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Abstract: Perinatal diets may affect the cardiovascular-renal functions of offspring. To understand effects of maternal diet 
on the renal function and blood pressure (BP) of offspring, protein (10% low, LP; 23% normal, NP) and/or NaCl (4% high 
salt, HS; 0.6% normal, NS) diets were started at pre-pregnancy through pups' weaning to either a 4% high NaCl (hs) or 
0.6% NaCl (ns) diet. Telemetered BP data was analyzed by methods of linear least square rhythmometry. Systolic BPs 
(circadian mean ±SE mm Hg) were: NPNSns, 131±2; NPNShs, 137±2; NPHSns, 137±0.2; NPHShs, 134±3; LPNSns, 
138±1; LPNShs, 138±0.6; LPHSns, 135±2; LPHShs, 142±2. Offspring in NPNShs and NPHSns had significantly in-
creased SBPs versus NPNSns (both P<0.05). Most LP-offspring had increased SBP (P<0.01 to <0.05) and lower body 
weight (BW) with smaller glomerular filtration rate changes (renal reserve, RR-GFR) following overnight acute high-
protein loads: RR-GFRs (inulin, ml/min/g kidney) for groups stated above were, respectively: 0.935; 0.927; 0.537; -0.064; 
-0.229; 0.057; -0.515; -0.404. The kidney weight/BW ratio of offspring was higher on hs- than on ns-diets (all P<0.001). 
Rats on a low caloric diet had reduced sclerotic glomerular numbers compared to those on normal diets (11.2±1 vs. 
15.7±2, P<0.001), though glomerular numbers were similar in both groups. 

In summary, perinatal LP-HS diets significantly affected the BW, BP, renal injuries and kidney function of offspring. RR 
was seriously reduced, especially among offspring in hs- and perinatal LP groups. The most interesting result was the 
glomerular maturation staging in the pups, which suggests delayed nephrogenesis by a maternal LP diet.  

Keywords: Circadian blood pressure, Glomerular filtration rate, perinatal protein-salt diets, renal injury, renal maturation, renal 
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INTRODUCTION 

Genetic and environmental factors play an important role 
in disease expression on offspring by exerting diverse and 
predominant modulatory effects [1-3]. Cardiac disease and 
chronic kidney disease (CKD) commonly coexist, sharing 
cardiovascular disease (CVD) risk factors such as hyperten-
sion, dyslipidemia and diabetes. CKD is an independent pre-
dictor of MI, stroke, and mortality risk among men and 
women younger than 55 and 65 years of age, respectively, 
which has been defined by levels of estimated glomerular 
filtration rate (eGFR) as markers of kidney damage [4-6].  

Perinatal dietary imbalance may induce structural changes 
in a progeny’s body that can lead to injury, especially given 
genetic susceptibility [1, 3]. Some authors have addressed 
epigenetic effects – in the relationship between longevity and 
food availability in the transgeneration response to swings in 
nutrition – on the regulation of reproduction with disease risk 
[7]. The effects of perinatal nutrition impact health and disease 
later in adult life in manifesting the altered epigenetic regula-
tion of gene expression caused by defective epigenetic regula-
tion [8]. Barker et al. hypothesized that adult disease may 
originate from fetal stage developmental plasticity and com-
pensatory biological phenomena [9].  
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With respect to epigenetic effects, perinatal dietary salt 
and protein may be involved in the development of the kid-
ney and programming blood pressure (BP) during morpho-
genesis, organogenesis and glomerulogenesis, which may 
affect an offspring’s renal reserve (RR) and BP. The altered 
maturation patterns of glomerular and/or tubular mass can 
trigger adaptive mechanisms that lead to glomerular hyper-
tension later in life [10]. Maternal stress and nutritional con-
ditions modulated BP and renal injuries at all stages, altered 
glomerular filtration and resulted in glomerulosclerosis [2, 3, 
11, 12]. Excessive salt intake can be hypertensinogenic in 
susceptible individuals, adversely affecting target organs – 
especially among the aging population, as renal function 
declines [11]. In certain Japanese populations, cerebrovascu-
lar complications, which are associated with high salt/low 
protein diets [13]. The effect of dietary salt on hypertension 
[13] and maternal protein deficiency on behavioral parame-
ters in children [14-16] suggest that a great segment of the 
population may consume food with high salt/low protein 
content.  

Protein deficiency during perinatal stages induces re-
duced plasma volume, cardiac output and uteroplacental 
blood flow [17], and decreased vascular growth with high 
capillary luminal diameters in the neocortex among suckling 
dams [18], suggesting a vasodilated vascular mass to respond 
to hypertension and hypoxia to form collateral vessels after 
sudden vascular occlusion [19]. The kidneys of suckling 
offspring with maternal protein deficiency showed altered 
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glomerular maturation and resulted in a reduced glomerular 
number as adults [10, 20]. Meanwhile other studies have 
reported that the glomerular injury index and urine protein 
excretion were ameliorated in a low calorie, unrestricted pro-
tein diet in uninephrectomized spontaneously hypertensive 
rats (SHR) [12]. Heterogeneous glomerular growth in sus-
ceptible genetic strains needs high pressure gradients and/or 
glomerular hypertension to adapt and maintain glomerular 
filtration [21, 22]. These adaptations, which eventually lead 
to glomerulosclerosis [15, 22], can be among the factors that 
account for differences in renal damage induced by hyper-
tension and age in two genetic models of hypertension [14, 
22, 23]. In renal function tests, some studies suggest that 
amino acid (AA) infusion induces vasodilation and increases 
the GFR in normotensive rats, but not in SHR [24]. As 
shown, a perinatal-environmental experience in fetal pro-
gramming exerts a long-term influence on cardiovascular 
functions, leading to disease in adulthood.  

Under the hypothesis, we examined perinatal dietary pro-
tein and salt effects on the kidney maturation of offspring 
with a moderate protein restriction and subtoxic levels of 
dietary salt and assessed progeny responses to the perinatal 
and post-maternal diet on body weight (BW), SBP, GFR and 
RR in the Lewis rat, which is known to have a high degree of 
homozygosity [25].  

MATERIALS AND METHODS 

Animals 

Ten-week old Lewis female rats and 14-15 week old va-
sectomized and proven breeder males were purchased from 
Charles River (Wilmington, MA) and were housed at the 
University animal facilities (a light-cycle from 04:00 to 
18:00) with standard rat chow (Purina Rodent Chow, St. 
Louis, MO) and freely accessible drinking water. After 7 
days of adaptation, female rats were stratified according to 
BW (± 10 g) and BP (± 10 mm Hg), and randomly assigned 
to ensure balanced conditions for all study groups. To mini-
mize circadian variability, manual BP and BW were obtained 
between 14:00 and 18:00h. Pregnancy was maintained start-
ing at the age of 12-13 weeks. Dams were kept on the desig-
nated special diet throughout pregnancy starting at 21-27 
days prior to mating to the end of lactation [1]. To obtain a 
sufficient number of pups within 4 hours of delivery, 12 
dams (each 4 maternal group x 3) were mated to assign at 
least 5-7 pups into the high (hs) and normal salt (ns) groups 
from each maternal group at the end of the weaning period. 
For glomerular maturation and proteinuria studies, as well as 
the restricted calorie diet studies, another two dams in each 
of the four maternal diet groups, and two additional normal 
diet dams were added. After weaning, dams were sacrificed 
using barbiturate overdose in accordance with the recom-
mendations of the Panel on Euthanasia of the American Vet-
erinary Medical Association.  

Offspring’s age for the study varied from Day-0 to 15 
weeks. At weaning, pups were randomly assigned to each 
designated group according to similar birth times and BWs 
to ensure group balance, and started on the designated diets 
(4% high salt, hs or 0.6% normal salt, ns, total 8 groups) 
with freely accessible water under a light-cycle from 06:00 
to 18:00. All diets were balanced nutrition with isocaloric, 

similar K, a Ca/P of 1.25 and a sugar/starch ratio of 1.00, 
pelleted and refrigerated to maintain freshness before using.  

The study was approved by the institutional animal care 
and use committee, and all of the experimental procedures 
were carried out in accordance with the relevant guidelines 
(i.e., the Guide for the Care and Use of Laboratory Animals) 
published by the United States National Institutes of Health 
and the University of Minnesota Animal Use guidelines.  

Study Design 

A diagrammatic overall study design is illustrated in Fig. 
(1) for a quick review of the study protocol. To test maternal 
protein and salt influences on the SBP and renal injury sus-
ceptibility of offspring, the current study was designed for 
pre-pregnancy and pregnancy in protein-salt diets imposed 
according to the study design, with 2 levels of salt (0.6% 
normal, NS and 4% high, HS) and/or 2 levels of protein 
(10% low, LP and 23% normal, NP) diets, which went from 
pre-pregnancy through pups' weaning stage, to either a 4% 
high NaCl (hs) or 0.6% normal NaCl (ns) diet. The maternal 
diet groups were: 1) NPNS = normal protein/normal salt; 2) 
NPHS= normal protein/high salt; 3) LPNS = low pro-
tein/normal salt; and 4) LPHS: low protein/ high salt. Base-
line food intake (FI), SBP, urine volume (UV) and GFR 
were measured and RR-FI, RR-SBP, RR-UV and RR-GFR 
were assessed during the morning hours (7:00 AM-11:00 
AM) after maximal food intake overnight (18:00-04:00), 
followed the next night by high protein (hp, 43%) loads. RR 
(post-hp loaded value - basal value) was computed in rats 
(basal – hp food intake) within ± 2 grams (each group had at 
least 5 rats). All other dietary components were similar in all 
study groups. For this study, special diets were made by Tek-
led Premier (Madison, WI), based on the American Institute 
of Nutrition Rodent Diets [3, 22]. 

PROCEDURES 

Female Synchronization and Offspring Procedures 

Lewis female rats were tested for behavioral estrous at 
the 20:00 hour with vasectomized sterile-proven males, as in 
our previous studies [1]. Then, the positive females were 
randomly assigned to and started on one of the 4 protein-salt 
dietary combinations, and maintained on those diets from 21-
27 days prior to mating through pregnancy and lactation (4 
maternal groups). Following the pre-pregnancy period, the 
dams were re-tested for estrous cycle receptive days for the 
next 6 days (rat’s cycle: 4-5 days) and positive rats were 
mated overnight with the same strain of fertile males. Males 
were on a corresponding special diet only on mating nights. 
At birth, dams and pups were weighed and, the nursing dam 
litter size was normalized to 8 pups. The same diet was con-
tinued until the pups’ weaning at 21 days. Food was placed 
at a height accessible only to mothers to ensure that pups 
received only maternal milk. Dams were sacrificed after the 
pups’ weaning. Due to variations in fetal programming and 
of the female estrous cycle [26, 27], as well as a difference in 
prenatal sex malnutrition, especially in endothelial nitric 
oxide synthase activities [28], male pups were only used in 
the current study to minimize the sex variability. Pups were 
randomly weaned to either a normal- or a high-salt diet, ac-
cording to the study design (8 study groups). The offspring’s 
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diet was a standard rodent diet except the salt content with a 
4% high (hs) or 0.6% normal NaCl (ns).  

Glomerular Maturation Study 

In separate groups, pups’ kidneys were examined at birth 
(day-0) and day-7 to compare their glomerular maturation 
levels in each maternal diet group. Under methohexital anes-
thesia, the kidneys of each rat were perfusion fixed at day-0 
and day-7 with 5% neutral formalin through the abdominal 
aorta for 10 min under a perfusion pressure of 80 mm Hg. 
Then, the kidneys were removed and immersed in 10% neu-
tral formalin to complete the fixation. Embedded tissue 
blocks were sectioned at 15 µm thick and all cross sections 
were assessed from the cortex and juxtamedullary areas. We 
graded glomerular maturation (GM) as follows: Stage 0: 
metanephric mesenchyma; Stage I: S body vesicle; Stage II: 
spherical cup shape, capsular epithelium, 1-2 capillaries, 
Bowman space not well defined; Stage III: 6-8 capillaries or 
more, well-defined Bowman space. For the microscopic 
readings, the multiple serial histological sections of both 
kidneys in each rat were made and examined under the 
graded microscope. Each pair of sections was mounted on 
two light microscopes with modified projection and corre-
sponding fields on the two sections and the total renal cross 
sectional area was determined. The examiner was blinded on 
the study samples. For the proteinuria measurement, 24-h 
urine was collected in individual metabolic cages and protein 
excretion was measured by spectrophotometer frequently 
used in our laboratories [10, 22-24, 29]. 

Effect of Calorie Restriction on Glomerular Injury 

In a subset of pups from the normal maternal diet group, 
we also examined glomerular numbers and sclerotic injury 
scores in a 1/3 reduced calorie diet (LC) with freely accessi-
ble drinking water for 4 weeks without protein restriction 
and compared them with pups on a diet without calorie re-
duction (NC) (average LC=10 versus NC=15 grams/day, 5 
rats in each group). Under pentobarbital anesthesia, the kid-
neys of each rat were fixed by perfusion with 5% neutral 
formalin through the abdominal aorta for 15 min under a 
perfusion pressure of 110 mm Hg, and the kidneys were re-
moved for immersion in 10% neutral formalin to complete 
the fixation. Embedded tissue blocks were sectioned at 15 
µm and all glomeruli/cross section were assessed from the 
cortex and juxtamedullary areas. The glomerular numbers 
and staged sclerotic glomerular numbers were determined in 
the paired sections. The LC diet was specially made using 
2/3 of the regular calorie level with an additional 34% of 
protein, sodium, potassium and other nutritional contents 
similarly balanced to those in the control group.  

Telemetry Transmitter Implants and Measurements of 
Blood Pressure 

For accurate measurements, telemetered SBP was ob-
tained. Radiotelemetry transmitter installation surgery was 
carried out at 13-14 weeks of age under methohexital anes-
thesia for an abdominal incision to place an aortic catheter, 
affixing transmitters to the abdominal wall. The accuracy of 

Study Design:

Day-0: & 7:              4 groups: NPNS, NPHS, LPNS, LPHS,   !!                          

!                                maternal milk only, WT; glomerular 

!!                       !!!      maturation examined in offspring !!!!           !

!                                subgroups from 4 maternal groups. 

Day-56 :                   24-h urine protein level in ns-offspring !                 !!

!!!!!!!!!!!!!!!!!!!                  subgroups from 4 maternal groups.

Week14-15:             SBP monitoring, 24-h food intake count,          !                            

!                                24-h urine collection, BW, GFR, KW from 

                                 8 study groups, ns/hs-offspring diets.

 Male Offspring

Day-19/21:!!!!!!!!!!!!     W!T, weaned at day-21 into 0.6% (ns)

!!                               or 4% (hs) NaCl diet, tap water. 

!                                Total 8 groups.

 Day-21: !!!!                Calorie restriction for 4 weeks: glomerular !!!

!                                 injury comparison in ns-offspring subgroups !!  !

!!!!!                              from 4 maternal groups,

Stage Protocole and Diet

1 week:  Purchase 10 week-old female, 
 &14-15 week-old male,
 regular Purina chow, tap water.

21-27 days:             Female Prepregnancy, base WT, BP

!!!!!!!!!!                       10% protein (LP)/23% protein (NP) diets

!!!!!!!!!!!                       and 0.6% (NS)/4% (HS) NaCl diets, 

                                tap water. Total 4 groups.

Pregnancy, WT, BP, the same diet as   !!

the above. Total 4 groups. 

Perinatal Stage

>

 
Fig. (1). Diagram of Study Design. 
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telemetry SBP readings was verified by a standard mercury 
sphygmomanometer [1, 29-33]. Rats were returned to their 
home cage when they were fully awake and mobile with 
freely accessible food and acetaminophen in 5% glucose 
solution for the first 24 hours post-surgery, followed by tap 
water. After a week of recovery, data was collected continu-
ously every 10 min for 5 consecutive days using the Data 
Quest Program (Data Science International, St. Paul, MN) 
and converted into hourly average data to determine cir-
cadian SBPs and for the statistical comparison. By this time, 
all rats were gaining BW and BP was stabilized with syn-
chronized cardiovascular rhythms. 

Glomerular Filtration Rate and Renal Reserve Study 
Procedures 

GFR was evaluated through inulin clearance. Following 
overnight acute 43%-high protein (hp) diets as acute stress, 
RR-urine volume, RR- food intake, RR-SBP and RR-GFR 
were assessed. Baseline and RR values (hp-diet GFR - basal 
GFR) were obtained by the method used in our laboratory 
[10, 22-24] and were computed with food intake within ± 2 
g. For inulin measurements, the 24-h urine samples and 
small blood samples were collected baseline and the post- hp 
diet and the blood was replaced with an equal volume of 
isotonic saline via tail veins. Inulin was infused (10% dis-
solved in isotonic saline, Sigma, St. Louis, MO) at 5 ml/kg/h 
for 10 min. Blood samples in duplicates (60 µl) were col-
lected into a heparinized microhematocrit tube for the base-
line and 20 min post-infusion plasma inulin measurements. 
The method was modified from the human study [34]. Inulin 
concentrations in the urine and plasma were determined us-
ing a spectroflurometer.  

Statistical Methods 

Hourly average SBP data was analyzed by the linear least 
square rhythmometry to obtain circadian means and group 
comparisons [35]. For 3-way-interaction comparisons, data 

was analyzed by the methods of the analysis of variance and 
the SPSS statistical package available at the University of 
Minnesota Computing Center. Data is expressed as mean ± 
SEM. A p value of less than 0.05 was considered significant.  

RESULTS 
Pups were weighed at birth and Day-19. Litter size and 

BW were not altered by the diets of pregnant and lactating 
dams: BWs ranged 5.6-5.8 grams at birth; ~40 grams at Day-
19 in each group. However, at 14-15 weeks, offspring in all 
4 perinatal LP groups showed significantly lowered BW 
compared to all NP groups, regardless of the offspring’s salt 
levels (Fig. 2a). 

For the kidney weight (KW)/BW comparisons shown in 
Fig. (2b), the offspring’s hs-diet was a determining factor 
that resulted in a higher KW/BW ratio than that of the ns-
diet, regardless of maternal protein and salt levels (-ns versus 
-hs, all P < 0.005).  

In Table 1, Baseline SBP and GFR, and values of post-
overnight acute high protein (hp) loaded RR-SBP, RR-GFR, 
RR-FI and RR-UV are presented as mean ± SEM. Offspring 
in NPNShs, NPHSns, LPNShs and LPHShs groups had sig-
nificantly increased SBPs, compared to the NPNSns group. 
While RR-SBPs were significantly lowered in LPns- and 
NPNS- groups, maternal HS and offspring’s hs-diets affected 
RR-SBP inconsistently. Each group RR-FI was varied, but 
the change did not reach a significant level. RR-UV was 
significantly reduced in perinatal LP with the offspring’s hs-
diet (LPNShs and LPHShs) (Table 1). In baseline GFR com-
parisons, all groups were similar (Table 1, Fig. (3a), all P = 
not significant). RR-GFRs were significantly reduced in all 
LP groups following overnight acute hp-loads, especially 
among offspring on the hs-diet (NPNS versus each LP 
group, all P < 0.05 through < 0.001, Table 1, Fig. 3b). 

Maternal salt did not significantly affect glomerular 
maturation. However, immature glomeruli dominated by the  

Table 1. Effects of Perinatal Protein and Salt Diets on Blood Pressure, Glomerular Filtration Rate and Other Functions in Offspring 
at 14-15 Weeks of Age 

Group 
NPNSns 

(n = 6) 

NPNShs 

(n = 7) 

NPHSns 

(n = 6) 

NPHShs 

(n = 5) 

LPNSns 

(n = 5) 

LPNShs 

(n = 5) 

LPHSns 

(n = 7) 

LPHShs 

(n = 6) 

Baseline 

SBP (mm Hg) 
131 ± 2 137 ± 2 * 137 ±0.2 * 134 ± 3 138 ±1 ** 138 ±0.6 ** 135 ± 2 142±2 *** 

RR-SBP 

(mm Hg) 
-3.3 ± 2 -5.8 ± 1 * -0.8 ±0.9 -2.9 ± 1 -7.0 ± 3 * -1.1 ± 1 -5.1 ± 2 * -2.6 ±0.9 

Baseline GFR 

(ml/min/g Kid) 
3.51± 0.8 3.49 ±0.7 3.6 ± 1.0 4.06 ±0.6 3.41±0.9 3.66 ± 0.4 3.51 ±0.8 4.02 ±0.5 

RR-GFR 

(ml/min/g Kid) 
0.935±0.3 0.927 ±0.2 0.537± 0.2 -0.064±0.1 **, ! -0.229±0.1 †, " 0.057 ± 0.2* -0.515±0.2‡, # -0.404±0.3 †, 

" 

RR-FI (g) 1.05±0.6 0.43 ±0.4 1.23 ±0.4 0.74±0.9 0.63±0.4 0.48 ± 0.4 0.09 ±0.4 0.22 ±0.5 

RR-UV (ml) 2.75±0.5 2.99 ±1.0 2.41 ±0.8 4.12±2.5 1.59±0.5 0.5 ± 1.0 † 2.34 ±0.5 -1.57±1.3 †, ‡ 

n = rat number; SBP = systolic blood pressure; RR-SBP = renal reserve SBP; GFR = Glomerular filtration rate (ml/min/g kidney); RR-GFR = renal reserve GFR; RR-FI = renal 
reserve Food Intake; RR-UV = renal reserve Urine Volume.  
Basal SBP comparison: *P < 0.05; **P < 0.01; ***P < 0.005 as compared to NPNSns; RR-SBP as compared to the basal SBP: *P < 0.02; RR-GFR: NPNS vs. all LP groups: *P < 0.05; 
**P < 0.025; †P < 0.01; ‡P = 0.001 and NPHSns versus the rest 5 group comparisons: !P < 0.025; "P < 0.01; # P < 0.001 (Fig. 3b); RR-FI comparison: not significant changes in all 
groups; RR-UV: †P < 0.05 in both NPNSns vs. LPHSns; LPHShs vs. NPHSns, NPHShs comparisons; LPNSns and LPHSns; ‡P = ~ 0.01 for LPHShs. vs. NPNSns and NPNShs.  
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Fig. (2). Effects of Maternal Protein and Salt Diets on Offspring's Body Weight and Kidney/Body Weight Ratio. 

*P < 0.05; **P < 0.01; ***P < 0.005 
Figure 2a. Offspring's Body Weight Following BP Monitoring at Day-120 

 
*P < 0.005; **P < 0.001 
 
Figure 2b. Offspring's Kidney Weight/Body Weight Ratio. 
Figure 2. Effects of Maternal Protein and Salt Diets on Offspring's Body Weight and Kidney/Body 
Weight Ratio. 
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Fig. (3). Effects of Perinatal Protein and Salt Diets on Offspring’s Glomerular Filtration Rate at 15 Weeks of Age After a High or Normal 
Salt Diet.  

 
       All Group Comparisons: statistically not significant 
 
Figure 3a. Baseline Offspring’s Glomerular Filtration Rate Comparisons. 
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Figure 3b. Offspring’s Glomerular Filtration Rate Changes in 8 Study Groups Following the 
Overnight High Protein Diet.  
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Table 2. Effects of Perinatal Protein-Salt Diets on Progeny Glomerular Maturation at Birth and Day-7 and Proteinuria at Day-56 on 
a Normal Diet 

Group Day-0 (GM Stage) Day-7 (GM Stage) Day-56 (Proteinuria) 

 n 0 I II n 0-I II III n (mg/24 hrs) 

NPNS 5 24 ± 9 67 ± 1 9 ± 1 6 0 18 ± 1 83 ± 1 6 5.1 ± 1.2 

NPHS 5 21 ± 4 64 ± 2 13 ± 1 5 0 13 ± 4 82 ± 8 6 5.7 ± 1.7† 

LPNS 7 32 ± 8* 58 ± 2* 10 ± 2 5 0 27 ± 3* 73 ± 3* 5 3.2 ± 1.2‡ 

LPHS 5 33 ± 9* 59 ± 1* 8 ± 2 6 0 26 ± 2* 73 ± 2* 7 4.0 ±1.0‡ 

n: rat number; GM: glomerular maturation,  
*P < 0.05 for LP vs. NP groups in GM comparisons at birth (Day-0) and Day-7; 
†P < 0.05 for NPNS vs. NPHS; ‡P < 0.01 for LP vs. NP group proteinuria comparisons.  
 

low protein diet in both perinatal LPNS and LPHS groups, 
relative to NP groups at birth (day-0), with lower matured 
glomeruli numbers, all P <0.05. This difference was  
persistent during the postnatal stage at day-7, with similar 
patterns shown as at day-0, all P < 0.05. At day-56, the 
NPHS group had the highest protein excretion: NPNS versus 
NPHS, P < 0.05, while perinatal LP diets lowered proteinuria 
significantly: NPNS versus LPNS and LPHS, both P < 0.01 
(Table 2).  

The calorie restriction study included only two groups 
with normal (15 g/day) and low calorie (10 g/day) diets for 4 
weeks. In the calorie restriction, reduced sclerotic glomerular 
numbers were observed as compared with the normal calorie 
group (11.19 ± 1.2 versus 15.68 ± 1.5, P < 0.001), though 
glomerular numbers were similar in both groups (111 vs. 113 
per graded kidney cross section). 

Table 3 represents the 3-way interaction comparisons. 
The combined perinatal protein, salt and offspring’s diets 
together significantly affected offspring’s SBP (P < 0.014), 
while perinatal protein alone significantly affected off-
spring’s SBP, GFR and BW (P = 0.001, 0.0001 and 0.0001, 
respectively). Perinatal salt also significantly affected SBP 
(P = 0.005) and RR-GFR (P = 0.0001), and had a borderline 

effect on BW (P = 0.076). Perinatal proteins and pups’ salt 
diets together significantly affected SBP (P= 0.047) and RR-
GFR (P = 0.013), but not BW (P = not significant). The 
combination of perinatal and offspring’s salt diets had a bor-
derline effect on SBP (P = 0.068) and RR-GFR (P = 0.057).  

DISCUSSION  

 In the current study, the main findings are that a ma-
ternal LP-diet delayed offspring’s nephrogenesis and in-
creased BP, particularly with the hs-progeny diet. Perinatal 
LPHS diets significantly affected offspring's BW, SBP, renal 
injuries and kidney functions; thus, renal reserve was seri-
ously reduced.  

Hypertension is present in more than 80% of patients 
with chronic kidney disease (CKD), contributing to the loss 
of renal autoregulatory efficiency, which may lead to glome-
rular stress, renal injury and progression to end-stage renal 
disease. This also results in an increased risk of cardiovascu-
lar events, and even the earliest stage CKD was associated 
with an excess risk of subsequent coronary heart disease 
(CHD) [36]. The interactive effects of hormones and nutri-
ents greatly affect growth, and maternal dietary excesses 
and/or deficiencies can result in diverse progeny susceptibili-
ties to systemic/local injuries that manifest in a morbidity 
status later in life [37]. Recent post-hoc analyses of the 
Modification of Diet in Renal Disease indicate that lower 
BP, specifically BP < 120/80 mmHg, may provide long-term 
kidney protection in patients with nondiabetic kidney dis-
ease. Regardless of the baseline daily proteinuria, the pro-
gression of hypertensive renal disease was prevented when a 
target BP of 130/80 mm Hg was maintained among diabetic 
patients [38].  

Environmental factors promote not only a phenotype or 
disease state for the individual exposed, but also some trans-
generational inheritance of phenotypes and disease states 
without genetic mutations or alterations in DNA sequence, 
with the capacity to alter the epigenome [7, 8, 39]. In hu-
mans, low birth weight occurs more frequently in disadvan-
taged communities with disproportionately high incidences 
of adult hypertension, diabetes mellitus, kidney disease and 
CVD, showing an inverse relationship association with hy-
pertension in adulthood and larger glomeruli [40]. Perinatal 
insults, which adversely affect fetal growth and low birth 
weight, result in increased incidence of adult hypertension 
and risk of CKD [41]. The combination of small size at birth 
and during infancy, followed by accelerated weight gain 

Table 3. Effects of Perinatal Protein and Salt Diets on Blood 
Pressure, Body/Kidney Weight and the Glomerular 
Filtration Rate in Offspring at 14-15 Weeks of Age 

Analysis of Variance BW  
p –value 

RR-GFR 
p -value 

SBP  
p-value 

Protein--A 0.0001 0.0001 0.001 

Salt-- B 0.076 0.0001 0.005 

Pup-C 0.363 0.553 0.567 

A x B 0.631 0.714 0.745 

A x C 0.943 0.013 0.047 

B x C 0.823 0.057 0.068 

A x B x C 0.554 0.950 0.014 

GFR  0.029  

BW/KW 0.755  

SBP: systolic blood pressure (mm Hg); BW: body weight (gram); KW: kidney weight 
(gram) RR-GFR: Glomerular filtration rate changes (ml/min/g Kidney) following the 
overnight hp-diet. A: maternal protein diet effect on offspring; B: maternal salt diet 
effect on offspring; C: pups’ diet effect.  
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from age 3 to 11 years, predicts large differences in the cu-
mulative incidence of CHD, type 2 diabetes and hyperten-
sion [9]. The increased BP and renal injury by the perinatal 
insults are likely multifactorial and understanding the 
mechanism may lead to therapies and prevention of hyper-
tension and the development of CKD and CVD.  

Maternal environments play a role in altering the growth 
rate, BP and subsequent pathophysiology [1, 3, 42, 43]. Re-
cent studies reported that salt intake showed a linear relation-
ship to SBP, while extreme salt restriction caused an in-
creased risk for all-cause mortality [44] with “J” shaped rela-
tionships in cardiovascular events [4, 45, 46]. Since hyper-
tension is a major risk factor for cardiovascular-renal dis-
eases, and salt sensitivity occurs with either heredity or ac-
quired defects in renal functions [47, 48], the salt factor re-
mains an important issue in order to clarify the causal rela-
tionship to human diseases. Since increased BP is potentially 
the worst risk factor in CVD, studies need to demonstrate the 
cardiovascular benefits of dietary salt restriction to less than 
2 grams, while BP should be monitored closely in hyperten-
sive patients with CKD, in both clinical and home BP meas-
urements [49, 50].  

All of the DNA and histone methyltransferases utilize S-
adenosylmethionine as a methyl donor derived from choline, 
methionine, or methyl-tetrahydrofolate , and can have pro-
found and permanent effects on gene expression through 
epigenetic marking. Nutritional status may directly influence 
imprint triggering selective survival of germ cells with a 
particular epigenetic state in physiological metabolic stress, 
as well as hormonal changes to modify enzymes in response 
to nutritional stress [7, 8]. Thus, perinatal protein and salt 
variables were manipulated in our study during the develop-
mental stages to observe the effects on an offspring’s BP and 
RR on cardio-renal functions. Perinatal diets influence an 
offspring’s SBP (Table 1). This occurs selectively with the 
offspring’s hs-load as shown in the NPNShs group while an 
ns-diet masks RR-SBP. In contrast, SBPs were significantly 
lowered in LP-groups with ns-diets (LPNSns and LPHSns), 
but not with the hs-diet. This may suggest that epigenetic 
effects of the perinatal protein deficiency are masked by the 
protective effects of normal salt but is manifested when the 
offspring is exposed to the provocative hs-diet (Table 1). In 
our previous study, shr suckled by SHR nurses on a high salt 
diet had higher SBP than those suckled by SHR nurses on a 
low-salt diet regardless of sex, the use of anesthesia or BP 
methodologies [3]. 

Maternal dietary deficiency elicits adaptations by altering 
morphogenetic organogenesis during pregnancy and func-
tional maturation during suckling that reduces and/or en-
larges the RR. The offspring’s hs-diet further imposes a 
higher work-load on the kidney and reduces RR. After the 
fetal stage, the lactating mother transmits nutrition to the 
offspring via milk in combination with abnormal renal de-
velopment, which induces changes in body fluids, BP and 
kidney functions to further acceleration and/or aggravation 
of offspring hypertension. After weaning, high salt intake 
and other environmental factors associated with the off-
spring’s new stage of life modulate the final course of BP 
development through maturity. On the other hand, over-
nutrition, such as a HP-diet during pregnancy, also affected 
dams' weight gain, newborns’ BW, number of offspring, and 

also survival in later life [51]. The HP-diet during lactation 
also caused an immense risk of early sudden death with more 
than an eight-fold increase in offspring mortality, linked to 
the still incompletely explored human sudden infant death 
syndrome [51]. These studies indicate that balanced nutrition 
is important to minimize the epigenetic effect in the genesis 
of diseases, especially during the developmental stage of 
young life. 

Since pre-pregnancy dietary protein intake correlates bet-
ter with offspring alterations than influenced by the preg-
nancy itself [15], protein and salt variables were manipulated 
during the developmental stages of pre-pregnancy, preg-
nancy and lactation. Pre-pregnancy diets were given over a 
shorter time period of 21-27 days for a marginal deficiency 
prior to pregnancy, rather than the 56 days required for com-
plete deficiency to avoid severe retardation of the offspring, 
making comparisons difficult between the study groups. Es-
trous cycle positive rats started the designated diets for 21-27 
days prior to mating, and cycle positive dams were mated. 
We used this protocol to synchronize donor and recipient rats 
for our embryo transfer study, which was very effective [1]. 
We chose a 10% marginal LP-level to avoid pronounced BW 
and KW differences between groups and a 4% HS-level, 
which is half of the known value to be toxic for pregnant rats 
[52]. We used a normal protein diet with 23% protein, due to 
the additional protein requirement during pregnancy, instead 
of non-pregnancy 18-20% normal protein levels. Since it 
maintains the vicious cycle of progressive glomerular injury, 
the methodology is central to the issue of vascular reactivity 
and BP measurements. To define SBP characteristics prop-
erly, we developed the radio-telemetered ambulatory BP 
measurement methodology in rats and mice, recorded multi-
ple days for reliable ambulatory BP data to obtain the cir-
cadian SBP [1,30,31].  

Maternal LP diets not only lowered BW but also affected 
renal maturation (Fig. 2a, Tables 1-3). Acute AA load is an 
accepted method for an RR test [24]. Renal functions at the 
stimulated level with acute AA-loads induce vasodilation 
and increase GFR and renal blood flow [24]. If the reserve is 
decreased, GFR fails to increase. Studies have demonstrated 
that GFR averaged similarly in both Dahl S and R rats before 
AA infusion, but that R rats consistently had a significantly 
increased GFR in repeated trials after AA infusions (an 81% 
increase), while S rats had no significant increase in each 
trial, indicating a glomerular defect [53]. In prehypertensive 
rats, there is already some vasodilation of the afferent and 
efferent arterioles to bring the normal GFR levels to some 
intrinsic abnormality in glomerular filtration. Since arterioles 
are already dilated, there can be no further dilation in re-
sponse to the AA-load and no further increase in GFR. In 
some studies, an AA infusion and a 43% high dietary protein 
intake showed similar effects on GFR in 8 human subjects 
(14% and 13% increased GFR, respectively), compared with 
values obtained while the same 8 subjects followed the low-
protein diet [54]. In the present study, we used the 43% high 
protein diet overnight to examine the RR effects. RR-urine 
volumes were also significantly reduced in perinatal LP with 
the offspring’s hs-groups (LPNShs and LPHShs). Both pro-
tein and salt can alter symmetrical and asymmetrical growth. 
Reduced perinatal protein decreases utero-placental blood 
flow and induces asymmetrical fetal growth [3]. Thus, we 
expected the KW to be smaller relative to BW. Interestingly, 
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regardless of perinatal LP and/or HS, the KW/BW ratio was 
consistently higher in offspring with hs-diets, when com-
pared to that of offspring on ns-diets (all P < 0.005, Fig. 2b). 
The RR capacity may help assess glomerular maturation and 
serve as a basis to assess the effects of perinatal and off-
spring diets on kidney functions and injury susceptibility. 
Since the interactive uterine-lactation effect can be expressed 
later with the effects of perinatal high-salt and protein defi-
ciency, we expected normal or low GFR in the offspring in 
those groups. As expected, the NPNS group showed an RR-
GFR that was the highest among the offspring on the ns-diet, 
while the offspring’s hs-diet (NPNShs) did not significantly 
affect the RR-GFR (Fig. 3b). The NPHS group with the off-
spring’s ns-diet produced a marginal reduction of RR-GFR, 
but did not reach a significant level (NPNSns vs. NPHSns, P = 
not significant). Strikingly, maternal LP markedly reduced 
RR-GFR regardless of maternal high/low salt or the off-
spring’s salt intake levels. Thus, the perinatal protein was the 
determinant factor for RR-GFR. GFR, roughly proportional to 
the renal blood flow, largely determines the filtered loads. 
Therefore, when maternal RR-GFR is reduced, the hypoxic 
kidney resulted in increased systemic/organ stress, which may 
result in fetal hypoxemia, leading to adaptive responses. This 
suggests that the perinatal diet may “program” offspring sus-
ceptibility, which may lead to injury later in life. An off-
spring’s hs-diet can induce a defective GFR after the maternal 
HS environment as shown in the NPHShs group (Fig. 3b). 

In some studies, a GFR of male Sprague-Dawley rats was 
increased with a maternal 8% LP diet and mean MAP was 
significantly lower (120 vs. 128 mm Hg), while offspring’s 
8% high salt diet did not much affect BP, although the pro-
tein restriction induced a severe nephron deficit and low 
glomerular volume [55]. Both the BP and GFR results were 
contradicted by our current results. In that study, kidney 
morphologic and BP measurements were done at day-135 
(over 19 weeks) of offspring’s age. In our study, at birth and 
day-7, immature glomeruli dominated in both perinatal 
LPNS and LPHS groups as compared with NP groups (all P 
< 0.05), while sclerotic glomeruli numbers were significantly 
reduced in the restricted calorie diet. Protein excretion at 
Day-56 was the highest in the NPHS group and lower in both 
LP groups, despite a tendency of increased SBP in the LP 
groups as compared with the NPNS group (Tables 1 and 2). 
We monitored offspring’s SBP at 14-15 weeks of age but 
omitted the glomerular maturation comparison at the end of 
the study at 15 weeks due to the potential distortion of the 
kidney status with RR tests and other stress. However, the 
SBP and RR-GFR results indicated that the early age imma-
turity continuously affected kidney function later in life. GFR 
was reduced significantly in male Wistar rat offspring with the 
8% prenatal LP, while the LP offspring was not hypertensive 
during young adulthood. However, their BP was hyper-
responsive to restraint stress and to salt, and GFR was more 
sensitive to hypertensive insults. Thus, the authors proposed 
that the prenatal malnutrition may predispose a hypertensive 
prone trait to developing hypertensive problems later in life 
[56]. Our result also showed a kidney deficit in the perinatal 
LP, but SBP was generally increased and GFR was also im-
paired in maternal LP- and HS- diets, especially when off-
spring was on an hp-diet (Table 1, Fig. 3b). Our result did not 
differ in glomeruli numbers measured at 4 weeks of off-
spring’s age, although the immature and sclerotic glomeruli 

numbers were significantly increased in perinatal LP groups, 
in contrast to other study reports with reduced glomerular 
numbers in LP or HS maternal diets [19, 57, 58].  

In understanding how metabolic programming of renal 
mechanisms contributes to the onset of hypertension in 
adulthood, authors suggested that prenatal LP offspring’s 
renal Na+ retention with a significant reduction in the whole 
kidney pump activity contributes to the development of hy-
pertension [58, 59]. Maternal protein restriction (8%) during 
lactation results in alterations in GFR, renal Na+ handling 
and in components of the angiotensin (AT) II -linked regula-
tory pathway of renal Na+ reabsorption, suggesting the loss 
of the Na+/K+ ATPase alpha-1 subunit from the inner me-
dulla altered renal Na+ handling is also programmed prena-
tally [59]. Both excessively high (4%) and excessively low 
(0.07%) sodium intakes during pregnancy modify protein 
expression in offspring kidneys and reduce the final number 
of glomeruli, predisposing offspring to a risk of hypertension 
[60]. Increased renal AT II receptor expression may arise as 
a result of the direct effect of protein restriction or in re-
sponse to the reported decrease in renal tissue AT II concen-
tration [61]. The authors concluded that BP may be elevated 
in LP rats in order to maintain GFR against a decrease in the 
number of nephrons with a greater decrease in GFR when 
challenged with AT II. This may suggest that the intact kid-
ney may be the key to protect the overall physiological body 
mechanism. 

The baseline SBP value of the NPNSns group (131 ± 2 
mm Hg) in our study was somewhat higher than expected. 
Some studies suggested that different diet manipulations in 
the rat pregnancy elicit different programming effects on the 
developing cardiovascular system [38]. LP-diets of differing 
composition used in different laboratories have yielded in-
consistent data on the relationship between maternal protein 
intake and an offspring’s BP, which may be the critical dif-
ference between the two LP-diet protocols that resulted in 
the programming of hypertension in the rat [62]. The balance 
of protein and other nutrients may be a critical determinant 
of the long-term health effects of maternal under-nutrition. 
As such, the diet in our current study was specially made 
with correct ingredients and balanced nutrients, such that 
telemetered SBPs would not result in artifacts.  

In summary, we demonstrated that LP-HS perinatal diets 
resulted in an offspring’s susceptibility to renal injuries and 
increased SBP, manifested at 15 weeks of young adult age, 
especially in an hs-progeny diet and the reduced renal re-
serve on a perinatal LP-diet. The results indicate that a ma-
ternal diet with adequate protein and “normal” salt intake is 
important in the normal development of offspring, which 
leads to the development of healthy kidneys. In addition, 
both LP and HP diets are independently capable of fe-
tal/neonatal programming involving complex pathways with 
long lasting effects on offspring. Since low GFR is a risk 
indicator for cardiovascular and stroke incidences with in-
creased BP, appropriate dietary implementations during 
pregnancy should be part of the strategy to reduce risks and 
help prevent cardiovascular and stroke incidents. Under-
standing the mechanism in raising BP and renal injury by 
perinatal insults may lead to the prevention of hypertension, 
CKD and CVD. As shown in the current study, perinatal LP 
and HS diets significantly affect the offspring's nephrogene-
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sis, SBP, renal injuries and kidney functions later in the off-
spring’s life, especially magnifying maternal salt effects with 
reintroduced offspring’s hs-diets that suggest the epigenetic 
effect. It would be interesting in examining effects of the 
maternal diet influenced on the 2nd and 3rd generation off-
spring. 

CONCLUSION 

All group pups were born with similar BW. However, at 
14-15 weeks, offspring in all 4 perinatal LP groups showed 
significantly lowered BW compared to all NP groups, re-
gardless of the offspring’s salt levels. The most interesting 
result is the glomerular maturation staging, which a maternal 
LP-diet affects by delaying offspring’s nephrogenesis and 
increasing BP, especially with a hs-progeny diet. Perinatal 
LPHS diets significantly affected offspring's BW, SBP, renal 
injuries and kidney functions; thus, renal reserve was seri-
ously reduced, especially when an offspring is on the hs-diet. 
The results may provide important information in under-
standing potential human perinatal nutritional requirements 
for healthy fetal growth, which will be beneficial to the pub-
lic health. 
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STUDY GROUP ABBREVIATIONS 

NPNShs, NPHSns, NPHSns, NPHShs, LPNSns, 
LPNShs, LPHSns,  LPHShs:  

Maternal diets (capital letters): 

NPNS = normal protein/normal salt 

NPHS = normal protein/high salt 

LPNS = low protein/normal salt 

LPHS = low protein/ high salt 

Offspring diets (small caps): ns: normal salt diet; hs: high 
salt diet 
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