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Abstract

Background: Preeclampsia is a complex and multifactorial disorder that develops during pregnancy, defined by the onset of 
hypertension and proteinuria, often accompanied by other systemic manifestations.
Objectives: The current study evaluated the beneficial effects of hesperidin against lipopolysaccharide (LPS)-induced pre-
eclampsia model in pregnant rats.
Materials and Methods: In this study, the pregnant rats were induced with experimental preeclampsia by treating them 
with 1.0 μg/kg of LPS and then treated with hesperidin. The changes in systolic blood pressure (SBP) and urinary protein/cre-
atinine concentrations in the rats were measured. The concentrations of angiogenic biomarkers, inflammatory biomarkers, 
and lipid peroxidation markers were estimated using kits. Furthermore, the effect of hesperidin on the pregnancy outcomes 
in pregnant rats with preeclampsia was evaluated.
Results: The result of this work indicated that hesperidin treatment effectively decreased the SBP and urinary protein/cre-
atinine ratio and effectively regulated the changes in angiogenic biomarkers in pregnant rats with preeclampsia. Furthermore, 
the hesperidin treatment successfully diminished the inflammatory and oxidative stress biomarker levels and substantially 
improved the pregnancy outcomes in the pregnant rats with preeclampsia.
Conclusion: In conclusion, the treatment of hesperidin in pregnant rats with preeclampsia improved the abnormal pheno-
types and mitigated the complications. These data indicate that hesperidin can lessen the preeclampsia condition, suggesting 
that it may be further promoted as a possible therapeutic agent for preeclampsia.
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Introduction

Preeclampsia is a severe pregnancy complication marked by 
elevated blood pressure and indications of damage to other 
organ systems, commonly the liver and kidneys. This disor-
der impacts roughly 2%–8% of pregnancies and is a primary 
contributor to maternal and fetal morbidity and mortality 
globally (Bisson et al., 2023). Preeclampsia is characterized 
by the emergence of hypertension and proteinuria after 20 
weeks of gestation in a woman who was previously normo-
tensive. The global prevalence of preeclampsia is 8% of all 
pregnancies, with the majority of instances occurring in 
healthy nulliparous women, where the incidence may reach 
7.5%. Multiparous women conceiving with a new partner 
exhibit a preeclampsia risk comparable to that of nulliparous 

women, due to factors related to paternity change or extended 
interpregnancy intervals (Jaber et al., 2022). The primary 
cause of preeclampsia is thought to be abnormal placentation, 
which leads to widespread maternal endothelial dysfunction 
and a systemic inflammatory response. Early in pregnancy, 
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placental cytotrophoblasts fail to adequately remodel the 
maternal spiral arteries, leading to poor placental perfusion 
and placental ischemia. This, in turn, results in the release of 
markers that cause generalized endothelial dysfunction, 
including anti-angiogenic factors such as soluble FMS-like 
tyrosine kinase-1 (sFlt-1) and diminished proangiogenic fac-
tors such as placental growth factor (PlGF) (Chantanavilai 
et al., 2022). Preeclampsia is a major factor in maternal and 
fetal morbidity and mortality. It is responsible for 25% of pre-
term deliveries, resulting in adverse neonatal outcomes. 
Women with preeclampsia are at high risk for developing 
hypertension, diabetes, stroke, and cardiovascular disease 
later in life (Beardmore-Gray et al., 2022).

The pathogenesis of preeclampsia entails a complicated 
interaction among placental failure, maternal endothelial dys-
function, and an exaggerated inflammatory response. The 
underlying pathogenic mechanisms of preeclampsia are not 
completely known, but current research highlights that it 
involves a two-stage process: an initial stage of compromised 
placentation, and a second stage of maternal systemic endo-
thelial dysfunction and inflammation (Kornacki et al., 2023). 
The first stage of preeclampsia is believed to be related to 
abnormal placentation, which leads to placental ischemia and 
hypoxia. Impaired trophoblast invasion and spiral artery 
remodeling lead to reduced uteroplacental blood flow, caus-
ing placental hypoperfusion, hypoxia, and ischemia. This pla-
cental dysfunction results in the release of various factors, 
like anti-angiogenic proteins, into the maternal circulation, 
which eventually activates the second stage of the disorder 
(Shaw et al., 2024). The second stage of preeclampsia is char-
acterized by maternal systemic endothelial dysfunction and 
inflammation. The placental factors released into the mater-
nal circulation, including anti-angiogenic proteins, inflamma-
tory cytokines, and adhesion molecules, contribute to 
generalized endothelial dysfunction and excessive maternal 
inflammatory response. This endothelial dysfunction mani-
fests clinically as hypertension, proteinuria, and other organ 
damage, such as liver and kidney involvement (Huang et al., 
2021). The activation of maternal immunity and inflamma-
tion also contributes to the development of preeclampsia. 
Increased pro-inflammatory markers have been observed in 
the maternal circulation of women with preeclampsia, sug-
gesting an exaggerated maternal inflammatory response 
(Erez et al., 2022).

Despite the significant impact of preeclampsia, current 
management options are restricted, and the only decisive 
treatment is delivery of the fetus and placenta. Present treat-
ment strategies for preeclampsia are focused on symptom 
control and delivery, as there are no approved pharmacologi-
cal interventions to prevent or treat the underlying causes of 
the disease (Sakowicz et al., 2023). Anti-hypertensive drugs, 
like methyldopa, labetalol, and nifedipine, are often utilized 
to treat hypertension associated with preeclampsia, but these 
drugs have limited efficacy and can have adverse effects on 
the fetus (Mészáros et al., 2023). Due to the constraints of 

current treatments, researchers are investigating the possibil-
ity of plant-derived bioactive compounds as a novel therapeu-
tic strategy for preeclampsia. These compounds have been 
shown to have many biological properties that could poten-
tially address the underlying pathophysiology of preeclamp-
sia (Ożarowski et al., 2021). Hesperidin is a bioactive flavone 
glycoside extensively found in citrus fruits such as sweet 
oranges, lemons, and other citrus plants. It has already been 
highlighted that hesperidin demonstrated numerous pharma-
cological effects, including hepatoprotective (Chen et al., 
2022), anti-inflammatory (Haidari et al., 2015), anti-obesity 
(Ohara et al., 2015), anti-atherosclerotic (Sun et al., 2017), 
anti-cancer (Pandey & Khan, 2021), anti-asthma (Wei et al., 
2012), nephroprotective (Sahu et al., 2013), and neuroprotec-
tive (Lim et al., 2022) effects. However, there are no reports 
on the beneficial effects of hesperidin on preeclampsia, a seri-
ous pregnancy-associated complication. The current study 
evaluated the beneficial effects of hesperidin against lipo-
polysaccharide (LPS)-induced preeclampsia-like model in 
pregnant rats.

Materials and Methods

Chemicals

The hesperidin, LPS, and others were purchased commer-
cially from Sigma–Aldrich, USA. The diagnostic kits for bio-
chemical markers were procured from Abcam, MyBioSource, 
and Elabscience, USA, respectively.

Experimental Rats and Treatment Groups

The current study employed 8–10-week-old female Sprague-
Dawley rats with weights ranging from 210 to 230 g. Animals 
were meticulously housed in sterile enclosures, which were 
maintained with adequate lighting and a controlled environ-
ment. The rats were provided with unrestricted access to a 
standard diet and water during the study. Rats were paired 
overnight with active males (1:1 ratio). The vaginal sperma-
tozoa were utilized as a biomarker to ascertain the onset of 
pregnancy, with the day documented as gestation day (GD) 0. 
The pregnant rats were allocated into four groups, each 
including six rats. Group I received a placebo procedure and 
was provided with a regular diet. Group II consisted of preg-
nant rats that underwent the LPS challenge. Group III con-
sisted of LPS-induced pregnant rats treated with 25 mg/kg of 
hesperidin. LPS infusion was conducted in anesthetized preg-
nant rats on GD 5. On GD 5, 1.0 μg/kg of LPS was adminis-
tered using an infusion pump (1 mL/h) through the tail vein in 
1 mL of saline. Hesperidin was diluted in dimethyl sulfoxide 
(DMSO) and administered to the rats 30 min post-LPS deliv-
ery. On GD 18, rats were sedated with chloral hydrate (10%), 
and subsequently, samples were collected for further analysis. 
The changes in pups’ weight, placenta weight, and resorbed 
fetuses were recorded.
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Analysis of Systolic Blood Pressure (SBP) and 
Urinary Protein/Creatinine Levels

The changes in the SBP of the experimental rats were assessed 
every 3 days from 08:00 to 10:00 am using tail-cuff plethys-
mography. Animals were warmed to 38°C, and SBP level was 
meticulously monitored 15 times, with three consecutive val-
ues exhibiting a fluctuation of <6 mmHg summed to deter-
mine maternal SBP. The rat urine sample was collected every 
3 days in metabolic cages. The urine protein and the urinary 
creatinine concentrations were assessed utilizing commercial 
diagnostic kits (Abcam, USA).

Analysis of Angiogenic Factors Levels

The concentrations of antigenic biomarkers, such as PlGF 
and sFlt-1, in both placental tissues and serum of the rats were 
assessed using commercial diagnostic kits. Each test was con-
ducted with three replicates using the specifications provided 
by the kit’s manufacturer (MyBioSource, USA).

Inflammatory and Oxidative Stress Marker Levels

The placenta tissues of the rats were analyzed for both inflam-
matory and oxidative stress markers, including interleukin 

Figure 1. Effect of Hesperidin on the Systolic Blood Pressure (SBP) and Urinary Protein/Creatinine Ratio in the Experimental Rats. 
The Values are Presented as Mean ± Standard Deviation (SD) from Three Independent Experiments. One-way Analysis of Variance 
(ANOVA) and Tukey’s Post Hoc Assay were Utilized to Ascertain the Statistical Significance Among Treatment Groups. “#” Indicates 
That Results are Significant at p < .01 Compared to the Control, and “*” Indicates that Data Are Significant at p < .05 Compared to the 
Preeclampsia-induced Group.
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(IL)-6, tumor necrosis factor-alpha (TNF-α), monocyte che-
moattractant protein-1 (MCP-1), and malondialdehyde (MDA) 
concentrations using commercially available test kits, by 
strictly adhering to the manufacturer’s protocols (Elabscience, 
USA). Each test was conducted with three replicates.

Statistical Analysis

The results are presented as mean ± standard deviation (SD) 
from three individual studies. One-way analysis of variance 
(ANOVA) and Tukey’s post hoc tests were utilized to ascer-
tain the significance among experimental groups, with p < .05 
being significant.

Results

Effect of Hesperidin on the SBP and Urinary 
Protein/Creatinine in Experimental Rats

The results of hesperidin on SBP and urinary protein/creati-
nine ratio were evaluated in the rats, with the outcomes 
depicted in Figure 1. The LPS-induced pregnant rats with pre-
eclampsia exhibited a notable elevation in both SBP and uri-
nary protein/creatinine ratio relative to the normal pregnant 
rats. However, the hesperidin treatment at a 25 mg/kg dosage 
effectively decreased the SBP and urinary protein/creatinine 
ratio in LPS-induced pregnant rats with preeclampsia.

Effect of Hesperidin on Angiogenic Biomarkers in 
Experimental Rats

The results of the hesperidin treatment on the concentrations 
of angiogenic biomarkers were evaluated in both placental 
tissues and serum of the experimental rats (Figure 2). The 
LPS-induced pregnant rats with preeclampsia exhibited a 
substantial increase in the PlGF and sFlt-1 in the placental 
tissues. However, the PlGF concentration was reduced in 
the serum of the LPS-induced rats. Interestingly, the treat-
ment of hesperidin at a 25 mg/kg concentration demon-
strated a remarkable decrease in both PlGF and sFlt-1 levels 
in the placental tissues of the rats with LPS-induced 
preeclampsia.

Effect of Hesperidin on Inflammatory Markers 
Level in Experimental Rats

Figure 3 discloses the effect of hesperidin on inflammatory 
biomarker levels in the experimental rats. A significant eleva-
tion in the concentrations of TNF-α, IL-6, and MCP-1 was 
observed in the placental tissues of the LPS-induced pregnant 
rats with preeclampsia when compared with normal pregnant 
rats. Fascinatingly, the hesperidin treatment at 25 mg/kg con-
centration successfully reduced the TNF-α, IL-6, and MCP-1 
concentrations in the placental tissues of LPS-induced preg-
nant rats with preeclampsia.

Figure 2. Effect of Hesperidin on the Angiogenic Biomarker Levels in Experimental Rats. The Values are Presented as Mean ± 
Standard Deviation (SD) from Three Independent Experiments. One-way Analysis of Variance (ANOVA) and Tukey’s Post Hoc Assay 
were Utilized to Ascertain the Statistical Significance Among Treatment Groups. “#” Indicates That Results are Significant at p < .01 
Compared to the Control, and “*” Indicates That Data are Significant at p < .05 Compared to the Preeclampsia-induced Group.
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Effect of Hesperidin on Oxidative Stress Levels in 
Experimental Rats

Figure 4 illustrates the concentration of MDA, a biomarker 
for oxidative stress, in the experimental rats. The MDA level 
was drastically augmented in the placental tissues of the rats 
with LPS-induced preeclampsia when compared with the 
control. Nonetheless, a considerable reduction of MDA level 
was observed in the LPS-induced pregnant rats with pre-
eclampsia in response to the 25 mg/kg of hesperidin 
treatment.

Effect of Hesperidin on Pregnancy Outcomes in 
Experimental Rats

The effect of hesperidin treatment on pregnancy outcomes in 
pregnant rats with LPS-preeclampsia was studied, and find-
ings are given in Figure 5. The pregnant rats with LPS-
induced preeclampsia demonstrated a considerable reduction 
in pups and placental weights and a subsequent elevation in 
the resorbed fetuses when compared with normal pregnant 

rats. Interestingly, the 25 mg/kg of hesperidin treatment sub-
stantially increased both pup and placental weights and sub-
sequently reduced the resorbed fetuses in the pregnant rats 
with LPS-induced preeclampsia.

Discussion

Preeclampsia is a multifaceted pregnancy-related condition 
marked by the emergence of hypertension and proteinuria 
after 20 weeks of gestation. This condition poses a potential 
hazard to life and can result in considerable maternal and 
newborn morbidity and mortality. The exact cause of pre-
eclampsia remains unclear; nevertheless, it is thought to be 
associated with aberrant placentation, endothelial dysfunc-
tion, and an intensified inflammatory response (Lai et al., 
2021). The analysis of SBP and urinary protein/creatinine 
ratio is crucial in the analysis and treatment of preeclampsia. 
SBP, which is the pressure in the arteries during the heart’s 
contraction, is a key diagnostic criterion for preeclampsia. 
Elevated SBP, defined as greater than 140 mmHg, is a 

Figure 3. Effect of Hesperidin on the Inflammatory Cytokines and Chemokine Levels in Experimental Rats. The Values are Presented 
as Mean ± Standard Deviation (SD) from Three Independent Experiments. One-way Analysis of Variance (ANOVA) and Tukey’s Post 
Hoc Assay were Utilized to Ascertain the Statistical Significance Among Treatment Groups. “#” Indicates that Results are Significant at 
p < .01 Compared to the Control, and “*” Indicates that Data are Significant at p < .05 Compared to the Preeclampsia-induced Group.
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hallmark of this condition. Additionally, the presence of sig-
nificant proteinuria, as indicated by an increased urinary pro-
tein/creatinine ratio, is another essential diagnostic feature of 
preeclampsia (Chang et al., 2023). The analysis of these two 
markers can also help in understanding the progression and 
severity of preeclampsia. Increasing SBP and rising urinary 
protein/creatinine ratios may signal the advancement of more 
serious forms of preeclampsia, such as eclampsia, which is 
characterized by the onset of seizures. Early identification of 
high-risk patients and careful management of their condition 
can help reduce the risk of maternal and fetal complications 
associated with preeclampsia (Sharma et al., 2024). The result 
of this work indicated that LPS-induced pregnant rats with 
preeclampsia exhibited a notable elevation in both SBP and 
urinary protein/creatinine ratio when compared with normal 
pregnant rats. Interestingly, the hesperidin treatment effec-
tively decreased the SBP and urinary protein/creatinine ratio 
in LPS-induced pregnant rats with preeclampsia.

Emerging evidence suggests that an imbalance in the levels 
of certain biomarkers, particularly PlGF and sFlt-1, may play 
a crucial role in the development and progression of pre-
eclampsia (Melo et al., 2023). The placenta is pivotal in the 
etiology of preeclampsia, as irregularities in its development 
and function may result in placental hypoperfusion, hypoxia, 
and ischemia. These placental abnormalities have been associ-
ated with a disparity in the concentrations of pro-angiogenic 
and anti-angiogenic factors, specifically PlGF and sFlt-1, 
respectively. PlGF is a constituent of the vascular endothelial 

growth factor family and is essential for the development and 
function of placental vasculature. In contrast, sFlt-1 acts as an 
antagonist to PlGF and vascular endothelial growth factor, 
with increased levels linked to the onset of preeclampsia 
(Stepan et al., 2023). The analysis of PlGF and sFlt-1 levels in 
both placenta and serum has become a field of interest in the 
study of preeclampsia. Studies have shown that the levels of 
these biomarkers are significantly altered in women with pre-
eclampsia compared to those of normal pregnancies. Altered 
PlGF and sFlt-1 levels have been observed in the placental 
tissues and maternal serum of women, suggesting that these 
imbalances may participate in the progression of the disease. 
The potential clinical applications of these biomarkers are 
vast, as they may provide valuable insights into the progres-
sion of preeclampsia (Gaccioli et al., 2023). In this study, the 
altered PlGF and sFlt-1 concentrations were observed in the 
LPS-induced pregnant rats with preeclampsia in the placental 
tissues and serum when compared with the control. Meanwhile, 
the treatment of hesperidin effectively regulated the changes 
in the PlGF and sFlt-1 levels in both placental tissues and 
serum of the rats with LPS-induced preeclampsia.

The precise etiology of preeclampsia remains incom-
pletely elucidated; nevertheless, mounting data indicate that 
an exaggerated maternal systemic inflammatory response, 
involving activation of both the innate and adaptive immune 
systems, is pivotal in the disease’s progression (Guan et al., 
2023). In preeclampsia, increased concentrations of pro-
inflammatory biomarkers in maternal circulation have been 
noted, potentially contributing to the widespread endothelial 
dysfunction and pronounced systemic inflammatory response 
characteristic of the maternal syndrome. Specifically, inflam-
matory cytokines like TNF-α and IL-6, together with the che-
mokine MCP-1, have been thoroughly investigated regarding 
the pathophysiology of preeclampsia (Miller et al., 2022). 
Abnormal placentation and impaired placental development 
early in pregnancy seem to be critical components in the 
onset of preeclampsia. The hypoperfused, hypoxic, or isch-
emic placenta may transfer various factors, including inflam-
matory cytokines and chemokines, into the maternal 
circulation, altering maternal endothelial cell function and 
contributing to the clinical manifestations of preeclampsia. 
Comprehending the role of these inflammatory biomarkers in 
the placental tissues of preeclamptic patients is pivotal for 
elucidating the underlying mechanisms of the disease (Guan 
et al., 2023). In this work, a considerable elevation in TNF-α, 
IL-6, and MCP-1 concentrations was observed in the placen-
tal tissues of the LPS-induced pregnant rats with preeclamp-
sia when compared with normal pregnant rats. Interestingly, 
the hesperidin treatment successfully reduced these pro-
inflammatory biomarker concentrations in the placental tis-
sues of the LPS-induced pregnant rats with preeclampsia, 
which highlights its anti-inflammatory activity.

The exact etiology of preeclampsia is not completely 
described; mounting data suggest that increased lipid peroxi-
dation and subsequent oxidative stress play a key role in the 

Figure 4. Effect of Hesperidin on the Oxidative Stress Levels in 
Experimental Rats. The Values are Presented as Mean ± Standard 
Deviation (SD) from Three Independent Experiments. One-way 
Analysis of Variance (ANOVA) and Tukey’s Post Hoc Assay were 
Utilized to Ascertain the Statistical Significance Among Treatment 
Groups. “#” Indicates That Results are Significant at p < .01 
Compared to the Control, and “*” Indicates That Data are Significant 
at p < .05 Compared to the Preeclampsia-induced Group.
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pathophysiology of the disease (Freire et al., 2023). MDA is a 
reliable biomarker of lipid peroxidation, which is believed to 
be a crucial cause for the development of preeclampsia. 
Abnormal placentation and placental ischemia in preeclamp-
sia can lead to increased oxidative stress and the release of 
oxidative stress markers, like MDA, into the circulation. 
Increased MDA levels have been consistently reported in the 
placental tissues of women compared to normotensive con-
trols (Surmiak et al., 2022). Measuring the MDA concentra-
tions in the placental tissues of preeclamptic patients can 
provide valuable insights into the role of oxidative stress in 
the pathogenesis of the disease. Understanding the connec-
tion between oxidative stress and preeclampsia may result in 
the advancement of novel diagnostic and therapeutic strate-
gies (Ferreira et al., 2020). The concentration of MDA was 
considerably elevated in the placental tissues of the pregnant 
rats with LPS-induced preeclampsia. Fascinatingly, a consid-
erable diminution in MDA level was observed in the LPS-
induced pregnant rats with preeclampsia due to hesperidin 
treatment. These findings highlight that hesperidin can 

mitigate the oxidative stress response in preeclamptic 
conditions.

Preeclampsia poses significant maternal and fetal health 
risks, including increased likelihood of maternal mortality 
and morbidity, as well as preterm delivery and adverse neona-
tal outcomes (Gaccioli et al., 2017). The analysis of preg-
nancy outcomes, such as pup weight, placental weight, and 
resorbed fetuses, in experimental pregnant rats with pre-
eclampsia is crucial for understanding the underlying mecha-
nisms and potential interventions for this condition. 
Preeclampsia is thought to be primarily caused by abnormal 
placentation, which results in an imbalance of angiogenic fac-
tors and endothelial dysfunction. Analyzing pup weight, pla-
cental weight, and resorbed fetuses in experimental models 
can offer valuable insights into the impact of preeclampsia on 
fetal and placental development (Lin et al., 2023). For 
instance, reports have demonstrated that preeclampsia is 
often connected with diminished fetal and placental weights, 
as well as an increased rate of fetal resorption, likely due to 
compromised placental function and reduced uteroplacental 

Figure 5. Effect of Hesperidin on the Pregnancy Outcomes in Experimental Rats. The Values are Presented as Mean ± Standard 
Deviation (SD) from Three Independent Experiments. One-way Analysis of Variance (ANOVA) and Tukey’s Post Hoc Assay were 
Utilized to Ascertain the Statistical Significance Among Treatment Groups. “#” Indicates That Results are Significant at p < .01 
Compared to the Control, and “*” Indicates That Data are Significant at p < .05 Compared to the Preeclampsia-induced Group.
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blood flow. These outcomes are crucial indicators of the 
severity and progression of the disease in the experimental 
models (Cluver et al., 2023). By evaluating these pregnancy 
outcomes in experimental rat models, researchers can better 
understand the pathogenesis of preeclampsia and identify 
useful therapeutic targets. This information can then be trans-
lated to clinical studies, ultimately leading to improved man-
agement strategies and better outcomes for both mothers and 
their babies (Farrelly et al., 2023). In the current study, the 
pregnant rats with LPS-induced preeclampsia demonstrated a 
considerable reduction in pups and placental weights and a 
subsequent elevation in the resorbed fetuses when compared 
with normal pregnant rats. Captivatingly, the hesperidin treat-
ment substantially increased both pup and placental weights 
and subsequently reduced the resorbed fetuses in the pregnant 
rats with LPS-induced preeclampsia. These findings high-
light that hesperidin can improve pregnancy outcomes in rats 
with preeclampsia.

Conclusion

In conclusion, the administration of LPS during pregnancy 
induces a preeclamptic condition in pregnant rats. The pres-
ent investigation revealed elevated SBP and proteinuria, dys-
regulated angiogenesis, heightened oxidative stress, and 
negative pregnancy outcomes in the rats with preeclampsia. 
Interestingly, the treatment of hesperidin in pregnant rats with 
preeclampsia improved the abnormal phenotypes and miti-
gated the complications. These data indicate that hesperidin 
can ameliorate abnormal oxidative stress, inflammatory 
responses, and imbalances in angiogenic biomarkers in preg-
nant rats with preeclampsia, suggesting that hesperidin may 
be further promoted as a possible therapeutic agent for pre-
eclampsia. Future studies can investigate the clinical efficacy 
and safety of hesperidin in pregnant women with preeclamp-
sia, as well as its potential as a combination therapy with 
existing treatments. Additionally, research can focus on eluci-
dating the molecular mechanisms underlying hesperidin’s 
beneficial effects and identifying novel biomarkers for pre-
eclampsia. This can ultimately contribute to the development 
of hesperidin as a therapeutic agent for preeclampsia.

Abbreviations

ANOVA: Analysis of variance; DMSO: Dimethyl sulfoxide; GD: 
Gestation day; IL-6: Interleukin-6; LPS: Lipopolysaccharide; MCP-
1: Monocyte chemoattractant protein-1; MDA: Malondialdehyde; 
PlGF: Placental growth factor; SBP: Systolic blood pressure; SD: 
Standard deviation; sFlt-1: Soluble FMS-like tyrosine kinase-1; 
TNF-α: Tumor necrosis factor-alpha.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to 
the research, authorship, and/or publication of this article.

Ethical Approval

This work was approved by the Institutional Ethical Committee, the 
Second Affiliated Hospital of Air Force Medical University, Xi’an, 
Shaanxi, China.

Funding

The authors disclosed receipt of the following financial support for 
the research, authorship, and/or publication of this article: Key 
Research and Development Projects of Shaanxi Province (No.: 
2023-YBSF-496).

Informed Consent

NA.

ORCID iD 

Xinxin Liang  https://orcid.org/0009-0009-7656-3882

References

Beardmore-Gray, A., Seed, P. T., Fleminger, J., Zwertbroek, 
E., Bernardes, T., Mol, B. W., Battersby, C., Koopmans, C., 
Broekhuijsen, K., Boers, K., Owens, M. Y., Thornton, J., Green, 
M., Shennan, A. H., Groen, H., & Chappell, L. C. (2022). 
Planned delivery or expectant management in preeclampsia: 
An individual participant data meta-analysis. American Journal 
of Obstetrics and Gynecology, 227(2), 218–230.e8. https://doi.
org/10.1016/j.ajog.2022.04.034

Bisson, C., Dautel, S., Patel, E., Suresh, S., Dauer, P., & Rana, S. 
(2023). Preeclampsia pathophysiology and adverse outcomes 
during pregnancy and postpartum. Frontiers in Medicine, 10, 
Article 1144170. https://doi.org/10.3389/fmed.2023.1144170

Chang, K.-J., Seow, K.-M., & Chen, K.-H. (2023). Preeclampsia: 
Recent advances in predicting, preventing, and managing the 
maternal and fetal life-threatening condition. International 
Journal of Environmental Research and Public Health, 20(4), 
2994. https://doi.org/10.3390/ijerph20042994

Chantanavilai, S., Kongwattanakul, K., Komwilaisak, R., 
Saksiriwuttho, P., Chaiyarach, S., Duangkam, C., Hayakungchat, 
S., & Thepsuthammarat, K. (2022). Epidemiology and prog-
nostic factors for successful expectant management of early-
onset severe features preeclampsia: A retrospective multicenter 
cohort study. Pregnancy Hypertension, 30, 226–231. https://
doi.org/10.1016/j.preghy.2022.11.003

Chen, H., Nie, T., Zhang, P., Ma, J., & Shan, A. (2022). Hesperidin 
attenuates hepatic lipid accumulation in mice fed high-fat 
diet and oleic acid induced HepG2 via AMPK activation. 
Life Sciences, 296, Article 120428. https://doi.org/10.1016/j.
lfs.2022.120428

Cluver, C. A., Bergman, L., Bergkvist, J., Imberg, H., Geerts, L., 
Hall, D. R., Mol, B. W., Tong, S., & Walker, S. P. (2023). 
Impact of fetal growth restriction on pregnancy outcome in 
women undergoing expectant management for preterm pre-
eclampsia. Ultrasound in Obstetrics and Gynecology, 62(5), 
660–667. https://doi.org/10.1002/uog.26282

Erez, O., Romero, R., Jung, E., Chaemsaithong, P., Bosco, M., 
Suksai, M., Gallo, D. M., & Gotsch, F. (2022). Preeclampsia and 
eclampsia: The conceptual evolution of a syndrome. American 



1064	 Pharmacognosy Magazine 22(3)

Journal of Obstetrics and Gynecology, 226(2S), S786–S803. 
https://doi.org/10.1016/j.ajog.2021.12.001

Farrelly, R., Kennedy, M. G., Spencer, R., & Forbes, K. (2023). 
Extracellular vesicles as markers and mediators of pregnancy 
complications: Gestational diabetes, pre-eclampsia, preterm 
birth and fetal growth restriction. The Journal of Physiology, 
601(22), 4973–4988. https://doi.org/10.1113/JP282849

Ferreira, R. C., Fragoso, M. B. T., Bueno, N. B., Goulart, M. O. 
F., & de Oliveira, A. C. M. (2020). Oxidative stress markers 
in preeclamptic placentas: A systematic review with meta-
analysis. Placenta, 99, 89–100. https://doi.org/10.1016/j.pla-
centa.2020.07.023

Freire, V. A. F., Melo, A. D., Santos, H. L., & Barros-Pinheiro, M. 
(2023). Evaluation of oxidative stress markers in subtypes of 
preeclampsia: A systematic review and meta-analysis. Placenta, 
132, 55–67. https://doi.org/10.1016/j.placenta.2022.12.009

Gaccioli, F., Lager, S., Sovio, U., Charnock-Jones, D. S., & Smith, 
G. C. S. (2017). The pregnancy outcome prediction (POP) 
study: Investigating the relationship between serial prenatal 
ultrasonography, biomarkers, placental phenotype and adverse 
pregnancy outcomes. Placenta, 59(1), S17–S25. https://doi.
org/10.1016/j.placenta.2016.10.011

Gaccioli, F., Sovio, U., Gong, S., Cook, E., Charnock-Jones, D. S., 
& Smith, G. C. S. (2023). Increased placental sFLT1 (soluble 
fms-like tyrosine kinase receptor-1) drives the antiangiogenic 
profile of maternal serum preceding preeclampsia but not fetal 
growth restriction. Hypertension, 80(2), 325–334. https://doi.
org/10.1161/HYPERTENSIONAHA.122.19482

Guan, S., Bai, X., Ding, J., & Zhuang, R. (2023). Circulating inflam-
matory cytokines and hypertensive disorders of pregnancy: 
A two-sample Mendelian randomization study. Frontiers in 
Immunology, 14, Article 1297929. https://doi.org/10.3389/
fimmu.2023.1297929

Haidari, F., Heybar, H., Jalali, M. T., Ahmadi Engali, K., Helli, 
B., & Shirbeigi, E. (2015). Hesperidin supplementation modu-
lates inflammatory responses following myocardial infarction. 
Journal of the American College of Nutrition, 34(3), 205–211. 
https://doi.org/10.1080/07315724.2014.891269

Huang, C., Li, J., Qin, G., Liew, Z., Hu, J., László, K. D., Tao, F., 
Obel, C., Olsen, J., & Yu, Y. (2021). Maternal hypertensive 
disorder of pregnancy and offspring early-onset cardiovascu-
lar disease in childhood, adolescence, and young adulthood: 
A national population-based cohort study. PLoS Medicine, 
18(9), Article e1003805. https://doi.org/10.1371/journal.
pmed.1003805

Jaber, S., Jauk, V. C., Cozzi, G. D., Sanjanwala, A. R., Becker, D. 
A., Harper, L. M., Casey, B. M., Sinkey, R. G., & Subramaniam, 
A. (2022). Quantifying the additional maternal morbidity in 
women with preeclampsia with severe features in whom imme-
diate delivery is recommended. American Journal of Obstetrics 
and Gynecology MFM, 4(3), Article 100565. https://doi.
org/10.1016/j.ajogmf.2022.100565

Kornacki, J., Olejniczak, O., Sibiak, R., Gutaj, P., & Wender-
Ożegowska, E. (2023). Pathophysiology of pre-eclampsia—
Two theories of the development of the disease. International 
Journal of Molecular Sciences, 25(1), 307. https://doi.
org/10.3390/ijms25010307

Lai, J., Syngelaki, A., Nicolaides, K. H., von Dadelszen, P., & Magee, 
L. A. (2021). Impact of new definitions of preeclampsia at term 
on identification of adverse maternal and perinatal outcomes. 

American Journal of Obstetrics and Gynecology, 224(5), 
518.e1–518.e11. https://doi.org/10.1016/j.ajog.2020.11.004

Lim, C., Zhen, A. X., Ok, S., Fernando, P. D. S. M., Herath, H. M. U. 
L., Piao, M. J., Kang, K. A., & Hyun, J. W. (2022). Hesperidin 
protects SH-SY5Y neuronal cells against high glucose-induced 
apoptosis via regulation of MAPK signaling. Antioxidants, 
11(9), 1707. https://doi.org/10.3390/antiox11091707

Lin, L., Guo, Y. N., Xu, X., Huang, L. P., Yang, Q. P., & Yan, J. 
Y. (2023). Analysis of maternal and fetal outcomes and estab-
lishment of prediction model of vaginal delivery in pregnant 
women with pre-eclampsia complicated with fetal growth 
restriction. European Review for Medical and Pharmacological 
Sciences, 27(20), 9947–9954. https://doi.org/10.26355/eur-
rev_202310_34173

Melo, D. C. S., Sousa, R. P., Pais, M. S. J. D. R., Felix, L. M., 
Pinto, F. F., & Moura, J. P. S. A. (2023). The role of the solu-
ble fms-like tyrosine kinase-1/placental growth factor (sFlt-1/
PIGF)—Ratio in clinical practice in obstetrics: Diagnostic and 
prognostic value. Journal of Perinatal Medicine, 51(7), 896–
903. https://doi.org/10.1515/jpm-2022-0353

Mészáros, B., Kukor, Z., & Valent, S. (2023). Recent advances 
in the prevention and screening of preeclampsia. Journal of 
Clinical Medicine, 12(18), 6020. https://doi.org/10.3390/
jcm12186020

Miller, D., Motomura, K., Galaz, J., Gershater, M., Lee, E. D., 
Romero, R., & Gomez-Lopez, N. (2022). Cellular immune 
responses in the pathophysiology of preeclampsia. Journal of 
Leukocyte Biology, 111(1), 237–260. https://doi.org/10.1002/
JLB.5RU1120-787RR

Ohara, T., Muroyama, K., Yamamoto, Y., & Murosaki, S. (2015). 
A combination of glucosyl hesperidin and caffeine exhibits 
an anti-obesity effect by inhibition of hepatic lipogenesis in 
mice. Phytotherapy Research, 29(2), 310–316. https://doi.
org/10.1002/ptr.5258

Ożarowski, M., Karpiński, T. M., Szulc, M., Wielgus, K., Kujawski, 
R., Wolski, H., & Seremak-Mrozikiewicz, A. (2021). Plant 
phenolics and extracts in animal models of preeclampsia 
and clinical trials-review of perspectives for novel thera-
pies. Pharmaceuticals, 14(3), 269. https://doi.org/10.3390/
ph14030269

Pandey, P., & Khan, F. (2021). A mechanistic review of the anti-
cancer potential of hesperidin, a natural flavonoid from citrus 
fruits. Nutrition Research, 92, 21–31. https://doi.org/10.1016/j.
nutres.2021.05.011

Sahu, B. D., Kuncha, M., Sindhura, G. J., & Sistla, R. (2013). 
Hesperidin attenuates cisplatin-induced acute renal injury by 
decreasing oxidative stress, inflammation and DNA damage. 
Phytomedicine, 20(5), 453–460. https://doi.org/10.1016/j.phy-
med.2012.12.001

Sakowicz, A., Bralewska, M., Rybak-Krzyszkowska, M., Grzesiak, 
M., & Pietrucha, T. (2023). New ideas for the prevention and 
treatment of preeclampsia and their molecular inspirations. 
International Journal of Molecular Sciences, 24(15), Article 
12100. https://doi.org/10.3390/ijms241512100

Sharma, D. D., Chandresh, N. R., Javed, A., Girgis, P., Zeeshan, 
M., Fatima, S. S., Arab, T. T., Gopidasan, S., Daddala, V. C., 
Vaghasiya, K. V., Soofia, A., & Mylavarapu, M. (2024). The 
management of preeclampsia: A comprehensive review of 
current practices and future directions. Cureus, 16(1), Article 
e51512. https://doi.org/10.7759/cureus.51512



Zhou et al.	 1065

Shaw, L. J., Patel, K., Lala-Trindade, A., Feltovich, H., Vieira, L., 
Kontorovich, A., Ananth, C., Taqueti, V. R., Mitrani, L., Stern, 
T., DeBolt, C., Kase, N., Smith, R. T., Narula, J., Mehran, R., 
Bianco, A., Bhatt, D. L., & Stone, J. L. (2024). Pathophysiology 
of preeclampsia-induced vascular dysfunction and implications 
for subclinical myocardial damage and heart failure. JACC. 
Advances, 3(6), Article 100980. https://doi.org/10.1016/j.
jacadv.2024.100980

Stepan, H., Galindo, A., Hund, M., Schlembach, D., Sillman, J., 
Surbek, D., & Vatish, M. (2023). Clinical utility of sFlt-1 and 
PlGF in screening, prediction, diagnosis and monitoring of pre-
eclampsia and fetal growth restriction. Ultrasound in Obstetrics 
and Gynecology, 61(2), 168–180. https://doi.org/10.1002/
uog.26032

Sun, Y.-Z., Chen, J.-F., Shen, L.-M., Zhou, J., & Wang, C.-F. (2017). 
Anti-atherosclerotic effect of hesperidin in LDLr−/− mice and 
its possible mechanism. European Journal of Pharmacology, 
815, 109–117. https://doi.org/10.1016/j.ejphar.2017.09.010

Surmiak, P., Wojnarowicz, O., & Szymkowiak, M. (2022). 
Malondialdehyde and neutrophil gelatinase-associated lipo-
calin as markers of oxidative stress in small for gestational age 
newborns from hypertensive and preeclamptic pregnancies. 
BioMed Research International, 2022, Article 9246233. https://
doi.org/10.1155/2022/9246233

Wei, D., Ci, X., Chu, X., Wei, M., Hua, S., & Deng, X. (2012). 
Hesperidin suppresses ovalbumin-induced airway inflamma-
tion in a mouse allergic asthma model. Inflammation, 35(1), 
114–121. https://doi.org/10.1007/s10753-011-9295-7




