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Preeclampsia (PE) is a prevalent and severe pregnancy complication that significantly impacts 
maternal and perinatal health. Epidemiological studies and animal experiments have demonstrated 
that PE adversely affects the cardiovascular and nervous systems of offspring, increasing their 
risk of hypertension and renal pathology. However, the mechanisms underlying this increased risk 
remain unclear. This study utilized an L-NAME-induced preeclampsia mouse model (PELS model) 
to investigate the effects of PE on offspring blood pressure and renal pathology, focusing on the 
expression of Angiotensin II Type 1 Receptors (AT1R) and related molecules in renal tissues. Our 
findings show that L-NAME-induced pre-eclampsia led to reduced birth weights and significantly 
elevated systolic blood pressure in 6-week-old offspring. Histopathological analysis revealed 
pronounced glomerular and tubular damage in the kidneys of both 1-week and 6-week-old offspring 
from the pre-eclampsia group. At 1 week of age, the pre-eclampsia group exhibited elevated mRNA 
and protein expression levels of AT1R, GRK4, AQP2, ENaC, and NCC in renal tissues compared to 
controls. However, these differences were no longer significant at 6 weeks of age. No significant 
gender differences were observed in either blood pressure or renal pathological changes. Preeclampsia 
induced by L-NAME results in increased blood pressure and renal damage in offspring, potentially 
mediated by early alterations in the renal RAS system. The observed changes in AT1R and related 
molecules appear to be transient, suggesting that the early impact of pre-eclampsia on renal structure 
may trigger, but not sustain, hypertension in offspring. Further studies are needed to elucidate the 
long-term mechanisms driving hypertension in this population.

Pre-eclampsia is a pregnancy-specific disorder characterized by hypertension accompanied by multi-organ 
dysfunction, such as renal impairment, liver damage, and complications in the nervous and hematological 
systems. With a prevalence rate of 5–7%, it stands as a primary contributor to the health concerns of pregnant 
women and perinatal children1. Immediate consequences of pre-eclampsia include premature birth, fetal growth 
restriction, and intrauterine hypoxia. Previous studies have demonstrated that pre-eclampsia has a certain 
impact on offspring’s metabolic alterations. Children prenatally exposed to pre-eclampsia are at an increased 
risk of developing endocrine and metabolic disorders2. Moreover, the long-term effects of preeclampsia 
extend to the cardiovascular and nervous systems of offspring, persisting into adulthood and even exhibiting 
transgenerational effects3. Epidemiological studies have shown that the offspring of pre-eclamptic pregnancies 
exhibit an elevated blood pressure by an average at the age of 7, a difference that continues until 18 years of age. 
Their risk of hypertension is 1.3 times greater than that of offspring from normal pregnancies, and this risk 
escalates to 1.5 times for offspring from severe pre-eclamptic cases4,5. Animal experiments have indicated that 
male offspring from s-FLT-induced pre-eclampsia exhibit elevated blood pressure from birth to adulthood, while 
female counterparts do not6. Additionally, normotensive females in the RUPP model displayed increased blood 
pressure post oophorectomy7. These findings suggest that pre-eclampsia might influence the blood pressure of 
the offspring, with potential gender differences, although causal mechanism are still speculative. Thus, this study 
uses a subcutaneous L-NAME injection to induce a pre-eclampsia mouse model, observing the blood pressure 
of 6-week-old offspring and noting variations across genders.

Hypertension is a multifactorial disease of unknown etiology, in which the renin-angiotensin-aldosterone 
system (RAAS) may be involved in its pathogenesis. The RAAS plays a crucial role in cardiovascular physiology 
and pathophysiology. Among its components, AT1R is a G-protein-coupled receptor believed to mediate most 
of ANG II’s functions within the system. AT1R is extensively expressed in the kidney and vascular tissues8. 
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Abnormal expression of AT1R can lead to alterations in the expression of ion channels and water channels in 
the renal tissue, such as NHE3, αENaCs, and AQP2. This, in turn, modulates the renal functions of water and 
sodium excretion, playing a part in the regulation of systemic blood pressure9–11.

Adverse intrauterine stimuli may influence offspring blood pressure by altering the expression of various 
components of the RAS system in their kidneys and blood vessels. In rat offspring subjected to intrauterine 
hypoxia, blood pressure is elevated compared to controls. This is accompanied by a decline in the methylation 
level of the CpG island of the Agtr1a gene promoter, responsible for AT1R production, in mesenteric artery 
smooth muscle cells, leading to increased AT1R expression and heightened contractile responses to ANGII12. 
Studies on a reduced uterine perfusion pressure (RUPP) model have shown heightened salt sensitivity in baboon 
offspring, leading to hypertension following a high-salt diet, with a concurrent rise in serum and renal aldosterone 
levels13. Additionally, 16-week-old RUPP rat offspring display significantly elevated blood pressure compared to 
controls, increased arterial sensitivity to ANGII, accompanied by decreased kidney weight, reduced nephron 
count, and increased intrarenal angiotensinogen expression. These effects can be mitigated by early intervention 
with ACEI inhibitors14. Furthermore, offspring exposed to maternal PM2.5 exposure during pregnancy exhibit 
an increased prevalence of hypertension, associated with elevated GRK4 and AT1R expressions, heightened 
renal oxidative stress, and impaired renal sodium excretion15. Collectively, these findings underscore the role of 
alterations in the RAS system in mediating the impacts of adverse intrauterine stimuli on offspring kidney and 
vascular systems, emphasizing its significance in the long-term regulation of offspring blood pressure. Thus, 
further investigation is warranted to ascertain the potential involvement of altered AT1R and related molecular 
expressions in the onset of hypertension in offspring of pre-eclampsia.

Through subcutaneous L-NAME administration, we generated a preeclampsia mouse model to probe the 
repercussions of preeclampsia on offspring renal tissues and blood pressure. By evaluating the expression 
dynamics of AT1R and related molecules in these renal tissues, our research sought to elucidate the contribution 
of AT1R, along with its ancillary molecules, in the development of hypertension among these offspring. Here 
we show that L-NAME-induced pre-eclampsia results in reduced birth weight in offspring and elevated blood 
pressure. Preeclampsia-affected mouse offspring manifest more evident renal impairments. Moreover, the 
expression levels of AT1R and its upstream regulator GRK4, along with its downstream targets, including the 
aquaporin protein AQP2 and ion channels ENaC and NCC, were elevated compared to the control group. This 
suggests that the renin-angiotensin system may play a significant role in the development of hypertension in 
offspring born from preeclamptic conditions.

Materials and methods
Real-time PCR
RNA was extracted from the tissue using the RNAeasy™ Animal RNA Isolation Kit with Spin Column (Beyotime 
Biotechnology, Shanghai, China). Equal volumes of RNA samples were then reverse transcribed. The purity of 
the RNA was verified by measuring optical density (OD) at 260/280 nm, yielding values between 1.8 and 2.0. 
A 20 µL reaction setup for reverse transcription included 1 µg of template RNA, 4 µL of 5× PrimeScript RT 
Master Mix, and was completed to 20 µL with RNase Free dH2O, as per the instructions provided by TaKaRa. 
The reaction was incubated at 37 °C for 15 min, elevated to 85 °C for 5 s, and then quickly cooled on ice. Primer 
sequences were designed using software based on GenBank data.

Specific primer sequences were as follows:

GRK4: forward 5′- A T G G C T A G A A A G G C G T C C A G-3′, reverse 5′- T G T A G C T C G C A C T T G A C A G G-3′.
AT1R: forward 5′- T T C A T T G A G A A C A C C A A T A T C A C T G-3′, reverse 5′- G C T G G T A A G A A T G A T T A G G A 
A A G G-3′.
AQP2: forward 5′- T C A C T G G G T C T T C T G G A T C G-3′, reverse 5′- C G T T C C T C C C A G T C A G T G T-3′.
NCC: forward 5′- C A T C A A G A A C T A C C G C C C C C-3′, reverse 5′- C T C T G C T T G C C A G G T C C A A T-3′.
αENaC: forward 5′- C A G A C T G C T T C T A C C A G A C A T A C-3′, reverse 5′- C C A G G G C T T C C T T T C T C A T A C-
3′.

Expression levels were normalized to the housekeeping gene β-actin, with primers: forward 5′- T G T T T G A G A C 
C T T C A A C A C C-3′ and reverse 5′- C A G T A A T C T C C T T C T G C A T C C-3′. Real-time PCR was performed in a 20 
µL volume containing 10 µL of SYBR Green Master Mix (Yeasen, Shanghai, China), 0.8 µL of 2.5 mM primers, 2 
µL DNA template, and 7.2 µL distilled H2O. PCR cycles were conducted at 95 °C for 5 min, followed by 40 cycles 
at 95 °C for 10 s, 60 °C for 30 s, and 72 °C for 20 s.

Protein extraction and western blotting
Protein extraction from tissue samples was conducted using radioimmunoprecipitation assay (RIPA) buffer, 
supplemented with Protease Inhibitor Cocktail and PMSF, obtained from Servicebio, Wuhan, China. The 
extracted proteins were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
then transferred onto 0.45-µm polyvinylidene fluoride (PVDF) membranes from Millipore, Burlington, MA, 
USA. The membranes were blocked with 5% non-fat milk in Tris-buffered saline with Tween 20 (TBST) for one 
hour, followed by an overnight incubation at 4℃ with various primary antibodies. These included antibodies 
against β-Actin (1:1000, #4970, CST), GRK4 (1:1000, A70500-050, Epigentek), AT1R (1:1000, ab124734, 
Abcam), AQP2 (1:500, ab199975, Abcam), NCC (1:1000, ab95302, Abcam), and αENaC (1:500, PA1-920 A, 
Thermofisher), all diluted in NCM Universal Antibody Diluent from NCM Biotech, Suzhou, China. This step 
was followed by a one-hour room temperature incubation with a goat anti-rabbit secondary antibody (1:3000) in 
TBST. Immunoblot detection was performed using the NcmECL Ultra kit from NCM Biotech, Suzhou, China. 

Scientific Reports |          (2025) 15:915 2| https://doi.org/10.1038/s41598-025-85258-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Protein bands were quantified using ImageJ software, with β-Actin serving as the loading control. Goat anti-
rabbit IgG was sourced from Servicebio (GB23303, Wuhan, China).

Immunohistochemistry
Paraffin-embedded kidney sections of 5 mm were rehydrated in Tris-buffered saline (TBS) and then treated 
with hydrogen peroxide and 1% BSA to block endogenous peroxidase activity. Overnight, these sections were 
incubated in a humidified chamber with primary antibodies: GRK4 (1:500, A70500-050, Epigentek), AT1R 
(1:500, ab124734, Abcam), AQP2 (1:4000, ab199975, Abcam), NCC (1:200, ab95302, Abcam), and αENaC 
(1:200, PA1-920  A, Thermofisher). Post-incubation, the sections were thoroughly washed and then overlaid 
with HRP-conjugated anti-rabbit IgG (Servicebio, Wuhan, China). The staining process was conducted using 
3,3-diaminobenzidine (DAB), followed by counterstaining with hematoxylin to enhance visualization of the 
tissue architecture.

L-NAME -induced preeclampsia model
Male and female C57BL/6 mice, aged 7–8 weeks and weighing 19–21 g, were acquired from Beijing Vital River 
Laboratory Animal Technology Co., Beijing, China. These mice were fed standard rodent chow and housed under 
optimal conditions. Mating was initiated by pairing two females with one male, and pregnancy was indicated by 
the presence of a vaginal plug, noted as gestational day (GD) 0.5. Pregnant mice were allocated into three groups 
(n = 10 per group): a control group receiving intraperitoneal (i.p.) saline injections, and two experimental groups 
receiving i.p. injections of L-NAME (75 mg/kg; Sigma, St Louis, MO, USA) from gestational day (GD) 7.5 to 
GD 18.5 to induce a preeclampsia model as per existing protocols16. The control group was injected with saline. 
Tail artery blood pressure was non-invasively measured for all groups on GD7.5, GD13.5, GD15.5, and GD19.5. 
Urine collection occurred over a 24-hour period from GD16.5 to GD17.5 using metabolic cages, during which 
urine volume was recorded. Urinary protein concentration was determined using the Bradford Protein Assay Kit 
(Beyotime Biotechnology, Shanghai, China), from which the total 24-hour urinary protein load was calculated. 
At 1 week and 6 weeks postpartum, selected offspring were euthanized by cervical dislocation. These mice were 
subsequently weighed, and their kidneys were extracted and rinsed with saline. Some of these kidney samples 
were processed for pathological examination, while others were stored at -80 °C for future research.

Ethics approval
The ethics and care of all animal experiments received approval from the research ethics committee of the 
Obstetrics and Gynecology Hospital of Fudan University and all methods were in accordance the relevant 
protocols, guidelines and regulations. All animal studies adhered to the ARRIVE 2.0 requirements, which 
included study design, animal numbers, randomization, and statistical methods.

Statistics
The statistical evaluation of data was executed using SPSS (version 26.0) and GraphPad Prism (version 10.0). 
Data conforming to a normal distribution are presented as mean ± standard deviation (SD). Multiple group 
comparisons were conducted via Analysis of Variance (ANOVA), whereas two-group comparisons were analyzed 
using Student’s t-tests, both unpaired and paired where necessary. Significance levels were indicated by p-values.

Data availability
The datasets utilized or analyzed over the course of this investigation are available from the corresponding 
author upon reasonable request.

Results
Preeclampsia-like mouse mode
Compared to the control group that received saline, L-NAME-treated dams exhibited a significant increase 
in systolic blood pressure at gestational day 13.5, 15.5, and 19.5 relative to day 7.5 (Fig. 1A; n = 7; P < 0.05). 
Additionally, dams in the pre-eclampsia group demonstrated higher urinary protein levels (Fig. 1B). Furthermore, 
these mice produced fewer offspring compared to the control group, averaging 4.9 ± 1.5 pups versus 6.8 ± 1.8 in 
the controls, indicating a significant reproductive impact (P < 0.05) (Fig. 1C).

The effects of L-NAME-induced preeclampsia on fetal weight and blood pressure in mice
Due to the difficulty of determining the sex of offspring mice at 1 week of age, they were not categorized by 
gender. The average weight of 1-week-old offspring from the L-NAME-treated group was significantly lower 
than that of their counterparts in the control group (2.486 ± 0.457 g vs. 3.820 ± 0.318 g, P < 0.001). However, by 6 
weeks of age, there was no significant difference in weight between female or male offspring from the L-NAME 
group compared to those from the control group; females weighed 14.25 ± 0.77 g versus 15.29 ± 0.35 g, and males 
weighed 17.18 ± 0.22 g versus 16.93 ± 0.43 g, respectively (P > 0.05) (Fig. 2A). At 6 weeks, both female and male 
offspring from the L-NAME group exhibited significantly higher average systolic blood pressures compared 
to the control group (119.73 ± 3.42mmHg vs. 107.00 ± 3.89mmHg for females, and 112.00 ± 3.22mmHg vs. 
102.75 ± 2.30mmHg for males, P < 0.01). Nonetheless, there was no significant difference in systolic blood 
pressure between female and male offspring (P > 0.05) (Fig. 2B).

Pathological changes in the renal tissue of mice with PELS offspring
Compared to the 1-week-old offspring in the control group, histopathological examinations of the pre-eclampsia 
group revealed increased abnormalities in the glomerular structure, proliferation of mesangial cells, swelling of 
tubular epithelial cells, constriction of renal capsules, narrowing of the space between tubules, and an increase 
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in interstitial lymphocytes. Both the glomerular and tubular damage scores were elevated (1.56 ± 0.182 vs. 
3.22 ± 0.148 and 1.70 ± 0.245 vs. 3.14 ± 0.152; P < 0.001). (Fig. 2C–E)

In the renal histopathology of 6-week-old offspring from the pre-eclampsia group, there was notable 
constriction of renal capsules, swelling of tubular epithelium, and reduced spacing between tubules, compared 
to the control group. However, there was no significant increase in mesangial cells or interstitial lymphocytes 
observed. The glomerular and tubular damage scores were significantly higher in the 6-week-old female 
offspring from the pre-eclampsia group compared to those from the control group, with scores of 3.03 ± 0.153 vs. 
1.93 ± 0.252 and 3.10 ± 0.058 vs. 1.80 ± 0.058, respectively (P < 0.001). Similarly, the male offspring from the pre-
eclampsia group also showed elevated damage scores, with 3.07 ± 0.153 vs. 1.87 ± 0.252 for glomerular damage 
and 3.27 ± 0.208 vs. 1.70 ± 0.265 for tubular damage (P < 0.001) (Fig. 2C–E). Moreover, a higher kidney/body 
weight ratio was observed in PELS offspring compared to the control group (Fig. 2F; P < 0.001).

 The effects of L-NAME on the expression of AT1R, GRK4, ion channels and aquaporins in the 
kidneys of offspring mice
Compared to the control group at one week of age, qRT-PCR results indicated increased expression levels of 
angiotensin II receptor type 1 (AT1R) and G protein-coupled receptor kinase 4 (GRK4) in the renal tissues of 
one-week-old offspring in the preeclampsia group (1.00 ± 0.42 vs. 2.01 ± 0.68 and 1.00 ± 0.56 vs. 1.74 ± 0.74, 
respectively, P < 0.05). Additionally, the mRNA levels of aquaporin 2 (AQP2), epithelial sodium channel 
(ENaC), and sodium-chloride symporter (NCC) were significantly higher compared to the control group 
(AQP2: 1.00 ± 0.24 vs. 4.95 ± 1.50; ENaC: 1.00 ± 0.41 vs. 3.83 ± 1.91; NCC: 1.00 ± 0.14 vs. 1.60 ± 0.64, P < 0.05) 
(Fig. 3A). Western blot results further indicated an increased expression of AT1R, GRK4, AQP2, ENaC and NCC 
(AT1R: 1.00 ± 0.12 vs. 1.67 ± 0.18; GRK4: 1.00 ± 0.60 vs. 1.35 ± 0.16; AQP2: 1.00 ± 0.17 vs. 1.48 ± 0.21; ENaC: 
1.00 ± 0.16 vs. 2.75 ± 0.17; NCC: 1.00 ± 0.21 vs. 1.41 ± 0.29, P < 0.05) (Fig. 3B). Immunohistochemical results 
of the kidney confirmed the elevated expression of AT1R, GRK4, AQP2, ENaC and NCC at the protein level 
(AT1R: 1.13 ± 0.20 vs. 1.36 ± 0.60; GRK4: 1.11 ± 0.11 vs. 1.39 ± 0.53; AQP2: 2.33 ± 0.59 vs. 2.52 ± 0.11; ENaC: 
1.43 ± 0.14 vs. 1.87 ± 0.07; NCC: 1.55 ± 0.39 vs. 1.79 ± 0.05, P < 0.05) (Fig. 3C).

Previous research suggests that preeclampsia may affect blood pressure regulation in offspring, potentially 
with gender-specific variations. In line with this hypothesis, this study analyzed the results by dividing the 
offspring into gender-specific groups. qRT-PCR and Western blot analyses of renal tissues from the 6-week-old 
offspring in the pre-eclampsia group revealed no significant differences in the expression levels of AT1R and 
GRK4 at both mRNA and protein levels compared to control groups across both genders (P > 0.05) (Fig. 4A,B). 
Immunohistochemical examinations corroborated these findings, showing consistent protein expression levels 

Fig. 1. Establishment of a preeclampsia mouse model. Preeclampsia mouse model was generated by 
administration of L-NAME 75 mg/kg/d) between D7.5 and D18.5 of gestation in pregnant mice. (A) The effect 
of L-NAME on blood pressure in pregnant mice. (B) The effect of L-NAME on proteinuria in pregnant mice. 
(C) The number of fetuses from control and NG-nitroarginine methyl ester hydrochloride (L-NAME) dams. 
Control: control group, n = 8; L-NAME: preeclampsia group, n = 7. *P < 0.05, **P < 0.005.
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Fig. 2. Offspring characteristics in the LNAME model. (A) Weight of 1week and 6week fetuses. (B) 
Representative images of pup’s kidney. Renal tissue stained with HE (magnification 200×). (C) Glomerular 
injury pathology score. (D) Tubular injury pathology score. : Renal tubular stenosis, : Abnormal glomerular 
structure, ☆: epithelial swelling of renal tubules, narrowing of renal tubular interstitium, △: Increased 
interstitial lymphocytes, ▲: Proliferation of glomerular mesangial cells. (E) Kidney efficiency (estimated 
for the kidney weight/body weight ratio), showing high kidney weight/body weight ratio in offspring from 
L-NAME dams. (F) The effect of L-NAME on blood pressure in 6-week-old offspring mice. Each dot represents 
1 study subject. Values are presented in the median ± interquartile range. *P < 0.05, **P < 0.005, ****P < 0.0001.
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of AT1R and GRK4 in the kidneys (P > 0.05) (Fig. 4B). Additionally, the expression levels of the aquaporin protein 
AQP2 and the ion channels NCC and ENaC in renal tissues also showed no significant differences at mRNA 
or protein levels between the pre-eclampsia group and controls (P > 0.05) (Fig. 4A,B). Immunohistochemical 
analysis supported these results, indicating uniform protein expressions for AQP2, NCC, and ENaC across the 
groups (P > 0.05) (Fig. 4C).

Fig. 3. The effect of L-NAME on the expression of AT1R, GRK4, ion channels and aquaporins in the kidneys 
of 1-week-old offspring mice. (A) qRT-PCR results of AT1R, GRK4, ion channels and aquaporins expression in 
offspring kidney tissues in the kidneys of 1-week-old offspring mice. (B) Western blot results of AT1R, GRK4, 
ion channels and aquaporins expression in offspring kidney tissues in the kidneys of 1-week-old offspring 
mice. (C) Immunohistochemistry results of AT1R, GRK4, ion channels and aquaporins expression in offspring 
kidney tissues in the kidneys of 1-week-old offspring mice (magnification 200×). ***P<0.001, **P<0.01, 
*P<0.05.
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Fig. 4. The effect of L-NAME on the expression of AT1R,  GRK4, ion channels and aquaporins in the kidneys 
of 6-week-old offspring mice. (A) qRT-PCR results of AT1R, GRK4, ion channels and aquaporins expression in 
offspring kidney tissues in the kidneys of 6-week-old offspring mice. (B) Western blot results of AT1R, GRK4, 
ion channels and aquaporins expression in offspring kidney tissues in the kidneys of 6-week-old offspring 
mice. (C) Immunohistochemistry results of AT1R, GRK4, ion channels and aquaporins expression in offspring 
kidney tissues in the kidneys of 6-week-old offspring mice (magnification 200×). ***P<0.001, **P<0.01, 
*P<0.05.
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Discussion
This study presents the evidence that the L-NAME-induced preeclampsia mouse model exhibited elevated blood 
pressure in offspring. Potential underlying mechanism contributing to these results include renal glomerular 
and tubular damage, and alterations in AT1R and its upstream GRK4, the ion channels ENaC and NCC, and the 
aquaporin AQP2. These changes affect renal structure and function in the offspring, leading to increased blood 
pressure.

Changes in body weight and increased blood pressure in offspring of preeclampsia
Our findings revealed a reduction in the litter size of pre-eclamptic mice, a decrease in the birth weight of their 
offspring, and an elevation in the average systolic blood pressure of the offspring at 6 weeks of age. Preeclampsia 
is a leading cause of fetal growth restriction (FGR)15. The results from this segment of our study indicate that 
offspring at 1 week of age from pre-eclamptic mothers weighed less compared to age-matched controls, and 
also exhibited reduced kidney weight. By the age of 6 weeks, no significant difference in weight or kidney 
size was observed between the offspring of pre-eclamptic mothers and controls. Previous animal studies have 
shown that offspring born to spontaneous pre-eclamptic mouse models have lower birth weights compared to 
controls but exhibit a phenomenon of accelerated compensatory growth in early adulthood17. A parallel trend 
was observed in epidemiological studies. A Norwegian research study examining 4,096 females aged 13–19, 
found that offspring of pre-eclamptic mothers were born with lower weights. However, by adolescence, these 
females had significantly higher weights and BMIs compared to offspring from normal pregnancies18. These 
findings suggest that offspring born to pre-eclamptic mothers have reduced birth weights. Still, under consistent 
nurturing conditions, they exhibit catch-up growth, reaching age-matched weight before sexual maturity.

Previous epidemiological studies have indicated that offspring of mothers with pre-eclampsia tend to 
have higher blood pressure compared to those from normal pregnancies. Interestingly, some studies found 
this elevated blood pressure only in male offspring, while others observed it solely in female offspring19–22. 
In animal experiments, male offspring induced by s-FLT in a pre-eclamptic condition demonstrated elevated 
blood pressure from birth, continuing into adulthood, whereas the female offspring did not exhibit such 
elevation6. Furthermore, normotensive females in the RUPP model showed increased blood pressure following 
ovariectomy7. These findings suggest that pre-eclampsia might affect offspring’s blood pressure, and this effect 
could be gender-specific. The types and levels of hormones in the offspring might play a regulatory role in 
their blood pressure. Our study results for this segment show that at 6 weeks of age, the offspring from the pre-
eclampsia group displayed significantly higher tail artery systolic pressure when at rest compared to the control 
group, but no noticeable gender difference was observed. However, the underlying mechanisms remain unclear.

We explore the underlying mechanisms of increased blood pressure in offspring of preeclampsia, reporting 
renal damage and alterations in AT1R, ENaC, NCC and AQP2. We observed an increased scoring of damage 
in the glomeruli and renal tubules of both 1-week-old and 6-week-old offspring subjected to pre-eclampsia 
conditions. In the kidney tissues of the 1-week-old offspring from the pre-eclampsia group, the expression of 
AT1R and its upstream regulator GRK4, as well as its downstream targets, including the aquaporin protein 
AQP2 and ion channels ENaC and NCC, were elevated in comparison to the control group. However, in the 
6-week-old offspring from the pre-eclampsia group, the expression levels of AT1R, GRK4, AQP2, ENaC, and 
NCC were not significantly different from those of the control group. AT1R is a G-protein-coupled receptor that 
mediates most of the functions of ANG II in the system. It is widely expressed in the kidneys and vascular tissues, 
playing a pivotal role in the onset and development of hypertension8. Abnormal expression of AT1R can lead 
to changes in ion channel and aquaporin expression in kidney tissues. Among them, ENaC is a heterotetramer 
composed of α, β, and γ subunits, with the α subunit playing the primary role. It is highly expressed in the 
distal convoluted tubules and collecting ducts of the kidneys, assisting in sodium ion reabsorption. The NKCC 
transporter includes NKCC1 and NKCC2, with NKCC2 being particularly present in the kidneys, functioning 
in the reabsorption of sodium, potassium, and chloride ions from primary urine. NCC is distributed in renal 
tubules and facilitates the reabsorption of sodium and chloride ions. AQP2 is a type of aquaporin primarily 
found in the renal collecting ducts, responsible for reabsorbing water from urine23,24. Changes in the expression 
of these ion channels and aquaporins can alter the kidney’s water and sodium excretion functions, contributing to 
the onset of hypertension. The intrarenal RAS system plays a vital role in postnatal kidney development and the 
onset of kidney injuries. Perinatal inhibition of the RAS system can lead to a decrease in nephrons, enlargement 
of glomerular volume, impairment of kidney concentrating function, and hypertension in offspring25,26. Adverse 
intrauterine stimuli can affect offspring’s blood pressure by altering the expression of various components of the 
RAS system in the offspring’s kidneys and vessels. Studies related to the RUPP-induced fetal intrauterine growth 
restriction model have shown that RUPP baboon offspring exhibit a heightened salt sensitivity, developing 
hypertension after a high-salt diet, accompanied by elevated levels of serum and renal aldosterone13. Offspring 
exposed to adverse stimuli during pregnancy, such as PM2.5, also show an increased incidence of hypertension. 
Additionally, there’s an increase in renal GRK4 expression, leading to elevated AT1R expression and D1R 
phosphorylation. This in turn causes an increase in renal oxidative stress and impairs renal sodium excretion15. 
These studies suggest that changes in the RAS system contribute to the impact of adverse intrauterine stimuli on 
the offspring’s kidneys and vascular systems. It might be a critical link in how intrauterine stressors influence the 
regulation of blood pressure in offspring.

In this study, the expression of AT1R and its upstream and downstream molecules in the renal tissues of 1-week-
old offspring mice induced by L-NAME during the pre-eclamptic phase increased significantly compared to the 
age-matched control group. However, by the age of 6 weeks, the expression of AT1R and its associated molecules 
showed no difference compared to the control group. This suggests that the expression of AT1R and related 
molecules is influenced by both the adverse intrauterine environment and postnatal environmental factors. The 
impact of pre-eclampsia on the expression of mRNA and protein of AT1R-related molecules in the RAS system 
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may be transient and reversible. While the renin-angiotensin system (RAS)-related genes and proteins return 
to control levels by 6 weeks, the persistent elevation in blood pressure could be attributed to structural changes 
in the kidney established earlier in life. Early kidney damage, including injury to glomeruli and renal tubules, 
could result in subsequent nephron loss. According to the hyperfiltration hypothesis, the loss of nephrons leads 
to compensatory hyperfiltration in the remaining glomeruli27, contributing to increased glomerular capillary 
pressure. This compensatory mechanism can predispose the individual to systemic hypertension28, even in the 
absence of sustained changes in the expression of RAS-related molecules. Such structural alterations in the 
kidneys might act as the trigger for hypertension rather than being directly maintained by ongoing dysregulation 
of AT1R-related molecules.

Moreover, the complexity of hypertension pathogenesis in offspring likely involves multifactorial interactions. 
While changes in renal AT1R-related molecules after birth may serve as early triggers, factors such as nephron 
deficit, compensatory hyperfiltration, and systemic hemodynamic changes could perpetuate hypertension. 
Importantly, this study did not investigate the secretion levels of renin, angiotensin, or aldosterone, nor did 
it assess the functional changes in AT1R-related molecules. Thus, we cannot fully analyze the role of the RAS 
system in the development of hypertension in pre-eclamptic offspring.

Previous epidemiological studies and animal experiments have suggested that the impact of pre-eclampsia on 
offspring blood pressure might exhibit gender differences. The types and levels of hormones within the offspring’s 
body could potentially regulate their blood pressure6,7. In our study, gender subgroups were established for the 
6-week-old offspring. There were no noticeable gender differences in blood pressure or the expression changes 
of AT1R-related molecules in the kidneys of the pre-eclamptic offspring. However, this study did not investigate 
the levels of endogenous hormones. We will pursue further studies to investigate whether there exists a gender 
difference in blood pressure and kidney changes in the offspring of pre-eclamptic mothers.

A limitation of this study is the lack of sex determination in the 1-week-old offspring. However, we believe 
it does not significantly impact the main conclusions, as key outcomes (blood pressure, renal damage, and 
expression of target molecules) were similar in both sexes at 6 weeks. Future studies will incorporate molecular 
sexing methods like PCR for more precise analyses. Another important consideration is the use of L-NAME to 
induce a preeclampsia-like phenotype. While this model is widely employed in the field, evidence indicates that 
L-NAME’s primary active metabolite, L-NOARG, is capable of placental transfer and may directly influence 
fetal development, potentially confounding the interpretation of offspring phenotypes29. Nonetheless, L-NAME-
based models have proven valuable in preclinical studies to explore the maternal environment’s role in shaping 
offspring health. Indeed, a substantial body of research has utilized this model to investigate the effects of 
preeclampsia on various aspects of offspring health and development30–33. In light of these complexities, future 
research may consider alternative preeclampsia models that can help better isolate the maternal condition’s 
impact on offspring without the potential confounders introduced by L-NAME itself.

In summary, changes in the renal RAS system play a role in the onset and progression of hypertension in 
offspring of L-NAME-induced pre-eclamptic mice. This relationship is closely related to the age of the offspring 
but is unrelated to their gender. Pre-eclampsia may affect the offspring’s renal structure and function by altering 
the expression of components within their renal RAS system, leading to elevated blood pressure in the offspring. 
The factors that trigger and maintain hypertension in offspring might be distinct. Changes in AT1R expression 
may be involved in the early structural damage of the kidneys in offspring of pre-eclamptic mothers, leading to 
increased blood pressure. A properly designed study to specifically analyzed the long-term regulatory factors of 
offspring’s blood pressure is underway in our laboratory.

This study primarily examined the alterations in AT1R-related molecular expressions. However, a more in-
depth exploration is required to comprehend the interplay among these molecules and their associated signaling 
pathways. The current research did not conduct a stratified analysis of blood pressure, thus the relationship 
between the extent of hypertension and the severity of pathological and molecular changes in offspring kidneys 
remains uncertain. This study lacks investigations concerning hormone levels in the serum, as well as relevant 
data from clinical samples.

Data availability
Data is provided within the manuscript or supplementary information files. All other data are available upon 
reasonable request from the corresponding authors.
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