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Abstract: Genetic and environmental factors interact in a complex manner in the pathogenesis of essential 
hypertension in humans. Oxidative stress is considered one of the more important environmental factors. We used 
the spontaneously hypertensive rat (SHR) model to test whether continuous feeding with the antioxidant tempol 
reduces maternal oxidative stress during pregnancy and potentially contributes to the prevention of cardiovascular 
disease onset. Pregnant female rats were divided into control and tempol-treated groups. Tempol was continuously 
administered in drinking water. The administration period lasted approximately 40 days, from the confirmation of 
a vaginal plug until birth of the pups and their subsequent weaning. The blood pressure (BP) of each adult female 
was measured three times during pregnancy and post parturition. Milk was collected three times from nursing 
mother rats in the immediate postpartum period. Markers of oxidative stress were measured: 8-hydroxyl-2′-
deoxyguanosine (8-OHdG) levels in milk during the experimental period and 8-OHdG and corticosterone levels in 
urine of adult and neonatal rats. The urinary level of 8-OHdG in the tempol-treated group was significantly lower 
than that in the control group. Corticosterone levels were significantly lower in urine of neonatal rats from the 
tempol-treated group compared with the levels of the control group. The levels of total antioxidant in milk were 
significantly greater in the tempol-treated group than in the control group. This study demonstrated that continuous 
administration of tempol to pregnant SHRs reduced maternal oxidative stress and contributed to reduced oxidative 
stress in neonatal rats.
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Introduction

Currently, one-third of human adults have high blood 
pressure (BP), otherwise known as hypertension [1]. the 
Guidelines for the management of Hypertension 2019 
(jsH2019) in japan indicate that approximately 
43,000,000 adults are hypertensive. moreover, manage-
ment of hypertension is reported to be poor in 31,000,000 
patients with a BP above 140/90 mmHg [2]. Despite 
recent advances in methods for treating hypertension, 
elevated BP is still a primary etiological factor in mor-

bidity [3]. Hypertension arises through interactions be-
tween genetic and environmental factors. it has been 
shown that it is important to improve lifestyle-related 
factors, including diet, to prevent onset of hypertension 
and to reduce hypertension in severe cases. increased 
oxidative stress in particular can induce vascular endo-
thelial damage through inactivation of nitric oxide (No), 
contributing to the onset of hypertension [4]. oxidative 
stress refers to an imbalance between the production of 
reactive oxygen species (Ros) and free radicals and the 
antioxidant defense system involving antioxidant en-
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zymes; such an imbalance can lead to an oxidation-
predominant tendency [5, 6]. in addition, excessive 
generation of Ros can induce DNa damage, lipid per-
oxidation, and protein degeneration; an excess of Ros 
may function as an etiological/exacerbation factor for 
various diseases, such as cancer, and aging [7]. Excessive 
generation of Ros is believed to be involved in the on-
set or progression of lifestyle-related diseases and 
metabolic syndrome [8, 9].

it has been suggested that one of the reasons why the 
incidence of hypertension continues to increase may be 
related to childhood development factors [10–12]. Fur-
thermore, a theory, termed the “Developmental origins 
of Health and Disease (DoHaD),” was proposed which 
speculated that predictive adaptive responses might oc-
cur in response to the environment during the early de-
velopmental process (fetal period and immediately post-
natal) [13]. with regard to human obstetrics, changes in 
lifestyle, such as an increase in late childbearing, a 
western diet, and lack of exercise, may increase the rate 
of hypertension among pregnant women; additionally, 
increased oxidative stress might be involved in disease 
onset or progression [14–16]. it is known that risk fac-
tors, such as proteinuria and kidney disease, contribute 
to the progression of hypertensive disorders during preg-
nancy [17]. Chronic oxidative stress has also been as-
sociated with reproductive dysfunction or infertility in 
humans, while ovarian aging in women may be related 
to the accumulation of oxidative stress effects [18, 19]. 
Disturbance to arterial blood flow due to oxidative stress 
may inhibit fetal growth [20]. thus, there are several 
lines of evidence linking the health of the intrauterine 
environment to subsequent health after birth [21, 22].

although there has been a number of studies examin-
ing the effects of antioxidants on hypertension in the 
spontaneously hypertensive rat (sHR) model [23–26], 
the influence of maternal oxidative stress during preg-
nancy and parturition and its effect on neonatal develop-
ment have not been investigated. Here, we quantified 
maternal oxidative stress in pregnant sHRs with and 
without treatment with the antioxidant compound tem-
pol; additionally, we quantified the total antioxidant 
concentration in milk and evaluated the neonatal rat urine 
levels of corticosterone at 21 days post parturition.

Materials and Methods

Animals and breeding conditions
in this experiment, we used 10-week-old male/female 

sHR/izm rats (Disease model Cooperative Research 
association, Kyoto, japan). the following housing con-
ditions were employed: temperature, 23 ± 2°C; humid-

ity, 55 ± 10%; frequency of ventilation, 10 to 13 cycles/h; 
lighting cycle, 12 h light (7:00–19:00)/12 h dark (19:00–
7:00). the rats were acclimated to tPX cages (w260 × 
D330 × H170 mm, Natsume seisakusho Co., Ltd., 
toyonaka, japan) containing wood chips (Clean Chip, 
sHimiZu Laboratory supplies Co., Ltd., Kyoto, japan). 
During the acclimation period, a standard diet (mF, ori-
ental Yeast Co., Ltd., tokyo, japan) and tap water were 
given. this experiment was conducted according to the 
shimane university guidelines for animal experiments 
under approval by the animal experiment special com-
mittee (approval no. iZ30-94).

Experimental methods
an outline of the experimental protocol is shown in 

Fig. 1. Female rats were mated 1:1 with male rats. the 
females were separated into two groups the day after the 
confirmation of a vaginal plug: a control group given 
only distilled water (n=8) and a group that received the 
antioxidant tempol (3 mmol/l; 4-Hydroxy-tEmPo, 
sigma-aldrich Co. LLC, st. Louis, mo, usa) in drink-
ing water (n=8). the concentration of the test drug was 
based on literature that described changes in BP after 
tempol treatment [27, 28]. standard food was given ad 
libitum. in the tempol-treated group, the concentration 
was adjusted every day, and the distilled water/tempol 
was replaced daily. the rats were given tempol for 40 
days from the day after the confirmation of a vaginal 
plug until delivery or weaning. the number of neonatal 
rats per mother was adjusted to 6 to 8 at the time of birth 
so that the lactation volume after parturition would be 
essentially uniform. Surplus neonatal rats (≥8 in a litter) 
were sacrificed using carbon dioxide.

Measurement items
Before pregnancy, during pregnancy (days 7 and 14), 

and during lactation (days 7, 14, and 21 after parturition), 
body weight and BP were measured. For BP, systolic BP 
(sBP) and diastolic BP (DBP) were measured using a 
noninvasive BP meter (BP-98a, softron tokyo, japan). 
For these measurements, the rats were first placed in an 
incubator (38°C, 8 min) for warming, and measurement 
was conducted 5 times using the tail-cuff technique. The 
mean value was regarded as the BP measurement. to 
determine whether treatment of the pregnant rats with 
tempol affected fetal development, we compared the 
numbers and sex ratios of the offspring in the two groups.

milking was performed at 1, 2, and 3 weeks after de-
livery, and the milk volume was measured. the protocol 
for milking was as follows: (1) the rats were anesthetized 
using isoflurane (Mylan EPD G.K., Tokyo, Japan) via a 
simple inhalation anesthesia system for small animals 
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(NaRCoBit-E, Natsume seisakusho Co., Ltd., tokyo, 
japan): (2) oxytocin (0.1 unit/kg, sumitomo Pharma 
animal Health Co., Ltd., osaka, japan) was then sub-
cutaneously administered to the dorsal region of the rats 
10 min before milking under anesthesia. oxytocin is a 
natural hormone that stimulates uterine contractions in 
parturition and lactation; it stimulates contraction of 
breast tissue to aid in lactation after parturition [29]. (3) 
the milking pipe of a one-handed milking device for 
rats (Natsume seisakusho Co., Ltd., tokyo, japan) was 
sequentially attached to each of the rat’s 12 nipples, and 
milking was carried out for a total of 15 min while adjust-
ing the sucking force of the vacuum pump [30] (Fig. 
1a). (4) milk was collected in sample bottles and stored 
at −80°C (Fig. 1B).

urine was collected from neonatal rats at 21 days post 
birth using the single sampling method. Briefly, the rats 
were held in the left hand from the dorsal side, and the 
lower abdomen was slowly rubbed against the urinary 
meatus with the right hand to collect urine in a sample 
tube. Samples were stored at −80°C until analysis. At 21 
days post parturition, 24 h urine collection was carried 

out for each adult female by using a metabolic cage (Ct-
10s type ii, CLEa japan, inc., tokyo, japan). Rat blood 
was collected from the abdominal inferior vena cava 
under anesthesia with isoflurane. Collected blood was 
transferred to a micro blood-sampling tube (Capiject, 
ethylenediaminetetraacetic acid (EDta)-2Na, terumo 
Corp., tokyo, japan) and centrifuged at 860 × g for 15 
min at 4°C, and the supernatant was collected as a plas-
ma sample. Each sample was centrifuged and stored at 
−80°C until analysis.

Determination of oxidative stress and antioxidative 
activity

Oxidative stress was quantified by measuring the lev-
els of 8-hydroxyl-2′-deoxyguanosine (8-OHdG) in the 
urine of adult females with a New 8-oHdG Check kit 
(japan institute for the Control of aging, NiKKEN sEiL 
Co., Ltd., shizuoka, japan) at 21 days post parturition. 
Furthermore, after ultrafiltration of the rat milk (Nanosep 
10KDa centrifugal filter, Nihon Pall Ltd., Tokyo, Japan), 
the filtrate was analyzed using a highly sensitive method 
for assessing 8-oHdG (Highly sensitive 8-oHdG Check 

Fig. 1. Experimental protocol. Female rats were separated into two groups: a control group given only distilled 
water and a group that received the antioxidant tempol in drinking water. the rats were given tempol for 
40 days from the day after the confirmation of a vaginal plug until the pups were weaned. Body weight 
(Bw) and blood pressure (BP) were measured on the days indicated by arrows. milk, urine, and blood were 
collected during the experimental period. (a) an image of the one-handed milking device for rats; this 
device was sequentially attached to each of the 12 nipples of the rats to obtain milk. (B) milking was con-
ducted for a total of 15 min, while adjusting the sucking force of the vacuum pump.
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ELisa kit, japan institute for the Control of aging, 
NiKKEN sEiL Co., Ltd.). as stressful stimuli activate 
the hypothalamo-pituitary-adrenocortical axis, we mea-
sured the level of corticotropin releasing factor (CRF) 
in the plasma with a mouse/Rat CRF-Hs ELisa kit 
(Yanaihara. Co., Ltd., shizuoka, japan) according to the 
manufacturer’s protocol. adult and neonatal rat urine 
levels of corticosterone (aRK Checker CoRt Eia, aRK 
Resource, Kumamoto, japan) were evaluated at 21 days 
post parturition. the total antioxidant capacity can be 
used as an index of resistance to oxidative stress in ani-
mals. Here, the total antioxidant concentration (taC) in 
milk was assessed using a taC assay kit (metallogenics, 
Chiba, japan) during the lactation period. this kit uses 
ascorbic acid as an indicator of reduction power by re-
ducing copper [31]. the unit of reducing power is ex-
pressed as equivalent to 1m of ascorbic acid [32].

Statistical analysis
all data are expressed as means ± sEm. analysis of 

variance was used to test the overall effect of tempol. 
unpaired comparisons using student’s t-test were used 
to determine the significance of differences between 
specific groups. Analyses were performed using Stat-
View (sas institute inc., Cary, NC, usa). P<0.05 was 
considered significant.

Results

Changes in body weight and BP during pregnancy 
and lactation

in both the control and tempol-treated groups, mean 
body weight increased 1.3-fold by day 14 of pregnancy 
compared with the pre-pregnancy value (Fig. 2a). the 
two groups of rats showed similar changes in body 
weight throughout the lactation period, with no signifi-
cant difference between the groups. In the tempol-treat-
ed group, sBP was consistently lower than in the control 
group, but this difference was only significant on day 7 
of pregnancy (P<0.05). on day 14 of pregnancy, control 
females showed an approximately 10 mm Hg decrease 
in sBP compared with day 7; in the tempol-treated group, 
sBP was similar at both testing intervals (Fig. 2B). Fur-
thermore, the sBP of the nursing rats in the tempol-
treated group was significantly lower (P<0.05) on days 
7 and 21 than in the control group. the DBP of the 
pregnant rats in the tempol-treated group was slightly, 
but consistently, lower than that in the control group 
(Fig. 2C). DBP was also significantly lower (P<0.05) on 
day 14 of nursing in the tempol-treated rats than in the 
control group.

Litter size on birth and sexing
The number of offspring did not differ significantly 

between the two groups of rats (table 1). the sex ratio 
of the offspring was similar in both groups, with no sig-
nificant difference between them.

Changes in the volume of milk produced and the 
total antioxidant concentration and 8-OHdG in the 
milk

There were no significant differences in milk volumes 
between the tempol and control groups throughout the 
experimental period (Fig. 3a). in both groups, the milk 
volumes increased by 1.5- to 2.0-fold at 14 and 21 days 
after parturition compared with at 7 days after parturi-
tion. antioxidant activities in milk during the lactation 
period were measured (Fig. 3B). in ascorbate equiva-
lents, the antioxidant activity at 7 days after parturition 
was significantly higher (P<0.01) in the tempol group 
(0.95 ± 0.09 mm) compared with the control group (0.38 
± 0.10 mm). similarly, the taC in the milk at 14 days 
after parturition was significantly greater in the tempol-
treated rats than in the controls (P<0.05). Next, we 
evaluated the degree of oxidative stress by measuring 
the level of 8-oHdG in milk throughout the experimen-
tal period. There was no significant difference in the 
levels of 8-oHdG in the milk of the two groups (Fig. 
3C).

Urinary levels of 8-OHdG and corticosterone in 
adult females

analysis of urine collected over a 24h period showed 
that the level of 8-oHdG in the tempol-treated adult 
female rats was significantly lower than that in the con-
trol group (P<0.01; Fig. 4a). the level of corticosterone, 
which is closely associated with the degree of stress, was 
also measured in the 24h urine samples. the corticoste-
rone level of the adult female rats in the tempol group 
(177.5 ± 34.7 ng/ml) was lower than that of the adult 
female rats in the control group (194.0 ± 15.5 ng/ml), 
but the difference was not significant (Fig. 4B).

Urinary levels of 8-OHdG and corticosterone in 
neonatal rats

in the neonatal rats, the urinary level of 8-oHdG 
tended to decrease in the tempol-treated group compared 
with the control group, but the difference was not statis-
tically significant (Fig. 5A). However, the urinary level 
of corticosterone in the tempol-treated group was sig-
nificantly lower than that in the control group (P<0.01; 
Fig. 5B).
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Plasma levels of CRF in adult females
as exposure to a variety of stressors markedly acti-

vates the sympathoadrenal and hypothalamic-pituitary-
adrenocortical systems, we analyzed the plasma levels 
of CRF in the adult females. the analysis indicated that 
the plasma levels of CRF were below the detection 
limit (0.078 ng/ml) in both groups of rats (data not 
shown).

Fig. 2. Changes in body weight (a), systolic blood pressure (B), and diastolic blood pressure (C) 
in female rats during pregnancy and the lactation period. Rats were separated into 2 groups 
(8 animals in each): one group was given distilled water (control group), and the other was 
given tempol (antioxidant group). Values represent means ± SEM of 8 rats. Significant 
differences from the control group using Student’s t-test. * P<0.05. Pre, non-pregnant rats.

Table 1. Effect of tempol on litter size

Group Control tempol

No. of pregnant females 8 8
average litter size 9.10 ± 0.70 9.80 ± 1.00
No. of male offspring 3.90 ± 0.60 4.30 ± 0.60
No. of female offspring 4.50 ± 0.70 4.90 ± 0.50

Values are presented as numbers or means ± sEm.
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Discussion

In this study, we investigated the effects of administra-
tion of tempol, an antioxidant, to sHRs during preg-
nancy and postpartum by measuring the changes in BP, 
litter size at birth, oxidative stress, and total antioxidant 
concentration in milk. we found that rats showed a de-
crease in BP, suggesting that maternal oxidative stress 
was reduced by administration of tempol during preg-
nancy. treatment of pregnant females with tempol also 
reduced stress in neonates. Our findings indicate that 
antioxidant ingestion during pregnancy leads to a reduc-
tion in hypertension.

in the tempol-treated group, sBP and DBP were con-
sistently lower than in the control group during preg-
nancy and in the post-natal nursing period. tempol is a 
cell-permeable substance that eliminates Ros [24]. the 
hypotensive action of tempol has been suggested to be 
due to vasodilation, which is related to the inhibition of 
Ros production, sympathetic inhibition, and natriuresis 

[23]. a number of pathways can lead to an increase in 
Ros release; one of these is NaDPH oxidase activity in 
vascular smooth muscle, which is enhanced by angio-
tensin ii. in NaDPH oxidase Ko mice, vasopressor 
reactions for angiotensin ii are reduced by half compared 
with wild-type mice, strongly suggesting that Ros is 
involved in vasopressor reactions for angiotensin ii or 
angiopathy [33]. in humans, mutations in the NaDPH 
oxidase gene are involved in the development of hyper-
tension or cardiovascular disorders [34]. our study dem-
onstrated that continuous administration of tempol to 
pregnant sHRs reduced maternal oxidative stress.

We examined the potential harmful effects of tempol 
treatment during pregnancy by screening the number of 
live-born offspring and the sex ratio of the offspring; we 
also monitored the body weights of the pregnant rats. 
We confirmed that tempol treatment had no apparent 
deleterious effects on pregnancy. We also showed that 
the volume of milk and female body weights during nurs-
ing were similar in both groups. although we did not 
measure pup weights in this study, a previous study on 
a mouse strain with fetal growth restriction showed that 

Fig. 4. urinary 8-oHdG levels (a) and urinary corticosterone 
levels (B) in female rats after the nursing period. met-
abolic cages were use to collect 24h urine. Values rep-
resent means ± sEm of 8 rats. ** P<0.01 (tempol 
versus control group).

Fig. 3. Comparison of milk volume (a), total antioxidant capac-
ity in milk (B), and 8-oHdG levels in milk (C) from female 
rats during the lactation period in the control and tempol-
treated groups. Values represent means ± sEm of 8 rats. 
* P<0.05 (tempol versus control group).
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tempol treatment resulted in an increase in pup growth 
[35]. thus, antioxidant therapy during pregnancy might 
be able to at least partially rescue fetal growth deficien-
cies.

our study also demonstrated that treatment of preg-
nant/lactating rats with tempol increased the total anti-
oxidant concentration in milk. Furthermore, the total 
antioxidant concentration at 14 days post postpartum 
was slightly higher than at 7 and 21 days in both groups 
of rats. Previous studies reported that the antioxidant 
concentration in mature human breast milk was higher 
than that in colostrum [15, 36]. milk contains many an-
tioxidant substances, such as catalase, superoxide dis-
mutase, ascorbic acid, and vitamin E [37]. some of these 
antioxidant substances may be involved in Ros elimina-
tion in neonatal rats.

we also evaluated the level of 8-oHdG in milk. it has 
been suggested that an in vivo mechanism for synthesiz-
ing antioxidant substances from blood and condensing 
them into breast milk might be present in rats [38]. 
8-oHdG is produced during the repair of intracellular 
nucleotide damage and is released into the extracellular 

area [24]. as milk is produced from plasma components 
and can be noninvasively collected, it can potentially be 
used for 8-oHdG analysis in addition to urine [39]. the 
level of 8-oHdG in the milk samples analyzed here did 
not show any marked difference between tempol-treated 
and control animals. on the other hand, urinary 8-oHdG 
is synthesized in tissues and organs under excessive 
oxidative stress [25, 40]; 8-oHdG is normally cleaved 
by repair enzymes and ultimately excreted into urine via 
the circulation. therefore, to investigate whether the 
antioxidative action was involved in the inhibitory action 
of tempol on BP elevation, urinary 8-oHdG levels were 
measured in dams and neonatal rats. Post-nursing adult 
females had significantly lower 8-OHdG levels in the 
tempol group compared with the control group; urinary 
8-oHdG levels in the neonatal rats tended to be low.

the urinary level of corticosterone in the neonatal rats 
was found to be significantly lower in the tempol-treat-
ed group than in the control group. Corticosterone is 
synthesized in response to stimulation of the adrenal 
cortex by adrenocorticotropic hormone (aCtH) and is 
a precursor for aldosterone [41]. Exposure to a variety 
of stressors markedly activates the sympathoadrenal and 
hypothalamic-pituitary-adrenocortical systems in ani-
mals [42]. stressful stimuli activate the hypothalamo-
pituitary-adrenocortical axis and release glucocorticoids, 
such as corticosterone [43]. also, maternal insults, such 
as malnutrition or stress (physiological and psychologi-
cal), can permanently alter tissue structure and function 
and can lead to cardiovascular dysfunction in the fetus 
[44]. Roghair et al [45] showed that maternal tempol 
treatment via drinking water reduced glucocorticoid-
mediated cardiovascular responses in mice. in view of 
the above, the purpose of our CRF measurements was 
to investigate mechanisms in relation to corticosterone 
in the hypothalamic-pituitary adrenal axis. However, the 
CRF levels were below the level of detection in both 
groups. Fukuda et al [46] showed that sHRs have an 
abnormal response to CRF in the pituitary-adrenocorti-
cal axis and that this abnormal response may be attribut-
able to desensitization of the pituitary to CRF. Further 
studies will be necessary to fully elucidate the mecha-
nisms.

in conclusion, our analysis showed that continuous 
administration of tempol to pregnant sHRs inhibited the 
pregnancy-related increases in BP. Furthermore, mater-
nal oxidative stress was lowered, as was that in the neo-
natal rats. In future studies, the effects of antioxidant 
treatment on the growth of neonatal rats and on their 
development under different environments will be in-
vestigated.

Fig. 5. urinary 8-oHdG levels (a) and urinary corticoste-
rone levels (B) in neonatal rats at 21 days after birth. 
urine was collected from neonatal rats at 21 days 
post birth using the single sampling method (n=14–
16 per group). Values represent means ± sEm. 
* P<0.05 (tempol versus control group).



HYPOTENSIVE EFFECTS OF TEMPOL IN SHR

143|Exp. Anim. 2024; 73(2): 136–144

Funding

this work was supported by a japan society for the 
Promotion of science KaKENHi grant number 
18H00369 for a Grant-in-aid for Encouragement of 
scientists (to KK) from the ministry of Education, Cul-
ture, sports, science and technology of japan.

Conflict of Interest

the authors declare that they have no competing in-
terests.

References

 1. Bromfield S, Muntner P. High blood pressure: the leading 
global burden of disease risk factor and the need for world-
wide prevention programs. Curr Hypertens Rep. 2013; 15: 
134–136. [medline]  [CrossRef]

 2. umemura s, arima H, arima s, asayama K, Dohi Y, Hirooka 
Y, et al. the japanese society of hypertension guidelines for 
the management of hypertension (jsH 2019). Hypertens Res. 
2019; 42: 1235–1481 (in japanese). [medline]  [CrossRef]

 3. Lozano R, Naghavi m, Foreman K, Lim s, shibuya K, aboy-
ans V, et al. Global and regional mortality from 235 causes 
of death for 20 age groups in 1990 and 2010: a systematic 
analysis for the Global Burden of Disease study 2010. Lancet. 
2012; 380: 2095–2128. [medline]  [CrossRef]

 4. Higashi Y, Noma K, Yoshizumi m, Kihara Y. Endothelial 
function and oxidative stress in cardiovascular diseases. Circ 
j. 2009; 73: 411–418. [medline]  [CrossRef]

 5. Touyz RM, Schiffrin EL. Oxidative stress in arterial hyperten-
sion: oxidative stress and hypertension. Curr Hypertens Rep. 
2000; 2: 98–105. [medline]  [CrossRef]

 6. schulz E, Gori t, münzel t. oxidative stress and endothelial 
dysfunction in hypertension. Hypertens Res. 2011; 34: 665–
673. [medline]  [CrossRef]

 7. Bruic m, Grujic-milanovic j, miloradovic Z, jovovic D, 
Zivkovic L, mihailovic-stanojevic N, et al. DNa, protein and 
lipid oxidative damage in tissues of spontaneously hyperten-
sive versus normotensive rats. int j Biochem Cell Biol. 2021; 
141: 106088. [medline]  [CrossRef]

 8. Fukui t, Yamauchi K, maruyama m, Yasuda t, Kohno m, 
Abe Y. Significance of measuring oxidative stress in lifestyle-
related diseases from the viewpoint of correlation between d-
Roms and BaP in japanese subjects. Hypertens Res. 2011; 
34: 1041–1045. [medline]  [CrossRef]

 9. Yamaguchi Y, Yoshikawa N, Kagota s, Nakamura K, Hagi-
naka j, Kunitomo m. Elevated circulating levels of markers 
of oxidative-nitrative stress and inflammation in a genetic rat 
model of metabolic syndrome. Nitric oxide. 2006; 15: 380–
386. [medline]  [CrossRef]

 10. Luyckx Va, Bertram jF, Brenner Bm, Fall C, Hoy wE, 
Ozanne SE, et al. Effect of fetal and child health on kidney 
development and long-term risk of hypertension and kidney 
disease. Lancet. 2013; 382: 273–283. [medline]  [CrossRef]

 11. Paauw ND, van Rijn BB, Lely at, joles ja. Pregnancy as a 
critical window for blood pressure regulation in mother and 
child: programming and reprogramming. acta Physiol (oxf). 
2017; 219: 241–259. [medline]  [CrossRef]

 12. Hsu CN, Tain YL. The double-edged sword effects of mater-
nal nutrition in the developmental programming of hyperten-
sion. Nutrients. 2018; 10: 1917. [medline]  [CrossRef]

 13. Hanson m, Gluckman P. Developmental origins of noncom-
municable disease: population and public health implications. 

am j Clin Nutr. 2011; 94:(suppl): 1754s–1758s. [medline]  
[CrossRef]

 14. Hubel Ca, mcLaughlin mK, Evans Rw, Hauth Ba, sims Cj, 
Roberts jm. Fasting serum triglycerides, free fatty acids, and 
malondialdehyde are increased in preeclampsia, are positively 
correlated, and decrease within 48 hours post partum. am j 
obstet Gynecol. 1996; 174: 975–982. [medline]  [CrossRef]

 15. Kuramoto N, Kitagawa m. oxidative stress and antioxidant 
capacity in the postpartum period. j jpn acad midwif. 2012; 
26: 201–210 (in japanese).  [CrossRef]

 16. tanaka i, Kitagawa m. Changes in oxidative stress and antiox-
idative potency during pregnancy period. j jpn acad midwif. 
2014; 28: 51–59 (in japanese).  [CrossRef]

 17. toescu V, Nuttall sL, martin u, Nightingale P, Kendall mj, 
Brydon P, et al. Changes in plasma lipids and markers of oxi-
dative stress in normal pregnancy and pregnancies complicat-
ed by diabetes. Clin sci (Lond). 2004; 106: 93–98. [medline]  
[CrossRef]

 18. Pasqualotto EB, agarwal a, sharma RK, izzo Vm, Pinotti ja, 
Joshi NJ, et al. Effect of oxidative stress in follicular fluid on 
the outcome of assisted reproductive procedures. Fertil steril. 
2004; 81: 973–976. [medline]  [CrossRef]

 19. mihalas BP, Redgrove Ka, mcLaughlin Ea, Nixon B. molec-
ular mechanisms responsible for increased vulnerability of the 
ageing oocyte to oxidative damage. oxid med Cell Longev. 
2017; 2017: 4015874. [medline]  [CrossRef]

 20. oke sL, Hardy DB. the role of cellular stress in intrauterine 
growth restriction and postnatal dysmetabolism. int j mol sci. 
2021; 22: 6986. [medline]  [CrossRef]

 21. Dunkerton s, aiken C. impact of the intrauterine environment 
on future reproductive and metabolic health. obstet Gynaecol. 
2022; 24: 93–100.  [CrossRef]

 22. Rokoff LB, Rifas-Shiman SL, Coull BA, Cardenas A, Calafat 
am, Ye X, et al. Cumulative exposure to environmental pol-
lutants during early pregnancy and reduced fetal growth: the 
Project Viva cohort. Environ Health. 2018; 17: 19. [medline]  
[CrossRef]

 23. wilcox Cs, Pearlman a. Chemistry and antihypertensive ef-
fects of tempol and other nitroxides. Pharmacol Rev. 2008; 60: 
418–469. [medline]  [CrossRef]

 24. Kawada t, sata Y, shimizu s, turner mj, Fukumitsu m, sugi-
machi M. Effects of tempol on baroreflex neural arc versus pe-
ripheral arc in normotensive and spontaneously hypertensive 
rats. am j Physiol Regul integr Comp Physiol. 2015; 308: 
R957–R964. [medline]  [CrossRef]

 25. Wilcox CS. Effects of tempol and redox-cycling nitroxides in 
models of oxidative stress. Pharmacol ther. 2010; 126: 119–
145. [medline]  [CrossRef]

 26. Yanes L, Romero D, iliescu R, Cucchiarelli VE, Fortepiani 
La, santacruz F, et al. systemic arterial pressure response to 
two weeks of tempol therapy in sHR: involvement of No, the 
Ras, and oxidative stress. am j Physiol Regul integr Comp 
Physiol. 2005; 288: R903–R908. [medline]  [CrossRef]

 27. Simonsen U, Christensen FH, Buus NH. The effect of tempol 
on endothelium-dependent vasodilatation and blood pressure. 
Pharmacol ther. 2009; 122: 109–124. [medline]  [CrossRef]

 28. welch wj, mendonca m, Blau j, Karber a, Dennehy K, Pa-
tel K, et al. antihypertensive response to prolonged tempol 
in the spontaneously hypertensive rat. Kidney int. 2005; 68: 
179–187. [medline]  [CrossRef]

 29. Kamikawa a, seko j. Physiological and pharmacological 
evaluation of oxytocin-induced milk ejection in mice. Exp 
anim. 2020; 69: 345–353. [medline]  [CrossRef]

 30. Kawakami K, Yamada K, Notsu Y, Zahid Hm, Nabika t, Ya-
mada t. Development of one-handed milking device to collect 
milk from lactating rats: analysis of feeding with progressive 
lactation. shimane j med sci. 2015; 32: 13–18.

 31. Campos C, Guzmán R, López-Fernández E, Casado a. Evalu-
ation of the copper(ii) reduction assay using bathocuproinedi-
sulfonic acid disodium salt for the total antioxidant capacity 

http://www.ncbi.nlm.nih.gov/pubmed/23536128?dopt=Abstract
http://dx.doi.org/10.1007/s11906-013-0340-9
http://www.ncbi.nlm.nih.gov/pubmed/31375757?dopt=Abstract
http://dx.doi.org/10.1038/s41440-019-0284-9
http://www.ncbi.nlm.nih.gov/pubmed/23245604?dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(12)61728-0
http://www.ncbi.nlm.nih.gov/pubmed/19194043?dopt=Abstract
http://dx.doi.org/10.1253/circj.CJ-08-1102
http://www.ncbi.nlm.nih.gov/pubmed/10981135?dopt=Abstract
http://dx.doi.org/10.1007/s11906-000-0066-3
http://www.ncbi.nlm.nih.gov/pubmed/21512515?dopt=Abstract
http://dx.doi.org/10.1038/hr.2011.39
http://www.ncbi.nlm.nih.gov/pubmed/34601089?dopt=Abstract
http://dx.doi.org/10.1016/j.biocel.2021.106088
http://www.ncbi.nlm.nih.gov/pubmed/21677660?dopt=Abstract
http://dx.doi.org/10.1038/hr.2011.76
http://www.ncbi.nlm.nih.gov/pubmed/16798031?dopt=Abstract
http://dx.doi.org/10.1016/j.niox.2006.04.264
http://www.ncbi.nlm.nih.gov/pubmed/23727166?dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(13)60311-6
http://www.ncbi.nlm.nih.gov/pubmed/27124608?dopt=Abstract
http://dx.doi.org/10.1111/apha.12702
http://www.ncbi.nlm.nih.gov/pubmed/30518129?dopt=Abstract
http://dx.doi.org/10.3390/nu10121917
http://www.ncbi.nlm.nih.gov/pubmed/21525196?dopt=Abstract
http://dx.doi.org/10.3945/ajcn.110.001206
http://www.ncbi.nlm.nih.gov/pubmed/8633679?dopt=Abstract
http://dx.doi.org/10.1016/S0002-9378(96)70336-8
http://dx.doi.org/10.3418/jjam.26.201
http://dx.doi.org/10.3418/jjam.28.51
http://www.ncbi.nlm.nih.gov/pubmed/12875648?dopt=Abstract
http://dx.doi.org/10.1042/CS20030175
http://www.ncbi.nlm.nih.gov/pubmed/15066450?dopt=Abstract
http://dx.doi.org/10.1016/j.fertnstert.2003.11.021
http://www.ncbi.nlm.nih.gov/pubmed/29312475?dopt=Abstract
http://dx.doi.org/10.1155/2017/4015874
http://www.ncbi.nlm.nih.gov/pubmed/34209700?dopt=Abstract
http://dx.doi.org/10.3390/ijms22136986
http://dx.doi.org/10.1111/tog.12797
http://www.ncbi.nlm.nih.gov/pubmed/29458383?dopt=Abstract
http://dx.doi.org/10.1186/s12940-018-0363-4
http://www.ncbi.nlm.nih.gov/pubmed/19112152?dopt=Abstract
http://dx.doi.org/10.1124/pr.108.000240
http://www.ncbi.nlm.nih.gov/pubmed/25810389?dopt=Abstract
http://dx.doi.org/10.1152/ajpregu.00525.2014
http://www.ncbi.nlm.nih.gov/pubmed/20153367?dopt=Abstract
http://dx.doi.org/10.1016/j.pharmthera.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15604302?dopt=Abstract
http://dx.doi.org/10.1152/ajpregu.00530.2004
http://www.ncbi.nlm.nih.gov/pubmed/19268689?dopt=Abstract
http://dx.doi.org/10.1016/j.pharmthera.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15954907?dopt=Abstract
http://dx.doi.org/10.1111/j.1523-1755.2005.00392.x
http://www.ncbi.nlm.nih.gov/pubmed/32213759?dopt=Abstract
http://dx.doi.org/10.1538/expanim.19-0126


K. KAWAKAMI, ET AL.

144 | doi: 10.1538/expanim.23-0069

assessment: the CuPRaC-BCs assay. anal Biochem. 2009; 
392: 37–44. [medline]  [CrossRef]

 32. Horie m, Nara K, sugino s, umeno a, Yoshida Y. Compari-
son of antioxidant activities among four kinds of japanese 
traditional fermented tea. Food sci Nutr. 2016; 5: 639–645. 
[medline]  [CrossRef]

 33. Landmesser u, Cai H, Dikalov s, mcCann L, Hwang j, jo 
H, et al. Role of p47(phox) in vascular oxidative stress and 
hypertension caused by angiotensin ii. Hypertension. 2002; 
40: 511–515. [medline]  [CrossRef]

 34. moreno mu, san josé G, Fortuño a, Beloqui o, Redón j, 
Chaves Fj, et al. a novel CYBa variant, the -675a/t poly-
morphism, is associated with essential hypertension. j Hyper-
tens. 2007; 25: 1620–1626. [medline]  [CrossRef]

 35. stanley jL, andersson ij, Hirt Cj, moore L, Dilworth mR, 
Chade AR, et al. Effect of the anti-oxidant tempol on fetal 
growth in a mouse model of fetal growth restriction. Biol Re-
prod. 2012; 87: 25, 1–8. [medline]  [CrossRef]

 36. Ezaki s, ito t, suzuki K, tamura m. association between total 
antioxidant capacity in breast milk and postnatal age in days in 
premature infants. j Clin Biochem Nutr. 2008; 42: 133–137. 
[medline]  [CrossRef]

 37. Goldman AS, Goldblum RM, Hanson LA. Anti-inflammatory 
systems in human milk. adv Exp med Biol. 1990; 262: 69–76. 
[medline]  [CrossRef]

 38. jones mL, mark Pj, Lewis jL, mori ta, Keelan ja, waddell 
Bj. antioxidant defenses in the rat placenta in late gestation: 
increased labyrinthine expression of superoxide dismutases, 
glutathione peroxidase 3, and uncoupling protein 2. Biol Re-
prod. 2010; 83: 254–260. [medline]  [CrossRef]

 39. Kasai H, Hayami H, Yamaizumi Z, saitôH, Nishimura s. De-

tection and identification of mutagens and carcinogens as their 
adducts with guanosine derivatives. Nucleic acids Res. 1984; 
12: 2127–2136. [medline]  [CrossRef]

 40. Kawakami K, Yamada K, Yamada t, Nabika t, Nomura m. 
Antihypertensive effect of γ-aminobutyric acid-enriched 
brown rice on spontaneously hypertensive rats. j Nutr sci Vi-
taminol (tokyo). 2018; 64: 56–62. [medline]  [CrossRef]

 41. ardekani am, walker sj, Donohue sj, stitzel RE, Connors 
jm, Vrana KE. adrenocorticotropin and corticosterone levels 
in pre-weanling spontaneously hypertensive rats. Life sci. 
1989; 44: 919–925. [medline]  [CrossRef]

 42. Green PG, miao FjP, jänig w, Levine jD. Negative feedback 
neuroendocrine control of the inflammatory response in rats. J 
Neurosci. 1995; 15: 4678–4686. [medline]  [CrossRef]

 43. Fischer D, Patchev VK, Hellbach s, Hassan aHs, almeida 
oF. Lactation as a model for naturally reversible hypercorti-
calism plasticity in the mechanisms governing hypothalamo-
pituitary- adrenocortical activity in rats. j Clin invest. 1995; 
96: 1208–1215. [medline]  [CrossRef]

 44. Cottrell EC, seckl jR. Prenatal stress, glucocorticoids and the 
programming of adult disease. Front Behav Neurosci. 2009; 3: 
19. [medline]  [CrossRef]

 45. Roghair RD, wemmie ja, Volk Ka, scholz tD, Lamb Fs, 
segar jL. maternal antioxidant blocks programmed cardio-
vascular and behavioural stress responses in adult mice. Clin 
sci (Lond). 2011; 121: 427–436. [medline]  [CrossRef]

 46. Fukuda N, Honda m, Hatano m. abnormal response of adre-
nocorticotropin to corticotropin releasing factor in spontane-
ously hypertensive rats. jpn Circ j. 1987; 51: 556–562. [med-
line]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/19464250?dopt=Abstract
http://dx.doi.org/10.1016/j.ab.2009.05.024
http://www.ncbi.nlm.nih.gov/pubmed/28572952?dopt=Abstract
http://dx.doi.org/10.1002/fsn3.442
http://www.ncbi.nlm.nih.gov/pubmed/12364355?dopt=Abstract
http://dx.doi.org/10.1161/01.HYP.0000032100.23772.98
http://www.ncbi.nlm.nih.gov/pubmed/17620958?dopt=Abstract
http://dx.doi.org/10.1097/HJH.0b013e3281ac211d
http://www.ncbi.nlm.nih.gov/pubmed/22423051?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.111.096198
http://www.ncbi.nlm.nih.gov/pubmed/18385830?dopt=Abstract
http://dx.doi.org/10.3164/jcbn.2008019
http://www.ncbi.nlm.nih.gov/pubmed/2181825?dopt=Abstract
http://dx.doi.org/10.1007/978-1-4613-0553-8_6
http://www.ncbi.nlm.nih.gov/pubmed/20393169?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.110.083907
http://www.ncbi.nlm.nih.gov/pubmed/6701096?dopt=Abstract
http://dx.doi.org/10.1093/nar/12.4.2127
http://www.ncbi.nlm.nih.gov/pubmed/29491273?dopt=Abstract
http://dx.doi.org/10.3177/jnsv.64.56
http://www.ncbi.nlm.nih.gov/pubmed/2538695?dopt=Abstract
http://dx.doi.org/10.1016/0024-3205(89)90490-6
http://www.ncbi.nlm.nih.gov/pubmed/7790932?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.15-06-04678.1995
http://www.ncbi.nlm.nih.gov/pubmed/7657793?dopt=Abstract
http://dx.doi.org/10.1172/JCI118153
http://www.ncbi.nlm.nih.gov/pubmed/19826624?dopt=Abstract
http://dx.doi.org/10.3389/neuro.08.019.2009
http://www.ncbi.nlm.nih.gov/pubmed/21615331?dopt=Abstract
http://dx.doi.org/10.1042/CS20110153
http://www.ncbi.nlm.nih.gov/pubmed/3041064?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3041064?dopt=Abstract
http://dx.doi.org/10.1253/jcj.51.556

