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Abstract

Essential hypertension is considered to be a result of the interaction between genetic and
environmental factors, including perinatal factors. Different advantageous perinatal factors
proved to have beneficial long-lasting effects against an abnormal genetic background.
Taurine is a ubiquitous sulphur-containing amino acid present in foods such as seafood. The
antihypertensive effects of taurine have been reported in experimental studies and in human
hypertension. We aimed to investigate the effects of perinatal treatment with taurine in
spontaneously hypertensive rats (SHR), a known model of genetic hypertension. Female
SHR were administered with taurine (3 g/l) during gestation and lactation (SHR-TAU).
Untreated SHR and Wistar-Kyoto rats (WKY) were used as controls. Long lasting effects in
offspring were investigated. Addition of taurine to the mother’s drinking water reduced blood
pressure in adult offspring. No differences were observed in cardiac hypertrophy. Findings
on morphometric evaluations suggest that perinatal treatment with taurine would be partially
effective in improving structural alterations of the aorta Modifications in gene expression of
Bcl-2 family members and upregulation of endothelial nitric oxide synthase in the aorta of
22-week-old male offspring were found. No differences were observed on relative telomere
length in different cardiovascular tissues between SHR and SHR-TAU. Altogether results
suggest that taurine programming, albeit sex-specific, is associated with gene expression
changes which ultimately may lead to improvement of aortic remodelling and enhanced

endothelial function because of augmented nitric oxide (NO) production.
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endothelial nitric oxide synthase, telomere length

Introduction

Although the hereditary nature of cardiovascular diseases is well established, the perinatal
origin of adult disease or programming hypothesis has been widely supported by many lines
of evidence in animal models and human epidemiologic studies(1). Aberrant environmental

factors acting early in life, in particular in the intrauterine and early postnatal periods,
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correlate with arterial hypertension and cardiovascular disease later in life(2,3). Conversely,
advantageous perinatal factors may have beneficial long-lasting effects against an abnormal
genetic background. Different strategies have been used during pregnancy and lactation to
ameliorate the development of hypertension in offspring in Spontaneously Hypertensive
Rats (SHRs)(4-8), a widely used genetic model of human essential hypertension. Despite
the genetic predisposition, the perinatal environment seems to play a role in the
development of blood pressure in SHR.

Taurine (2-aminoethanesulphonic acid) is present in the diet and can also be synthesized
from cysteine and methionine in the postnatal life. Numerous intracellular and extracellular
functions have been described for taurine(9-11). Beside its antioxidant activity, which has
long been recognized(12), it has been demonstrated that taurine acts as an anti-
inflammatory agent(13,14). Taurine has been shown to have a number of essential
biological functions in vivo. Although taurine is best known for its role in lipid metabolism, is
also beneficial against a variety of aging-related diseases, such as chronic heart failure,
diabetes, atherosclerosis, etc(15).Several groups have shown that addition of taurine to the
drinking water of SHR had an effect on the development of hypertension(16-20).
Furthermore, in two double-blind, placebo-controlled studies, oral administration of taurine
decreased blood pressure in borderline hypertensive subjects compared with the placebo-
treated subjects(21,22). In addition, taurine supplementation reduced carotid intima-media
thickness of pre-hypertensive participants(19).The beneficial effects of taurine on
hypertension, both in rat experimental models and in cases of human hypertension, have
been reviewed elsewhere(23). Taurine may be an attractive and cost-effective approach to
treat hypertension even during pregnancy. Furthermore, taurine-rich food is easily
consumed daily. Some studies suggested that taurine has a programming effect on
hypertension(24,25). The purpose of the present study was to determine whether taurine
administration during pregnancy and lactation would influence 1) systolic blood pressure
(SBP), 2) aortic geometry, and 3) cardiac hypertrophy in adult (22 weeks old) SHR.

Additionally; we aimed to determine whether perinatal taurine administration is associated
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with changes in relative telomere length (RTL) and gene expression of target genes at 22
weeks of age.

Results

Obstetric-neonatal outcomes

There were no differences in maternal body weight during pregnancy and lactation
[Supplementary Information (SI) 1A] or in obstetrical-neonatal outcomes (S| 1B) between
SHR and SHR-TAU groups. Perinatal taurine supplementation had no effect on postnatal
growth (SI 1C).

Body weight in male and female offspring

Body mass was recorded during 19 weeks and no statistical differences were found between
SHR and SHR-TAU groups in males and females (SI 2).

Systolic Blood Pressure

As expected, SBP was found to be elevated in SHR with respect to Wistar-Kyoto (WKY) rats
(P<0.0001 in males and females, Figure 1). Repeated measures ANOVA showed that both
male and female offspring from mothers on taurine achieved significantly lower SBP (Figure
1). Planned comparisons were performed and analysis detected decreased SBP in SHR-
TAU with respect to SHR in both male and female especially between weeks 19 and 22.
Geometry of the thoracic aorta

Representative images of transversal aortic slices stained with hematoxylin-eosin are shown
in Sl 3. In line with previous data(26,27), hypertension in SHR led to an increase in the
cross-sectional area (CSA) of the wall, a thickening of the wall (Wt) and the consequent
increase in the Wt/lumen ratio (Table 1). Analysis of the effects of perinatal taurine revealed
a tendency toward statistical significance (P= 0.06) in CSA values in males (Table 1).
Additionally, CSA/BW values were found to be significantly reduced in aortas from SHR-TAU
with respect to SHR also in males.

Cardiac and renal hypertrophy

As expected(26,28,29), we found left ventricular hypertrophy in SHR, as heart-to-body
weight ratio was increased in comparison with WKY in both male [SHR 0.37+ 0.02 (n=7) vs.
WKY 0.35£0.01 (n=9), P= 0.02] and female rats [SHR 0.39% 0.01 (n=9) vs. WKY 0.33+0.03
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(n=7), P< 0.001]. Perinatal taurine had no effect on the hypertension-induced cardiac
hypertrophy in mature SHR [male SHR-TAU 0.384+0.01 (n=9) and female SHR-TAU
0.38£0.01 (n=11)]. The kidney-to-body weight ratio was not different between groups [males:
SHR 0.37+0.02 (n=7), SHR-TAU 0.381£0.01 (n=9), WKY 0.35+0.01 (n=9); females: SHR
0.39+0.01 (n=9), SHR-TAU 0.38+0.01 (n=11), WKY 0.33+0.03 (n=7)].

Mitochondrial DNA content in the left ventricle

It has been suggested that the increase in mitochondrial mass and the mitochondrial DNA
(mtDNA) content are early molecular events of human cells in response to endogenous or
exogenous oxidative stress(30). It has also been demonstrated in SHR that the total number
of copies of mtDNA increases as a function of age in the heart(31). Programming of
oxidative stress in the left ventricle was investigated by measuring mtDNA content (Figure
2). We found no differences between groups on mtDNA content in the left ventricle at
weaning or at 22-weeks old. Further analysis detected an effect of age (4 vs. 22- weeks old)
in SHR, SHR-TAU and WKY (P<0.00001 in all groups).

Relative telomere length in cardiovascular tissues

We hypothesized that perinatal taurine would decrease the oxidative stress and/or the
hemodynamic stress associated with hypertension, and therefore would prevent
senescence. As mechanical shear forces induced by blood flow may play different roles in
the process of vascular remodelling in different vessels, we selected the aortic arch and the
iliac arteries as conductance (elastic) arteries, and the mesenteric arteries as small
resistance (muscular) arteries. Perinatal taurine had no significant influence on RTL in
cardiovascular tissues at adulthood (Figure 3). We determined RTL in aorta and iliac arteries
at pre-hypertensive age and during established disease (Figure 3). Analyses showed no
differences between age-matched groups. We further analysed the effect of age on RTL (4
vs. 22-wo). Only in males and especially in SHR, analysis detected decreased RTL in aortic
arch with increasing age (P= 0.01). We have also studied RTL in mesenteric arteries; left
ventricle and kidney at 22-wo but no differences were detected between groups (Figure 3).
Finally, analysis was performed to assess RTL differences between tissues. RTL was similar

in aortic arch and in iliac arteries in all groups (SHR, SHR-TAU and WKY) at two time points,
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4 and 22-wo (S| 4). RTL was found to be increased in iliac arteries, and also in the aortic
arch, with respect to mesenteric arteries in WKY and SHR-TAU at 22-wo, but not in SHR
where no differences in RTL were found, suggesting decreased intrinsic cell turnover in
resistance arteries in SHR. RTL in left ventricle was decreased with respect to kidney in all
groups at 22-wo.

Gene expression in the aortic arch and in the left ventricle

We examined whether the expression of telomerase reverse transcriptase (Tert) was
influenced by perinatal taurine in the aorta at 4 (pre-hypertensive stage) and 22 weeks after
birth (Figure 4). The expression of mRNA Tert in SHR was not different to WKY. However,
specifically in males, the expression of Tert was increased in the aorta of 22-wo SHR-TAU
(P= 0.02). Programming of aortic senescence was investigated by measuring cyclin-
dependent kinase inhibitor 2A (p16Ink4a) mMRNA expression(32). It has been previously
hypothesized that hypertension-induced increases in p16INK4a expression could result in a
widespread irreversible cell cycle arrest with accumulation of senescent cells(28). Analysis
showed no significant differences between groups (Figure 4).

An altered balance between proliferation and death has been proposed to be a determinant
of vascular, renal, and cardiac remodelling in genetic hypertension(33-35). We were then
intended to unravel if perinatal taurine may lead to changes in mMRNA expression of BCL2-
associated X protein (Bax) and B-cell leukemia/lymphoma protein-2 (Bcl-2) in the aortic arch
as a consequence of alteration of the perinatal environment (Figure 4). Results showed that
the Bax/Bcl-2 mRNA ratio was decreased in male SHR compared to male WKY (P= 0.0006).
Interestingly, the effects of perinatal taurine were significant but in different directions in male
(P= 0.0003) and female (P= 0.02) offspring. To further explore this sexual dimorphism, we
measured the expression of p53 tumor suppressor (p53) in both SHR and SHR-TAU groups
(Figure 4), and analysis detected a marked sexual dimorphism in the levels of p53: p53
MRNA expression was found to be higher in male (P= 0.006) and lower in female SHR-TAU
aortic homogenates (P= 0.02).

We then aimed to investigate if perinatal taurine may program enhanced NO bioavailability

in vessels by increasing endothelial nitric oxide synthase (eNOS) expression (Figure 4).
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Planned comparisons indicated a down-regulation of eNOS in male SHR with respect to
WKY in adulthood (P= 0.004). Taurine supplementation during gestation and lactation in
SHR increased the transcript levels of eNOS in males (P= 0.01). The mRNA expression of
antioxidant enzymes was measured to indirectly assess changes in the oxidative status
programmed by perinatal taurine (Figure 4). Among the different antioxidant molecules, SOD
and catalase mutually function as important enzymes in the elimination of reactive oxygen
species. A differential expression between SHR and WKY in 22-wo aorta was detected only
in the levels of superoxide dismutase 3 (SOD3 or EC-SOD). The transcript level of SOD3
was significantly downregulated at 22-wo in female SHR (P= 0.03). On the other hand,
perinatal taurine had no effect on the expression of superoxide dismutase 2 (SOD2 or Mn-
SOD), SOD3 or catalase.

Differences between groups at weaning failed to achieve statistical significance (data not
shown, N male / female 4-wo offspring: 6-7 / 4 SHR, 5-8 / 5-9 SHR-TAU, 5-7 / 5 WKY).
Perinatal taurine had no significant influence on gene expression of Tert, p16Ink4a, Bax/Bcl-
2, SOD2, SOD3 or catalase in the left ventricle in SHR in adulthood (Sl 5).

Discussion

Our research shows that maternal taurine supplementation (3 g/l) during pregnancy and
lactation is associated with a reduction in SBP in adult offspring. Of note, although treatment
with taurine significantly reduced SBP in SHR, it remained elevated compared to that in
WKY rats.

Findings on morphometric evaluations suggest that perinatal treatment with taurine, when
initiated in utero, would be partially effective in improving structural alterations of the aortic
artery. Decreased cardiac(17,20,36) and renal(20) hypertrophies in taurine-treated SHRs
has been previously demonstrated, reinforcing the notion that the blood pressure- lowering
effect of taurine also led to a decrease in hypertension-induced organ hypertrophy.
However, according to our results, perinatal exposure to taurine has no benefits on end
organ structure of the heart and kidney in SHR. In accordance, it was formerly reported that
perinatal exposure to L-arginine and antioxidant supplements had no effect on kidney
hypertrophy in SHR(4).
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Several studies have shown that senescence can be triggered either by telomeric DNA
instability resulting from telomere erosion (replicative senescence) or following exposure to
multiple types of stress (stress-induced senescence), such as oxidative stress and DNA
damage(37). We have anteriorly shown through meta-analysis that leukocyte telomere
length (LTL), a novel biomarker for age and age-related diseases, is shorter in hypertensive
than in normotensive individuals(38). Because offspring had no contact with taurine from the
time point of weaning, changes in SBP represents long lasting effects. We proposed that
exposure to taurine in the intrauterine and postnatal period may lead to permanent
modifications such as changes in telomere length in target tissues. RTL in cardio-vascular
tissues from perinatally supplemented SHR showed no difference with respect to control
SHR. However, according to our results, maternal taurine treatment was associated with an
increase in Tert gene expression in aorta, at least in males at 22-wo. Some studies have
shown effects of taurine on telomere length, e.g. the average RTL measured by RT-PCR in
livers of aging mice was positively correlated with blood levels of taurine(39). In rabbits,
taurine treatment diminished the intimal hyperplasia associated with oxidative stress in iliac
arteries, while also partially reversed the decrease in telomere shortening(37). Telomere
size may play a prominent role in the etiology of arterial vascular remodelling in genetic
hypertension; however, we were not able to detect changes in RTL or in the transcript levels
of Tert in SHR.

Growth, apoptosis, low-grade inflammation, and vascular fibrosis are all dynamic processes
that have been invoked to contribute to arterial remodelling in hypertension(40). Xiao F et al
have reported increased Bcl-2/Bax mRNA and protein ratios in the aortic vascular smooth
muscle cells (SMCs) of SHR aged 16-wo(41). However; data about Bax and Bcl-2 in the
aorta are scarce and potentially controversial(38). It has been suggested that
antihypertensive therapy may contribute to regression of vascular wall growth via activation
of pro-apoptotic mechanisms(26,40,42).The correction of aortic SMC hyperplasia may
contribute to the normalization of mechanical properties of the vessel wall, therefore
restoring vascular compliance of conductance arteries(42). Accordingly, increased Bax/Bcl-2

ratio in aorta from SHR treated with enalapril or amlodipine in comparison to untreated SHR
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was previously described(26). Furthermore, apoptosis in SMCs is enhanced transiently
during the regression of aortic hypertrophy in SHR treated with different classes of
antihypertensive drugs(43,44). Losartan induced a synchronous wave of apoptosis in SMCs,
as evidenced e.g. by a transient increase in Bax/Bcl-2 ratio(45). In the present study, both
Bax/Bcl-2 ratio and p53 were increased in SHR-TAU males, suggesting that the beneficial
effect on blood pressure of perinatal supplementation with taurine in male SHR may be in
part a result of vascular hypertrophy regression. In females, exposure to taurine from
conception until weaning has shown to decrease both Bax/Bcl-2 ratio and p53 expression in
the aortic arch. The mechanisms of the sexual dimorphism involved in the observed
changes in Bax/Bcl-2 mRNA ratio and p53 mRNA are unclear; however, beyond marked
sexual dimorphism, perinatal taurine through programming would prevent the decrease in
Bax/Bcl-2 ratio in SHR. In a recent study, Liang W et al reported that 3% taurine attenuated
the progression of vessel wall injury, and promoted the apoptosis of vascular SMCs via up-
regulation of Bax protein and down-regulation of Bcl-2 protein(46). Further analyses are
necessary to study the role of perinatal taurine on apoptosis in arterial walls.

Nitric oxide (NO), generated within vascular endothelium by eNOS, is the principal agent
that regulates blood pressure by causing relaxation of vascular SMCs in conduit arteries(47).
Our results were in accordance with previous reports. The expression of eNOS transcript in
aorta of 25-wo male SHR, tested by quantitative RT-PCR, has previously probed to be
decreased with respect to WKY(48). Concerning the mechanism through which perinatal
taurine may act it is surely multifactorial, nonetheless putative mechanisms whereby
perinatal taurine improve oxidative stress may be due to 1) an ability to regulate NO
synthases that generate NO; 2) an ability to regulate enzymes such as NAD(P)H oxidase
that generate free radicals; or 3) an ability to regulate antioxidant enzymes, including SODs,
which metabolize free radicals. In the present study, eNOS gene expression in the aorta was
affected by perinatal taurine, suggesting that this sulphur amino acid may increase NO
production, thereby contributing to the prevention of endothelial dysfunction and
hypertension. A beneficial effect of taurine has been formerly described in aortas from

diabetic and protein restricted rats (49). Future functional studies should assess the effect of
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perinatal taurine supplementation on the endothelium-dependent vasodilation. On the other
hand, our results revealed that the beneficial effects of taurine supplementation appear not
to be related to programmed antioxidant activity. Of note, in the present study perinatal
taurine has shown to up-regulate both Tert and eNOS gene expression. A relationship
between Tert expression and activity and eNOS/NO activation has been previously
described(50-52).

The present study has some limitations that should be taken into consideration before
drawing conclusions. The failure to reach significance in secondary outcomes could possibly
be a type 2 error due to the limited sample size and sex-specific effects. Some maternal
effects seem to be sex specific, suggesting a possible role of sex hormones, particularly
oestrogen, in these effects. It was previously demonstrated that taurine can promote the
secretion of prolactin, follicle-stimulating hormone and luteinizing hormone in female rats,
also stimulating the levels of oestrogen and progesterone (53). Previous studies have shown
gender-specific effects of maternal taurine supplementation (54-58). Koeners MP et al have
found a more pronounced antihypertensive effect of perinatal treatment with a mixture of
micronutrients, including taurine, in male than in female genetically hypertensive rats (58). It
has been hypothesized that oxidative stress may not be as important in mediating
hypertension in female as in male rats (59). Further studies of the mechanisms underlying
sexual dimorphism are of substantial significance for the development of gender-specific
strategies to ameliorate or prevent disease later in life. On the other hand, since alterations
in mMRNA levels may not necessarily reflect changes in corresponding proteins, further
studies are required to hypothesis testing. Finally, through the current study design it is not
possible to determine if the observed effects are a consequence of the decrease in maternal
blood pressure during pregnancy and lactation or a consequence of direct or indirect effects
on the fetus or on pre-weaning offspring. Maternal blood pressure certainly could play a role.
Available data suggest that the hypotensive effect of taurine does not occur through one
specific mechanism but rather through multiple mechanisms(22). On the other hand, it is
also possible that taurine would have a beneficial effect on other maternal outcomes. More

experimental studies are required to unveil the mechanisms resulting in blood pressure
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programming. Taurine supplementation has been proposed to play a role in mediating
inflammatory processes in SHR(60). It is therefore possible that the beneficial effects of
perinatal taurine may be also attributed to anti-inflammatory actions on maternal or neonatal
metabolic parameters.

Although SHR have responded only moderately to perinatal taurine treatment, our findings
supports the possibility of improving the genetically hypertensive state by manipulating the
early environment. In males, the blood pressure lowering effects of taurine supplementation
appear to be related, at least in part, to the upregulation of eNOS and increased
programmed apoptosis. Because of the long-lasting effect of maternal taurine treatment on
gene expression, our future directions are to examine for epigenetic changes that are
influenced by perinatal taurine. A recent study has shown that maternal treatment of SHR
with pentaerythritol tetranitrate during the pregnancy and lactation periods leads to a
persistent blood pressure reduction in the offspring, which was associated with upregulation
of eNOS, SOD2, GPx1, and HO-1 and modifications in the promoter regions of eNOS,
SOD2 and HO-1genes(8).

Unravelling the plethora of mechanisms resulting in the programming phenomenon could
lead to simple maternal interventions aimed to ameliorate both increasing prevalence of
common diseases and public health costs.

Methods

Information concerning experimental animals and ethical statement is available at SI 6.
Experimental design

After acclimatization for one week, adult (12-wo) virgin SHR females were randomly divided
into two experimental groups: SHR and SHR-TAU. SHR-TAU dams received taurine (3 g/l)
in drinking water (n= 12) from the time point of mating to the end of the lactation period.
Untreated SHR (n= 10) and WKY rats (n= 8) were used as controls. Dams were housed in
individual cages except during mating. Water intake was monitored across pregnancy and
lactation periods in order to ensure that the daily drug intake was consistent across each

pregnant rat (Sl 7).
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Pups were culled to 6-8 after birth. Offspring’s body weights were measured daily until
weaning and weekly until termination of the experiment. SBP was measured once a week by
indirect tail-cuff method using a sphygmomanometer as previously described(61). The first
measurement was performed at 13-wo after a period of 4 weeks of acclimation. Each weekly
value corresponds to at least 3 independent measurements taken in a 5 minute period. Rats
were intensively handled and trained in order to reduce stress as much as possible. Fasting
animals were euthanized at 4 or 22 weeks via cervical dislocation and decapitation. Right
kidneys were isolated, dried and weighed to calculate the kidney weight / body weight ratio.
Heart was also excised and weighed and the cardiac hypertrophy index was calculated
dividing the heart weight by the body weight in each animal. The left ventricle was isolated
leaving the interventricular septum as an integral part of the left ventricle. The aortic arch,
the iliac and mesenteric arteries were also excised and cleaned of adhesive fat and
connective tissue. All tissues were quickly snap-frozen and stored in —=76-C until nucleic acid
extraction. A portion of the thoracic aortic was fixed in 10% formalin for morphometry
analysis.

Aortic morphometry analysis

Fixed thoracic aortic segments were embedded in paraffin and cut into traversal 5 pm-thick
slices that were stained with hematoxylin and eosin. Images were obtained with a
microscope (Olympus BX50) coupled to an adapted camera (Olympus DP50).
Morphometrical analysis was performed by two different blinded operators using Scion
Image 4.2 for Windows software. Three slides with 5 semi-serial (1 section every 25 um)
sections each, i.e. a total of 15 sections, were obtained from each sample. Analysis and
calculations included the determination of lumen, CSA, wall thickness (Wt) and the ratio of
the wall thickness to the lumen diameter (Wt/lumen).

RNA preparation and Real Time PCR for quantitative assessment of mRNA
expression

We investigated mRNA expression of genes encoding Bcl-2, Bax, p53, eNOS, SOD2,
SOD3, catalase, Tert and p16Ink4a. Total RNA was extracted with the use of the modified

phenol extraction step method of Chomczynski and Sacchi(62). The RNA pellets were re-
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suspended in RNase-free water, and the RNA concentration was quantified by measuring
the absorbance at 260 nm in a nanodrop (Nanodrop ND-1000, Thermo Fisher Scientific
Inc.). cDNA synthesis was performed by RT-PCR using 1-3ug of mRNA template, the
Moloney Murine Leukemia Virus (Easy Script Reverse Transcriptase M-MLV, RNAse H-)
Reverse Transcriptase and oligo(dT) primers according to manufacturer’s protocol. PCRs
were performed in a 7500 Real-Time PCR System (Applied Biosystems) using the KAPA
SYBR® FAST gPCR Kit Master Mix (2x) Universal (Kapa Biosystems) and following the
manufacturer’s instructions. Each RT-PCR quantification experiment was performed in
duplicate and all samples were tested blind to the experimental groups. The relative
abundance of the target gene mRNA was normalized to the amount of a housekeeping gene
[beta-2 microglobulin (B2m)] to carry out comparisons between the groups Sl 8A. Specific
primers are shown in S| 8B.

DNA isolation and measurements of relative telomere length

An assay based on real-time quantitative PCR was used for RTL measurement based on a
method that uses a ratio of telomere DNA signal intensity to single-copy gene signal
intensity (SI 8C)(63). DNA was isolated from frozen tissues using a sequential nucleic acid
extraction method developed in our lab (full protocol available under request). DNA
concentration was measured with a spectrophotometer and samples were diluted to a
concentration of 10 ng/uL. mtDNA content was also estimated as described in S| 8D.
Statistical analysis

Our primary outcomes were: 1) change in SBP, 2) change in cardiac hypertrophy, and 3)
change in aortic morphometry between SHR and SHR-TAU. Sample size was sufficient to
detect a 12% difference with 80% power. Values are expressed as mean £ SEM to estimate
the population mean from the sample data. All statistical analyses were carried out using the
Statistica program package V7.0. Analyses were performed separately in each sex. Bartlett
test was used to determine the homogeneity of variances and the Kolmogorov-Smirnov
normality test was used to examine if variables were normally distributed. One-way analysis
of variance (ANOVA) was employed to compare the means of three or more independent

data sets. Planned (a priori) comparisons of Least Squares means were also performed.
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The nonparametric Kruskal-Wallis test was used when the assumptions of normality of
ANOVA were not met. For SBP analysis, the effects of blood pressure and the effects of
perinatal taurine were separately analysed by the Kruskal-Wallis ANOVA test and ANOVA
for repeated measurements respectively. A nominal significance threshold of P= 0.05 (two-

sided) was set for all analyses(64).

Acknowledgements

The authors declare no competing financial interests. This study was supported by grants
from Agencia Nacional de Promocion Cientifica Tecnolégica (PICT-2015-1567) and
Universidad de Buenos Aires. ALB and MLT are members of Consejo Nacional de

Investigaciones Cientificas y Técnicas.

References

1. Barker DJP, Eriksson JG, Forsén T, Osmond C. Fetal origins of adult disease:
strength of effects and biological basis. Int J Epidemiol 2002 Dec;31(6):1235-9.

2. Nuyt AM. Mechanisms underlying developmental programming of elevated blood
pressure and vascular dysfunction: evidence from human studies and experimental
animal models. Clin Sci 2008 Jan 1;114(1):1-17.

3. Mcmillen IC, Robinson JS, I.C. M, J.S. R. Developmental Origins of the Metabolic
Syndrome: Prediction, Plasticity, and Programming. Physiol Rev. 2005 Apr;85(2):571—
633.

4. Racasan S, Braam B, van der Giezen DM, Goldschmeding R, Boer P, Koomans HA,
et al. Perinatal | -Arginine and Antioxidant Supplements Reduce Adult Blood Pressure
in Spontaneously Hypertensive Rats. Hypertension. 2004 Jul;44(1):83-8.

5. Koeners MP, van Faassen EE, Wesseling S, de Sain-van der Velden M, Koomans
HA, Braam B, et al. Maternal Supplementation With Citrulline Increases Renal Nitric
Oxide in Young Spontaneously Hypertensive Rats and Has Long-Term
Antihypertensive Effects. Hypertension. 2007 Dec;50(6):1077—-84.

6. de Queiroz DB, Ramos-Alves FE, Fernandes RL, Zuzu CP, Duarte GP, Xavier FE.

This article is protected by copyright. All rights reserved



10.

11.

12.

13.

14.

15.

16.

Perinatal L-arginine and antioxidant supplements reduce adult blood pressure but not
ameliorate the altered vascular function in spontaneously hypertensive rats. J Physiol
Biochem. 2010 Dec 24;66(4):301-9.

Noyan-Ashraf MH, Wu L, Wang R, Juurlink BHJ. Dietary approaches to positively
influence fetal determinants of adult health. FASEB J. 2006 Feb;20(2):371-3.

Wu Z, Siuda D, Xia N, Reifenberg G, Daiber A, Minzel T, et al. Maternal treatment of
spontaneously hypertensive rats with pentaerythritol tetranitrate reduces blood
pressure in female offspring. Hypertens (Dallas, Tex 1979). 2015 Jan;65(1):232-7.
Franconi F, Loizzo A, Ghirlanda G, Seghieri G. Taurine supplementation and diabetes
mellitus. Curr Opin Clin Nutr Metab Care. 2006 Jan;9(1):32—6.

Das J, Vasan V, Sil PC. Taurine exerts hypoglycemic effect in alloxan-induced diabetic
rats, improves insulin-mediated glucose transport signaling pathway in heart and
ameliorates cardiac oxidative stress and apoptosis. Toxicol Appl Pharmacol. 2012 Jan
15;258(2):296-308.

Ghosh J, Das J, Manna P, Sil PC. Taurine prevents arsenic-induced cardiac oxidative
stress and apoptotic damage: Role of NF-kB, p38 and JNK MAPK pathway. Toxicol
Appl Pharmacol. 2009 Oct 1;240(1):73-87.

Lerdweeraphon W, Wyss JM, Boonmars T, Roysommuti S. Perinatal taurine exposure
affects adult oxidative stress. Am J Physiol Integr Comp Physiol. 2013 Jul
15;305(2):R95-7.

Abebe W, Mozaffari MS. Role of taurine in the vasculature: an overview of
experimental and human studies. Am J Cardiovasc Dis. 2011; 1(3):293-311

Yamori Y, Taguchi T, Hamada A, Kunimasa K, Mori H, Mori M. Taurine in health and
diseases: Consistent evidence from experimental and epidemiological studies. In:
Journal of Biomedical Science. 2010. August. 17 Suppl 1(Suppl 1):S6.

Ito T, Miyazaki N, Schaffer S, Azuma J. Potential Anti-aging Role of Taurine via Proper
Protein Folding: A Study from Taurine Transporter Knockout Mouse. In: Advances in
experimental medicine and biology. 2015. p. 481-7.

Yasuo N, Yukio Y, Lovenberg W. Effect of dietary taurine on blood pressure in

This article is protected by copyright. All rights reserved



17.

18.

19.

20.

21.

22.

23.

24.

25.

spontaneously hypertensive rats. Biochem Pharmacol. 1978;27(23):2689-92.
Yamamoto J, Akabane S, Yoshimi H, Nakai M, lkeda M. Effects of taurine on stress-
evoked hemodynamic and plasma catecholamine changes in spontaneously
hypertensive rats. Hypertens (Dallas, Tex 1979).;7(6 Pt 1):913-22.

Abe M, Shibata K, Matsuda T, Furukawa T. Inhibition of hypertension and salt intake
by oral taurine treatment in hypertensive rats. Hypertens (Dallas, Tex 1979). 1987
Oct;10(4):383-9.

Wang B, Sun Q, Li Y, Li P, Xia W, Liu D, et al. OS 12-04 Taurine supplementation
lowers blood pressure and reduces carotid intima-media thickness in prehypertension.
J Hypertens. 2016 Sep;34:e76—7.

Trachtman H, Pizzo R Del, Rao P, Rujikarn N, Sturman JA. Taurine Lowers Blood
Pressure in the Spontaneously Hypertensive Rat by a Catecholamine Independent
Mechanism. Am J Hypertens. 1989 Dec;2(12_Pt_1):909-12.

Fujita T, Ando K, Noda H, Ito Y, Sato Y. Effects of increased adrenomedullary activity
and taurine in young patients with borderline hypertension. Circulation. 1987
Mar;75(3):525-32.

Sun Q, Wang B, Li Y, Sun F, Li P, Xia W, et al. Taurine Supplementation Lowers
Blood Pressure and Improves Vascular Function in Prehypertension: Randomized,
Double-Blind, Placebo-Controlled Study. Hypertens (Dallas, Tex 1979). 2016
Mar;67(3):541-9.

Militante JD, Lombardini JB. Treatment of hypertension with oral taurine: Experimental
and clinical studies. Amino Acids. 2002 ;23(4):381-93.

Horie R, Yamori Y, Nara Y, Sawamura M, Mano M, R. H, et al. Effects of sulphur
amino acids on the development of hypertension and atherosclerosis in stroke-prone
spontaneously hypertensive rats. J Hypertens Suppl. 1987; Dec;5(5):S223-5.
Scabora JE, de Lima MC, Lopes A, de Lima IP, Mesquita FF, Torres DB, et al. Impact
of taurine supplementation on blood pressure in gestational protein-restricted
offspring: Effect on the medial solitary tract nucleus cell numbers, angiotensin

receptors, and renal sodium handling. J Renin Angiotensin Aldosterone Syst. 2015

This article is protected by copyright. All rights reserved



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mar 6;16(1):47-58.

Sharifi AM, Schiffrin EL. Apoptosis in vasculature of spontaneously hypertensive rats
effect of an angiotensin converting enzyme inhibitor and a calcium channel antagonist.
1998 Sep;11(9).

Shi X, Bai Y, Ke Y, Chen R, Lin X, Chen L, et al. Ageing-related aorta remodelling and
calcification occur earlier and progress more severely in rats with spontaneous
hypertension. Histol Histopathol. 2018 Jul;33(7):727-36.

Fortufio MA, Ravassa S, Etayo JC, Diez J. Overexpression of Bax protein and
enhanced apoptosis in the left ventricle of spontaneously hypertensive rats: effects of
AT1 blockade with losartan. Hypertens (Dallas, Tex 1979). 1998 Aug;32(2):280-6.
Lee RM, Berecek KH, Tsoporis J, McKenzie R, Triggle CR. Prevention of hypertension
and vascular changes by captopril treatment. Hypertens (Dallas, Tex 1979). 1991
Feb;17(2):141-50.

Lee HC, Yin PH, Lu CY, Chi CW, Wei YH. Increase of mitochondria and mitochondrial
DNA in response to oxidative stress in human cells. Biochem J. 2000 Jun 1;348 Pt
2:425-32.

Leary SC, Michaud D, Lyons CN, Hale TM, Bushfield TL, Adams MA, et al.
Bioenergetic remodeling of heart during treatment of spontaneously hypertensive rats
with enalapril. Am J Physiol Circ Physiol. 2002 Aug;283(2):H540-8.

Westhoff JH, Hilgers KF, Steinbach MP, Hartner A, Klanke B, Amann K, et al.
Hypertension induces somatic cellular senescence in rats and humans by induction of
cell cycle inhibitor p16INK4a. Hypertens (Dallas, Tex 1979). 2008 Jul;52(1):123-9.
Hamet P, Richard L, Dam T V, Teiger E, Orlov SN, Gaboury L, et al. Apoptosis in
target organs of hypertension. Hypertens (Dallas, Tex 1979). 1995 Oct;26(4):642-8.
Hamet P. Proliferation and apoptosis of vascular smooth muscle in hypertension. Curr
Opin Nephrol Hypertens. 1995 Jan;4(1):1-7.

Hamet P, deBlois D, Dam T V, Richard L, Teiger E, Tea BS, et al. Apoptosis and
vascular wall remodeling in hypertension. Can J Physiol Pharmacol. 1996
Jul;74(7):850-61.

This article is protected by copyright. All rights reserved



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Chahine R, Hanna J, Bassil C, Rihana N, Mounayar A, Greige H. Beneficial effect of
taurine in spontaneous hypertensive rats: Implication of its antioxidant activity. African
J Pharm Pharmacol. 2010;4(12):874-7.

Ozsarlak-Sozer G, Kerry Z, Gokce G, Oran |, Topcu Z. Oxidative stress in relation to
telomere length maintenance in vascular smooth muscle cells following balloon
angioplasty. J Physiol Biochem. 2011 Mar 6;67(1):35-42.

Spitler KM, Matsumoto T, Webb RC. Suppression of endoplasmic reticulum stress
improves endothelium-dependent contractile responses in aorta of the spontaneously
hypertensive rat. Am J Physiol Circ Physiol. 2013 Aug 1;305(3):H344-53.

Gokarn R, Solon-Biet S, Youngson NA, Wahl D, Cogger VC, McMahon AC, et al. The
Relationship Between Dietary Macronutrients and Hepatic Telomere Length in Aging
Mice. de Cabo R, editor. Journals Gerontol Ser A. 2018 Mar 14 73(4):446-9.
Intengan HD, Schiffrin EL. Vascular remodeling in hypertension: roles of apoptosis,
inflammation, and fibrosis. Hypertens (Dallas, Tex 1979). 2001 Sep;38(3 Pt 2):581-7.
Xiao F, He F, Chen H, Lin S, Shen A, Chen Y, et al. Qingxuan Jiangya Decoction
Reverses Vascular Remodeling by Inducing Vascular Smooth Muscle Cell Apoptosis
in Spontaneously Hypertensive Rats. Molecules. 2016 Jul 22;21(7):956.

Doyon M, Hale TM, Huot-Marchand J-E, Wu R, de Champlain J, deBlois D. Does
atorvastatin induce aortic smooth muscle cell apoptosis in vivo? 2011 Jan;54(1-2):5—
12.

deBlois D, Tea BS, Than VD, Tremblay J, Hamet P. Smooth muscle apoptosis during
vascular regression in spontaneously hypertensive rats. Hypertens (Dallas, Tex
1979). 1997 Jan;29(1 Pt 2):340-9.

Tea BS, Der Sarkissian S, Touyz RM, Hamet P, deBlois D. Proapoptotic and growth-
inhibitory role of angiotensin Il type 2 receptor in vascular smooth muscle cells of
spontaneously hypertensive rats in vivo. Hypertens (Dallas, Tex 1979). 2000
May;35(5):1069-73.

Marchand E-L, Der Sarkissian S, Hamet P, deBlois D. Caspase-Dependent Cell Death
Mediates the Early Phase of Aortic Hypertrophy Regression in Losartan-Treated

This article is protected by copyright. All rights reserved



46.

47.

48.

49.

50.

51.

52.

53.

54.

Spontaneously Hypertensive Rats. Circ Res. 2003 Apr 18;92(7):777-84.

Liang W, Yang Q, Wu G, Lin S, Yang J, Feng Y, et al. Effects of Taurine and I-Arginine
on the Apoptosis of Vascular Smooth Muscle Cells in Insulin Resistance Hypertensive
Rats. In: Advances in experimental medicine and biology. 2017. p. 813-9.

Endemann DH, Schiffrin EL. Endothelial Dysfunction. J Am Soc Nephrol. 2004 Aug
1;15(8):1983-92.

Han X, Ling S, Gan W, Sun L, Duan J, Xu J-W. 2,3,5,4’-tetrahydroxystilbene-2-O-3-d-
glucoside ameliorates vascular senescence and improves blood flow involving a
mechanism of p53 deacetylation. Atherosclerosis. 2012 Nov;225(1):76-82.

Guizoni DM, Vettorazzi JF, Carneiro EM, Davel AP. Modulation of endothelium-
derived nitric oxide production and activity by taurine and taurine-conjugated bile
acids. Nitric oxide Biol Chem. 2019 Oct 24;94:48-53.

Matsushita H, Chang E, Glassford AJ, Cooke JP, Chiu CP, Tsao PS. eNOS activity is
reduced in senescent human endothelial cells: Preservation by hTERT
immortalization. Circ Res. 2001 Oct 26;89(9):793-8.

Li X, Deng Y, Zhao S, Zhang D, Chen Q. Injection of hTERT-Transduced Endothelial
Progenitor Cells Promotes Beneficial Aortic Changes in a High-Fat Dietary Model of
Early Atherosclerosis. Cardiology. 2017;136(4):230—40.

Hayashi T, Matsui-Hirai H, Miyazaki-Akita A, Fukatsu A, Funami J, Ding Q-F, et al.
Endothelial cellular senescence is inhibited by nitric oxide: Implications in
atherosclerosis associated with menopause and diabetes. Proc Natl Acad Sci. 2006
Nov 7;103(45):17018-23.

Mu T, Yang J, Li Z, Wu G, Hu J. Effect of taurine on reproductive hormone secretion in
female rats. Vol. 803, Advances in Experimental Medicine and Biology. Springer New
York LLC; 2015. p. 449-56.

Li M, Reynolds CM, Sloboda DM, Gray C, Vickers MH. Maternal taurine
supplementation attenuates maternal fructose-induced metabolic and inflammatory
dysregulation and partially reverses adverse metabolic programming in offspring. J
Nutr Biochem. 2015 Mar;26(3):267-76.

This article is protected by copyright. All rights reserved



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Tang C, Marchand K, Lam L, Lux-Lantos V, Thyssen SM, Guo J, et al. Maternal
taurine supplementation in rats partially prevents the adverse effects of early-life
protein deprivation on B-cell function and insulin sensitivity. Reproduction. 2013
Jun;145(6):609-20.

Roysommuti S, Suwanich A, Lerdweeraphon W, Thaeomor A, Jirakulsomchok D,
Wyss JM. Sex dependent effects of perinatal taurine exposure on the arterial pressure
control in adult offspring. Adv Exp Med Biol. 2009;643:135—44.

Li M, Reynolds CM, Sloboda DM, Gray C, Vickers MH. Effects of Taurine
Supplementation on Hepatic Markers of Inflammation and Lipid Metabolism in Mothers
and Offspring in the Setting of Maternal Obesity. PLoS One. 2013; Oct
17;8(10):e76961.

Koeners MP, Braam B, van der Giezen DM, Goldschmeding R, Joles JA. Perinatal
micronutrient supplements ameliorate hypertension and proteinuria in adult fawn-
hooded hypertensive rats. Am J Hypertens. 2010 Jul ;23(7):802-8.

Lopez-Ruiz A, Sartori-Valinotti J, Yanes LL, lliescu R, Reckelhoff JF. Sex differences
in control of blood pressure: Role of oxidative stress in hypertension in females. Vol.
295, American Journal of Physiology - Heart and Circulatory Physiology. 2008.
Aug;295(2):H466-74.

Chen VCH, Hsu TC, Chen LJ, Chou HC, Weng JC, Tzang BS. Effects of taurine on
resting-state fMRI activity in spontaneously hypertensive rats. PLoS One. 2017; Jul
10;12(7):e0181122.

Rosselli MS, Burguefo AL, Carabelli J, Schuman M, Pirola CJ, Sookoian S. Losartan
reduces liver expression of plasminogen activator inhibitor-1 (PAI-1) in a high fat-
induced rat nonalcoholic fatty liver disease model. Atherosclerosis. 2009;206(1).
Chomzynski P. Single-Step Method of RNA Isolation by Acid Guanidinium
Thiocyanate—Phenol-Chloroform Extraction. Anal Biochem. 1987 Apr;162(1):156-9.
Cawthon RM. Telomere measurement by quantitative PCR. Nucleic Acids Res. 2002
May 15;30(10):47e — 47.

Ludbrook J. Comments on Journal Guidelines for reporting statistics. Clin Exp
Pharmacol Physiol. 2005 Apr;32(4):324—6.

This article is protected by copyright. All rights reserved



Table 1 Morphometric parameters in the thoracic aorta at 22-weeks old

males females
SHR SHR-TAU WKY SHR SHR-TAU WKY
Lumen | 1629.00+17.80 | 1581.74+14.19 | 1526.03+54.35 * | 1399.86+20.89 | 1357.55+18.73 | 1267.19+34.49 **
Wit 152.08+2.54 142.11+4.78 95.2047.94 ** 118.92+2.49 120.76+3.76 88.93+1.59 ***
Wt/lumen 9.34+0.15 8.99+0.31 6.31+0.73 *** 8.5148+0.27 8.90+0.23 7.03240.19 ***
CSA 859.00+24.29 | 785.69+26.41 # | 502.16+26.19 *** | 583.99+12.95 | 568.21+22.56 | 388.21+£12.89 ***
CSA/BW 2.16+0.05 1.88+0.05 ** 1.22+0.06 *** 2.49+0.09 2.38+0.09 1.70£0.10 ***

Footnote: Lumen (um), wall thickness (Wt, um), Wt/lumen, cross-sectional area x1000 (CSA,
mm?) and CSA/ body weight (CSA/BW, mm?/mg) in SHR, SHR-TAU and WKY are shown as
mean = SEM. Planned contrasts (vs. SHR) showing differences are indicated as follows: *
P<0.05, ** P<0.01, ** P<0.001. # indicates P=0.06. N male / female offspring: 5/5 SHR, 5/
6 SHR-TAU, 4 / 4 WKY.
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Figure legends

Figure 1 Systolic Blood Pressure

Footnote: SBP was registered from week 13 after a period of acclimation in SHR (circle),
SHR-TAU (square) and WKY (triangle). Planned contrasts (SHR vs. SHR-TAU) showing
differences are indicated as follows: * P<0.05 and ** P<0.01. Data are plotted as mean *
SEM. N male / female offspring: 7 / 7-9 SHR, 8-9 / 10-11 SHR-TAU, 9/ 6-7 WKY.

Figure 2 mtDNA content in the left ventricle

In Figure: mtDNA in SHR (black), SHR-TAU (grey) and WKY (white) is plotted as the mean
+ SEM. Analyses were performed separately in each sex. Planned contrasts (4 vs. 22-wo)
showing statistical differences are indicated with an asterisk. Significant level was taken at
P<0.05. N 4-wo offspring: 10 SHR, 9 SHR-TAU, 8 WKY. N 22-wo offspring: 9 SHR, 9 SHR-
TAU, 10 WKY.

Figure 3 Relative telomere length

Footnote: Relative telomere length (RTL) in SHR (black), SHR-TAU (grey) and WKY (white)
is plotted as mean + SEM. Planned contrasts (4 vs. 22-wo) showing statistical differences
are indicated with an asterisk. N male / female 4-wo offspring: 7-8 / 6-8 SHR, 10/ 9-10 SHR-
TAU, 5-7 / 6-7 WKY. N male / female 22-wo offspring: 6-7 / 7-9 SHR, 7-8 / 9-11 SHR-TAU, 9
/ 6-7 WKY.

Figure 4 Gene expression in the aortic arch

Footnote: The data in SHR (black), SHR-TAU (grey) and WKY (white) is plotted as mean +
SEM. Contrasts (vs. SHR) showing differences are indicated as follows: * P<0.05, ** P<0.01,
*** P<0.001. N male / female 22-wo offspring: 5-7 / 5-7 SHR, 6-8 / 5-9 SHR-TAU, 5-9 / 5-7
WKY.
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