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ABSTRACT

Pre-eclampsia (PE) accompanying acute liver and kidney injury has remained a master
cause of both fetal and maternal mortality and morbidity. Vasoactive mediators, ox-
idative stress and inflammatory imbalanceshave an important role in PE pathogenesis.
Apelin is an adipokine that improves endothelial dysfunction; has anti-inflammatory
and antioxidant effects; moreover, its level reduced during PE. This study aimed
to explore the effects of apelin-13 administration on preeclampsia-associated renal
dysfunction and proteinuria. Thirty-three pregnant female rats were divided into three
groups; group: 1 (normal pregnant rats), group: 2 (preeclamptic rats); where rats were
injected subcutaneously with 75 mg L-NAME/ kg body weight/day beginning from 9th
to 20th day of pregnancy andgroup 3 (apelin-13 treated preeclamptic rats); In which
L-NAME-induced preeclamptic rats were subcutaneously injected with 6 x 1078 mol
apelin-13/kg body weight/twice daily starting from 6th to 20th day of pregnancy. In
all groups, mean arterial blood pressure, total urine protein, serum urea, creatinine,
nitric oxide (NO), endothelin-1 (ET-1), interleukin—6 (IL-6) and malondialdhyde
(MDA) were measured. Histopathological examination of kidney tissues was also done.
preeclamptic rats showed significantly increased mean arterial blood pressure, total
urine proteins, serum urea, creatinine, ET-1,1L-6,and MDA, but revealed a significantly
_ decreased serum NO level. On the other hand, apelin treatment significantly improved
iubmltted 22 January 2021 these parameters together with amelioration of kidney histoarchitecture in the treated
ccepted 23 February 2021 A ) . . . o
Published 31 March 2021 group. In conclusion, apelin may be a potentially curative candidate for prohibiting
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Pre-eclampsia (PE) is a miscellaneous and multi-organ disturbance distinguished by
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extensive dysfunctions such as placental ischemia, vascular injury and the severe damage
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on kidney and liver (Pettit et al., 2015). The whole kidney texture might be influenced,
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resulting in acute kidney injury (AKI), and other pregnancy-related harms, such as shock
and sepsis (Villie et al., 2018).
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Elevated proteinuria might turn nephrotic at an early stage during the pregnancy, with
an increased danger of intravascular volume reduction, thrombosis, reflux nephropathy
and patients are at a high risk of promoting urinary tract infections through this interval
(Mehrabadi et al., 2014).

Throughout normal pregnancy, the blood volume, cardiac output and heart rate are
elevated; but, the blood pressure (BP) yet normal or is lower than that before the pregnancy.
Nitric oxide (NO) has a remarkable role in the organization of the cardiovascular system
through pregnancy (European Society of Gynecology, 2011).

Pre-eclampsia is resulted from irregular placentation with changes in renin/an-
giotensin/aldosterone system and angiogenic proteins, causing endothelial damage,
hypertension and organ dysfunction (Hussein ¢ Lafayette, 2014a; Hussein ¢ Lafayette,
2014b). PE can be induced by L-NAME, a recognized inhibitor of NO production. When
it is administered in animals during their middle to late period of gestation, a syndrome
resembling preeclampsia in human is induced, which is manifested by diminution of
perfusion of placenta, elevated reactive oxygen species (ROS) production, hypertension
and proteinuria (Sedeck et al., 2008).

Methyldopa and hydralazine are the two most prescribed agents for PE. These drugs
decrease blood pressure, but they are not reno-protective and do not have any effect
on proteinuria. Moreover, angiotensin inhibitors (the main antihypertensive drugs with
reno-protective property) are contraindicated in pregnancy. Thus, it is necessary to evolve
safe and efficacious drugs to ameliorate proteinuria and AKI in PE (Talebianpoor et al.,
2017).

Interestingly, apelin decreased in both placental chorionic villi and serum of patients
with PE (Taha, Zahraei & Al-Hakeim, 2020), and although a high homology between the
angiotensin II receptor type 1(AT-1) receptors and the G protein-coupled apelin receptor
(APJ) and the tissue expression for both receptors are similar, contrasting actions between
apelin/AP] system and the angiotensin II /AT-1 system have been exhibited (Fukushima et
al., 2010).

Moreover, the apelin/APJ system may have protective roles in various kidney diseases.
It helps tissue perfusion and produces antifibrotic tissue-safeguarding effects in ureteral
obstruction as a type of renal fibrosis (Nishida et al., 2012). It has also been reported
that apelin inhibited renal dysfunction in adenine-induced chronic renal failure in rats
(Abul-fadle, Saied & Musa, 2018) and podocyte autophagy in diabetes (Liu, Zhang ¢
Wang, 2017). Furthermore, apelin ameliorated the affected renal function and histological
structure, decreased inflammatory mediators and ROS, and hampered cell apoptosis in
renal ischemia/reperfusion injury (Bircan et al., 2016 and Zhang et al., 2020).

Considering the above data implying the protective role of apelin in kidney diseases
and given the multiple effects of apelin on vasodilation, angiogenesis and inhibition of
the oxidative stress and inflammation (Wang et al., 2017), it is reasonable to speculate that
apelin may ameliorate the pathogenesis of preeclampsia associated renal affection.

Therefore, we designed this project to explore the possible implications of apelin-13 on
kidney functions in L-NAME induced rat model of preeclampsia and to distinguish the
potential involved processes.
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MATERIAL AND METHODS

This research was done in faculty of medicine, zagazig university and involved 50 adult
albino rats (40 female rats weighing 119-140 g, 50 day old and 10 adult male rats for
fertilization weighing 210-238 g), were purchased from faculty of veterinary medicine-
zagazig university. Rats were retained in metal cages under hygienic conditions, had free
access to food and water, and kept at room temperature on a 12 h light and 12 h dark. All the
experimental methodology has been managed in accordance with the guiding standard for
the sponsor and use of research animals approved and reviewed by ZU-IACUC commiittee,
with number ZU-IACUC/ 1/ F/ 78/ 2019.

Induction of pregnancy

Rats were checked for estrous cycles for 2 sequential weeks. Non-stained vaginal excretions
were directly examined each morning under a light microscope (40x) and the phases of
the estrus cycle were detected by investigating the vaginal cytology. The estrus phase was
determined by increasing the number of cornified or irregular shaped epithelial cells in the
vaginal smear.

Female rats in estrous stage were placed with male rats in a separate enclosure. In the
next morning, female rats were separated to confirm copulation by the existence of sperms
within the vaginal smear. The existence of sperms indicates the 1st day of gestation (Abdul
Aziz et al., 2016). seven rats from the forty did not get pregnant and have been excluded
from the study. Therefore, 33 pregnant rats were used in the experiment.

Experimental groups

Thirty three (33) pregnant rats were divided into 3 groups:

Group 1 (normal pregnant group; n = 10) has been injected subcutaneously (s.c) with
saline as placebo from 9th to 20th day of gestation.

Group 2 (PE-induced group; n = 12) rats were injected s.c with N-nitro-L-arginine methyl
ester (L-NAME) (obtained from Sigma Aldrich Co., USA) at a dose of 75 mg/kg B.wt/daily
beginning from 9th to 20thday of gestation (Shu et al., 2018).

Group 3 (PE-induced group supplemented with apelin; n=11) rats received L-NAME as
previously described in the previous group and simultaneously injected s.c with apelin-13
(obtained from Sigma Aldrich Co., USA) at a dose of 6 x 10~8 mol/ kg/ twice daily
beginning from 6thto 20thday of gestation (Wang et al., 2017) to allow it to start its
protective effects before L-NAME administration while the other groups simultaneously
received saline.

Measurement of blood pressure

Systolic, diastolic and mean arterial BP were measured on 18th day pregnancy, using
noninvasive BP measurement system (BIOPAC system, Inc.; USA) (Abubakar, Ukwuani ¢
Mande, 2015).

Urine collection
The 24 h urine samples were collected at gestational day (GD)18. Rats were separately
enclosed in metabolic cages and urine specimens were collected at the bottom of the cages
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in suitable-sized funnels with plastic perforated discs to retain fecal matter, then collected
in beakers and centrifuged for 10 min at about 3,000 rpm to eliminate insoluble materials.
The supernatants were transferred into other clean and dry tubes and stored at —20 °C
until analysis.

Measurement of urine total proteins
It was done as showed by Nishi ¢ Elin (1985) utilizing urinary protein assay kit [obtained
from Chondrex, Inc. 2607-151st place NE Redmond, WA 98052, USA].

Blood sampling

Blood specimens were gained from retro-orbital venous plexus under ether anesthesia at
GD21 after overnight fasting, then serum was separated by the centrifugation at 3000 rpm
for 20 min and kept at (—20 °C) until used.

Serum analysis
Measurement of serum creatinine

This was done as showed by Schirmeister, Willmann & Kieffr (1964) by utilizing
Biodiagnostic kit for calorimetric determination of serum creatinine concentration
(Biodiagnositc Company, Dokki, Giza, Egypt).

Measurement of serum urea

was done as showed by Fawcett ¢ Coctt (1960) utilizing Biodiagnostic kit for calorimetric
determination of serum urea concentration (from (Biodiagnositc Company, Dokki, Giza,
Egypt).

Measurement of Serum Endothelin-1 level (ET-1)
was done as showed by Khraibi, Heublein ¢ Knox (1993) utilizing rat ET-1 ELISA Kit
(Phoenix Pharmaceutical Inc., Burlingame, CA).

Measurement of serum NO

Serum NO was estimated as nitrite, a NO metabolite, by detecting NO3 reduction to NO,
by nitrate reductase (sigma), then NO, ™ levels (nitrite levels) were measured using the
calorimetric Griess Reaction (Ignarro et al., 1993).

Measurement of serum IL-6 level
Measurement was done as shown by Engvall ¢ Perlmann (1971), utilizing rat IL-6 ELISA
Kit (from RayBiotech.com).

Measurement of serum malondialdhyde (MDA) level
Measurement was down as shown by Saroh (1978) utilizing Biodiagnostic kit (Biodiagnostic
company, Dokki, Giza, Egypt).

Histopathological examination

After collecting blood, rats were sacrificed by cervical dislocation under mild ether
anesthesia. kidneys were excised and swilled in ice-cold normal saline (4 °C) to remove
blood cells and dried with filter paper then were kept in 10% buffered formalin - saline for
at least one week. Then, the fixed tissues were processed habitually, embedded in paraffin.
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Figure 1 Mean arterial BP in the studied groups. Significant (P < 0.001) versus group 1 (normal
group). Significant (P < 0.001) versus group 2 (PE group).
Full-size & DOLI: 10.7717/peerj.11110/fig-1

Serial sections from tissue embedded-parrafin blocks were cut at thickness 3-5um, then
stained with hematoxylin and eosin (H&E) to study the general microscopic features by
routine light microscope (Drury ¢ Wallington, 1980).

Statistical analysis

The statistical analysis was done concerning 10 rats from each group. Data were given as
mean =+ SD. SPSS version 19 was utilized for performing the statistical analysis. ANOVA
followed by LSD post hoc test was carried out to compare means of the different groups.
P value <0.05 was considered to be statistically significant for all statistical tests done.

Sample size calculation

Assuming that serum MDA levels in PE group versus PE+APLN group were 0.55 % 0.1
versus 0.44 + 0.1 pmol/l. At confidence level 95% and power 80%, total sample size is
30 rats. We increased sample size to 12 in every group to overcome the risk of rats death
during the experiment.Sample size is calculated by Open epi software program.

RESULTS

This study showed that L-NAME promoted significant increases in mean BP, total urine
protein level, urea, creatinine, ET-1, IL-6, and MDA (p < 0.001), but decreased serum NO
level (p < 0.001) in the preeclampsia group when compared to normal pregnant group
(Figs. 1-8).

However, it was showed that apelin administration caused a significant reduction in
mean arterial blood pressure, urine protein level, serum urea, creatinine, ET-1, IL-6, and
MDA (p < 0.001), and significantly increased serum NO level (p < 0.001) in the treated
group in contrast to untreated pre-eclampsia group (Figs. 1-8).

Also, histopathological evaluation in this study (as shown in Fig. 9) exhibited
histopathological signs of kidney damage in the form of glomerular endotheliosis,
transudate and cast accumulation in renal tubules, capillary microthrombi formation and
inflammatory infiltration with hemorrhagic areas in in the interstitial tissue in the L-NAME
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Figure 2 Total urine proteins in the studied groups. Significant (P < 0.001) versus group 1 (normal
group). ignificant (P < 0.001) versus group 2 (PE group).
Full-size Gl DOI: 10.7717/peerj.11110/fig-2
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Figure3 Serum urea in the studied groups. Significant (P < 0.001) versus group 1 (normal group). Sig-
nificant (P < 0.001) versus group 2 (PE group).
Full-size &l DOI: 10.7717/peerj.11110/fig-3

induced preeclamptic group (Figs. 9C-9E). On the other hand, all these manifestations
were improved by apelin administration in apelin-13 treated preeclamptic group (Figs. 9F
and 9G).

DISCUSSION

PE is a multi-systemic disorder that belongs to pregnancy-related hypertensive disturbance.
One of the nitric oxide synthase (NOS) inhibitor named N-nitro-L-arginine-methyl-ester
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Figure 4 Serum creatinine in the studied groups. Significant (P < 0.001) versus group 1 (normal
group). Significant (P < 0.001) versus group 2 (PE group).
Full-size Gl DOI: 10.7717/peer;j.11110/fig-4
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Figure 5 Serum ET-1 in the studied groups. Significant (P < 0.001) versus group 1 (normal group). Sig-
nificant (P < 0.001) versus group 2 (PE group).

Full-size & DOLI: 10.7717/peerj.11110/fig-5

(L-NAME) is used to induce a pre-eclampsia rat model because of the identity between
clinical features in L-NAME-treated rats and preeclamptic women including hypertension
and renal abnormalities (Ma, Sun & Yang, 2010).

Due to apelin functions on angiogenesis, vasodilation, and immune modulation, it
could perform an important role in the treatment and suppression of pre-eclampsia related
complications including renal complications.

Hamza et al. (2021), PeerdJ, DOI 10.7717/peerj.11110 77


https://peerj.com
https://doi.org/10.7717/peerj.11110/fig-4
https://doi.org/10.7717/peerj.11110/fig-5
http://dx.doi.org/10.7717/peerj.11110

PeerJ

NO (umol/L)
- N w S v [*2] ~
o o o o o o o

Normal pregnant PE group PE+Apelin group
group

o

Figure 6 Serum IL-6 in the studied groups. Significant (P < 0.001) versus group 1 (normal group). Sig-

nificant (P < 0.001) versus group 2 (PE group).
Full-size &l DOI: 10.7717/peer;j.11110/fig-6
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Figure 7 Serum MDA in the studied groups. Significant (P < 0.001) versus group 1 (normal group).

Significant (P < 0.001) versus group 2 (PE group).
Full-size &l DOI: 10.7717/peer;j.11110/fig-7

The present study demonstrated that rats handled with L-NAME showed elevated
blood pressure, urinary protein excretion and increased serum urea and creatinine
concentrations together with histopathological signs of kidney affection (glomerular
endotheliosis, transudate accumulation in some tubules and cast formation in others,
together with focal areas of hemorrhage and inflammatory infiltration in the intersitium
and microthrombi formation in some capillary lumens). These results are like functional,
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Figure 8 Serum IL-6 in the studied groups. Significant (P < 0.001) versus group 1 (normal group). Sig-
nificant (P < 0.001) versus group 2 (PE group).
Full-size Gal DOI: 10.7717/peerj.11110/fig-8

biochemical and histopathological changes that were demonstrated by other studies
(Talebianpoor et al., 2017; Shu et al., 2018; Zuo & Jiang, 2020).

PE outputs, partially, from improper placentation and trophoblast invasion that causes
placental ischemia and hypoxic conditions during pregnancy. Placental ischemia, in
turn, promotes disproportionate emission of anti-angiogenic agents [as soluble fms-
like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng)] and pro-angiogenic agents
[as placental growth factor (PLGF) and vascular endothelial growth factor (VEGF)],
stimulated inflammatory cells releasing autoantibodies and inflammatory cytokines and
increased oxidative stress which contribute significantly to generalized maternal endothelial
dysfunctions in various organ beds, leading to hypertension, renal endotheliosis and blood
coagulation (Gathiram ¢ Moodley, 2016). Endothelial dysfunction, reduced vasodilation,
elevated peripheral resistance and the renal disturbances (glomeruloendotheliosis,
decreased glomeruli filtration and proteinuria) are all hallmarks of preeclampsia (Erlandsson
etal., 2016).

However, treatment with apelin-13 rescued the elevated blood pressure and
proteinuria, reduced serum urea and creatinine concentrations and attenuated the kidney
histopathological changes observed in L-NAME- induced preeclamptic rat model. These
outcomes argued that administration of apelin ameliorated the impairment in nephritic
function induced by L-NAME. In accordance with these results, apelin administration has
been showed reduction in blood pressure and proteinuria in the preeclampsia models that
are created by lowered uterine perfusion pressure (Wang et al., 2017). This amelioration
may be, in part, elucidated to the amelioration of renal hemo-dynamics as apelin had been
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Figure 9 (A-G) Histopathological examination of kidney section. (A) Photomicrograph of kidney tis-
sue of normal control group showing normal kidney histology: normal glomeruli (G) and normal tubules
(T). (H&E X100). (B) Photomicrograph of kidney tissue of normal control group showing normal kidney
histology: normal glomeruli (G) and tubules (T). (H&E X400). (C) Photomicrograph of kidney tissue of
preeclampsia rat showing glomerular hypercellularity (endotheliosis) compressing the Bowman’s space,
transudate accumulation (black arrow) in some tubules, cast formation (red arrows) in others, focal areas
of hemorrhage in the intersitium (around asterisks); G, glomeruli; T, tubules (H&E X100). (D) Photomi-
crograph of kidney tissue of preeclampsia rat showing glomerular hypercellularity (endotheliosis) com-
pressing the Bowman’s space; G, glomeruli; T, tubules (H&E X400). (continued on next page...)

Full-size & DOT: 10.7717/peerj.11110/fig-9
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Figure 9 (...continued)

(E) Photomicrograph of kidney tissue of preeclampsia rat showing microthrombi formation (red arrows)
inside the capillary lumens, degeneration in the tubular epithelium (asterisk) and inflammatory infiltrate
in the interstitium (black arrows)(H&E X400). (F) Photomicrograph of kidney tissue of apelin treated PE
rat showing mild change in kidney histology: normal glomeruli with mild focal degenerative changes in
tubules ; G, glomeruli; T, tubules. (H&E X100). (G) Photomicrograph of kidney tissue of apelin treated
PE rat showing mild congested renal vasculature, normal glomeruli, intact Bowman’s space with mild fo-
cal degenerative changes in tubules and mild leucocytes infiltration (arrowheads); G, glomeruli; T, tubules
(H&E X400).

shown to promote vasorelaxation of angiotensin II pre-constricted efferent and afferent
arterioles (Hus-Citharel et al., 2008)

Increased progesterone, angiotensinogen (produced from liver by estrogen), renin
(produced by extrarenal origins; the ovaries and decidua) and aldosterone levels
during normal pregnancy may perform a role in elevating glomerular filtration rate
through pregnancy (Hussein ¢ Lafayette, 2014a; Hussein ¢ Lafayette, 2014b). Vasodilation,
nonetheless, occurs throughout pregnancy in spite of the elevated rennin—angiotensin—
aldosterone system because of several factors such as progesterone and (VEGF)-mediated
prostacyclins that enhance resistance to angiotensin II. Also, the existence of AT-1 receptors
in a monomeric status in normal pregnancy makes it less sensitive (Granger et al., 2006;
Gilbert, Babcock & Granger, 2007).

However, Placental ischemia may contribute to vasoconstriction, elevation of blood
pressure, proteinuria and endotheliosis through antiangiogenic agents and autoantibodies
which bind to the AT1 receptors and increased angiotensin II sensitivity (Burke et al.,
2016). ET1 is a strong vasoconstrictor and has been found experimentally to intermediate
the hypertension that is produced by sFLT- 1 and AT1- autoantibodies (George ¢ Granger,
2011).

Our study also observed significantly elevated serum ET-1 level in L-NAME preeclamptic
rats compared to control pregnant ones. however, apelin administration significantly
reversed the upregulation of serum ET-1 levels. Several stimuli such as growth factors,
cytokines, hypoxia, free radicals and ET-1 itself have been notified to stimulate the
release of endothelial ET-1. As ET-1 causes oxidative stress that might result in elevated
manufacturing of sFlt-1 in the placenta in PE, thus a vicious circle develops that increases
ET-1 levels and consequently affects blood pressure and kidney function (Saleh et al.,
2016). the ameliorating effect of apelin on ET-1 level may be due to its ameliorative effect
on inflammatory cytokines and oxidative stress shown below and could also explain the
improvement in kidney function in the treated preeclamptic rats.

Moreover, NO production and excretion by endothelial cells have a significant
function in vascular tension regulation and relaxation in pregnancy and promotes the
increased blood flow and fetal growth throughout pregnancy (Eckman et al., 2012). Chronic
suppression of NO production elevates the blood pressure in a volume-dependent way
(Vechoropoulos et al., 2014). The present study observed decreased circulating NO level
following treatment with L-NAME in preeclamptic rats compared with that of control ones.
On the other hand, administration of apelin-13 reversed the decrease of NO levels in the
serum of treated preeclamptic rats. Wang et al. (2017) also stated that the treatment with
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apelin remarkably improved the endothelial nitric oxide synthase (eNOS) expression in
the placenta and in the serum and proposed that reconditioning of the eNOS/NO pathway
might be engaged in the ameliorative effects of apelin on preeclampsia. Antifibrotic actions
of apelin by the apelin/APJ/Akt/eNOS pathway that oppose Ang II have also been notified
in unilateral ureteral ligation- induced renal fibrosis (Nishida et al., 2012).

Furthermore, throughout pre-eclampsia evolution, the emission of diffusible agents as
ROS, lipid peroxidation products and inflammatory cytokines from the placenta into the
maternal circulation causes systemic endothelial damage (Aouache et al., 2018).

Our results have demonstrated that L-NAME- induced preeclampsia like rat model
showed oxidative stress and inflammatory changes notified by elevated serum IL-6 and
MDA levels. Similar findings were also noted by Yang et al. (2019). However, the increased
MDA levels, and IL-6 in pre-eclamptic rats were declined by administration of apelin.
Apelin has also been found to exert reno-protective effects in diabetic nephropathy and
ischemia reperfusion by repressing inflammatory response, ROS generation and apoptosis
(Day, Cavaglieri & Feliers, 2013) and (Zhang et al., 2020).

Apelin-13 had the possibility to pharmacologically protect versus inflammation and
oxidative stress throughout activating the 5AMP-activated protein kinase / glycogen
synthase kinase 38 / nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (Duan
et al, 2019). Nrf2 is a transcriptional factor that intermediates the antioxidant response.
Normally, it is attached to its chaperone; Kelch-like ECH-linked protein 1 (Keapl)
and remained in the cytoplasm, and this association enhances its degradation by some
proteasomes. Under oxidative stress conditions, Nrf2 separates from Keap1, translocates
into the nucleus, attaches to antioxidant response elements (AREs), and upregulates
antioxidants and anti-inflammatory modulators formation (de Haan, 2011).

Taking the present results with each other, it can be concluded that apelin treatment
can exert reno-protective effects on L-NAME-induced preeclampsia in rats as indicated by
improved blood pressure, proteinuria, serum urea and creatinine levels and ameliorated
renal histopathologic changes.

The probable mechanisms involved include increasing nitric oxide and decreasing
ET-1 bioavailability and inhibiting ROS, lipid peroxidation and inflammation in maternal
circulation and renal tissues.

ACKNOWLEDGEMENTS

Thanks to Taif University Researchers supporting number (TURSP-2020/21), Taif
University, Taif, Saudi Arabia, Zoology Department; Faculty of Science, Physiology
Department; Faculty of medicine; Zagazig University.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
We received funding from the Taif University Researchers supporting project number
(TURSP-2020/21), Taif University, Taif, Saudi Arabia, Zoology Department; Faculty of

Hamza et al. (2021), PeerdJ, DOI 10.7717/peerj.11110 12/17


https://peerj.com
http://dx.doi.org/10.7717/peerj.11110

Peer

Science, Physiology Department; Faculty of medicine; Zagazig University. The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of

the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
Taif University Researchers: TURSP-2020/21.

Taif University, Taif, Saudi Arabia.

Zoology Department; Faculty of Science.

Physiology Department; Faculty of medicine; Zagazig University.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Reham Z. Hamza and Mai S. Attia conceived and designed the experiments, performed
the experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

e Abdel Aziz A. Diab conceived and designed the experiments, authored or reviewed drafts
of the paper, and approved the final draft.

e Mansour H. Zahra and Ali K. Asalah conceived and designed the experiments, performed
the experiments, analyzed the data, prepared figures and/or tables, and approved the
final draft.

e Suzan M.M. Moursi performed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the paper, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Zagazig University Institutional Animal Care and Use Committee approved this
research (number ZU-IACUC/ 1/ F/ 78/ 2019).

Data Availability
The following information was supplied regarding data availability:
Raw data are available in the Supplemental File. The histopathological images of the

experimental work are located in Fig. 9.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.11110#supplemental-information.

REFERENCES

Abdul Aziz SH, John CM, Mohamed Yusof NI, Massita N, Rajesh R, Adam A, Fazlin
MEF. 2016. Animal model of gestational diabetes mellitus with pathophysiological

Hamza et al. (2021), PeerdJ, DOI 10.7717/peerj.11110 13/17


https://peerj.com
http://dx.doi.org/10.7717/peerj.11110#supplemental-information
http://dx.doi.org/10.7717/peerj.11110#supplemental-information
http://dx.doi.org/10.7717/peerj.11110#supplemental-information
http://dx.doi.org/10.7717/peerj.11110

Peer

resemblance to the human condition induced by multiple factors (nutritional
pharmacological, and stress) in rats. BioMed Research International 2016:9704607.

Abubakar MG, Ukwuani AN, Mande UU. 2015. Antihypertensive activity of Hibiscus
Sabdariffa aqueous calyx extract in Albino rats. Sky Journal of Biochemistry Research
4(3):16-20.

Aouache R, Biquard L, Vaiman D, Miralles F. 2018. Oxidative stress in preeclampsia
and placental diseases. International Journal of Molecular Sciences 19(5):1496
DOI 10.3390/ijms19051496.

Bircan B, Cakir M, Kirbag S, Giil H. 2016. effect of apelin hormone on renal ischemi-
a/reperfusion induced oxidative damage in rats. Renal Failure 38(7):1122-1128
DOI 10.1080/0886022X.2016.1184957.

Burke S, Zsengellér Z, Khankin E, Lo A, Rajakumar A, DuPont J, McCurley A,

Moss M, Zhang D, Clark C, Wang A, Seely E, Kang P, Stillman I, Jaffe I, Karu-
manchi S. 2016. Soluble fms-like tyrosine kinase 1 promotes angiotensin II sen-
sitivity in preeclampsia. The Journal of Clinical Investigation 126(7):2561-2574
DOI10.1172/JCI83918.

Day RT, Cavaglieri RC, Feliers D. 2013. Apelin retards the progression of diabetic
nephropathy. American Journal of Physiology-Renal Physiology 304(6):F788—F800
DOI 10.1152/ajprenal.00306.2012.

Drury R, Wallington E. 1980. preparation and fixation of tissues. In: EA Drury RAB
Wallington, ed. Carleton’s histological technique, 5. Oxford: Oxford University Press,
41-54.

De Haan JB. 2011. Nrf2 activators as attractive therapeutics for diabetic nephropathy.
Diabetes 60(11):2683-2684.

Duan J, CuiJ, Yang Z, Guo C, Cao J, Xi M, Weng Y, Yin Y, Wang Y, Wei G, Qiao B,
Wen A. 2019. Neuroprotective effect of Apelin 13 on ischemic stroke by activating
AMPK/GSK-38/Nrf2 signaling. Journal of Neuroinflammation 16:24
DOI10.1186/s12974-019-1406-7.

European Society of Gynecology (ESG), Association for European Paediatric Car-
diology (AEPC), German Society for Gender Medicine (DGesGM), Regitz-
Zagrosek V, Blomstrom Lundqyvist C, Borghi C, Cifkova R, Ferreira R, Foidart J.
M, Gibbs JS, Gohlke-Baerwolf C, Gorenek B, Iung B, Kirby M, Maas AH, Morais J,
Nihoyannopoulos P, Pieper PG, Presbitero P, Roos-Hesselink JW, ESC Committee
for Practice Guidelines. 2011. ESC guidelines on the management of cardiovascular
diseases during pregnancy: the task force on the management of cardiovascular
diseases during pregnancy of the European Society of Cardiology (ESC). European
Heart Journal 32(24):3147-3197 DOI 10.1093/eurheartj/ehr218.

Eckman DM, Gupta R, Rosenfeld CR, Morgan TM, Charles SM, Mertz H, Moore LG.
2012. Pregnancy increases myometrial artery myogenic tone via NOS- or COX-
independent mechanisms. American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology 303(4):R368-R375 DOI 10.1152/ajpregu.00490.2011.

Hamza et al. (2021), PeerdJ, DOI 10.7717/peerj.11110 14/17


https://peerj.com
http://dx.doi.org/10.3390/ijms19051496
http://dx.doi.org/10.1080/0886022X.2016.1184957
http://dx.doi.org/10.1172/JCI83918
http://dx.doi.org/10.1152/ajprenal.00306.2012
http://dx.doi.org/10.1186/s12974-019-1406-7
http://dx.doi.org/10.1093/eurheartj/ehr218
http://dx.doi.org/10.1152/ajpregu.00490.2011
http://dx.doi.org/10.7717/peerj.11110

Peer

Engvall E, Perlmann P. 1971. Enzyme-linked immunosorbent assay (ELISA).
Quantitative assay of immunoglobulin G. Immunochemistry 8(9):871-874
DOI 10.1016/0019-2791(71)90454-X.

Erlandsson L, Niiv A, Hennessy A, Vaiman D, Gram M, Akerstrom B, Hansson SR.
2016. Inventory texteuro of novel animal models addressing etiology of preeclampsia
in the development of new therapeutic/intervention opportunities. American Journal
of Reproductive Immunology 75(3):402—410 DOT 10.1111/aji.12460.

Fawcett JK, Coctt JE. 1960. A colorimetric method for the determination of serum urea
concentration. Journal of Clinical Pathology 13:156—-159 DOI 10.1136/jcp.13.2.156.

Fukushima H, Kobayashi N, Takeshima H, Koguchi W, Ishimitsu T. 2010. Ef-
fects of olmesartan on apelin/AP] and Akt/eNOS pathway in Dahl rats with
end-stage heart failure. Journal of Cardiovascular Pharmacology 55(1):83—88
DOI 10.1097/FJC.0b013e3181c87a82.

Gathiram P, Moodley J. 2016. Pre-eclampsia: its pathogenesis and pathophysiolgy.
Cardiovascular Journal of Africa 27(2):71-78 DOI 10.5830/CVJA-2016-009.

George EM, Granger JP. 2011. Endothelin: key mediator of hypertension in preeclamp-
sia. American Journal of Hypertension 24(9):964-969 DOI 10.1038/ajh.2011.99.

Gilbert JS, Babcock SA, Granger JP. 2007. Hypertension produced by reduced uterine
perfusion in pregnant rats is associated with increased soluble fms-like tyrosine
kinase-1 expression. Hypertension 50(6):1142—1147
DOI10.1161/HYPERTENSIONAHA.107.096594.

Granger JP, LaMarca BB, Cockrell K, Sedeek M, Balzi C, Chandler D, Bennett W. 2006.
Reduced uterine perfusion pressure (RUPP) model for studying cardiovascular-renal
dysfunction in response to placental ischemia. Methods Mol Med. 122:383-392.

Hus-Citharel A, Bouby N, Frugie‘re A, Bodineau L, Gasc J, Llorens-Cortes C. 2008.
Efect of apelin on glomerular hemodynamic function in the rat kidney. Kidney
International 74(4):486—494 DOI 10.1038/ki.2008.199.

Hussein W, Lafayette RA. 2014a. Renal function in normal and disordered pregnancy.
Current Opinion in Nephrology and Hypertension 23(1):46—53
DOI10.1097/01.mnh.0000436545.94132.52.

Hussein W, Lafayette RA. 2014b. Renal function in normal and disordered pregnancy.
Current Opinion in Nephrology and Hypertension 23(1):46-53
DOI 10.1097/01.mnh.0000436545.94132.52.

Ignarro LJ, Fukuto JM, Griscavage JM, Rogers NE, Byrns RE. 1993. Oxidation of nitric
oxide in aqueous solution to nitrite but not nitrate: comparison with enzymatically
formed nitric oxide from Larginine. Proceedings of the National Academy of Sciences
of the United States of America 90(17):8103—-8107 DOI 10.1073/pnas.90.17.8103.

Khraibi A, Heublein DM, Knox FG. 1993. Increased plasma level of endothelin-1 in
the okamoto spontaneously hypertensive rat. Mayo Clinic Proceedings 68(1):42—46
DOI10.1016/S0025-6196(12)60017-2.

Abul-fadle K, Saied A, Musa M. 2018. Protective effect of apelin-13 on kidney and
platelet functions in adenine-induced chronic renal failure in rats. The Medical
Journal of Cairo University 86:2375-2386 DOI 10.21608/mjcu.2018.57560.

Hamza et al. (2021), PeerdJ, DOI 10.7717/peerj.11110 15/17


https://peerj.com
http://dx.doi.org/10.1016/0019-2791(71)90454-X
http://dx.doi.org/10.1111/aji.12460
http://dx.doi.org/10.1136/jcp.13.2.156
http://dx.doi.org/10.1097/FJC.0b013e3181c87a82
http://dx.doi.org/10.5830/CVJA-2016-009
http://dx.doi.org/10.1038/ajh.2011.99
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.096594
http://dx.doi.org/10.1038/ki.2008.199
http://dx.doi.org/10.1097/01.mnh.0000436545.94132.52
http://dx.doi.org/10.1097/01.mnh.0000436545.94132.52
http://dx.doi.org/10.1073/pnas.90.17.8103
http://dx.doi.org/10.1016/S0025-6196(12)60017-2
http://dx.doi.org/10.21608/mjcu.2018.57560
http://dx.doi.org/10.7717/peerj.11110

Peer

LiuY, Zhang J, Wang Y. 2017. Apelin involved in progression of diabetic nephropathy by
inhibiting autophagy in podocytes. Cell Death ¢ Disease 8:3006
DOI 10.1038/cddis.2017.414.

Ma RQ, Sun MN, Yang Z. 2010. Effects of preeclampsia-like symptoms at early gesta-
tional stage on feto-placental outcomes in a mouse model. Chinese Medical Journal
123(6):707-712.

Mehrabadi A, Liu S, Bartholomew S, Hutcheon JA, Magee LA, Kramer MS, Liston
RM, Joseph KS, Canadian Perinatal Surveillance System Public Health Agency
of Canada. 2014. Hypertensive disorders of pregnancy and the recent increase in
obstetric acute renal failure in Canada: population based retrospective cohort study.
BM] (Clinical research ed.) 349:g4731 DOI 10.1136/bmj.g4731.

Nishi H, Elin R. 1985. Three turbidimetric methods for determining total protein
compared. Clinical Chemistry 31(8):1377—-1380 DOI 10.1093/clinchem/31.8.1377.

Nishida M, Okumura Y, Oka T, Toiyama K, Ozawa S, Itoi T, Hamaoka K. 2012.

The role of apelin on the alleviative effect of Angiotensin receptor blocker in
unilateral ureteral obstruction-induced renal fibrosis. Nephron Extra 2(1):39-47
DOI 10.1159/000337091.

Pettit F, Mangos G, Davis G, Henry A, Brown MA. 2015. Pre-eclampsia causes adverse
maternal outcomes across the gestational spectrum. Pregnancy Hypertension
5(2):198-204 DOI 10.1016/j.preghy.2015.02.002.

Saleh L, Verdonk K, Visser W, van den Meiracker AH, Danser AH. 2016. The emerging
role of endothelin-1 in the pathogenesis of pre-eclampsia. Therapeutic Advances in
Cardiovascular Disease 10(5):282-293 DOI 10.1177/1753944715624853.

Satoh K. 1978. Serum lipid peroxide in cerebro vascular disorders: determined by a new
colorimetric method. Clinica Chimica Acta 90:37—-43
DOI 10.1016/0009-8981(78)90081-5.

Schirmeister J, Willmann H, Kieffr H. 1964. Plasma creatinine as rough indicator
DER of renal function. Deutsche Medizinische Wochenschrift 89:1018-1023
DOI 10.1055/s-0028-1111251.

Sedeek M, Gilbert JS, LaMarca BB, Sholook M, Chandler DL, Wang Y, Granger JP.
2008. Role of reactive oxygen species in hypertension produced by reduced uterine
perfusion in pregnant rats. American Journal of Hypertension 21(10):1152-1156
DOI 10.1038/ajh.2008.239.

Shu W, Li H, Gong H, Zhang M, Niu X, Ma Y, Zhang X, Cai W, Yang G, Wei M, Yang N,
LiY. 2018. Evaluation of blood vessel injury oxidative stress and circulating inflam-
matory factors in an L NAME induced preeclampsia like rat model. Experimental and
Therapeutic Medicine 16(2):585-594.

Taha AS, Zahraei Z, Al-Hakeim HK. 2020. Serum apelin and galectin-3 in preeclampsia
in Iraq. Hypertension in Pregnancy 39:379-386 DOI 10.1080/10641955.2020.1777300.

Talebianpoor MS, Owji SM, Goharinia M, Mirkhani H. 2017. Effect of tempol, a
synthetic antioxidant, on renal complications of L-NAME induced preeclampsia in
rat. Physiology and Pharmacology 21(3):241-250 DOI 10.4196/kjpp.2017.21.2.241.

Hamza et al. (2021), PeerdJ, DOI 10.7717/peerj.11110 16/17


https://peerj.com
http://dx.doi.org/10.1038/cddis.2017.414
http://dx.doi.org/10.1136/bmj.g4731
http://dx.doi.org/10.1093/clinchem/31.8.1377
http://dx.doi.org/10.1159/000337091
http://dx.doi.org/10.1016/j.preghy.2015.02.002
http://dx.doi.org/10.1177/1753944715624853
http://dx.doi.org/10.1016/0009-8981(78)90081-5
http://dx.doi.org/10.1055/s-0028-1111251
http://dx.doi.org/10.1038/ajh.2008.239
http://dx.doi.org/10.1080/10641955.2020.1777300
http://dx.doi.org/10.4196/kjpp.2017.21.2.241
http://dx.doi.org/10.7717/peerj.11110

Peer

Vechoropoulos M, Ish-Shalom M, Shaklai S, Sack J, Stern N, Tordjman KM. 2014. The
proatherogenic effect of chronic nitric oxide synthesis inhibition in ApoE-Null mice
is dependent on the presence of PPAR «. PPAR Research 2014:124583.

Villie P, Dommergues M, Brocheriou I, Piccoli GB, Tourret J, Hertig A. 2018.

Why kidneys fail post-partum: a tubulocentric viewpoint. Journal of Nephrology
31(5):645-651 DOI 10.1007/s40620-018-0488-0.

Wang C, Liu X, Kong D, Qin X, Li Y, Teng X, Huang X. 2017. Apelin as a novel drug for
treating preeclampsia. Experimental and Therapeutic Medicine 14(6):5917-5923.

Yang S, Song L, Shi X, Zhao N, Ma Y. 2019. Ameliorative effects of pre-eclampsia by
quercetin supplement to aspirin in a rat model induced by L-NAME. Biomedicine
& Pharmacotherapy 116:108969 DOI 10.1016/j.biopha.2019.108969.

Zhang X, Zhu Y, Zhou Y, Fei B. 2020. Activation of Nrf2 signaling by apelin attenuates
renal ischemia reperfusion injury in diabetic rats. Diabetes, Metabolic Syndrome and
Obesity: Targets and Therapy 13:2169-2177 DOI 10.2147/DMS0O.5246743.

Zuo ], Jiang Z. 2020. Melatonin attenuates hypertension and oxidative stress in a
rat model of L-NAME-induced gestational hypertension. Vascular Medicine
25(4):295-301 DOT 10.1177/1358863X20919798.

Hamza et al. (2021), PeerdJ, DOI 10.7717/peerj.11110 1717


https://peerj.com
http://dx.doi.org/10.1007/s40620-018-0488-0
http://dx.doi.org/10.1016/j.biopha.2019.108969
http://dx.doi.org/10.2147/DMSO.S246743
http://dx.doi.org/10.1177/1358863X20919798
http://dx.doi.org/10.7717/peerj.11110

