mL) 96.74 ± 5.8 653 ± 25.2a  129 ± 43.0  557 ± 44.0 134 ± 18.1 427 ± 88.0 494 ± 89.1 0.000 

Total protein (g/L) 47.5 ± 1.1a 66.3 ± 0.5cbd 46.0 ± 2.2 52.3 ± 3.1 43.0 ± 2.9 59.0 ± 1.6 58.5 ± 0.8 0.000 

Albumin (g/L) 25.58 ± 2.9 33.40 ± 1.8 33.80 ± 1.66 25.98 ± 1.8b 31.45 ± 0.8 31.20 ± 0.4 33.58 ± 3.5 0.011 

AST (IU/L) 59.47 ± 4.7a 117.33 ± 14.0e 60.07 ± 2.07 63.40 ± 9.3b 76.55 ± 2.7 90.40 ± 0.6 91.93 ± 8.2 0.000 

ALT (IU/L) 46.80 ± 7.8a 92.23 ± 5.5bcd 55.94 ± 3.95 61.30 ± 12.4 49.48 ± 2.7 57.95 ± 5.6 54.97 ± 4.3 0.000 

Sodium (mmol/L) 136 ± 1.8 137 ± 3.5 135 ± 1 138 ± 1.0 142 ± 1.2 142 ± 0.1 139 ± 1.2 0.001 

Potassium (mmol/L) 5.23 ± 0.4 4.40 ± 0.2c 5.54 ± 0.26 5.20 ± 0.3 5.05 ± 0.2 5.44 ± 0.2 5.47 ± 0.6 0.032 

Chloride (mmol/L) 100 ± 2.3 95 ± 2.0 cd 97 ± 1 99 ± 0.2 100 ± 2.0 101 ± 1.0 101 ± 2.0 0.009 

Bicarbonate (mmol/L) 29.47 ± 2.13 28.37 ± 4.1 25.53 ± 2.94 30.35 ± 1.9 31.48 ± 2.2 30.40 ± 1.7 30.85 ± 3.6 0.271 

Urea (mmol/L) 4.86 ± 0.1a 8.15 ± 0.3bcd 5.05 ± 0.61 5.81 ± 0.5 5.02 ± 0.2 6.03 ± 0.02 5.48 ± 0.2 0.000 

Uric acid (mmol/L)  0.12 ± 0.3 0.24 ± 0.4 0.14 ± 0.23 0.12 ± 0.4 0.13 ± 0.3 0.17 ± 0.2 0.16 ± 0.2 0.267 
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3.5. Effects of hesperidin on hepatic, renal damage, and electrolyte levels 

Table 1 represents the serum biochemical parameters and electrolyte levels across 

experimental groups on GD 18. Copeptin levels were significantly increased in all AVP-

treated experimental groups (PAVPS, PAVPH, NAVPH, and PAVPC; p < 0.001; Table 

1) versus the non-AVP experimental groups (PS, PH, and NH; p < 0.001). The total 

protein levels were significantly higher in PAVPS compared to PAVPH, NAVPH and 

PAVPC groups. A significant reduction was noted in albumin levels for PAVPH versus 

PAVPS groups.  

Aspartate aminotransferase levels were upregulated in the PAVPS compared to PS 

groups. A significant decrease in aspartate aminotransferase levels was noted in the 

PAVPH, NAVPH, and PAVPC groups compared to the PAVPS group (Table 1). 

Furthermore, significantly higher serum alanine transaminase levels were obtained in the 

PAVPS group compared to the PS (p < 0.001) group. In contrast, significantly lower 

serum alanine transaminase levels were observed in the PAVPH, NAVPH, and PAVPC 

groups than in the PAVPS group (Table 1).   

Higher sodium levels were observed in the NH group compared to the PH group. 

Potassium levels were significantly increased in the NAVPH compared to the PAVPS 

groups. Chloride levels were significantly lower in the PAVPS compared to PS, NAVPH, 

and PAVPC groups. However, no significant difference was recorded for the bicarbonate 

levels between all experimental groups (p > 0.05; Table 1).  

Urea levels were significantly higher in PAVPS compared to PS groups (Table 1). A 

decrease in urea levels was also noted in the PAVPH, NAVPH, and PAVPC groups 

relative to the control. An increase in uric acid levels was seen in the PAVPS compared 

to PS, PAVPH and NAVPH groups, albeit, not significant.   

3.5. Effects of hesperidin on haematological parameters  

The haematological parameters across all study groups for GD 18 are shown in Table 2. 

A significantly higher red blood cell count was observed in the PAVPS group compared 

to the PS and PAVPH groups. Higher red blood cell counts were also observed in the 

NAVPH group relative to the PS group.  A statistically significant difference was also 

documented for red blood cell counts in the NAVPH compared to PAVPH groups. 
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Haematocrit levels were significantly higher in PAVPS compared to PS, PAVPH and 

PAVPC groups. A considerably higher red cell distribution width was noted in the 

PAVPS versus NAVPH groups. A lack of statistically significant difference was reported 

for the mean corpuscular haemoglobin concentration, mean corpuscular volume and 

platelets (p > 0.05; Table 2). 

Our findings also demonstrate significantly lower haemoglobin counts in the PS, PAVPH, 

NAVPH and PAVPC groups compared to the PAVPS group. A substantially higher mean 

corpuscular haemoglobin was noted for the PAVPS group compared to PS and PAVPC 

groups (Table 2).  

Moreover, the white blood cell count was significantly higher in the PAVPH and NAVPH 

compared to the PAVPS groups. The neutrophil levels were significantly higher in the 

PAVPS compared to the PAVPH group. A significant decrease in lymphocyte levels was 

noted in the PAVPS group compared to the PAVPH and NAVPH groups. Similarly, a 

significant increase was observed in monocyte levels in the PAVPS compared to the PS 

groups. A lack of statistically significant difference was reported for eosinophils and 

basophils (p > 0.05; Table 2).  
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Table 1: Indices of hepatic, renal damage, and electrolyte levels across experimental groups on gestational day (GD) 18 

Data is shown as mean ± SD; *p < 0.05 was considered statistically significant, PS vs PAVPSa; PAVPS vs PAVPHb; PAVPS vs NAVPHc; PAVPS vs PAVPCd; NAVPH vs 

PAVPHe. AST - aspartate aminotransferase and ALT - serum alanine transaminase. 

KEY: Pregnant with saline delivery (PS), Pregnant with AVP delivery and saline (PAVPS), Pregnant with hesperidin delivery (PH), Pregnant with AVP delivery and hesperidin 

(PAVPH), Non-pregnant with hesperidin delivery (NH), Non-pregnant with AVP delivery and hesperidin (NAVPH), Pregnant with AVP delivery and captopril (PAVPC),

    Study groups     

 PS PAVPS PH PAVPH NH NAVPH PAVPC p value 

Copeptin (pg/mL) 96.74 ± 5.8 653 ± 25.2a  129 ± 43.0  557 ± 44.0 134 ± 18.1 427 ± 88.0 494 ± 89.1 0.000 

Total protein (g/L) 47.5 ± 1.1a 66.3 ± 0.5cbd 46.0 ± 2.2 52.3 ± 3.1 43.0 ± 2.9 59.0 ± 1.6 58.5 ± 0.8 0.000 

Albumin (g/L) 25.58 ± 2.9 33.40 ± 1.8 33.80 ± 1.66 25.98 ± 1.8b 31.45 ± 0.8 31.20 ± 0.4 33.58 ± 3.5 0.011 

AST (IU/L) 59.47 ± 4.7a 117.33 ± 14.0e 60.07 ± 2.07 63.40 ± 9.3b 76.55 ± 2.7 90.40 ± 0.6 91.93 ± 8.2 0.000 

ALT (IU/L) 46.80 ± 7.8a 92.23 ± 5.5bcd 55.94 ± 3.95 61.30 ± 12.4 49.48 ± 2.7 57.95 ± 5.6 54.97 ± 4.3 0.000 

Sodium (mmol/L) 136 ± 1.8 137 ± 3.5 135 ± 1 138 ± 1.0 142 ± 1.2 142 ± 0.1 139 ± 1.2 0.001 

Potassium (mmol/L) 5.23 ± 0.4 4.40 ± 0.2c 5.54 ± 0.26 5.20 ± 0.3 5.05 ± 0.2 5.44 ± 0.2 5.47 ± 0.6 0.032 

Chloride (mmol/L) 100 ± 2.3 95 ± 2.0 cd 97 ± 1 99 ± 0.2 100 ± 2.0 101 ± 1.0 101 ± 2.0 0.009 

Bicarbonate (mmol/L) 29.47 ± 2.13 28.37 ± 4.1 25.53 ± 2.94 30.35 ± 1.9 31.48 ± 2.2 30.40 ± 1.7 30.85 ± 3.6 0.271 

Urea (mmol/L) 4.86 ± 0.1a 8.15 ± 0.3bcd 5.05 ± 0.61 5.81 ± 0.5 5.02 ± 0.2 6.03 ± 0.02 5.48 ± 0.2 0.000 

Uric acid (mmol/L)  0.12 ± 0.3 0.24 ± 0.4 0.14 ± 0.23 0.12 ± 0.4 0.13 ± 0.3 0.17 ± 0.2 0.16 ± 0.2 0.267 
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Table 2: Haematological parameters across experimental groups on gestational day (GD) 18. 

 

Data is shown as mean ± SD. *p < 0.05 was considered statistically significant, PS vs PAVPSa; PAVPS vs NAVPHc; PAVPS vs PAVPHb; PAVPS vs PAVPCd; NAVPH vs 

PAVPH. RDW - red cell distribution width, MCHC - mean corpuscular haemoglobin concentration, MCV - mean corpuscular volume, MCH – mean corpuscular hemoglobin 

KEY: Pregnant with saline delivery (PS), Pregnant with AVP delivery and saline (PAVPS), Pregnant with hesperidin delivery (PH), Pregnant with AVP delivery and hesperidin 

(PAVPH), Non-pregnant with hesperidin delivery (NH), Non-pregnant with AVP delivery and hesperidin (NAVPH), Pregnant with AVP delivery and captopril (PAVPC) 

Study groups 

 PS PAVPS PH PAVPH NH NAVPH PAVPC P-VALUE 

Red cell count (1012/L) 6.46 ± 0.2a 7.99 ± 0.9b 6.43 ± 0.2 6.44 ± 0.3e 6.39 ± 0.3 8.11 ± 0.7 7.12 ± 0.5 0.000 

Haematocrit (%) 41.94 ± 1.7a 54.30 ± 2.6bd 40.08 ± 1.1 41.52 ± 2.2e 44.12 ± 2.2 51.30 ± 4.5 43.50 ± 2.3 0.000 

RDW (%) 12.68 ± 0.4 14.76 ± 1.1 12.80 ± 0.3 12.77 ± 0.5e 12.03 ± 1.1 12.07 ± 0.6c 13.97 ± 1.0 0.000 

MCHC (g/dL) 28.56 ± 0.1 27.97 ± 0.4 29.02 ± 0.4 28.50 ± 0.2 28.95 ± 0.9 27.54 ± 2.5 28.52 ± 0.4 0.366 

MCV (fL) 63.46 ± 1.8 66.92 ± 8.1 62.36 ± 1.9 64.53 ± 1.6 62.87 ± 2.5 62.29 ± 0.5 62.42 ± 2.5 0.330 

Platelets (109/L) 1099 ± 94 1011 ± 279 1156 ± 89 1043 ± 123 1074 ± 102 1093 ± 153 1301 ± 244 0.644 

Haemoglobin (g/dL) 11.98 ± 0.5a 15.85 ± 0.3cbd 11.64 ± 0.4 11.83 ± 0.6e 13.83 ± 0.8 13.63 ± 1.0 12.40 ± 0.6 0.000 

MCH (pg) 17.93 ± 0.2c 19.27 ± 0.05d 17.80 ± 0.3 18.31 ± 0.4 17.73 ± 0.8 17.87 ± 0.3 17.56 ± 0.8 0.009 

White cell count (109/L) 4.14 ± 0.5 3.59 ± 0.8 cb 3.46 ± 0.8 7.64 ± 0.3 4.13 ± 1.0 5.16 ± 0.9 3.69 ± 1.3 0.000 

Neutrophils % 28.16 ± 5.3 31.00 ± 4.2c 23.80 ± 1.3 29.79 ± 3.2ce 8.40 ± 2.3 14.33 ± 4.6 25.38 ± 1.2 0.000 

Lymphocytes % 63.78 ± 1.8a 59.46 ± 7.8bc 62.09 ± 4.2 87.56 ± 2.3 65.20 ± 10.5 74.98 ± 4.3 65.72 ± 4.4 0.000 

Monocytes % 3.48 ± 0.9a 11.90 ± 0.7d 8.50 ± 3.9 6.03 ± 3.7 2.00 ± 0.5 7.81 ± 3.7 4.38 ± 3.0 0.004 

Eosinophils % 0.78 ± 0.51 1.57 ± 0.82 1.22 ± 0.41 1.09 ± 0.50 1.53 ± 0.67 1.64 ± 0.65 1.43 ± 0.55 0.303 

Basophils % 0.18 ± 0.11 0.18 ± 0.11 0.20 ± 0.11 0.26 ± 0.21 0.37 ± 0.28 0.29 ± 0.15 0.12 ± 0.13 0.392 
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4. Discussion  

Our findings demonstrate that hesperidin (200 mg/kg.b.w) administration for 14 days alleviated 

the AVP-induced increase in blood pressures associated with pre-eclampsia, improving 

maternal and foetal outcomes. The infusion of AVP (200 ng/h) resulted in significantly 

elevated blood pressure and urinary protein, characterising pre-eclampsia symptoms. Both 

systolic and diastolic blood pressures were elevated considerably throughout pregnancy in the 

PAVPS group in contrast to the PS group (Figure 1), similar to an earlier report from our lab 

(Ramdin et al., 2022), albeit at a lower dosage of 150 ng/h. The AVP-induced pre-eclamptic 

rats treated with hesperidin over 14 days significantly decreased blood pressure. Significant 

systolic and diastolic blood pressure reductions were reported in the treated groups on 

gestational days 14 and 18 following treatments with hesperidin. An earlier study reported that 

treatment with hesperidin for four weeks significantly suppressed age-related increase in blood 

pressure in spontaneously hypertensive rats (Ikemura et al., 2012). Similarly, spontaneously 

hypertensive rats administered with hesperidin-rich diets for more than 15 weeks also 

significantly decreased blood pressure. A more recent study reported that hesperidin reduced 

blood pressure in a dose-dependent manner and increased plasma ACE activity and angiotensin 

II levels in two-kidney, one-clipped (2K-1C) hypertensive rats (Wunpathe et al., 2018). 

We report significantly reduced urinary outputs in PAVPS rats compared to the PS rats (Figure 

2). The reduced urinary output may be attributed to AVP's antidiuretic effect via V2 receptor 

activation and increased expression of aqua-porin-2 channels, which results in water retention 

and consequent decreased urinary output (Guelinckx et al., 2016). We further demonstrate a 

significant increase in urinary production following treatment with hesperidin. Interestingly, 

our results are corroborated by an earlier study conducted by Galati et al. (1996), who 

demonstrated significant anti-hypertensive and diuretic effects of hesperidin in rats following 

oral administration of the drug at a dose of 200 mg/kg body weight and ascribed this 

hypotensive effect to increased diuresis (Galati et al., 1996).  

Although proteinuria is no longer considered a diagnostic indicator of pre-eclampsia 

(Gynecologists, 2013), it remains an integral diagnostic predictor of the development of pre-

eclampsia (Guida et al., 2018; Özkara et al., 2018; Tanacan et al., 2019). We demonstrate 

significantly increased urinary protein and creatinine levels in the PAVPS group, followed by 

decreased urinary protein and urine creatine levels after treatment with hesperidin (Figure 3A 

and 3B). Furthermore, a significantly increased urine protein: creatinine ratio was shown in the 

PAVPS compared to the PS groups. Interestingly, a significant decrease was noted in the 
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hesperidin AVP-treated groups compared to the PAVPS group (Figure 3C). These findings 

suggest that hesperidin can ameliorate the progression of pre-eclampsia symptoms and its 

related kidney dysfunction by reducing proteinuria.   

Abnormal placentation in pre-eclampsia results in decreased placental perfusion, consequent 

hypoxia, and foetal growth restriction (Cheng and Wang, 2009; Cotechini et al., 2014). We 

demonstrate significantly lower individual placental and pup weights in the PAVPS versus the 

PS groups (Figure 4A). Furthermore, the number of pups were markedly lower in the PAVPS 

compared to the PS groups (Figure 4B). The smaller placentae may be associated with reduced 

uteroplacental blood flow due to vasoconstriction of spiral arterioles, which directly influences 

foetal growth reflecting human pre-eclampsia (Ferrazzani et al., 2011). We report a significant 

increase in the weight of the placenta in the hesperidin-treated groups, as well as a significant 

increase in the pup weight and the number of pups in the hesperidin-treated groups. Our results 

suggest that hesperidin can be used as a treatment in pre-eclampsia-induced foetal growth 

restriction, as we reveal significant beneficial effects of foetal weight gain.  

Copeptin, a stable protein by-product of AVP synthesis released in a 1:1 ratio with AVP, is a 

biomarker for measuring AVP secretion (Dobša and Cullen Edozien, 2013). Our study shows 

a significant increase in copeptin levels in all AVP-treated groups, and non-significantly lower 

copeptin levels were noted in the hesperidin-treated groups. AVP stimulates the renin-

angiotensin-aldosterone system (RAAS), which causes vasoconstriction, which is mediated by 

the V1a receptor and, as a result, increases peripheral resistance and systemic blood pressure, 

as observed in our study (Qian, 2018). The significant increase in copeptin suggests that 

hesperidin could act as a vasopressin V1a receptor antagonist, resulting in vasodilation and 

thereby decreasing blood pressure.  

Approximately 3% of pregnancies are affected by liver diseases which result in maternal and 

foetal mortality (Mikolasevic et al., 2018). As a result, liver function tests are critical indicators 

of liver dysfunction, such as intrahepatic cholestasis of pregnancy or acute fatty liver of 

pregnancy, which manifests in late pregnancy (Mikolasevic et al., 2018). These liver injuries 

are typical in severe cases of pre-eclampsia patients who present with HELLP syndrome 

(Brown et al., 2018). We observed significantly higher serum alanine transaminase and 

aspartate aminotransferase levels in the PAVPS compared to the PS-treated groups. The 

depleted serum level of both liver function enzymes in normal and hesperidin-treated groups 

suggests the protection of hepatocellular injury and the safety of the compound in healthy rats.   
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In our study, we notice a decrease in the serum concentrations of potassium and chloride in the 

PAVPS group, which propose a dysregulation in their transport across the vascular smooth-

muscle cell membrane (Indumati et al., 2011). Elevated serum urea and uric acid have been 

linked with the development of nephropathy (Hovind et al., 2011). We demonstrate an increase 

in urea levels in the PAVPS group compared to the treated groups. The increased serum level 

of urea and acid were ameliorated with the treatment of hesperidin which further supports the 

ability of hesperidin to abate the progression of pre-eclampsia complications.  

We note significantly elevated red blood cell counts and haematocrit levels in the PAVPS 

group. AVP promotes the proliferation and differentiation of red blood cell precursors, which 

justifies increased red blood cell counts and haematocrit levels (Mayer et al. 2017). Elevated 

haematocrit and red blood cell levels result in an upsurge of blood viscosity and peripheral 

resistance, leading to increased blood pressure (Emamian et al. 2017). Recently red cell 

distribution width has been associated with hypertension and many other cardiovascular risk 

factors (Kurt et al., 2015). Furthermore, high red cell distribution width levels are believed to 

reflect increased inflammation (Kurt et al., 2015). We report a higher red cell distribution width 

percentage in the untreated PAVPS group, which correlates with an earlier study that revealed 

that red cell distribution width was associated with the presence and the severity of pre-

eclampsia (Kurt et al., 2015).  Despite the non-significant differences in platelet counts, we 

note a decreased level in the PAVPS group compared to the other groups. Reduced platelet 

count is associated with developing HELLP syndrome in severe pre-eclampsia, characterised 

by haemolysis, elevated liver enzyme, and low platelet count (Weiner et al. 2016). We note 

increased haemoglobin and mean corpuscular haemoglobin levels in the untreated control 

group. An earlier study suggested that an increased free haemoglobin concentration was the 

cause of vasoconstriction in pre-eclampsia (Sarrel et al., 1990). Furthermore, our findings are 

supported by a study that showed that women with high haemoglobin concentration carried an 

increased risk of pregnancy-induced hypertension (Aghamohammadi et al., 2011).  

We report higher levels of neutrophils in the untreated PAVPS group. Earlier evidence suggests 

that neutrophils are activated in the placental bed and maternal circulation of women with pre-

eclampsia (Butterworth et al., 1991; Greer et al., 1989; Sacks et al., 1998).  Furthermore, 

neutrophil activation is associated with a free radical release that either can affect endothelial 

function directly or contribute indirectly through the production of lipid peroxides (Sacks et 

al., 1998). We report elevated white blood cell and lymphocyte levels in the hesperidin-treated 

groups; however, a significantly lower level in the untreated group. The significant increase in 
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the white blood cell and lymphocytic count caused by hesperidin reflects the compound's 

leukopoietic and possible immunomodulatory effects (Berinyuy et al., 2015).  

 

5. Conclusion 

These results indicate the ability of hesperidin to improve blood pressure and reduce 

proteinuria, thus improving maternal and foetal outcomes. The pharmacological action of 

hesperidin in ameliorating liver dysfunction and improving haematological parameters 

suggests its promising use in treating pre-eclampsia. However, this plant-derived compound 

must be effectively studied at the clinical level to establish its usefulness in treating and 

preventing pre-eclampsia and other hypertensive disorders of pregnancy. 
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Globally, PE affects up to 8% of pregnancies (1), with a higher prevalence in low and middle-

income countries (2). The exact aetiology of PE remains unknown; however, its pathogenesis 

is associated with reduced trophoblast invasion, non-physiological transformation of spiral 

arteries with subsequent placental perfusion, and fetal hypoxia (3). These physiological 

anomalies result in the onset of clinical manifestations of hypertension and maternal organ 

injury. There is still no cure for PE, nonetheless, current management strategies aim to lower 

blood pressure and alleviate maternal and neonatal complications (4).  

Synthetic antihypertensive agents are widely used for the management of hypertension in 

pregnancy; however, their use is accompanied by various adverse side effects (5-7). 

Considering this, alternative treatments effective in reducing the development and progression 

of hypertension and its symptoms in pregnancy are necessary.   

Indigenous plants are widely recognised as valuable sources of medicinal compounds, whose 

healing properties are rooted in ancient times (8). Traditional medicine remains the central core 

of healthcare service in Africa due to the low socioeconomic status of almost 80% of its 

vulnerable population (9, 10). Furthermore, the bioactive compounds found in medicinal plants 

may be therapeutically effective and perhaps coexist as precursors and/or ground-breakers for 

drug synthesis in allopathic medicine (12).  

Noteworthy, bioactive compounds isolated from medicinal plants also exhibit antioxidant, anti-

inflammatory, and anti-hypertensive properties, which may be beneficial for the development 

of new and more accessible pharmaceutical drugs in treating HDPs such as PE (11). In view of 

this, in vivo studies are indispensable in establishing the clinical effectiveness of plant extracts 

and phytocompounds to validate their use in traditional medicine. Thus, understanding the 

pharmacokinetics, bioavailability, efficacy, safety and drug interactions of the bioactive 

extracts or molecules from medicinal plants that have biological activity is warranted (2). The 

overall findings of this study are summarised below and schematically illustrated in Fig. 6.1.  
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Paper 1 (Associated with Chapter 2: Section B) - South African medicinal plants 

displaying angiotensin-converting enzyme inhibition: potential application in the 

management of pre-eclampsia 

Published in Journal of Ayurveda and Integrative Medicine (Impact factor: 1.28) 

 

This chapter is divided into sections A and B. Section A provides a detailed literature review 

relating to the pathogenesis of PE development, its association with the Renin-Angiotensin-

Aldosterone system, the use of animal models for the study of PE, treatment/management of 

PE as well as the use of medicinal plants and phytocompounds as alternatives to synthetic 

drugs. Section B consists of a peer-reviewed manuscript (Chapter 2) which provides an 

extensive review of indigenous medicinal plants with ACE inhibitory activity in South Africa 

and outlines their potential use in the treatment of hypertension in pregnancy. We also provide 

evidence on the side effects of current synthetic anti-hypertensive drugs and their side effects.  

 

To-date, ACEIs have proven to be valuable in the management of hypertensive disorders, 

however, these drugs present several limitations such as reduced efficacy with prolonged use, 

various adverse side effects, and teratogenic effects if used during the last two trimesters of 

pregnancy (12). Based on the side effects associated with the use of synthetic anti-hypertensive 

drugs, we propose the need for safer alternatives.  Over 3000 plants are currently utilized in the 

treatment and management of numerous illnesses by several traditional healers and more than 

100 plant species have been documented to treat hypertension traditionally in South Africa 

(13). We advocate the use of phytotherapy as an alternative source of treatment and for the 

development of new therapeutic compounds for the management of HDPs.  

 

Manuscript 2 (Chapter 3: Aligned with objectives 1 and 2) - Antioxidant and angiotensin-

converting enzyme inhibitory potential of South African traditional medicinal plants and 

plant-derived compounds.   

Published in South African Journal of Botany (Impact factor: 3.1) 

Chapter 3 provides a comprehensive evaluation of the antioxidant and ACE inhibitory activities 

of selected medicinal plants and their major secondary metabolites indigenous to South Africa. 

Given the crucial role that oxidative stress plays in the etiology of human hypertension 

development, it is more beneficial for an antihypertensive drug to have an antioxidant effect. 

We, therefore, evaluated the antioxidant and ACE inhibition activity of six plant extracts and 

six phytocompounds. Our findings demonstrate free radical scavenging activity for all plant 
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extracts, with D. rotundifolia showing the most vigorous activity. Furthermore, oleanolic acid, 

3β-taraxerol and β-amyrin were shown to possess intense free radical scavenging activity in 

this study. All plants and compounds tested, exerted counteractive effects on NO formation 

which may help reduce the adverse physiological effects introduced by excess NO production. 

These findings are important as therapies targeting free radicals by lowering reactive nitrogen 

species or ROS production may help reduce vascular injury therefore preventing hypertensive 

end-organ damage. Our data demonstrated a >50% ACE inhibition activity in five methanol 

plant extracts (A. afra, C. anisata, D. rotundifolia, R. chirindensis and S. birrea), hesperidin, 

and nicotinamide. Our findings may pave the way for new natural ACE inhibitory alternatives.   

 

Manuscript 3 (Chapter 4: Aligned with objective 3) - Mating Success of Timed 

Pregnancies in Sprague Dawley Rats: Considerations for Execution. 

Published in Reproductive Biology: (Impact factor: 2.1) 

Rodent models are an essential tool in our understanding of human pregnancy and pregnancy-

related disorders. However, establishing a precise gestational day 0 in experimental animals, 

with an adequate sample size for human pregnancy correlation, is a challenge for researchers 

(14).  This chapter provides recommendations for timed-pregnancy experiments to achieve an 

appropriate sample size for the study of human pregnancy disorders.  

Our findings show that the implementation of LB and Whitten effect mating phenomena, 

combined with a 1 female:1 male ratio, and a 48-hour mating period are effective indicators 

for a high pregnancy success rate in Sprague-Dawley rats. Based on the outcomes, we offer 

practical considerations to support the planning and execution of timed-pregnancy studies with 

a high pregnancy success rate, making such experiments less laborious and reducing animal 

wastage.  

Manuscript 4 (Chapter 5: Aligned with objectives 4 and 5) - Hesperidin improves 

physiological outcomes in an arginine vasopressin rodent model of pre-eclampsia 

Accepted in the Journal of Fundamental and Clinical Pharmacology: (Impact factor: 2.9) 

This chapter provides a complete physiological report of hesperidin for the treatment of PE. 

Our findings demonstrate that hesperidin administration alleviated the AVP-induced high 

blood pressures associated with PE and improved maternal and foetal outcomes. We 

demonstrated an increase in urinary production following treatment with hesperidin which 

suggest its hypotensive effects could be attributed to its diuretic effects. We also demonstrate 
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significantly decreased urinary protein and urine creatine levels after treatment with the 

phytocompound which suggests that hesperidin may ameliorate the progression of PE 

symptoms and its related kidney dysfunction by reducing proteinuria.  

Abnormal placentation in PE results in decreased placental perfusion, consequent hypoxia, and 

foetal growth restriction (15, 16). We report a significant increase in the weight of the placenta 

in the hesperidin-treated groups, as well as a significant increase in the pup weight and the 

number of pups in the hesperidin-treated groups suggesting that hesperidin can ameliorate PE-

induced foetal growth restriction.  

The decrease in copeptin levels in treatment groups suggests that hesperidin could act as a 

vasopressin V1a receptor antagonist resulting in vasodilation and thereby decreasing blood 

pressure. The depleted serum level of both liver function enzymes in hesperidin-treated groups 

suggests the protection against hepatocellular injury. The increased serum level of urea and 

acid were ameliorated with the treatment of hesperidin which further supports the ability of 

hesperidin to abate the progression of PE complications. Furthermore, the significant increase 

in the white blood cell and lymphocytic count caused by hesperidin reflects the compound's 

leukopoietic and possible immunomodulatory effects (17).  
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Figure 7.1: Schematic diagram outlining the main overall findings of this study. 
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Conclusion 

Phytotherapy in the treatment of various disorders has been rediscovered due to the adverse 

side effects of current synthetic drugs. Our findings revealed that the medicinal plant, D. 

rotundifolia, and phytocompounds, hesperidin, and nicotinamide demonstrated significant 

ACE inhibitory and antioxidant potential. The ACE inhibition activity of Hesperidin was 

comparable to Captopril highlighting its antihypertensive effect. Furthermore, hesperidin 

effectively improved PE phenotype in vivo (Figure 7.1). Our findings, therefore, support the 

ethnopharmacological use of hesperidin in the management of PE. This finding is especially 

significant for LMICs where conventional ACEI drugs are inaccessible due to financial 

constraints and has great potential to reduce the maternal and fetal mortality rates thus ensuring 

that Africa can meet the global sustainable development goal targets by 2030.  Furthermore, 

we provide a workflow for the evaluation of other phytochemicals that can be used in the 

treatment of HDPs. 

Recommendations and future studies  

Nevertheless, additional investigations are required to elucidate its effect on body organs, 

biochemical profiles, and relevant gene expressions in vivo to determine its comprehensive 

effect on PE management. The following recommendations must be considered to further 

understand the use of hesperidin in the treatment and management of hypertension, especially 

in pregnancy.  

1. Conduct a complete histopathological analysis on kidney, cardiac and placental tissues 

to confirm our findings of the protective effect of hesperidin.   

2. Evaluate the safety of hesperidin on pregnancy-induced hypertension by conducting the 

relevant toxicity studies  

3. Conduct in vivo studies investigating the antihypertensive effect of hesperidin in other 

in vitro and in vivo models of PE to fully understand the integrative pathways in the 

pathogenesis and treatment of PE.  
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