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Abstract

Background—Nutritional exposures during in utero development may have long-lasting 

consequences for postnatal renal health. Animal studies suggest that specifically maternal dietary 

protein intake during pregnancy influences childhood kidney function.

Objective—We examined the associations of total, animal and vegetable maternal protein intake 

during pregnancy with kidney volume and function in school-age children.

Design—This study was performed in 3,650 pregnant women and their children participating in a 

population-based cohort study from early life onwards. First trimester energy adjusted maternal 

protein intake was assessed with a food frequency questionnaire. At the child’s age of 6 years, we 

assessed kidney volume, estimated glomerular filtration rate (eGFR) using serum creatinine and 

cystatin C levels, and microalbuminuria using urine albumin-creatinine ratios.

Results—First trimester maternal total protein intake was associated with a higher childhood 

creatinine-based eGFR (0.06 (95%CI 0.01, 0.12) ml/min/1.73m2 per gram of protein intake). This 

association was mainly driven by vegetable protein intake (0.22 (95%CI 0.10, 0.35) ml/min/

1.73m2 per gram of vegetable protein intake). These associations were not explained by protein 

intake in early childhood. First trimester maternal protein intake was not significantly associated 

with childhood kidney volume, cystatin C-based eGFR or the risk of microalbuminuria.

Conclusion—Our findings suggest that higher total and vegetable, but not animal, maternal 

protein intake during first trimester of pregnancy is associated with a higher eGFR in childhood. 
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Further follow-up studies are needed to investigate whether maternal protein intake in early 

pregnancy also affects the risk of kidney diseases in later life.

Introduction

Maternal nutritional exposures during pregnancy may persistently affect offspring kidney 

development (1). Results from the Dutch Famine Study suggest that maternal exposure to 

extreme famine in mid-gestation is linked to an increased risk of microalbuminuria in their 

adult offspring (2). The mechanisms by which suboptimal maternal nutrition affects 

offspring kidney development may include smaller kidneys with a reduced number of 

nephrons, which in turn leads to glomerular hyperfiltration and sclerosis (3). These 

adaptations predispose individuals to subsequent development of higher blood pressure, 

impaired kidney function and end-stage kidney disease in adulthood (3). Next to the 

evidence from the Dutch Famine Study, not much is known about more common and 

contemporary adverse nutritional exposures during pregnancy that influence kidney function 

in the offspring. Animal studies suggest that low maternal protein intake during pregnancy 

leads to a lower number of nephrons in their offspring and may hence impact the risk of 

renal disease and hypertension in later life (1, 4, 5). Nine-months old lambs whose mothers 

were fed with a 50% nutrient restricted diet during early-mid pregnancy, had fewer renal 

glomeruli compared to those whose mothers had a normal diet (4). Also, studies showed that 

a low protein diet in pregnant rats results in a nephron deficit in the offspring at birth which 

extends into postnatal life (5). Observational studies in human adults show that high dietary 

protein is associated with progression of renal disease (6). Interestingly, studies in adults 

also suggest different effects of animal versus vegetable protein on kidney health (7, 8).

Therefore, we examined, in a population-based prospective cohort study among 3,650 

mothers and children, the associations of first-trimester maternal protein intake during 

pregnancy with child’s kidney outcomes at the age of 6 years. Main kidney outcomes were 

kidney volume, eGFR based on serum creatinine and cystatin C levels and 

microalbuminuria.

Methods

Subjects

This study was embedded in the Generation R Study, a population-based prospective cohort 

study from fetal life onward in Rotterdam, the Netherlands (9). The study was conducted 

according to the guidelines of the Helsinki Declaration and approved by the Medical Ethics 

Committee of Erasmus Medical Center, Rotterdam. Written informed consent was obtained 

from all mothers. Enrolment in the study was aimed at early pregnancy, but was allowed 

until the birth of the child. Information about maternal diet and other lifestyle-related 

variables during pregnancy was collected at enrolment. At the age of 6 years, all 

participating children and their mothers were invited to a dedicated research center, to 

participate in detailed hands-on measurements. Of the 4,658 singleton live-born children 

with maternal nutritional data available and who participated in the study during childhood, 

3,650 (78%) children attended the follow-up visit at the age of 6 years with successful 

measurements on kidney volume and function (Figure 1).
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Maternal dietary assessment

Maternal dietary intake was assessed at enrollment (median 13.5 weeks of gestation, 95% 

range 9.8-22.9) using a modified version of the validated semi-quantitative food frequency 

questionnaire (FFQ) of Klipstein-Grobusch et al. (10). The FFQ considered food intake over 

the previous 3 months, which mostly covered dietary intake in the first trimester of 

pregnancy. The FFQ consisted of 293 items structured according to the meal pattern. 

Questions included consumption frequency, portion size, preparation method, and additions. 

We estimated portion sizes by using Dutch household measures and photographs of foods 

that showed different portion sizes. We used the Dutch Food-Composition Table 2006 to 

calculate average daily intakes of total energy, carbohydrates, fat, and of total, animal, and 

vegetable protein (11). For this study we split protein into animal (from e.g. meat, fish, and 

dairy) and vegetable protein (from e.g. grains, nuts, and legumes).

Kidney outcome assessments

Children’s kidney outcomes were assessed at a median age of 6.1 years (95% range 5.6 to 

7.3) in a dedicated research center in the Sophia Children’s Hospital in Rotterdam by well-

trained staff.

Our main kidney outcomes were combined kidney volume, estimated glomerular filtration 

rate (eGFR) and microalbuminuria. Combined kidney volume is a structural developmental 

outcome. Post-mortem studies showed that kidney volume is correlated with the number of 

nephrons. We used eGFR, calculated from blood creatinine and cystatin C levels as main 

measure of kidney function: eGFR is a general marker of glomerular filtration used in both 

clinical practice and population based cohort studies. Microalbuminuria is an established 

predictor of chronic kidney disease and end-stage renal disease.

Kidney volume was measured with ultrasound, using an ATL-Philips HDI 5000 instrument 

(Seattle, WA, USA), equipped with a 2.0-5.0MHz curved array transducer. We identified the 

left and right kidney in the sagittal plane along its longitudinal axis. We performed 

measurements of maximal bipolar kidney length, width and depth. Kidney width and depth 

were measured at the level of the hilum. The cross-sectional area in which the kidney 

appeared symmetrically round at its maximum width was used. Kidney volume was 

calculated using the equation for a prolate ellipsoid: volume (cm3) = 0.523 x length (cm) x 

width (cm) x depth (cm) (12). Combined kidney volume was calculated by summing right 

and left kidney volume. We previously reported good intra-observer and inter-observer 

correlation coefficients (13).

Non-fasting blood samples were drawn by antecubital venipuncture. Blood samples were 

collected in plasma Li-heparin and K2-EDTA tubes and temporally stored at the research 

center in a fridge for a maximum of 4 hours. Twice per day the samples were transported in 

cool boxes to a dedicated laboratory facility (STAR-MDC, Rotterdam, the Netherlands). 

After transport, blood samples were centrifuged for 10 minutes and stored at -80 °C at one 

location in the STAR-MDC laboratory. Samples were transported on dry ice to the Erasmus 

Medical Centre where creatinine concentrations were measured with enzymatic methods and 

cystatin C levels with a particle enhanced immunoturbidimetric assay (using Cobas 8000 
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analyzers, Roche, Almere, the Netherlands). Quality control samples demonstrated intra-

assay and inter-assay coefficients of variation ranging from 0.69 to 1.57%, and 0.87 to 

2.40%, respectively.

Estimated glomerular filtration rate (eGFR) was calculated according to the revised 

Schwartz 2009 formula: eGFRcreat = 36.5 * (height (cm) / serum creatinine (µmol/l)) (14). 

Additionally, we estimated the glomerular filtration rate using Zappitelli’s formula based on 

cystatin C levels: eGFRCyst = 75.94 / [CysC1.17] (15). Urine creatinine (µmol/l) and urine 

albumin (µg/l) levels were determined with a Beckman Coulter AU analyzer, creatinine 

levels were measured with the Jaffe reaction. In line with clinical cut-offs, microalbuminuria 

was defined as an albumin-creatinine ratio between 2.5 and 25 mg/mmol for boys and 

between 3.5 and 25 mg/mmol for girls (16).

Covariates

Information on maternal age, ethnicity, educational level, household income, smoking 

during pregnancy, alcohol usage during pregnancy, and folic acid supplementation were 

obtained using questionnaires (9). We classified maternal ethnicity into 6 categories (Dutch, 

Turkish, Moroccan, Surinamese or Dutch Antillean, other western, and other non-western) 

(17). Maternal pre-pregnancy height and weight were self-reported and pre-pregnancy body 

mass index (BMI) was calculated (kg/m2). Information on the presence of pre-pregnancy 

comorbidities (defined as the occurrence of high cholesterol, diabetes, hypertension) was 

available from a questionnaire administered in the first trimester. Information on child’s sex, 

birthweight and gestational age was available from medical records and hospital registries. 

Sex and gestational age specific SD scores for birth weight were calculated using existing 

reference data (18). Information on breastfeeding was obtained from postnatal 

questionnaires (19). Child protein intake at the age of 1 year was measured with a validated 

semi-quantitative FFQ in a subgroup of 2,193 children (20). At the age of 6 years, child 

height was determined in standing position to the nearest millimeter without shoes by a 

Harpenden stadiometer (Holtain Limited, Dyfed, U.K.). Weight was measured using a 

mechanical personal scale (SECA, Almere, the Netherlands). We calculated BMI (kg/m2), 

and body surface area (BSA) (m2) (using DuBois formula BSA = weight (kg)0.425x height 

(cm)0.725x 0.007184) (21). Time spent watching television or using a computer at the age of 

6 years was assessed with a questionnaire (22).

Statistical analysis

We adjusted protein intake for energy intake using the nutrient residual method (23). For 

interpretation, the predicted protein intake for the mean energy intake (2,073 kcal/d) was 

added to the residuals as a constant (23). Protein intake was analyzed as a continuous 

variable. We used multivariable linear regression models to assess associations of total, 

animal, and vegetable protein intake with kidney volume, creatinine, cystatin C and eGFR. 

For these models, we examined whether the residuals were normally distributed using 

normal probability plots, whether the variance of the residuals was homoscedastic and 

whether the regression models were linear. We assessed associations of protein intake with 

risk of microalbuminuria with multivariable logistic models. All models were adjusted for 

child’s age and sex (basic model). Analyses with vegetable protein intake were additionally 
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adjusted for animal protein intake and vice versa. The adjusted models were further 

controlled for maternal characteristics and socio-demographic factors (maternal age, BMI 

before pregnancy, gestational weight gain, gestational age at intake, ethnicity, and 

education), maternal lifestyle factors (smoking, and alcohol consumption during pregnancy, 

folic acid supplement use during pregnancy), pre-pregnancy comorbidities and child 

characteristics (birthweight adjusted for gestational age, breastfeeding, body surface area at 

6 years visit, and screen time at the age of 6 years). Covariates were included in the 

regression models based on previous literature or a change of >10% in effect estimates. To 

assess whether the associations were different by maternal ethnicity, child sex, birthweight, 

gestational age, or BSA of the child at the age of 6 years, we evaluated the statistical 

interaction by adding the product term of the covariate and total protein intake to the models. 

To examine whether the associations of maternal protein intake with kidney outcomes could 

be explained by later diet of the child, we performed a sensitivity analysis for a subgroup of 

our cohort in which information was available about protein intake at the age of 1 year. Also, 

we performed a sensitivity analysis including Dutch women only (n=2,332). To prevent bias 

associated with missing data, we used multiple imputations (n=5) for covariates with 

missing values on the basis of the correlation of missing variables with other participant 

characteristics, according to the Markov Chain Monte Carlo method (24). The amount of 

missing values ranged from 2.2% to 16.1%. Because we found similar results, we report the 

pooled results. Subjects characteristics before and after imputation are shown in 

Supplementary Table 1. Statistical analyses were performed using the Statistical Package of 

Social Sciences version 21.0 (SPSS Inc., Chicago, IL, USA).

Results

Characteristics of the mothers and their children are presented in Table 1. Mean (±SD) 

maternal energy intake was 2,073 kcal per day (±543). Mean protein intake in these mothers 

was 76.6 g (±20.4), which provided on average 15% of total energy intake. Animal protein 

intake provided 9% of total energy intake, and vegetable protein intake provided 6%. No 

differences were observed in maternal energy and protein intake between mothers of 

children with and without kidney follow up measurements (data not shown).

Table 2 shows that in the multivariable adjusted models higher maternal total protein intake 

in the first trimester was associated with higher childhood eGFRcreat (0.06 (95%CI 0.01, 

0.12) ml/min/1.73m2 per gram of protein intake). Stronger associations were observed for 

first trimester maternal vegetable protein intake with childhood eGFRcreat (0.22 (95%CI 

0.10, 0.35) ml/min/1.73m2 per gram of vegetable protein intake). Maternal animal protein 

intake was not significantly associated with childhood eGFRcreat. Furthermore maternal 

protein intake was not significantly associated with kidney volume, eGFRcyst C or risk of 

microalbuminuria. In line with our eGFR findings, first trimester maternal total protein 

intake and vegetable protein intake were associated with lower levels of childhood creatinine 

(-0.02 (95%CI -0.04, -0.01) µmol/l and (-0.07 (95%CI -0.11, -0.03) µmol/l per gram of total 

and vegetable protein intake), but not with cystatin C (Supplementary Table 2).

After additional adjustment for child protein intake at the age of 1 year, the multivariable 

associations of maternal protein intake with kidney outcomes did not change 
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(Supplementary Table 3). We did not observe significant interactions between maternal total 

protein intake and sex, birthweight, gestational age, maternal ethnicity or child BSA in the 

models with kidney outcomes. Results of the sensitivity analyses in Dutch mothers only are 

presented in Supplementary Tables 4 showing similar patterns as in the full group, however 

in this group we also observe an association between higher animal protein intake and a 

higher eGFRcyst C.

Discussion

In this large population-based prospective cohort study, we observed that a higher maternal 

intake of total and vegetable protein, but not animal protein, during first trimester of 

pregnancy is associated with higher eGFRcreat, but not with kidney size, eGFRcyst C or 

microalbuminuria in school-age children. The observed differences in eGFR related to 

maternal protein intake with eGFR were small. These differences may be without clinical 

consequence at an individual level, but may be relevant on a population level.

Historical cohort studies suggest that adult offspring of mothers who were exposed to severe 

undernutrition during their pregnancy have increased risk of cardiovascular and renal disease 

(25). During the winter 1944-1945 the western part of the Netherlands was struck by a 

period of severe food scarcity, where the daily rations dropped to 400-800 calories (26). 

Follow up studies among adults whose mothers were exposed to the famine during their 

pregnancy, showed an increased risk for having microalbuminuria in adults whose mothers 

were exposed to the famine during mid-gestation (2). Blood pressure was also higher in 

adults whose pregnant mothers where exposed to the famine. The variation in blood pressure 

depended on the timing mothers were exposed to the famine, with strongest associations on 

blood pressure for famine during late gestation (26). Rooseboom et al. postulated that it 

might be the macronutrient composition rather than the quantity of a pregnant woman’s diet 

that affects the child’s blood pressure in later life (26). Blood pressure was especially higher 

in adults whose mothers ate small amounts of protein in relation to carbohydrate during the 

third trimester of pregnancy (27). Interestingly, a study in Aberdeen showed a higher blood 

pressure in adults who were exposed to a low animal protein and corresponding high 

carbohydrate diet in utero (28).

The mechanisms by which maternal undernutrition affects kidney development in the 

offspring may include developmental adaptations leading to smaller kidneys with a reduced 

number of nephrons, which in turn lead to glomerular hyperfiltration and sclerosis (3). 

Increased filtration through each glomerulus leads to hypertrophy and hyperfiltration injury, 

which is marked by the onset of microalbuminuria, and may eventually lead to a reduction in 

renal function (3, 29, 30). The renal effects of undernutrition depend upon its timing during 

gestation and the nutrients balance (2).

Thus far, not much is known about common, contemporary nutritional exposures during 

pregnancy that affect offspring kidney health. Studies in animals have shown that 

undernutrition, mainly protein restriction, of pregnant rats raises blood pressure in the 

offspring permanently (31, 32). Also, maternal protein restriction in rats influences on 

offspring kidney structure and function, it promotes a reduction in nephron number that is 
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associated with reduction of GFR in postnatal life (33). In the same population-based cohort 

as the current study, we did not observe any association between maternal protein intake 

during the first trimester of the pregnancy with blood pressure in 6 years old children (34).

In the current study, we observed that first trimester maternal protein intake was positively 

associated with eGFRcreat in 6 years old children. Our results are in line with results from 

studies performed in rats (5) and sheep (35). We did not find an association of maternal first 

trimester protein intake with childhood microalbuminuria. It may be that the effects of 

impaired kidney growth on microalbuminuria may not be detectable during childhood, but 

may become evident later in life. Fetal adverse exposures can be compensated for many 

years before the adverse outcomes are present (36).

In our study population, associations with eGFR were stronger for vegetable than for animal 

protein intake during pregnancy. Previous studies in adults also reported different 

associations for animal versus vegetable protein on kidney health (7, 8). A mechanism 

through which animal and vegetable protein may differentially affect eGFR is via 

differences in amino acid composition. Experimental studies have shown that different types 

of amino acids have different renal impact (37). However further studies need to explore the 

mechanisms underlying the associations of specifically vegetable proteins with childhood 

kidney function outcomes.

Nephrogenesis requires a fine balance of many factors that can be disturbed by intrauterine 

growth restriction, leading to a low nephron endowment (38). Since nephrogenesis continues 

until 36 weeks of gestation and largely ceases thereafter, adverse exposures during this 

critical period may lead to impaired kidney development (39, 40). A previous study 

suggested that adult hypertension programmed by maternal exposure to a low protein diet is 

linked to marked changes in the renal expression of the glucocorticoid receptor, 11β-HSD2, 

and components of the renin-angiotensin system. Also, protein restriction during pregnancy 

could affect the growth hormone-insulin-like growth factor and the prostaglandins axis in the 

offspring (35). Welham et al. suggested that maternal diet programs the embryonic kidney, 

altering cell turnover and gene expression at a time when nephrons and glomeruli have yet to 

form (41).

Some methodological issues need to be discussed. A major strength of our study is the 

prospective design from fetal life onwards within a large population-based cohort. Our 

analyses were based on 3,650 mother-child pairs. We used FFQs to assess maternal diet 

during the first pregnancy trimester. Although the FFQ yielded valid estimates of nutrient 

intakes when validated against 3-days 24-hours recalls, measurement error may still have 

occurred. One of the limitations in our study is that the FFQ was validated only in Dutch 

women. However, a sensitivity analysis in Dutch mothers only revealed similar results as in 

the whole group. Unfortunately, we did not have information about child protein intake at a 

later stage in childhood. In a subgroup of children of the present study group (n = 2,193) we 

had dietary data at the age of 1 year. When we adjusted our models additionally for child 

protein intake at the age of 1 year, the regression coefficients remained similar in this 

subgroup, suggesting that child protein intake at the age of 1 year does not affect the 

association between maternal protein intake and childhood.
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We performed detailed measurements of childhood kidney outcomes. As nephron number 

cannot be studied in vivo, we used kidney size as a measure of kidney development 

employing ultrasound as a reliable method to measure kidney volume (13). Kidney size is 

also correlated with the number of glomeruli and can be used in epidemiological studies as a 

measure of kidney development (42). Glomerular enlargement due to hyperfiltration may 

also increase kidney volume (43). The estimation of GFR in children remains challenging. 

Blood creatinine is most commonly used to calculate eGFR. We used the Schwartz formula 

based on creatinine levels and height, which was previously validated in a pediatric 

population (14). In addition to blood creatinine levels, we also measured blood cystatin C 

levels to calculate eGFR based on cystatin C levels using Zappitelli’s formula (15, 44). 

Interestingly, in our population, maternal protein intake was associated with creatinine-based 

eGFR, but not with cystatin-based eGFR. Our results are in line with those from a trial in 

adults with chronic kidney disease, in which protein intake affected creatinine but not 

cystatin C levels (45). Further studies are needed to evaluate the mechanism explaining these 

differences. Microalbuminuria was evaluated using urine albumin-creatinine ratio from a 

random urine sample (46). Finally, although we performed adjustment for a large number of 

potential maternal and childhood confounders, residual confounding by other lifestyle 

factors, might still be present. Residual confounding may also be present because of 

measurement error in several unhealthy life style behaviors such as underreporting of 

smoking and alcohol consumption. Since the main outcomes were correlated, we did not 

adjust for multiple comparisons. However, we may have observed false positive associations 

due to the multiple tests that were performed.

Conclusion

In conclusion, results from this large prospective study suggests that higher first trimester 

maternal intake of total and vegetable protein is associated with a higher eGFR in their 

children at school-age. These findings are important from an etiological perspective. Further 

studies are needed to investigate the underlying mechanisms. Although longitudinal studies 

suggest that risks factors for kidney diseases track from childhood to adulthood, follow up 

studies are needed to explore whether protein intake in pregnancy affects risk of kidney 

diseases in adulthood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BMI body mass index

BSA body surface area

CI confidence interval

eGFRcreat estimated glomerular filtration rate based on creatinine 

levels

eGFRCyst C estimated glomerular filtration rate based on cystatin C 

levels

FFQ food frequency questionnaire
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Figure 1. 
Flow-chart of the study participants
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Table 1

Subject characteristics (N = 3,650) 1

Maternal characteristics

Maternal age (y) 31.1 (4.7)

Gestational age at intake (weeks) 13.5 (9.8, 22.9)

Maternal body mass index at enrolment 22.6 (18.4, 34.4)

Nulliparous (%) 59.4

Education level (%)

  -   No higher education 44.9

  -   Higher education 55.1

Ethnicity (%)

  -   Dutch 63.9

  -   Turkish 5.0

  -   Moroccan 3.5

  -   Surinamese or Dutch Antilles 7.8

  -   Other western 12.5

  -   Other non-western 6.7

Household income (%)

  -   < 1400 euro 13.4

  -   1400-2200 euro 14.5

  -   > 2200 euro 60.7

Smoking during pregnancy (%)

  -   Never 76.0

  -   Until pregnancy was known 9.6

  -   Continued 14.2

Alcohol during pregnancy (%)

  -   Never 37.9

  -   Until pregnancy was known 14.5

  -   Continued 47.3

Folic acid supplements use (%)

  -   No 22.4

  -   Start 1st to 10 weeks 31.1

  -   Start periconceptional 45.8

Pre-pregnancy comorbidities (%) 1.6

Maternal diet

Total energy intake (kcal) 2,073 (543)

Protein (g/d)2

  -   Total 76.6 (20.4)

  -   Animal 46.9 (15.4)

  -   Vegetable 29.9 (9.2)

Protein intake (E%) 15.0 (2.5)

Carbohydrate intake (E%) 48.5 (6.3)
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Fat intake (E%) 36.3 (5.5)

Infant characteristics

Girls (%) 50.1

Dutch ethnicity (%) 65.8

Gestational age at birth (wk) 40.1 (36.1, 42.4)

Birth weight (g) 3,469 (538)

Breastfeeding (%)

  -   Exclusive ≥ 4 months 25.5

  -   Partial ≥ 4 months 64.7

  -   Never or ≤ 4 months 9.9

Child protein intake at 1 y (g/d) 25.1 (29.4)

Child characteristics at 6 y visit

Age (y) 6.1 (5.6, 7.3)

Height (cm) 119.1 (5.6)

Weight (kg) 22.9 (3.8)

Body mass index (kg/m2) 16.1 (1.7)

Body surface area (m2) 0.90 (0.08)

Screen time (hour/day) 1.3 (0.3, 4.6)

Kidney volume (cm3) 119 (23)

Creatinine (µmol/l) 37.1 (5.4)

Cystatin C (µg/l) 784 (83)

eGFRcreat ( ml/min/1.73m2) 120 (16)

eGFRcyst C ( ml/min/1.73m2) 103 (15)

Microalbuminuria (%) 7.2

1
Values are percentages for categorical variables, means (SD) for continuous variables with a normal distribution, or medians (95% range) for 

continuous variables with a skewed distribution. Values are based on imputed data.
Abbreviations: eGFRcreat, estimated glomerular filtration rate based on creatinine levels; eGFRcyst C, estimated glomerular filtration rate based 

on cystatin C levels.

2
unadjusted for energy intake
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