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Abstract. Preeclampsia is a pregnancy-specific disease 
characterized by hypertension as well as proteinuria after 
the 20th week of pregnancy. Animal models are effec-
tive tools for studying the pathogenesis, diagnostic criteria 
and treatment methods of preeclampsia. The present study 
sought to establish and evaluate a preeclampsia-like Sprague 
Dawley (SD) rat model using N-nitro-L-arginine methyl ester 
(L-NAME). Rats were randomly assigned to 7 groups (n=10 
in each): Control rats and rats treated with low-dose L-NAME 
(40 mg/kg body weight/day) starting from gestational day 
(GD) 9, medium-L-NAME (75 mg/kg body weight/day) 
starting from GD 9 (9D ML group), high-dose L-NAME 
(125 mg/kg body weight/day) starting from GD 9, low-dose 
L-NAME starting from GD 10, medium-dose L-NAME 
starting from GD 10 and high-dose L-NAME starting from 
GD 10. Blood pressure (BP), 24-h proteinuria, fetal intrauterine 
growth, histopathological changes, the plasma soluble fms-like 
tyrosine kinase-1 (sFlt-1)/placental growth factor (PLGF) ratio 
and cytokine levels were evaluated. Elevated BP, increased 
urinary albumin excretion, severe endotheliosis, mesangial 
expansion and increased sFlt-1/PLGF ratios were observed 
in the experimental groups compared with the control group 
(P<0.05), particularly in the 9D ML group. The results of the 
present study may optimize the conditions of the previously 

established L-NAME-induced preeclampsia SD rat model and 
aid further study into the pathogenesis of preeclampsia.

Introduction

Preeclampsia is a hypertensive disorder of pregnancy that is 
characterized by systolic blood pressure (SBP) ≥140 mmHg or 
diastolic BP ≥90 mmHg, as well as proteinuria (≥0.3 g/24 h) 
after the 20th week of pregnancy (1-4). It is a multisystem 
syndrome, and the maternal and neonatal morbidity in the 
setting of preeclampsia is significantly greater than that asso-
ciated with normal pregnancies (5,6).

Animal models are effective tools for studying the 
pathogenesis, diagnostic criteria and treatment methods of 
preeclampsia. It is well known that nitric oxide (NO) in vascular 
endothelial cells is critical for regulating vascular tension. 
During normal pregnancy, the cardiac output, blood volume 
and heart rate are increased; however, the BP typically remains 
normal or is slightly lower than that prior to pregnancy (7). NO 
has an important role in the regulation of the cardiovascular 
system during pregnancy (7). N-nitro-L-arginine methyl ester 
(L-NAME) is an inhibitor of NO synthase (NOS), and inhibi-
tion of NOS has been demonstrated to alleviate hypertension 
in pregnant rats as well as maintain normal BP levels until 
delivery (8). Since preeclampsia is associated with vascular 
endothelial disorders and excessive inflammation (9), it is 
important to construct a preeclampsia-like animal model 
that mimics the vascular pathology of preeclampsia to better 
understand its onset and progression.

It has been proposed that the development of preeclampsia 
is likely associated with placenta formation (10), particularly 
with placental dysfunction in early pregnancy (6,11,12). 
Although the exact mechanisms of preeclampsia remain 
elusive, vascular dysfunction, oxidative stress and metabolic 
abnormalities are possible causes of maternal preeclampsia 
syndrome. In addition, vasoactive substances are consid-
ered to be another pathogenic factor for the development 
of preeclampsia (13). Hypoxia caused by the lack of blood 
flow in the placenta may induce the release of various vaso-
active substances, including anti-angiogenic factors (14). 
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Furthermore, a previous study indicated that abnormalities in 
circulating angiogenic factors have an important role in the 
pathogenesis of preeclampsia (15). To date, a large number 
of clinical studies and experimental studies have provided 
strong evidence that the soluble fms-like tyrosine kinase-1 
(sFlt-1)/placental growth factor (PLGF) ratio may be used 
as a predictor of preeclampsia, particularly early-onset 
preeclampsia (16). Therefore, the present study aimed to 
establish an L-NAME-induced rat model of preeclampsia and 
evaluate vascular injury, oxidative stress and the circulating 
vasoactive substances in the rats in order to confirm the feasi-
bility of their use as a model of preeclampsia.

Materials and methods

Reagents. N-nitro-L-arginine methyl ester (L-NAME) was 
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, 
Germany). The bicinchoninic acid (BCA) protein assay kit 
was acquired from Thermo Fisher Scientific (Waltham, MA, 
USA). PLGF, sFlt-1, 8-iso-prostaglandin F2α (8-iso-PGF2α) 
and MDA activity was measured using a commercial kit from 
Jiancheng Institute (cat. no. A003‑1; Nanjing, China). Levels of 
common inflammatory markers were measured using a cyto-
metric beads assay (LEGENDplex™ Rat Panel; BioLegend, 
San Diego, CA, USA).

Animals. A total of 70 female SD rats (weight, 200-220 g; age, 
6-7 weeks) were bred at the Laboratory Animal Center of the 
Academy of Military Medical Sciences of Beijing People's 
Liberation Army (Beijing, China). Respective parental rats 
were not subjected to any experiments or treatments prior to 
breeding. The animals were individually housed at 24˚C with 
a humidity of 55±10% under a 12 h light/dark cycle and were 
provided regular chow and water at libitum. At the age of 
8 weeks, the female rats were pair-housed with a male rat. On 
the morning after mating, clean and wet cotton swabs (rinsed 
with physiological saline) were gently inserted into the vagina 
of female rats rotated twice to obtain the vaginal secretions, 
which were smeared on clean and dry slides and observed 
under an optical microscope. The presence of sperm in the 
vaginal smears was indicative of gestational day 0 (GD 0). Rats 
were randomly assigned to 7 groups, with dosages selected 
according to a previous study (17): Control rats; rats treated 
with low-dose L-NAME (40 mg/kg body weight/day) starting 
from GD 9 (9D LL); rats treated with medium-dose L-NAME 
(75 mg/kg body weight/day; selected according to a pervious 
study) (18) starting from GD 9 (9D ML); rats treated with 
high-dose L-NAME (125 mg/kg body weight/day) starting 
from GD 9 (9D HL); rats treated with low-dose L-NAME 
(40 mg/kg body weight/day) starting from GD 10 (10D LL); 
rats treated with medium-dose L-NAME (75 mg/kg body 
weight/day) starting from GD 10 (10D ML); and rats treated 
with high-dose L-NAME (125 mg/kg body weight/day) 
starting from GD 10 (10D HL). Pregnant rats were adminis-
tered different doses of L-NAME starting on the ninth or tenth 
day of gestation via subcutaneous injection on the neck back. 
All treatments were maintained until GD 20. The combination 
of different dosages and time-points is the core of the present 
experiment. Multiple injections were applied to maintain the 
drug effect of L-NAME, resulting in a persistent high BP 

of pregnant rats and other physiological changes, including 
abnormal urine protein and endothelial dysfunction (17,19). 
All experimental animals were euthanized on GD 20.

Ethics statements. The experiments were approved by the 
ethics committee of the Investigation of Logistics University 
of the Chinese People's Armed Police Force (Tianjin, China), 
and the treatment of all 70 animals was compliant with the 
Public Health Service Policy on the Humane Care and Use of 
Laboratory Animals of the National Institutes of Health.

Measurement of BP. BP was non-invasively measured during 
pregnancy on GD 0, 6, 12 and 18 by determining the tail blood 
volume with a volume pressure-recording sensor and an occlu-
sion tail cuff (CODA System; Kent Scientific, Torrington, CT, 
USA) (19).

Urine protein quantitation. Rats were placed in metabolic 
cages for 24 h for urine collection at baseline (prior to 
mating) and on GD19. The 24-h urine protein in each group 
was measured with a BCA protein assay kit (Thermo Fisher 
Scientific, Inc.).

Tissue collection. Maternal blood was collected on GD 20 by 
abdominal aorta puncture after the rats were anesthetized with 
3% intraperitoneal pentobarbital sodium (50 mg/kg). Animals 
were then sacrificed via exsanguination, which was confirmed 
following following a complete non-autonomous response to 
external stimuli. Plasma was prepared by centrifugation at 
1,006.2 x g for 20 min at 4˚C. The fetuses, placentas and kidneys 
were removed, weighed and then fixed with 4% paraformal-
dehyde for histological evaluation. The uterus was cut and the 
placenta and fetuses were removed quickly. Fetal processing 
was conducted in accordance with CCAC Guidelines (20). The 
plasma samples and the remaining placentas and kidneys were 
stored at ‑80˚C until analysis.

Histological assay. Placenta and kidney specimens were 
cut into 5‑µm paraffin sections using a microtome and were 
stained with hematoxylin and eosin for conventional morpho-
logical evaluation under a light microscope (Olympus BX51; 
Olympus, Tokyo, Japan).

LEGENDplexTM. The LEGENDplex™ Rat Panel is a 
bead‑based multiplex assay panel using fluorescence‑encoded 
beads that are suitable for use on various flow cytometers. 
Tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6, 
IL-17A and monocyte chemoattractant protein 1 (MCP-1) levels 
were examined according to methods described in a previous 
study (21–23). In brief, the standard was prepared by dissolving 
in 250 µl Assay Buffer and 4-fold dilution; Assay Buffer was 
used as the C0 standard (0 pg/ml). Matrix B was added to the 
samples, and subsequently, Assay Buffer and beads were added 
to reach a final volume of 100 µl per tube. The samples were 
then mixed and incubated in the dark at room temperature. 
Subsequently, Streptavidin and R-Phycoerythrin conjugate was 
added and the sample was mixed. Following centrifugation at 
a speed of 1,000 x g for 5 min at 22˚C, the supernatant was 
discarded, and the beads were vortexed and analyzed with a 
flow cytometer. The signal intensity of the microbeads was 
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detected using a BD LSRFortessa instrument (BD Biosciences, 
Franklin Lakes, NJ, USA), and the data were analyzed using 
LEGENDplex software, version 8.0 (BioLegend).

ELISA. Plasma was separated by centrifuging the blood at 
1,006.2 x g for 20 min at 4˚C. sFlt‑1, PLGF and 8‑iso‑PFG2α 
were measured by quantitative sandwich enzyme immunoas-
says using commercial ELISA kits.

Thiobarbituric acid reactive substances (TBARS) assay. 
The supernatant of the tissue homogenate (with PBS) was 
decanted into glass tubes and mixed with 500 µl 2% phos-
phoric acid. Subsequently, 7% H3PO4 (200 µl), TBA/butylated 
hydroxytoluene (400 µl) and 1 M HCl (200 µl) were added. 
The tubes were heated at 100˚C for 15 min and then cooled 
to room temperature. Butanol (1,500 µl) was then added to 
each tube, followed by vortexing. The upper phase of each 
vial was transferred to triplicate wells of a 96-well plate, and 
the absorbance (Abs.) was measured at 532 and 600 nm using 
a Spectrostarnano plate reader (BMG Labtech, Ortenberg, 
Germany). The concentration was determined using the 
following formula: Concentration (nmol/mgprot)=[(Abs.532 n
m-Abs.600 nm)/156] x1,000.

Measurement of serum NO levels. The serum concentration 
of NO was measured with an NO assay kit (nitrate reductase 
method; cat. no. A012; Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) in accordance with the manufac-
turer's protocol.

Statistical analysis. All values are expressed as the 
mean ± standard deviation. Statistical analysis was performed 
using STATA version 14.2 (StataCorp LP, College Station, 
TX, USA). Statistical analyses were performed by one-way 
analysis of variance (ANOVA) followed by an S-N-K post-hoc 
test. BP during pregnancy was analyzed by repeated-measures 
ANOVA. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Systolic and mean arterial pressure changes in the pregnant rat. 
The variation of SBP and MAP during pregnancy in each group 
is displayed in Fig. 1A and B. Prior to L-NAME administration, 
no significant differences in SBP and mean arterial pressure 
(MAP) were present among the 7 groups of rats (the 9D LL, 9D 
ML, 9D HL, 10D LL, 10D ML, 10D HL and normal pregnancy 
groups). The SBP of the L-NAME groups steadily increased 
with L-NAME treatment, and the SBP of the 9D ML, 9D HL 
and 10D ML groups was slightly increased during late gestation 
(Fig. 1A). Of note, the SBP of the L-NAME-treated pregnant 
rats in the 9D ML group was significantly higher than that of rats 
in the control group (P<0.01) and the other L-NAME-treated 
groups (P<0.05). The MAP in the L-NAME-treated groups was 
higher than that in the control group (P<0.05), and no significant 
difference in MAP was present among the groups treated with 
L-NAME (Fig. 1B).

The rats in all groups except the 9D ML group exhibited 
patterns that are normal during pregnancy, with a decrease 
in SBP and MAP during the late stage. However, the rats in 

the 9D ML group did not exhibit this drop in BP, as their BP 
steadily increased during pregnancy.

Changes in kidney structure and function in the pregnant rats 
injected with L‑NAME. Renal histology of the pregnant rats 
in the L‑NAME‑treated groups exhibited significant changes 
that are consistent with those observed in human preeclampsia 
patients. The kidneys of the pregnant L-NAME-treated rats 
exhibited an increased glomerular area, capillary structure 
disorder and abnormal protein cast. Representative images 
for the control, 9D ML and 10D ML group are presented in 
Fig. 2A, B and C, respectively.

The results of the 24-h urine protein quantitation indicated 
that the urinary protein levels were similar among the 7 
groups prior to L-NAME treatment. At the end of pregnancy, 
an increase in urinary protein was observed in animals that 
received injections of L-NAME (P<0.05); furthermore, the 
urinary protein content in the L-NAME-treated pregnant rats 
was significantly higher than that of the rats in the normal 
pregnancy group (P<0.05; Fig. 2D). No difference in the 
amount of excreted urinary protein among the 9D LL, 10D 
LL and 10D ML groups was detected. At the same time, there 
were significant differences between 9D ML and 9D LL, and 
10D LL and 10D ML. (P<0.05).

Adverse pregnancy outcomes in the L‑NAME‑treated groups. 
Adverse pregnancy outcomes were observed in the experi-
mental groups, which may have resulted from high SBP or 
MAP. The pups of rats in the L-NAME-treated groups were 
significantly smaller than those of the rats in the control group, 
with a shorter crown-rump length and lower fetal weight 
(P<0.01). The placentas of the L-NAME-treated groups were 
smaller but heavier (P<0.01) and exhibited spherical edema 
compared with the placentas of the normal pregnancy rats. 
The placental diameter, placental weight, fetal weight and 
crown-rump length in the 9D ML and 10D ML groups were 
the most significantly different compared with those in the 
control group (Fig. 3A-D). However, the 10D ML group exhib-
ited a more severe fetal absorption percentage than the 9D ML 
group (fetal malformations in 25% of fetuses).

The pregnant rats in the L-NAME-treated groups also 
exhibited significant changes in placental histology that are 
consistent with those reported in human preeclampsia patients. 
The placental trophoblast cells of the L-NAME-treated preg-
nant rats exhibited vacuolar aggregation (Fig. 3E-G).

Circulating sFlt‑1 levels and the sFlt‑1/PLGF ratio are signif‑
icantly elevated in the pregnant rats injected with L‑NAME. 
The plasma levels of sFlt-1 and PLGF in the pregnant rats of 
each group were measured by ELISA (Fig. 4). The concentra-
tion of sFlt-1 in the plasma of rats treated with L-NAME was 
increased, but no dose-dependent effect was observed. The 
plasma concentration of sFlt-1 in rats of the 9D ML group 
(373.85±4.67 ng/ml) and the 9D HL group (346.30±8.23 ng/ml) 
was significantly increased compared with that in rats of the 
control group (281.02±5.77 ng/ml; P<0.01; Fig. 4A). The 
plasma concentration of PLGF in rats of the 9D ML group 
(74.54±4.75 ng/ml) and the 10D ML group (80.69±5.14 ng/ml) 
was significantly decreased compared with that in rats of the 
control group (95.39±3.80 ng/ml; P<0.01; Fig. 4B).
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The sFlt‑1/PLGF ratio in the 9D ML group (5.03±0.30 ng/ml) 
and the 9D HL group (4.17±0.43 ng/ml) was significantly 
higher than that in the control group (2.95±0.16 ng/ml; P<0.01; 
Fig. 4C). However, no statistically significant differences were 
detected for the other groups.

Circulating oxidative stress levels are increased in rats after 
L‑NAME treatment. The plasma levels of 8-iso-PFG2α and 
malondialdehyde were measured in pregnant rats (Fig. 5). The 
levels of 8-iso-PFG2α in the L-NAME-treated groups were 
higher than those in the control group (96.71±1.12 ng/ml), 
and a significant difference was present among the 9D ML 
(115.29±7.67 ng/ml), 10D ML (118.26±22.69 ng/ml) and 10D 
HL groups (121.44±9.82 ng/ml; P<0.01). However, the levels of 
8-iso-PFG2α in the other three experimental groups were not 
significantly different from those in the control group (Fig. 5A).

MDA detection in the plasma of pregnant rats also 
suggested that the level of oxidative stress in the L-NAME 
treatment groups was higher than that in the control 
group. The plasma MDA level of the 9D ML group 
(120.72±6.13 ng/ml), 9D HL group (103.85±6.01 ng/ml) and 
10D HL group (94.44±7.89 ng/ml) was significantly higher than 
that of the control group (72.82±9.44 ng/ml; P<0.01; Fig. 5B).

L‑NAME‑treated pregnant rats exhibit a more severe 
inflammatory reaction. The pathogenesis of preeclampsia 
involves inflammation, oxidative stress, endothelial injury and 
numerous other factors. In the present study, the BioLegend 
multifactor flow assay was used to detect the plasma levels of 
TNF-α, IL-17A, MCP-1 and IL-1β in all groups (Fig. 6).

A significant difference in the levels of MCP‑1 compared 
with that in the control group (80.64±25.91 ng/µl) was noted in 
the 9D ML group (195.55±13.97 ng/µl) and the 10D HL group 
(173.73±22.92 ng/µl; P<0.05; Fig. 6A). However, there was 
no difference in the expression levels of TNF-α among those 
groups (Fig. 6B). The expression levels of IL-17A in all experi-
mental groups except for the 10D LL group (6.64±0.57 ng/µl) 
were significantly increased compared with those in the control 

group (7.08±1.50 ng/µl; P<0.05; Fig. 6C). However, there was 
no difference in the expression levels of IL-1β among those 
groups (Fig. 6D). Collectively, the results of the flow cytometry 
assay indicated that the levels of certain circulating inflamma-
tory factors in pregnant rats were increased.

Changes of circulating NO levels in rats after L‑NAME 
treatment. The effects of different treatment regimens with 
L-NAME on the levels of NO in the circulation of pregnant 
rats in each group were determined by serum analysis towards 
the end of pregnancy (GD 20). The NO levels in the pregnant 
rats in each of the L-NAME-treated groups were signifi-
cantly decreased compared with those in the control group 
(57.83±1.53 µg/ml; P<0.01), except for those in the 10D LL 
group (54.49±2.94 µg/ml; Fig. 7).

Discussion

The L-NAME-induced SD rat model of preeclampsia developed 
in the present study may be a promising means of investigating 
the pathogenesis of preeclampsia and evaluating therapies for 
this condition. Rats treated with L-NAME exhibited elevated 
BP, increased urinary albumin excretion, severe endotheliosis, 
mesangial expansion and increased sFlt-1/PLGF ratios.

Preeclampsia is a serious complication in pregnancy. Its 
major symptoms include high BP, proteinuria, endothelial 
dysfunction, glomerular vascular endothelial cell proliferation 
and trophoblast cell infiltration. However, the pathogenesis of 
preeclampsia has remained to be fully elucidated.

Animal models are commonly used to study the pathogen-
esis of preeclampsia and develop novel diagnostic methods and 
treatments. At present, a wide range of preeclampsia models 
exist, including the spontaneous preeclampsia model (24,25), 
the NOS inhibition model (26), the angiogenesis factor imbal-
ance model (27,28), the oxygen deprivation model (29,30), the 
immune response model (31,32) and the chronic hypertension 
and vascular injury model (33,34). However, an effective 
animal model is still required to simulate the complex features 

Figure 1. Blood pressure of pregnant rats was non‑invasively measured with the CODA system (Kent Scientific, Torrington, CT, USA). The variation tendency 
of (A) SBP and (B) MAP during pregnancy in each group. *P<0.05; **P<0.01 vs. the control group. Values are expressed as the mean ± 95% confidence interval. 
Groups: 9D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) starting from GD 9; 9D ML, rats treated with medium-L-NAME (75 mg/kg 
body weight/day) starting from GD 9; 9D HL, rats treated with high-dose L-NAME (125 mg/kg body weight/day) starting from GD 9; 10D LL, rats treated with 
low-dose L-NAME (40 mg/kg body weight/day) starting from GD 10; 10D ML, rats treated with medium-L-NAME (75 mg/kg body weight/day) starting from 
GD 10; 10D HL, rats treated with high-dose L-NAME (125 mg/kg body weight/day) starting from GD 10; control, normal pregnancy group. GD, gestational 
day; L-NAME, N-nitro-L-arginine methyl ester; SBP, systolic blood pressure; MAP, mean arterial pressure.
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Figure 2. Changes of kidney structure and function in pregnant rats (GD20). (A-C) Histopathological images of glomeruli in pregnant rats of (A) the control 
group, (B) the 9D ML group and (C) the 10D ML group (H&E; magnification, x400; scale bar, 25 µm). Black arrows indicate glomeruli. (D) The 24‑h urine 
protein of the pregnant rats in GD20. **P<0.05 vs. control group; ##P<0.05 9D ML group vs. 9D LL group; $$P<0.05 9D ML group vs. 10D LL group; &&P<0.05 
9D ML group vs. 10D ML group. Values are expressed as the mean ± standard deviation. Groups: 9D LL, rats treated with low-dose L-NAME (40 mg/kg body 
weight/day) starting from at GD 9; 9D ML, rats treated with medium-L-NAME (75 mg/kg body weight/day) starting from GD 9; 9D HL, rats treated with 
high-dose L-NAME (125 mg/kg body weight/day) starting from GD 9; 10D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) starting 
from GD 10; 10D ML, rats treated with medium-L-NAME (75 mg/kg body weight/day) starting from GD 10; 10D HL, rats treated with high-dose L-NAME 
(125 mg/kg body weight/day) starting from GD 10; control, normal pregnancy group. GD, gestational day; L-NAME, N-nitro-L-arginine methyl ester.

Figure 3. Pregnancy outcome and changes in placental trophoblast structure in the pregnant rats at the end of pregnancy (GD20). (A) Diameter of the placenta 
in each group. (B) Weight of the placenta in each group. (C) Crown-rump length in each group. (D) Fetal weight in each group. (E-G) Histopathological images 
of placental trophoblasts in pregnant rats of (E) the control group, (F) 9D ML group and (G) 10D ML group (H&E staining; magnification, x400; scale bar, 
25 µm). **P<0.05 vs. control group. Values are expressed as the mean ± standard deviation. Groups: 9D LL, rats treated with low-dose L-NAME (40 mg/kg 
body weight/day) starting from GD 9; 9D ML, rats treated with medium-L-NAME (75 mg/kg body weight/day) starting from GD 9; 9D HL, rats treated with 
high-dose L-NAME (125 mg/kg body weight/day) starting from GD 9; 10D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) starting 
from GD 10; 10D ML, rats treated with medium-L-NAME (75 mg/kg body weight/day) starting from GD 10; 10D HL, rats treated with high-dose L-NAME 
(125 mg/kg body weight/day) starting from GD 10; control, normal pregnancy group. GD, gestational day; L-NAME, N-nitro-L-arginine methyl ester.
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of preeclampsia. The present study aimed to explore the ideal 
dosing and timing of L-NAME administration to pregnant rats 
for the establishment of a model of preeclampsia.

During pregnancy, NO synthesis and its release in endothe-
lial cells have an important role in vascular relaxation and the 
regulation of vascular tension (35). Chronic inhibition of NO 
production increases the BP in a volume-dependent manner, 
and the associated physiological and pathological character-
istics are similar to those of primary hypertension (36). In 
addition, it is known that acute inhibition of NO biosynthesis by 
the administration of L-NAME results in arterial hypertension 
and vasoconstriction. Therefore, in the present study a novel 
preeclampsia animal model was constructed via subcutaneous 
injection of the NOS inhibitor L-NAME into rats starting at 
mid-pregnancy. It was revealed all groups of pregnant rats 
injected with L-NAME except for those in the 10D LL group 
had significantly lower circulating NO levels than those in the 
control group. It is suggested that L-NAME treatment inhibits 
NOS in pregnant rats and induces the corresponding changes 
in preeclampsia (37,38).

The present study indicated that L-NAME successfully 
induced preeclampsia in pregnant rats. The dosing and timing 
of L-NAME injection are of great importance, as late drug 
administration or low doses cannot induce a statistically 
significant difference in BP to simulate the mid‑pregnancy 
BP increases observed in preeclampsia patients. In the present 
study, L-NAME was injected from GD 9 or GD 10. Based 
on an extensive literature search (17,19), L-NAME at 40, 75 
and 125 mg/kg/day was used to induce preeclampsia in preg-
nant rats. As expected, the SBP and MAP were elevated in 
L-NAME-induced hypertensive rats, and the pressure differ-
ence was 30 mmHg after the administration of L‑NAME to 
the 9D ML, 9D HL, 10D ML and 10D HL groups from GD12. 
The difference in BP was observed until delivery at GD 20, 
particularly in the 9D ML group. Furthermore, the rats in all 
groups except the 9D ML group exhibited normal pregnancy 
patterns, with a decrease in SBP and MAP during late preg-
nancy, whereas the rats in the 9D ML group did not exhibit 
any drop in BP; rather, these rats exhibited a steady increase 
in BP during pregnancy. Thus, the results of the present study 

Figure 5. Levels of 8-iso-PFG2α and MDA in the plasma of pregnant rats in each group at the end of pregnancy (GD20) were measured by ELISA or thiobar-
bituric acid reactive substances. (A) Circulating 8-iso-PGF2α levels in pregnant rats. (B) Circulating MDA levels in pregnant rats. **P<0.05 vs. control group. 
Values are expressed as the mean ± standard deviation. Groups: 9D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) starting from GD 9; 
9D ML, rats treated with medium-L-NAME (75 mg/kg body weight/day) starting from GD 9; 9D HL, rats treated with high-dose L-NAME (125 mg/kg body 
weight/day) starting from GD 9; 10D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) starting from GD 10; 10D ML, rats treated with 
medium-L-NAME (75 mg/kg body weight/day) starting from GD 10; 10D HL, rats treated with high-dose L-NAME (125 mg/kg body weight/day) starting from 
GD 10; control, normal pregnancy group. GD, gestational day; L-NAME, N-nitro-L-arginine methyl ester; MDA, malondialdehyde; PGF2, prostaglandin F2.

Figure 4. Plasma levels of sFlt-1 and PLGF in the pregnant rats in each group at the end of pregnancy (GD20) were determined by ELISA. (A) Circulating 
sFlt-1 levels. (B) Circulating PLGF levels. (C) Circulating sFlt-1/PLGF ratio in the pregnant rats. **P<0.05 vs. control group. Values are expressed as the 
mean ± standard deviation. Groups: 9D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) starting from GD 9; 9D ML, rats treated with 
medium-L-NAME (75 mg/kg body weight/day) starting from GD 9; 9D HL, rats treated with high-dose L-NAME (125 mg/kg body weight/day) starting from 
GD 9; 10D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) starting from GD 10; 10D ML, rats treated with medium-L-NAME (75 mg/kg 
body weight/day) starting from GD 10; 10D HL, rats treated with high-dose L-NAME (125 mg/kg body weight/day) starting from GD 10; control, normal 
pregnancy group. GD, gestational day; L-NAME, N-nitro-L-arginine methyl ester; sFlt-1, soluble fms-like tyrosine kinase-1; PLGF, placental growth factor.
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indicate that the establishment of a pre-eclampsia model for 
SD pregnant rats (starting from the 9th day of pregnancy with 
a continuous subcutaneous injection of 75 mg/kg/day) is a 
promising solution. Compared with the previous study (37), 

the current study assessed L-NAME dosage, time and the 
effect of L-NAME in combination. Following L-NAME treat-
ment, significant changes in maternal urine protein content, 
the placenta, the kidneys and the blood vessels were observed 
in pregnant rats with preeclampsia, particularly those in the D9 
ML, 9D HL and 10D HL groups. In preeclampsia, maternal 
uterine spiral artery remodeling disorders lead to placental 
ischemia and placenta angiogenesis imbalances, the levels of 
sFlt-1 are elevated and the levels of PLGF, a subtype of vascular 
endothelial growth factor, are decreased (39). In the present 
study, the plasma concentration of sFlt-1 in rats of the 9D ML 
and 9D HL groups was significantly increased compared with 
that in rats of the control group, and the concentration of PLGF 
in rats of the 9D ML and 10D ML groups was significantly 
decreased compared with that in rats of the control group. The 
ratio of sFlt-1 to PLGF in the 9D ML and 9D HL groups was 
significantly higher than that in the control group. The above 
results indicated that L-NAME intervention on the 9th day of 
pregnancy is more suitable to simulate pre-eclampsia symp-
toms. In addition, it has been reported that the mechanism of 
urinary protein aggravation may be associated with the release 
of circulating factors, including TNF-α or the anti-angiogenic 
factor sFlt-1, but this observation requires further study (32).

According to the present results, L-NAME-induced 
preeclampsia-like pregnant rats also exhibited oxidative stress 
and inflammatory changes. The plasma levels of 8‑iso‑PFG2α 

Figure 7. Levels of circulating NO in pregnant rats in each group at the end of 
pregnancy (GD20) were measured by nitrate reductase method. **P<0.05 vs. 
control group. Values are expressed as the mean ± standard deviation. Groups: 
9D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) 
starting from GD 9; 9D ML, rats treated with medium-L-NAME (75 mg/kg 
body weight/day) starting from GD 9; 9D HL, rats treated with high-dose 
L-NAME (125 mg/kg body weight/day) starting from GD 9; 10D LL, rats 
treated with low-dose L-NAME (40 mg/kg body weight/day) starting from GD 
10; 10D ML, rats treated with medium-L-NAME (75 mg/kg body weight/day) 
starting from GD 10; 10D HL, rats treated with high-dose L-NAME (125 mg/kg 
body weight/day) starting from GD 10; control, normal pregnancy group. GD, 
gestational day; L-NAME, N-nitro-L-arginine methyl ester; NO, nitric oxide.

Figure 6. Levels of inflammatory factors in the plasma of pregnant rats in each group at the end of pregnancy (GD20) were measured using the BioLegend 
multi‑factor flow assay. (A) Circulating MCP‑1, (B) IL‑17A, (C) TNF‑α and (D) IL-1β levels. **P<0.05 vs. control group. Values are expressed as the mean ± stan-
dard deviation. Groups: 9D LL, rats treated with low-dose L-NAME (40 mg/kg body weight/day) starting from GD 9; 9D ML, rats treated with medium-L-NAME 
(75 mg/kg body weight/day) starting from GD 9; 9D HL, rats treated with high-dose L-NAME (125 mg/kg body weight/day) starting from GD 9; 10D LL, rats 
treated with low-dose L-NAME (40 mg/kg body weight/day) starting from GD 10; 10D ML, rats treated with medium-L-NAME (75 mg/kg body weight/day) 
starting from GD 10; 10D HL, rats treated with high-dose L-NAME (125 mg/kg body weight/day) starting from GD 10; control, normal pregnancy group. GD, 
gestational day; L-NAME, N-nitro-L-arginine methyl ester; TNF, tumor necrosis factor; IL, interleukin; MCP, monocyte chemoattractant protein.
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were increased in all L‑NAME‑treated groups, and significant 
differences from the control group were observed in the 9D 
ML, 10D ML and 10D HL groups. Similarly, the plasma levels 
of MDA in the pregnant rats after L-NAME treatment were 
substantially increased. As observed in the development of 
human preeclampsia, L-NAME-treated pregnant rats exhibited 
oxidative stress, which may be one of the causes of preeclampsia 
or may lead to more serious premenstrual symptoms (40). 
MCP-1 is a secreted single-chain protein and a member of the 
chemokine family; as one of the major chemokines, MCP-1 
induces chemotaxis via the G protein-coupled receptor pathway, 
as well as macrophage migration and infiltration. MCP-1 
releases chemokines to recruit monocytes into the endodermis, 
which may be transformed into macrophages and phagocytes 
with selectivity for oxidized low-density lipoprotein, and are 
then transformed into foam cells. MCP-1 also participates in 
cell growth, metabolism and apoptosis. In the present study, the 
plasma levels of MCP‑1 were identified to be elevated, indicating 
that an excessive inflammatory reaction occurs in the rats with 
preeclampsia. Excess macrophages may infiltrate the decidua, 
damage the vascular endothelial cells, and prevent intravascular 
trophoblast invasion and vascular remodeling in the placenta; 
at the same time, MCP‑1 may also affect inflammatory cell 
infiltration at the maternal‑fetal interface, and cause abnormal 
placental trophoblastic cells, increases in apoptosis and acute 
atherosclerosis of the small uterine spiral artery, all of which 
induces the occurrence of preeclampsia.

IL-17A is a cytokine produced by numerous cell types, 
including T-helper type 17 (Th17) cells (41). IL-17A regu-
lates the expression of cytokines, chemokines and adhesion 
molecules in the microenvironment through distinct path-
ways, increases the levels of inflammatory cells, particularly 
neutrophils, and induces an inflammatory effect (42). IL-17A 
is involved in inflammatory diseases. High levels of IL‑17A, 
Th1/Th2 drift and the pro‑inflammatory response are insepa-
rable, and may interact with a variety of cytokines to enhance 
small vascular inflammation in the placenta. Elevated IL‑17A 
also has a marked ability to raise neutrophil levels, induce 
the release of active substances to damage endothelial cells 
and at the same time, to generate a large number of oxygen 
free radicals to cause damage to vascular endothelial cells, 
increase the permeability of blood vessels, and increase BP in 
preeclampsia, vasospasm, edema, proteinuria and a series of 
pathological factors associated with various clinical manifes-
tations. Multifactor flow detection is an effective method for 
detecting trace factors in tissues, plasma, cell supernatants and 
other samples. The present indicated that the levels of IL-17A 
and MCP-1 were elevated in the plasma of the experimental 
groups, suggesting that an inflammatory response occurs in 
the L-NAME-induced preeclampsia-like rat model.

Although numerous studies of L-NAME induced animal 
models of preeclampsia have been established, due to the 
different descriptions of this method, the present study 
aimed to optimize the timing and dosing as approaches of 
molding (8,38). The present study further indicated that 
oxidative stress and inflammation have important roles in the 
development of preeclampsia, which is based on numerous 
previous studies (43,44). When assessing the clinical manifes-
tations (hypertension, proteinuria, and maternal and offspring 
outcomes) and pathological changes (alterations in the 

pathological structure of placenta and kidney) of preeclampsia, 
certain molecules that represent significant oxidative stress 
and inflammatory responses were assessed and compared. 
The similarity between the animal disease model and real 
disease was further verified, which is in favor of the experi-
ment aimed to establish the model. The present experiments 
led to the successful development of a model that exhibits 
preeclampsia-like characteristics, including phenotype (gesta-
tional hypertension and proteinuria), pregnancy outcome, 
birth effects in offspring and serological markers in pregnant 
SD rats. Due to the sustained action of the NOS inhibitor 
L-NAME, a number of hemodynamic changes were observed 
in the pregnant rats, including placental and renal ischemia, 
as well as hypoxia symptoms, oxidative stress and an intensi-
fied inflammatory response. Therefore, the L‑NAME‑induced 
preeclampsia model provides a powerful tool with which to 
investigate the pathogenesis of preeclampsia. The rat model 
of preeclampsia allows for the analysis of time-dependent 
changes in the placenta, vasculature and kidney throughout 
pregnancy, as well as the discovery of novel biomarkers that are 
present during early pregnancy. The construction of this model 
was simple and it may be used to study neonatal markers, the 
pathophysiological mechanisms of preeclampsia and drug 
targets for its prevention. The offspring with birth defects and 
dysplasia may also be used for further study of preeclampsia 
progeny. It was noted that this model may lead to fetal malfor-
mations (limb reduction), which may be due to the side effects 
of NOS inhibition by L-NAME. Of note, the present study had 
a certain limitation. The obtainment of blood is required for 
the detection of plasma markers, and frequent blood extraction 
may have affected the experiment; furthermore, the avail-
ability of kidney and placenta tissue is limited by the amount 
of experimental animals. Therefore, the present study did not 
perform any other relevant tests on GD 14 and GD 18. This 
limitation of the present study will be further improved in 
future experiments. In the future, animal models will continue 
to enhance the current understanding of the physiological and 
pathological conditions of trophoblast cell differentiation and 
invasion during pregnancy.
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