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Introduction
Cardiovascular disease is the number-one 
cause of overall mortality throughout the 
world (Yusuf et al. 2015), and hypertension 
is a major risk factor (Wilkins et al. 2012). 
Hypertension afflicts over a quarter of the 
world’s adults, with nearly twice as many 
cases of hypertension in the developing 
world than in the developed world (Kearney 
et al. 2005).

Most cases of hypertension are considered 
essential hypertension for which a clear cause 
is not clinically identifiable (Messerli et al. 
2007). It may be postulated that some of 
these cases of hypertension arise from causes 
such as perturbations in fetal or early-life 
development. This hypothesis is supported 
by strong epidemiological and experimental 
evidence. For example, fetal malnutrition 
results in hypertension and cardiovascular 
disease in adulthood (Alwasel and Ashton 
2009; Barker et al. 1989, 1993; Woods et al. 
2001). Furthermore, perinatal administration 
of the glucocorticoid dexamethasone causes 
hypertension and an increase in the expres-
sion of renal ion transporters in adult rat 
offspring (Dagan et al. 2008). These observa-
tions support the paradigm that the nutri-
tional environment of the fetus during critical 
developmental periods may lead to impaired 
blood pressure control in adulthood.

There is some evidence that perinatal 
exposure to environmental toxicants can 
cause cardiovascular disease in adulthood. For 
example, prenatal exposure to the pesticide 
dichlorodiphenyltrichloroethane (DDT) is 
associated with increased medicated hyper-
tension in adult women (La Merrill et  al. 
2013), and prenatal exposure to its metabolite 
dichlorodiphenyldichloroethylene (DDE) 
is associated with elevated blood pressure in 
4-year-old children (Vafeiadi et al. 2015). 
However, whether the DDT or DDE burden 
in adults is associated with hypertension 
remains somewhat controversial because some 
studies do (Henríquez-Hernández et al. 2014; 
Lind et al. 2014; Siddiqui et al. 2002), and 
some studies do not, report an association 
between DDT burden and hypertension in 
adult offspring (Goncharov et al. 2011; Savitz 
et al. 2014; Valera et al. 2013).

This discrepancy led us to hypothesize 
that perinatal exposure to DDT is a key risk 
factor for hypertension in adults. The 
present study sought to experimentally test 
the hypothesis that developmental exposure 
to DDT causes hypertension in adult 
offspring of mice.

Given the continued use of DDT in 
developing nations, and given the widespread 
presence of its metabolite DDE in particular, 
even a modest effect of DDT or its metabolites 

on blood pressure or cardiovascular disease may 
have far-reaching public health implications.

Methods

Drugs

p ,p´-DDT (98.5% purity  neat)  and 
o ,p´-DDT (100% purity  neat)  were 
purchased from AccuStandard (New Haven, 
CT). To simulate the relative abundance of 
these congeners in the commercial formu-
lation of DDT that was used as a pesticide 
in the United States before its ban, 77.2% 
p,p´-DDT and 22.8% o,p´-DDT were 
dissolved in organic olive oil at a final 
concentration of 0.17  g DDT mixture/L 
(Ecobichon and Saschenbrecker 1968), here-
after referred to as DDT. Captopril (98% 
purity) was purchased from Sigma-Aldrich 
(St. Louis, MO). Captopril was dissolved 
Address correspondence to M. La Merrill, Department 
of Environmental Toxicology, University of California 
at Davis, 1 Shields Ave., 4245 Meyer Hall, Davis, 
CA 95616-5270 USA. Telephone: (530) 752-1142. 
Email: mlamerrill@ucdavis.edu, or C.  Buettner, 
Department of Medicine, Mount Sinai School of 
Medicine, Division of Endocrinology, Metabolism 
Institute, One Gustave L. Levy Place, Box 1055, New 
York, NY 10029-6574 USA. Telephone: (212) 241-
3425. Email: christoph.buettner@mssm.edu

Supplemental Material is available online (http://
dx.doi.org/10.1289/EHP164).

We wish to thank L. Jelicks for sharing her CODA 
system; M. Gallo, J. Godbold, P. Landrigan, and 
D. Schloendorf for helpful discussions.

This research was supported by the American 
Diabetes Association (to C.B.), the National Institutes 
of Health (ES019919) and the U.S. Department of 
Agriculture National Institute of Food and Agriculture 
(Hatch project 1002182) to M.L. and DK074873, 
DK083568, and DK082724 to C.B., the Swedish 
Research Council (09898 to B.H.), the Venture 
Capital Research Funding Program of the Mount Sinai 
Children’s Environmental Health Center (to M.L.), 
and the Wenner-Gren Foundation (to B.H.).

The authors declare they have no actual or potential 
competing financial interests.

Received: 8 December 2015; Revised: 21 March 
2016; Accepted: 18 May 2016; Published: 21 June 
2016.

Note to readers with disabilities: EHP strives 
to ensure that all journal content is accessible to all 
readers. However, some figures and Supplemental 
Material published in EHP articles may not conform to 
508 standards due to the complexity of the information 
being presented. If you need assistance accessing journal 
content, please contact ehponline@niehs.nih.gov. 
Our staff will work with you to assess and meet your 
accessibility needs within 3 working days.

Perinatal DDT Exposure Induces Hypertension and Cardiac Hypertrophy 
in Adult Mice
Michele A. La Merrill,1,2 Sunjay Sethi,1 Ludovic Benard,3 Erin Moshier,2 Borje Haraldsson,4 and Christoph Buettner5,6,7

1Department of Environmental Toxicology, University of California, Davis, Davis, CA, USA; 2Department of Preventive Medicine, and 
3Center for Science and Medicine, Icahn School of Medicine at Mount Sinai, New York, New York, USA; 4Department of Nephrology, 
University of Gothenburg, Gothenburg, Sweden; 5Department of Medicine, 6Department of Neuroscience, and 7Diabetes, Obesity and 
Metabolism Institute, Icahn School of Medicine at Mount Sinai, New York, New York, USA

Background: Dichlorodiphenyltrichloroethane (DDT) was used extensively to control malaria, 
typhus, body lice, and bubonic plague worldwide, until countries began restricting its use in 
the 1970s. However, the use of DDT to control vector-borne diseases continues in developing 
countries. Prenatal DDT exposure is associated with elevated blood pressure in humans.

Objective: We hypothesized that perinatal DDT exposure causes hypertension in adult mice.

Methods: DDT was administered to C57BL/6J dams from gestational day 11.5 to postnatal 
day 5. Blood pressure (BP) and myocardial wall thickness were measured in male and female adult 
offspring. Adult mice were treated with an angiotensin converting enzyme (ACE) inhibitor, capto-
pril, to evaluate sensitivity to amelioration of DDT-associated hypertension by ACE inhibition. 
We further assessed the influence of DDT exposure on the expression of mRNAs that regulate BP 
through renal ion transport.

Results: Adult mice perinatally exposed to DDT exhibited chronically increased systolic BP, 
increased myocardial wall thickness, and elevated expression of mRNAs of several renal ion 
transporters. Captopril completely reversed hypertension in mice perinatally exposed to DDT.

Conclusions: These data demonstrate that perinatal exposure to DDT causes hypertension and 
cardiac hypertrophy in adult offspring. A key mechanism underpinning this hypertension is an 
overactivated renin angiotensin system because ACE inhibition reverses the hypertension induced 
by perinatal DDT exposure.

Citation: La Merrill M, Sethi S, Benard L, Moshier E, Haraldsson B, Buettner C. 2016. Perinatal 
DDT exposure induces hypertension and cardiac hypertrophy in adult mice. Environ Health 
Perspect 124:1722–1727;  http://dx.doi.org/10.1289/EHP164
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at concentrations of 0.49  mg/mL and 
0.57 mg/mL in the drinking water of female 
and male mice, respectively, based on the 
water intake of two co-housed male or female 
mice that had prior exposure to the DDT dose 
used here or to its control (see Table S1).

Mice. Virgin 8-week-old C57BL/6J 
male and female mice were ordered from 
Jackson Laboratories and were acclimated for 
1–2 weeks before timed mating.

DDT exposure and mouse husbandry. 
We administered 1.7  mg DDT/kg body 
weight [per os (p. o.), n = 15 dams, 10 μL 
solution/kg body weight], or the equiva-
lent volume of olive oil vehicle (hereafter 
referred to as vehicle; p. o., n = 14 dams) 
daily to primigravid C57BL/6J dams from 
11.5 days post coitus (DPC) to postnatal day 
(PND) 5 to span a developmental exposure 
window important for rodent kidney and 
heart function (Aragon et al. 2008; Couture 
et  al. 1990; Lin et  al. 2001; Thackaberry 
et al. 2005; Xu et al. 2011). We previously 
reported mean (± SEM) maternal serum 
levels (in nanograms/milliliter serum) of 2.2 
(± 0.1) p,p´-DDE, 51.1 (± 10.2) p,p´-DDT, 
and no detectable o,p´-DDT on PND 6, 
24 hr after an identical daily dosing protocol 
of 1.7 mg/kg from 11.5 DPC to PND5 (La 
Merrill et  al. 2014). These exposures are 
within the range of past and contemporary 
human serum levels of both p,p´-DDT and 
p,p´-DDE (Bouwman et al. 1992; Cox et al. 
2007; Gauthier et al. 2014; Herrera-Portugal 
et al. 2005; La Merrill et al. 2013; Rylander 
et al. 2009; Vafeiadi et al. 2015).

After the final DDT dose on PND 5, 
we culled litters to six pups to equalize litter 
size. At PND 21, we weaned pups (one 
cage/sex/litter/treatment) for later experi-
ments. All mice had access to food and water 
ad  libitum in sterile ventilated cages in an 
American Association for the Accreditation 
of Laboratory Animal Care–approved facility 
on a 12/12 light/dark cycle corresponding to 
0700/1900 hours. At the end of the studies, 
mice were sacrificed by exsanguination under 
isoflurane anesthesia. All procedures were in 
accordance with the University of California 
(UC), Davis and Mount Sinai School of 
Medicine Institutional Animal Care and Use 
Committee (IACUC) protocols.

Blood Pressure Measurements 
and Angiotensin Converting 
Enzyme (ACE) Inhibitor Treatment
Based on our previous finding that prenatal 
DDT exposure increased risk of hyperten-
sion in adult women (La Merrill et al. 2013), 
we assessed the development of adult male 
and female mouse hypertension (Monassier 
et al. 2006) by measuring blood pressure with 
a volume pressure recording sensor and an 
occlusion cuff (CODA, Kent Scientific) on 

the tail. We recorded 18 volume pressure 
cycles per restrained mouse in two mice/sex/
litter/perinatal treatment group when they 
were 5 months old after a day of acclima-
tion to the procedure (see Table S2). We 
next tested whether an over-activated renin 
angiotensin system (RAS) could be a key 
contributor of DDT effects by treating 
7-month-old (adult) male and female mice 
with an angiotensin converting enzyme inhib-
itor (ACEi) and measuring blood pressure 
using two independent methods in the ACEi 
studies (see Table S2).

We recorded 18 volume pressure cycles 
per tail-cuffed and restrained mouse in two 
male and two female mice for seven litters/
perinatal treatment group before the initia-
tion of captopril treatment (ACEi group) or 
untreated water (water group). The recording 
procedure was repeated both 6 and 7 days 
after the initiation of 7 days of treatment 
with ACEi or water to assure sufficient time 
for pharmacological efficacy (Emanueli et al. 
1997). Mice were acclimated to the tail-cuff 
procedure for a day prior to the measure-
ments. Daily water intake was quantified 
before captopril treatment to appropriately 
target a daily intake of ~120 mg captopril/kg 
body weight (Emanueli et al. 1997). Daily 
water intake during 7 days of daily captopril 
treatment indicated average daily doses of 120 
and 109 mg captopril/kg in female and male 
mice, respectively (see Table S1).

To validate these noninvasive blood 
pressure measurements conducted on 
restrained mice, we assessed blood pressure 
using an indwelling telemetric blood pressure 
device in a subgroup of unrestrained male 
mice (see Table S2; PA-C10, DSI, St. Paul, 
MI). Transmitters were implanted into the 
aortic arch of six male mice/perinatal treat-
ment during isoflurane anesthesia. Mice 
recovered from surgery for 5 days, receiving 
analgesic buprenorphine twice daily for 3 days 
following surgery. Blood pressure was assessed 
in 7-month-old male mice by telemetry for 
1 hr daily from 1700 to 1800 hours for 5 days 
(water group) and from days 7 to 12 (ACEi 
group). We added captopril to the drinking 
water on the fifth day (see Table S1). Because 
of some postsurgical mortality and device 
malfunctions, not all males that underwent 
surgery completed the ACEi study, resulting in 
six males in the vehicle+water treatment group, 
four males in the DDT+water treatment 
group, three males in the vehicle+ACEi treat-
ment group and four males in the DDT+ACEi 
treatment group.

While 7-month-old male mice were 
subjected to telemetric blood pressure measure-
ments, their age-matched sisters were subjected 
to an additional volume pressure recording 
of 18 volume pressure cycles per tail-cuffed 
and restrained mouse (one female mouse/litter 

and six litters/treatment; see Table S2) prior to 
euthanasia. This procedure was performed to 
confirm that the perinatal treatment effect was 
present at the time of transcript analysis (see 
“Semi-quantitative PCR” below).

Cardiac echography. Because we hypothe
sized that subtle increases in blood pressure 
resulting from perinatal DDT exposure could 
lead to cardiac hypertrophy, we evaluated 
cardiac phenotypes of male and female mice by 
echocardiography a month after significantly 
elevated blood pressure was observed in both 
sexes (see Table S2). Echocardiography was 
performed on 8-month-old mice (1 mouse/
sex/litter, 7  litters/treatment, 14 mice/treat-
ment) under sedation by intraperitoneal 
ketamine ≤ 75 mg/kg. Sedation was optimized 
by giving the lowest dose of ketamine needed 
to a) restrain the animal and prevent motion 
artifact and b) maintain the heart rate in the 
range of 550–650 beats/minute. Ketamine was 
chosen based on our previous experience and 
considering that alternative agents had either a 
long duration of action (pentobarbital), were 
potentially unsafe because of increased cardiac 
toxicity, or might cause a bradycardic effect 
(isoflurane, ketamine/xylazine) as demon-
strated elsewhere (Stein et al. 2007). Short-axis 
parasternal views of the left ventricle (LV) at 
the mid-papillary level were obtained using 
a Vivid i echocardiography apparatus with a 
13 MHz linear array probe (General Electric, 
New York, NY) on mice with hair removed 
(Nair™, Church & Dwight Co., Inc.). M-mode 
measurements of the size of the LV walls and 
cavities were obtained by two-dimensional 
(2D) guidance from the short-axis view of the 
LV as recommended by the American Society 
of Echocardiography (Lang et al. 2005). Three 
different measurements in diastole (d) were 
averaged per animal to estimate LV wall thick-
nesses (septum and posterior wall) and LV 
dilation (internal diameter).

Pathology. After 8-month-old mice had 
completed echography, kidneys were harvested 
from one mouse/sex/perinatal treatment and 
subjected to routine hematoxylin and eosin 
processing (see Table S2). Histopathological 
evaluations were assessed by a veterinary 
pathologist who was blinded to the treatments.

Semiquantitative polymerase chain 
reaction. Renal mRNA was extracted (Qiagen, 
Hilden, Germany) from 7-month-old female 
mice to synthesize cDNA using reverse tran-
scription polymerase chain reaction (PCR) 
(Applied Biosystems, Foster City, CA). 
Semiquantitative PCR was performed using 
SYBR® Green probes (Applied Biosystems) 
with primers for transcripts: sodium hydrogen 
exchanger 1 [Slc9a1, forward (F): CCT​GAC​
CTG​GTT​CAT​CAA​CA, reverse (R): TCA​
TGC​CCT​GCA​CAA​AGA​CG (Stiernet 
et al. 2007)]; sodium hydrogen exchanger 2 
[Slc9a2, F: TGG​CAG​AGA​CAG​GGA​TGA​
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TAA​G, R: CCG​CTG​ACG​GAT​TTG​ATA​
GAG​ATT​C (Stiernet et al. 2007)]; sodium 
hydrogen exchanger 3 [Slc9a3, F: GCA​CAC​
AAC​TAC​ACC​ATC​AAG​G, R: AGG​GGA​
GAA​CAC​GGG​ATT​ATC (Stiernet et  al. 
2007)]; sodium hydrogen exchanger 4 [Slc9a4, 
F: CGG​AGG​AAC​CTG​CCA​AAA​TC, R: 
CGG​AGG​AAC​CTG​CCA​AAA​TC (Stiernet 
et al. 2007)]; sodium phosphate transporter 
[Slc34a1, F: GCT​GTC​CTC​TAC​CTG​CTC​
GTG​TG, R: GCG​TGC​CCA​CTC​CGA​CCA​
TAG (Marsell et al. 2008)]; sodium potas-
sium ATPase subunit 1 [Atp1a1, F: CGG​AAT​
TCA​TGC​GGA​GGA​TGT​CGTC, R: GCC​
GCT​CGA​GGT​GGA​TGA​AAT​GCT​CAA​
T (Klesert et al. 2000)]; sodium potassium 
ATPase subunit 2 [Atp1a2, F: GAA​TGG​GTT​
TCT​ACC​ATC​GCG, R: GCA​CAG​AAC​CAC​
CAC​GTG​AC (Marsell et al. 2008)]; sodium 
calcium exchanger 1 [Slc8a1, F: TGA​GAG​
GGA​CCA​AGA​TGA​TGA​GGA​A, R: TGA​
CCC​AAG​ACA​AGC​AAT​TGA​AGA​A (Otsu 
et  al. 2005)]; sodium potassium chloride 
cotransporter 2 [Slc12a2, F: GAA​CCT​TTT​
GAG​GAT​GGC, R: CAC​GAT​CCA​TGA​CAA​
TCT (Castrop et al. 2005)]; sodium potas-
sium chloride cotransporter 1 [Slc12a1, F: 
TGC​TAA​TGG​AGA​TGG​GAT​GC, R: CAG​
GAG​AGG​GCA​ATG​AAG​AG (Alshahrani 
et al. 2012)]. The 2–ΔΔCT method (Livak and 
Schmittgen 2001) was used with 18s [s18, 
F: TTG​ACG​GAA​GGG​CAC​CAC​CAG, R: 
GCA​CCA​CCA​CCC​ACG​GAA​TCG (Au 
et  al. 2011)] as an endogenous control in 
kidneys to calculate transcript fold change.

Statistical analyses. The normal distribu-
tion was evaluated for all outcome variables 
here. Tail blood pressure was assessed by 
modeling the fixed effect of perinatal DDT 
and the random effect of litter (PROC 
MIXED; SAS 9.4, SAS Institute Inc., Cary, 
NC). In the ACEi study, ACEi and an 
ACEi * perinatal treatment term were modeled 
as fixed effects in the tail blood pressure model. 
Models of arterial blood pressure measured 
by telemetry included the random effect of 
litter using PROC GLIMMIX, a model that 
does not require a normal outcome distribu-
tion. mRNA expression was evaluated without 
random effects because only one mouse per 
litter was analyzed (PROC GLM, SAS). We 
stratified by sex in all outcomes for which both 
sexes were evaluated.

Results

Perinatal DDT Elevates Blood 
Pressure in Adult Offspring

To assess whether the association between 
prenatal DDT exposure and blood pressure 
in adults is causal (La Merrill et al. 2013), we 
exposed fetuses and nursing pups to DDT 
by gavaging dams perinatally and measuring 
the blood pressure of adult offspring at 

5 and 7 months of age. Blood pressure was 
assessed using two methods: noninvasively 
through tail-cuff blood pressure monitoring 
of restrained mice (Figures 1–3) and invasively 
through telemetric blood pressure monitoring 
(Figure 2E,F).

Male offspring that were perinatally exposed 
to DDT had elevated systolic and diastolic 
blood pressure at 5 months of age (Figure 1A). 

A similar but statistically nonsignificant trend 
was observed in 5-month-old female offspring 
(Figure 1B). By 7 months of age, both male and 
female offspring that had been exposed peri-
natally to DDT had increased systolic blood 
pressure (p < 0.05, Figures 2A,C and 3A).

To evaluate whether perinatal DDT 
increased blood pressure by increasing the 
activity of the RAS (Woods et al. 2001), we 

Figure 1. Perinatal DDT exposure increases blood pressure (BP) of 5-month-old male mice. Systolic and 
diastolic blood pressure (tail cuff) in 5-month-old (A) male and (B) female mice (DDT p = 0.1). n = 2 mice/
sex/litter, 15 DDT litters, and 14 vehicle-exposed litters.
*, p < 0.05, DDT vs. vehicle controls.

Figure 2. Increased blood pressure caused by perinatal DDT exposure is reduced by angiotensin 
converting enzyme inhibition (ACEi) in 7-month-old male and female mice. (A) Systolic (DDT*ACEi pi = 0.02, 
n = 2 mice/litter, 7 litters/treatment) and (B) diastolic tail blood pressure (BP) (DDT*ACEi pi = 0.002, n = 2 
mice/litter, 7 litters/treatment) in female mice, and (C) systolic (DDT*ACEi pi = 0.05, n = 2 mice/litter, 
7  litters/treatment) and (D) diastolic (DDT*ACEi pi = 0.19, n = 2 mice/litter, 7 litters/treatment) tail blood 
pressure in male mice at 7 months old immediately before and after 1 week of exposure to captopril in 
drinking water. (E) Systolic (DDT*ACEi pi < 0.0001) and (F) diastolic (DDT*ACEi pi < 0.0001) aortic blood 
pressure in 7-month-old male mice [n = 6, 4, 3, and 4 for vehicle (VEH)- and DDT-treated at baseline and 
VEH- and DDT-treated during captopril exposure, respectively].
*, p < 0.05; **, p < 0.01; ***, p < 0.0001.
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administered the ACEi captopril for 5–7 days 
to adult offspring in the study. Indeed, 
ACE inhibition lowered blood pressure in 
7-month-old mice exposed to DDT to a 
greater extent than observed in the vehicle 
group (Figure  2; see Table  S3), demon-
strating that a primary cause of hypertension 
(Monassier et al. 2006) induced by perinatal 
DDT exposure is an over-activated RAS.

The well-known role of aldosterone in 
inducing sodium transport to elevate blood 
pressure (Rozansky 2006) led us to hypothesize 
that an over-activated RAS led to increased 
blood pressure via increased sodium trans-
porter transcription in DDT-exposed mice. 
We tested this hypothesis by evaluating the 
expression of sodium transporter mRNA in 
female mice when they were 7 months old, the 
earliest time point at which we could detect 
a significant elevation in the blood pressure 
of female mice perinatally exposed to DDT 
(Figure 3A). Indeed, perinatal DDT exposure 
induced the mRNA expression of several 
Na+/H+ exchangers, two Na+/K+/Cl– cotrans-
porters, a subunit of the Na+/K+ ATPase, and 
a Na+/Ca2+ exchanger in hypertensive kidneys 
(Figure 3B), consistent with elevated expression 
of renal ion transporters in hypertension caused 
by an over-activated RAS (Rozansky 2006).

To rule out that DDT causes hypertension 
by impairing nephrogenesis (Langley-Evans 
et al. 1999), kidneys collected from 8-month-
old male and female mice were examined by 
a veterinary pathologist. Histological assess-
ment of the kidneys was completely normal 
at the light microscopy level (see Figure S1), 
supporting the notion that the cause of 
the hypertension induced by DDT is not 
structural in nature.

Perinatal DDT Exposure Increases 
Heart Wall Thickness in Adult 
Offspring
Chronic hypertension can induce left 
ventricular hypertrophy as a result of pressure 
overload (Krumholz et al. 1993). We used 

echocardiography to investigate this possi-
bility in 8-month-old male and female 
mice (a month after the last blood pressure 
measurements). We found that perinatal 
DDT exposure led to a significant increase 
in left ventricular wall thickness of both the 
posterior wall and the septum in female mice 
(Figure 4A,B); these changes are expected 
with chronic pressure overload. These data 
are consistent with the observation that 
hypertension in women favors the develop-
ment of concentric hypertrophy (Krumholz 
et al. 1993).

Despite the observation that the onset of 
hypertension in mice exposed to DDT was 
earlier in males than in females, we did not 
observe any difference in ventricular wall 

thickness (Figure 4D–F). Further, there was 
no evidence of volume overload as assessed by 
left ventricular dilation (Figure 4C,F).

Discussion
Here, we investigated the effects of perinatal 
DDT exposure on cardiovascular health in 
adult offspring. To our knowledge, this is the 
first study to establish that perinatal DDT 
exposure is sufficient to cause hypertension 
and cardiac hypertrophy in adult offspring 
(Monassier et  al. 2006). Remarkably, the 
increase in blood pressure caused by peri-
natal DDT exposure was normalized by 
treatment with an ACE inhibitor, capto-
pril, demonstrating that an over-activated 
RAS is a key mechanism in perinatal DDT 

Figure 3. Perinatal DDT exposure increases blood pressure and renal sodium transporter expression in 7-month-old female mice. (A) Systolic and diastolic 
blood pressure (BP) immediately prior to the assessment of (B) renal sodium transporter transcripts in 7-month-old female mice that were not subjected to 
the angiotensin converting enzyme (ACE) inhibition experiment. n = 1 female mouse/litter and 6 litters/treatment. Atp1a1–2, sodium potassium ATPase subunit 
1–2, Ncx, sodium calcium exchanger 1; Nhe1–4, sodium hydrogen exchanger 1–4; Nkcc1–2, sodium potassium chloride cotransporter 1–2; Ntp2a1, sodium 
phosphate transporter; VEH, vehicle.
*, p < 0.05; **, p < 0.01; ***, p < 0.0001 DDT versus vehicle controls.

Figure 4. Perinatal DDT causes cardiac hypertrophy in 8.5-month-old female mice. (A) Left ventricular 
posterior wall (LVPW) thickness, (B) left inter-ventricular septum (IVS) thickness, and (C) left ventricular 
dilation (LVID) in diastole in 8-month-old female mice. (D) Left ventricular posterior wall thickness, (E) Left 
ventricular septum thickness, and (F) left ventricular dilation in diastole of male mice. n = 1 mouse/sex/
litter, 7 litters/treatment. VEH, vehicle.
**, p < 0.01 DDT versus vehicle controls.
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exposure–induced hypertension. In turn, 
over-activated RAS was associated with 
increased renal expression of sodium channels.

The maternal serum levels of DDT and 
DDE that were achieved in this study were 
similar to the range of DDT and DDE levels 
observed in human maternal serum levels, 
particularly those that were associated with 
high blood pressure during childhood and 
hypertension in adult offspring (La Merrill 
et al. 2013; Vafeiadi et al. 2015). Thus, peri-
natal DDT exposure could be an important 
contributor in some of the hypertension that 
is currently still classified as “essential.” Our 
study mechanistically underpins associative 
evidence in humans that the latent effects 
of perinatal DDT exposure can clinically 
manifest (La Merrill et al. 2013) decades after 
environmental and human exposure levels 
have dramatically declined (Ritter et al. 2009). 
This research therefore provides a salient 
example of the legacy of detrimental health 
effects from persistent organic pollutants.

Interestingly, captopril caused a greater 
reduction of blood pressure in mice perinatally 
exposed to DDT than in controls, consistent 
with an over-activated RAS as a primary cause 
of DDT-induced hypertension. An over-
activated RAS may also explain the increased 
expression of several ion transporters in the 
DDT-exposed hypertensive adult offspring 
because the expression of these transporters 
is regulated by the RAS (Rozansky 2006). 
Future studies should evaluate the effects 
of ACE inhibition on altered renal sodium 
channel expression after perinatal DDT 
exposure to confirm that DDT effects on 
sodium channel expression are RAS-mediated.

We observed modest concentric hyper-
trophy in the hearts of female adult mice 
perinatally exposed to DDT, likely a result 
of the hypertension (Monassier et al. 2006). 
This sexual dimorphism of greater cardiac 
wall thickness in hypertensive females has also 
been observed in humans (with some conten-
tion), where hypertensive women are more 
likely to develop concentric (Krumholz et al. 
1993) and severe (Topol et al. 1985) cardiac 
hypertrophy than hypertensive men. Given 
that cardiac hypertrophy is associated with 
a higher risk of cardiovascular mortality in 
women than in men (Levy et al. 1990), future 
studies will need to elucidate the mechanism 
of the sex-specific results here because inherent 
sex-associated differences in cardiac hyper-
trophy could account for some of the sexual 
dimorphism of hypertrophy in DDT-exposed 
mice (Krumholz et  al. 1993; Topol et  al. 
1985). Furthermore, whether developmental 
DDT exposure is associated with cardiac 
hypertrophy in humans, and if so, whether 
this is purely because of hypertension is a 
critical outstanding question that will need to 
be addressed.

The strengths of this study include the 
measurements of blood pressure by two 
independent methods that obtained similar 
results. Each of these methods has particular 
strengths, such as no requirement for surgery 
when using the tail cuff or lack of restraint 
stress with the use of telemetry, thus reaf-
firming the independent measurements. The 
study is further strengthened by the assess-
ment of cardiac hypertrophy by echocar-
diography. Our dosing paradigm resulted in 
perinatal maternal levels of DDT and DDE 
that fell within the range of the top tertile 
based on the only human study that has 
evaluated and found a positive association 
between prenatal DDT exposure and adult 
hypertension, which adds to the translational 
value of the study (La Merrill et al. 2013). A 
limitation of the study is that we did not have 
a control group in which we induced a similar 
DDT burden in adulthood and assessed the 
effects on hypertension because we cannot 
rule out that the hypertension in the adult 
offspring is due to the remaining DDT 
burden associated with its long half-life. The 
increase in blood pressure with age while the 
DDT burden decreased over time suggests 
that any DDT remaining in our mice at the 
time of blood pressure assessment was not 
a major driver of the hypertension that we 
observed. Finally, whether ACE inhibition 
attenuates the perinatal DDT exposure–
related elevation in transcripts associated with 
renal ion transport that we observed here 
remains to be determined.

Conclusions
Our data show that perinatal DDT exposure 
caused hypertension in both female and male 
adult mice caused by an over-activation of the 
RAS. This chronic over-activation of the RAS 
was associated with increased renal expression 
of sodium channels. Further, perinatal DDT 
exposure caused cardiac hypertrophy, possibly 
through pressure overload. These observations 
support the hypothesis that perinatal exposure 
to DDT is a risk factor for hypertension and 
cardiovascular disease in adult offspring.

On a positive note, our study provides 
evidence that ACE inhibition normalizes 
hypertension of mice perinatally exposed to 
DDT. ACE inhibitors are among the most 
commonly used antihypertensive drugs that 
have been demonstrated to be safe and to 
reduce mortality from heart disease (Li et al. 
2014), indicating that they would be the drug 
of choice for the treatment of hypertensive 
individuals with high early-life DDT exposure. 
Given that the ban of DDT in the United 
States has reduced DDT exposure among 
the U.S. population (Ritter et al. 2009), the 
ongoing replacement of DDT with other 
malaria vector controls is likely to further 
decrease worldwide DDT exposures over 

time. Our study suggests that this change may 
reduce susceptibility to cardiovascular disease 
in future generations.

References

Alshahrani S, Alvarez-Leefmans FJ, Di Fulvio M. 2012. 
Expression of the Slc12a1 gene in pancreatic 
β-cells: molecular characterization and in silico 
analysis. Cell Physiol Biochem 30:95–112.

Alwasel SH, Ashton N. 2009. Prenatal programming 
of renal sodium handling in the rat. Clin Sci (Lond) 
117:75–84.

Aragon AC, Kopf PG, Campen MJ, Huwe JK, Walker MK. 
2008. In utero and lactational 2,3,7,8-tetrachloro
dibenzo-p-dioxin exposure: effects on fetal and adult 
cardiac gene expression and adult cardiac and 
renal morphology. Toxicol Sci 101:321–330.

Au CG, Butler TL, Sherwood MC, Egan JR, North KN, 
Winlaw DS. 2011. Increased connective tissue 
growth factor associated with cardiac fibrosis in 
the mdx mouse model of dystrophic cardiomyo
pathy. Int J Exp Pathol 92:57–65.

Barker DJ, Gluckman PD, Godfrey KM, Harding JE, 
Owens JA, Robinson JS. 1993. Fetal nutrition 
and cardiovascular disease in adult life. Lancet 
341:938–941.

Barker DJ, Winter PD, Osmond C, Margetts B, 
Simmonds SJ. 1989. Weight in infancy and death 
from ischaemic heart disease. Lancet 2:577–580.

Bouwman H, Becker PJ, Cooppan RM, Reinecke AJ. 
1992. Transfer of DDT used in malaria control to 
infants via breast milk. Bull World Health Organ 
70:241–250.

Castrop H, Lorenz JN, Hansen PB, Friis U, Mizel D, 
Oppermann M, et  al. 2005. Contribution of the 
basolateral isoform of the Na-K-2Cl– cotransporter 
(NKCC1/BSC2) to renin secretion. Am J Physiol 
Renal Physiol 289:F1185–F1192.

Couture LA,  Harris MW, Birnbaum LS.  1990. 
Characterization of the peak period of sensitivity 
for the induction of hydronephrosis in C57BL/6N 
mice following exposure to 2,3,7,8-tetrachloro
dibenzo-p-dioxin. Fundam Appl Toxicol 15:142–150.

Cox S, Niskar AS, Narayan KM, Marcus M. 2007. 
Prevalence of self-reported diabetes and exposure 
to organochlorine pesticides among Mexican 
Americans: Hispanic Health and Nutrit ion 
Examination Survey, 1982–1984. Environ Health 
Perspect 115:1747–1752, doi: 10.1289/ehp.10258.

Dagan A, Kwon HM, Dwarakanath V, Baum M. 2008. 
Effect of renal denervation on prenatal program-
ming of hypertension and renal tubular transporter 
abundance. Am J Physiol Renal Physiol 295:F29–F34.

Ecobichon DJ, Saschenbrecker PW. 1968. Pharmaco
dynamic study of DDT in cockerels. Can J Physiol 
Pharmacol 46:785–794.

Emanueli C, Angioni GR, Anania V, Spissu A, Madeddu P. 
1997. Blood pressure responses to acute or chronic 
captopril in mice with disruption of bradykinin 
B2-receptor gene. J Hypertens 15(12 pt 2):1701–1706.

Gauthier MS, Rabasa-Lhoret R, Prud’homme D, 
Karelis AD, Geng D, van Bavel B, et al. 2014. The 
metabolically healthy but obese phenotype is 
associated with lower plasma levels of persistent 
organic pollutants as compared to the metaboli-
cally abnormal obese phenotype. J Clin Endocrinol 
Metab 99:E1061–E1066.

Goncharov A, Pavuk M, Foushee HR, Carpenter DO, 
Anniston Environmental  Heal th  Reseach 
Consortium. 2011. Blood pressure in relation to 
concentrations of PCB congeners and chlorinated 
pesticides. Environ Health Perspect 119:319–325, 
doi: 10.1289/ehp.1002830.



Perinatal DDT and CVD in mice

Environmental Health Perspectives  •  volume 124 | number 11 | November 2016	 1727

Henríquez-Hernández LA, Luzardo OP, Zumbado M, 
Camacho M, Serra-Majem L, Álvarez-León EE, et al. 
2014. Blood pressure in relation to contamination by 
polychlorobiphenyls and organochlorine pesticides: 
results from a population-based study in the Canary 
Islands (Spain). Environ Res 135:48–54.

Herrera-Portugal C, Ochoa H, Franco-Sánchez  G, 
Yáñez  L, Díaz-Barriga F. 2005. Environmental 
pathways of exposure to DDT for children living in 
a malarious area of Chiapas, Mexico. Environ Res 
99:158–163.

Kearney PM, Whelton M, Reynolds K, Muntner P, 
Whelton PK, He J. 2005. Global burden of hyper-
tension: analysis of worldwide data. Lancet 
365:217–223.

Klesert TR, Cho DH, Clark JI, Maylie J, Adelman J, 
Snider L, et al. 2000. Mice deficient in Six5 develop 
cataracts: implications for myotonic dystrophy. Nat 
Genet 25:105–109.

Krumholz HM, Larson M, Levy D. 1993. Sex differences 
in cardiac adaptation to isolated systolic hyper-
tension. Am J Cardiol 72:310–313.

La Merrill M, Cirillo PM, Terry MB, Krigbaum NY, 
Flom JD, Cohn BA. 2013. Prenatal exposure to 
the pesticide DDT and hypertension diagnosed in 
women before age 50: a longitudinal birth cohort 
study. Environ Health Perspect 121:594–599, doi: 
10.1289/ehp.1205921.

La Merrill M, Karey E, Moshier E, Lindtner C, La 
Frano  MR, Newman JW, et  al. 2014. Perinatal 
exposure of mice to the pesticide DDT impairs 
energy expenditure and metabolism in adult female 
offspring. PloS One 9:e103337, doi: 10.1371/journal.
pone.0103337.

Lang RM, Bierig M, Devereux RB, Flachskampf FA, 
Foster E, Pellikka PA, et al. 2005. Recommenda
tions for chamber quantification: a report from 
the American Society of Echocardiography’s 
Guidelines and Standards Committee and the 
Chamber Quantification Writing Group, developed 
in conjunction with the European Association 
of Echocardiography, a branch of the European 
Society of Cardiology. J  Am Soc Echocardiogr 
18:1440–1463.

Langley-Evans SC, Welham SJ, Jackson AA. 1999. Fetal 
exposure to a maternal low protein diet impairs 
nephrogenesis and promotes hypertension in the 
rat. Life Sci 64:965–974.

Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli 
WP. 1990. Prognostic implications of echocardio-
graphically determined left ventricular mass in 

the Framingham Heart Study. N Engl J Med 322: 
1561–1566.

Li EC, Heran BS, Wright JM. 2014. Angiotensin 
converting enzyme (ACE) inhibitors versus angio-
tensin receptor blockers for primary hypertension. 
Cochrane Database Syst Rev 8:CD009096, doi: 
10.1002/14651858.CD009096.pub2.

Lin TM, Ko K, Moore RW, Buchanan DL, Cooke PS, 
Peterson RE. 2001. Role of the aryl hydrocarbon 
receptor in the development of control and 
2,3,7,8-tetrachlorodibenzo-p-dioxin-exposed male 
mice. J Toxicol Environ Health A 64:327–342.

Lind PM, Penell J, Salihovic S, van Bavel B, Lind L. 
2014. Circulating levels of p,p’-DDE are related to 
prevalent hypertension in the elderly. Environ Res 
129:27–31.

Livak KJ, Schmittgen TD. 2001. Analysis of relative 
gene expression data using real-time quantitative 
PCR and the 2–ΔΔC(T) method. Methods 25:402–408.

Marsell R, Krajisnik T, Göransson  H, Ohlsson C, 
Ljunggren O, Larsson TE, et al. 2008. Gene expres-
sion analysis of kidneys from transgenic mice 
expressing fibroblast growth factor-23. Nephrol 
Dial Transplant 23:827–833.

Messerli FH, Williams B, Ritz E. 2007. Essential hyper-
tension. Lancet 370:591–603.

Monassier L, Combe R, El Fertak L. 2006. Mouse 
models of hypertension. Drug Discov Today Dis 
Models 3:273–281.

Otsu K, Kuruma A, Yanagida E, Shoji S, Inoue T, 
Hirayama Y, et al. 2005. Na+/K+ ATPase and its 
functional coupling with Na+/Ca2+ exchanger in 
mouse embryonic stem cells during differentiation 
into cardiomyocytes. Cell Calcium 37:137–151.

Ritter R, Scheringer M, MacLeod M, Schenker U, 
Hungerbühler K. 2009. A multi-individual pharma
cokinetic model framework for interpreting time 
trends of persistent chemicals in human popula-
tions: application to a postban situation. Environ 
Health Perspect 117:1280–1286, doi: 10.1289/
ehp.0900648.

Rozansky DJ. 2006. The role of aldosterone in renal 
sodium transport. Semin Nephrol 26:173–181.

Rylander C, Sandanger TM, Brustad M. 2009. 
Associations between marine food consumption 
and plasma concentrations of POPs in a Norwegian 
coastal population. J Environ Monit 11:370–376.

Savitz DA, Klebanoff MA, Wellenius GA, Jensen ET, 
Longnecker MP. 2014. Persistent organochlorines 
and hypertensive disorders of pregnancy. Environ 
Res 132:1–5.

Siddiqui MK, Nigam U, Srivastava S, Tejeshwar DS, 
Chandrawati. 2002. Association of maternal blood 
pressure and hemoglobin level with organochlo-
rines in human milk. Hum Exp Toxicol 21:1–6.

Stein AB, Tiwari S, Thomas P, Hunt G, Levent C, 
Stoddard MF, et al. 2007. Effects of anesthesia on 
echocardiographic assessment of left ventricular 
structure and function in rats. Basic Res Cardiol 
102:28–41.

Stiernet P, Nenquin M, Moulin P, Jonas JC, Henquin JC. 
2007. Glucose-induced cytosolic pH changes in 
β-cells and insulin secretion are not causally 
related: studies in islets lacking the Na+/H+ 
exchanger NHE1. J Biol Chem 282:24538–24546.

Thackaberry EA, Nunez BA, Ivnitski-Steele  ID, 
Fr igg ins   M,  Walker  MK.  2005 .  E f fect  o f 
2,3,7,8-tetrachlorodibenzo-p-dioxin on murine 
heart development: alteration in fetal and postnatal 
cardiac growth, and postnatal cardiac chronotropy. 
Toxicol Sci 88:242–249.

Topol EJ, Traill TA, Fortuin NJ. 1985. Hypertensive 
hypertrophic cardiomyopathy of the elderly. 
N Engl J Med 312:277–283.

Vafeiadi M, Georgiou V, Chalkiadaki G, Rantakokko P, 
Kiviranta H, Karachaliou M, et al. 2015. Associa
tion of prenatal exposure to persistent organic 
pollutants with obesity and cardiometabolic 
traits in early childhood: the Rhea mother-child 
cohort (Crete, Greece). Environ Health Perspect 
123:1015–1021, doi: 10.1289/ehp.1409062.

Valera B, Jørgensen ME, Jeppesen C, Bjerregaard P. 
2013. Exposure to persistent organic pollutants and 
risk of hypertension among Inuit from Greenland. 
Environ Res 122:65–73.

Wilkins JT, Ning H, Berry J, Zhao L, Dyer AR, Lloyd-
Jones DM. 2012. Lifetime risk and years lived free of 
total cardiovascular disease. JAMA 308:1795–1801.

Woods LL, Ingelfinger JR, Nyengaard JR, Rasch R. 
2001. Maternal protein restriction suppresses the 
newborn renin-angiotensin system and programs 
adult hypertension in rats. Pediatr Res 49:460–467.

Xu X, Tan L, Himi T, Sadamatsu M, Tsutsumi S, Akaike M, 
et al. 2011. Changed preference for sweet taste 
in adulthood induced by perinatal exposure to 
bisphenol A—a probable link to overweight and 
obesity. Neurotoxicol Teratol 33:458–463.

Yusuf S, Wood D, Ralston J, Reddy KS. 2015. The 
World Heart Federation’s vision for worldwide 
cardiovascular disease prevention. Lancet 
386:399–402.




