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Preface to “Animal Models for Study of
Pathophysiological Mechanisms of Hypertension and
Its Complications”

Essential hypertension is still an important health care problem. It is necessary to investigate
its mechanisms especially in animal models. The potential clinical importance of such experimental
research might be expected. This Special Issue is concerned with several important topics. First,
several studies were focused on the pathophysiological mechanisms responsible for (a) blood
pressure elevation during hypertension development [1-3], (b) organ damage in chronic hypertension
[4,5], and (c) drugs targeting hypertension and/or its complications [6-8]. Other studies were
interested in the participation of (a) central and peripheral blood pressure control [9], (b) changes
in vascular structure and function [3,10], and (c) neural, humoral, and endocrine factors [11-13].
Furthermore, the contribution of (a) altered redox signaling [9,14], (b) chronic inflammation (6),
(c) microbiome changes (14), and (d) interactions of genetic and environmental factors [3,15]
were evaluated in multiple papers. Finally, special attention was paid to the progress in (a)
pharmacological tools for the control of hypertension and associated organ damage [4-6], (b)
genetic modifications to alter blood pressure levels [16], and (c) non-pharmacological interventions
attenuating hypertension or its complications [17]. The original articles or reviews covered the
interesting aspects of the pathophysiology of hypertension and associated end-organ damage, the use
of various experimental hypertensive models, and the importance of specific environmental factors
acting in distinct phases of the ontogeny. We especially appreciate the presentation of new ideas and

the critical discussion of traditional theories.
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Abstract: Hypertension is the leading cause of global disease burden. Hypertension can arise from early
life. Animal models are valuable for giving cogent evidence of a causal relationship between various
environmental insults in early life and the hypertension of developmental origins in later life. These
insults consist of maternal malnutrition, maternal medical conditions, medication use, and exposure to
environmental chemicals/toxins. There is a burgeoning body of evidence on maternal insults can shift
gut microbiota, resulting in adverse offspring outcomes later in life. Emerging evidence suggests that
gut microbiota dysbiosis is involved in hypertension of developmental origins, while gut microbiota-
targeted therapy, if applied early, is able to help prevent hypertension in later life. This review
discusses the innovative use of animal models in addressing the mechanisms behind hypertension
of developmental origins. We will also highlight the application of animal models to elucidate how
the gut microbiota connects with other core mechanisms, and the potential of gut microbiota-targeted

Citation: Tain, Y-L.; Hsu, C-N. therapy as a novel preventive strategy to prevent hypertension of developmental origins. These animal

Hypertension of Developmental models have certainly enhanced our understanding of hypertension of developmental origins, closing

Origins: Consideration of Gut the knowledge gap between animal models and future clinical translation.

Microbiome in Animal Models.

Biomedicines 2022, 10, 875. Keywords: developmental origins of health and disease (DOHaD); gut microbiota; hypertension;
https:/ /doi.org/10.3390/ short chain fatty acid; oxidative stress; probiotics; prebiotics; renin-angiotensin system
biomedicines10040875
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1. Introduction
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Hypertension is the most common chronic disease and yields considerable morbid-
ity and mortality globally [1]. Because of the multifactorial nature of hypertension, the
use of various animal models, which evoke hypertension by different mechanismes, is
Publisher’s Note: MDPIstays neutral  advantageous for unraveling disease pathogenesis and developing novel antihypertensive
with regard to jurisdictional claimsin  drugs [2—4]. Though we are seeing tremendous progress on experimental hypertension,
published maps and institutional affil-  the prevalence of hypertension is still high and continues to rise worldwide [5].
jations. Epidemiological and animal studies support that hypertension may be programmed in
utero [6-9]. The association between fetal development and increased risk of adult disease has
emerged as the concept of developmental origins of health and disease (DOHaD) [10]. A wide
spectrum of early-life insults can evoke developmental programming resulting hypertension
later in life. These insult stimuli include, but are not limited to, maternal malnutrition
(both under- and overnutrition), maternal medical conditions, environmental exposure to
toxins/chemicals, lifestyle changes, and medicines taken during pregnancy [7-9,11-14].

Over the past decade, the pathogenesis behind hypertension of developmental ori-
Attribution (CC BY) license (https:// gins has not been fully elucidated, but data from animal models have proposed several
creativecommons.org/licenses,/by / key mechanisms [14]. Until now, the proposed mechanisms consist of aberrant renin—
1£0/). angiotensin system (RAS), oxidative stress, reduced nephron numbers, gut microbiota
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dysbiosis, dysregulated nutrient-sensing signals, sex differences, epigenetic regulation,
etc. [7-9,11-14]. Among them, the interaction between the gut microbiota and the host
implicated in hypertension has received significant interest [15-18]. Despite gut microbiota
dysbiosis being observed in multiple animal models of hypertension [15,16], too little
attention has been paid to its role in hypertension of developmental origins.

Although blood pressure (BP) is considered with a multifactorial pattern of inheritance,
genome-wide association studies cumulatively could only explain ~3.5% of BP trait variabil-
ity [19]. Accordingly, it is likely that the influence of environmental and epigenetic factors on
the developmental programming of hypertension should receive wider recognition. Notably,
maternal insults can impair gut microbiota composition and function, leading to adverse
offspring outcomes later in life [20]. Conversely, review elsewhere indicted that early-life
gut microbiota-targeted therapies have benefits on the prevention of the developmental
programming of adult disease, including hypertension [21]. All this raises the notion that we
need to pay more attention to prevent and not just treat hypertension, with a focus on the
influence of dysbiotic gut microbiota on hypertension of developmental origins. Accordingly,
animal models would likely be very useful in unraveling these actions.

In this review, we describe the role of gut microbiota implicated in animal models
used for studying the developmental programming of hypertension. Therefore, we sum-
marize the contributions of animal models linking the gut microbiota to developmental
programming of hypertension, which helps in developing valuable strategies to prevent
hypertension from happening. We specifically focus on addressing gut microbiota-targeted
therapies such as probiotics, prebiotics, and postbiotics as a reprogramming strategy for
prevention of hypertension of developmental origins.

In view of the above, a search was performed in the electronic bibliographic database
PubMed /MEDLINE. Search terms were as follows: “developmental programming”, “DO-
HaD”, “animal model”, “ 7, “gestation”, “offspring”, “progeny”, “prenatal”,

pregnancy”,
“perinatal”, “mother”, “maternal”, “reprogramming”, “gut microbiota”, “probiotics”, “pre-
biotics”, “postbiotics”, “synbiotics”, “blood pressure”, and “hypertension.” Relevant ab-
stracts were identified and reviewed to identify appropriate studies. Suitable published

articles in English were included, without restriction of the time of publication.

s s 7

2. Hypertension of Developmental Origins: Choice of Animal Models

Compared to animal models of essential hypertension established in prior research [2,3],
the etiologies of hypertension of developmental origins and underlying pathogenic mecha-
nisms are more complex [14]. Animal models of hypertension of developmental origins can
be categorized in different ways (Figure 1).

Firstly, these models can be classified according to early-life adverse conditions. Nutri-
tional programming is the most common type of animal model being studied in the field of
DOHaD research [22]. Dietary caloric or protein restriction in animals mimics the starvation
linked to famine in human cohorts [23,24]. Imbalance of maternal nutrition can have long-
term changes in BP, resulting hypertension in adult offspring [25]. Inadequate or excessive
intake of a specific nutrient has been established to induce hypertension of developmental
origins in animal models, as reviewed elsewhere [11,26]. These models of undernutrition
related to hypertension of developmental origins include, but are not limited to, caloric re-
striction [27], protein restriction [28], and deficiencies in sodium [29], calcium [30], zinc [31],
iron [32], methyl donor nutrients (choline; vitamins B2, B6, and B12; folic acid; and me-
thionine) [33], and vitamin D [34]. On the other hand, overnutrition characterized by the
consumption of a high-fat [35,36], high-fructose [37,38], or high-protein diet [39] by rodent
mothers also leads to early programming of hypertension in the offspring. Additionally,
animal models resembling maternal medical conditions have also been evaluated in de-
velopmental programming of hypertension. These models include hypertensive disorders
of pregnancy [40], preeclampsia [41], diabetes [42], chronic kidney disease (CKD) [43],
maternal hypoxia [44], etc. Furthermore, chemical and medication exposures during
pregnancy increase the risk of developing hypertension in offspring [13,14]. Prenatal ex-
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Maternal Medical
Conditions

Environmental
Chemicals/Toxins

Medication use

posure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [45], bisphenol A [46], nicotine [47],
caffeine [48], cyclosporine [49], gentamicin [50], tenofovir [51], minocycline [52], or glu-
cocorticoids [53] has been reported to induce hypertension of developmental origins in
various animal models.

Classification of Animal Models

Oxidative Stress
Maternal Malnutrition

Aberrant RAS

Epigenetic
Regulation

Hypertension
of Developmental
Origins

Early-Life
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Inflammation

Small Animal

Large Anlmy

Figure 1. The classification of major animal models for studying hypertension of developmental origins.

Secondly, animal models can be classified based on molecular mechanisms. In view
of different early-life adverse environmental factors producing the same outcome, that
is to say hypertension in adult offspring, there might be core mechanisms underlying
hypertension of developmental origins. These mechanisms include gut microbiota dysbio-
sis [21], oxidative stress [12], aberrant RAS [54], reduced nephron numbers [7], dysregulated
nutrient-sensing signals [55], sex differences [56,57], epigenetic regulation [58], inflamma-
tion [9,14], nitric oxide (NO) deficiency [59], etc. Up to date, various animal models have
been developed to test such proposed mechanisms. Because of the multifactorial nature
of developmental hypertension, the use of various animal models, each of which induces
hypertension by a different mechanism yet with the same end result, is advantageous. This
approach would allow for a novel and effective reprogramming intervention targeting a
specific molecular pathway to be adopted for preventions and therapies.

Lastly, animal models in DOHaD research can be classified according to species [60].
Diverse large- and small-animal models have been used, each with its own natural ad-
vantages and disadvantages [8]. Former reviews demonstrated that cow [61], sheep [62],
rat [27], and mice [63] have be used to study hypertension of developmental origins [14].
Considering that rat models are cost-effective and easy to maintain and breed, they became
the most common species used in the research field of DOHaD-related hypertension [14].
Although nonhuman primates [64], swine [65], rabbits [66], and guinea pig [67] have been
studied for cardiovascular outcomes induced by maternal insult stimuli, none of them have
been reported for examining hypertension of developmental origins.
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Rats are by far the most often used species in the field of primary hypertension re-
search. Of these, the spontaneously hypertensive rat (SHR) without any doubt is the most
popular strain [2]. However, the majority of the rat strains used for studying developmental
hypertension are Sprague-Dawley (SD) or Wistar [14]. In view of the genetic background
of SHR, offspring develops hypertension spontaneously without programming induced by
early-life insults, weakening its application in studying hypertension of developmental ori-
gins. Hence, the choices of animal models between essential hypertension and hypertension
of developmental origins are quite different. Many more aspects of animal models need to
be taken into further consideration, such as the timing of organogenesis [68], life cycle [69],
gestation period [70], litter size [71], offspring outcomes, than in human studies [72], and
valuable therapeutic interventions need to be evaluated and validated [14].

Together, it is noted that remarkable advances in hypertension of developmental
origins have been originated from animal models. However, what is missing in the literature
is animal models used for studying hypertension-related complications. Although elevated
BP is the core feature of human hypertension, its morbidity and mortality occur with
complications in the heart, brain, kidneys, and vessels. The contributions of early-life
insults to these hypertension-related complications later in life in an organ-dependent
manner have not yet been well-studied in the above-mentioned animal models.

3. Gut Microbiota: Choice of Animal Models

Trillions of bacteria living in the gut—the gut microbiota—coexist with the host in a
mutually beneficial relationship [73]. Microbiota refers to all the microorganisms found in
the environment, while the term microbiome refers to the collection of genomes from all
microorganisms in a given environment. A variety of environmental factors can cause the
disturbance of gut microbiota (i.e., dysbiosis), which in turn can influence human health
and disease. Although the influence of gut microbiota in hypertension has been extensively
reviewed elsewhere [15-18], less attention was paid to exploring its role in hypertension of
developmental origins.

Directly after birth, microbes colonize the neonatal gut immediately [74]. These alter-
ations continue until three years of age and mediate the transition toward an adult-like
gut microbiota [75]. During pregnancy and lactation, the mothers share gut microbes and
microbial metabolites with their offspring, which highlights the importance of maternal
influences in the development of early-life gut microbiota [76]. A diversity of early-life
factors governs the establishment of the gut microbiota, such as maternal medical condi-
tions, gestational age, types of delivery, antibiotic exposure, formula feeding, and ecological
factors [74-77].

So far, animal models have been broadly established to investigate human diseases
in gut microbiota research [78]. Figure 2 illustrates various approaches to alter the gut
microbiota in animal models of disease. Several gut microbiota-targeted therapies have
been used to alter gut microbiota compositions and its derived metabolites. These inter-
ventions consist of probiotics, prebiotics, synbiotics, postbiotics, etc. [14]. The embryo
transfer (ET) method is considered the gold standard for gut microbiota transfer. Addi-
tionally, researchers often use other methods to transfer the gut microbiota, such as fecal
microbiota transfer (FMT), co-housing (CH), or cross-fostering (CF) [78].

Several gut microbiota-targeted therapies have shown to alter the gut microbiome.
Probiotics (i.e., live beneficial microbes) and prebiotics (i.e., substances in foods that pro-
mote the growth of healthy microbes) are the most commonly used gut microbiota-targeted
modalities in clinical practice [79]. Synbiotics refer to a mixture comprising probiotics and
prebiotics that also confers a health benefit [79]. In addition, the use of substances leased or
produced through gut microbial metabolism, namely postbiotics, have shown an influence
on gut microbiota compositions and metabolites [80].
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Figure 2. Different approaches to altering the gut microbiota. (A) Gut microbiota-target therapy;
(B) embryo transfer; (C) fecal microbiota transfer; (D) cross-foster; (E) co-house. FMT = fecal micro-
biota transfer; GM = gut microbiota; GM1 = transferred gut microbiota; GM2 = GM + GM1.

In the approach to transfer embryos, they are collected from the gut microbiome
recipient and surgically transferred to a pseudopregnant donor dam [78]. Accordingly, the
recipient pups obtain the vaginal microbiota from the donor dam through vaginal delivery.
Nevertheless, this method needs considerable costs and expertise, making it inaccessible
for many labs. Using the FMT approach, feces or fecal contents from donors are transferred
to recipient animals via gastric gavage. Germ-free mice or antibiotics-treated depleted
microbiota animals are commonly used as recipients [81].

Another commonly used method is CH, wherein recipients are co-housed with a donor
after weaning [82], leading to the transfer of the donor gut microbiome through coprophagy
and grooming [82]. Although the co-housing approach is easy and low-cost, the transfer of
the gut microbiota after the critical developmental period results an incomplete transfer as
well as a hybridized gut microbiome. When the recipient pups are housed in cages with the
donor dam within 24 h after birth, the CF method allows the recipients to obtain most of
their gut microbiota from the donor dam [78]. Compared to CH, the CF approach transfers
the gut microbiota from an early age during the maternal care process.

All these methods each carry certain advantages and limitations. Researchers should
thus be mindful of these method-related differences in the context of the transfer methods
used for studying the role of the gut microbiota on hypertension of developmental origins.

4. Gut Microbiota in Hypertension of Developmental Origins

There is mounting evidence to support the pathogenic interconnection between the gut
microbiome and hypertension [15-18]. However, there is paucity of information regarding
the influence of the gut microbiota on the developmental programming of hypertension
later in life. Therefore, most data obtained from patients with established hypertension and
knowledge received from animal models of essential hypertension might be extrapolated
to hypertension of developmental origins.
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4.1. Gut Microbiota and BP Regulation

A great deal of work on the influence of the gut microbiota and its derived metabolites
on BP regulation has been conducted. First, data from several genetic hypertensive rat
models (e.g., SHR) indicated that the gut microbiota of hypertensive rats is dysbiotic and
significantly different from the microbiota of normotensive control rats [15]. Gut microbiota
dysbiosis was also noted for other hypertension models such as animals treated with
high salt [83], angiotensin II [84], and deoxycorticosterone acetate-salt [85]. Another line
of evidence comes from germ-free animals. The absence of microbiota in germ-free rats
resulted with relative hypotension compared with their conventionalized counterparts,
suggesting an essential role of gut microbiota in BP regulation [86]. Additionally, germ-free
mice that received FMT from a hypertensive human donor developed a gut microbiota
similar to that of their donor, as well as elevated BP [87]. There are observations that
microbial metabolites are involved in BP homeostasis. Short chain fatty acids (SCFAs) are
the main metabolites produced during bacterial fermentation of carbohydrates. SCFAs
are generally known to regulate BP via activating their SCFA receptor, including olfactory
receptor 78 (Olfr78), G protein-coupled receptors (GPR) GPR41, GPR43, and GRP109A [88].
Another example is trimethylamine-N-oxide (TMAO). TMAO is a small colorless amine
oxide produced by gut microbiota metabolism [89]. A high TMAO level correlates with
CVD mortality [90]. Fourth, the uses of probiotics [91] or prebiotics [92] have shown
benefits on hypertensive patients.

4.2. Animal Models Linking Gut Microbiota Dysbiosis to Hypertension of Developmental Origins

Much work investigating the actions of the gut microbiome has directly studied the
hypertension models, yet relatively little data exists on its programming effect related
to hypertension of developmental origins. A summary of animal studies indicating the
association between dysbiotic gut microbiota and developmental hypertension in adult
offspring is provided in Table 1 [40,52,93-106].

The current review is only restricted to early-life insults starting in the pregnancy
and/or lactation period. Table 1 shows that rats are the most common species being
used. A variety of early-life insults have been reported to induce developmental hyperten-
sion, accompanying alterations of the gut microbiota, including a maternal high-fructose
diet [93-95], maternal high-fructose diet plus TCDD exposure [96], maternal high-fat/high-
cholesterol diet [97], maternal high-fat and/or post-weaning high-fat diet [98,99], ges-
tational hypertension [40,100], maternal CKD [43], maternal dyslipidemia [101], mater-
nal NC-nitro-L-arginine-methyl ester (L-NAME) administration plus postnatal high-fat
diet [102], maternal administration of minocycline [52], maternal TMAQO and asymmet-
ric dimethylarginine (ADMA) exposure [103], maternal TCDD exposure [104,105], and
prenatal androgen exposure [106].

Table 1 lists the timing of hypertension determined from rat models, with age ranging
from 12 weeks to four months. As every month of an adult rat corresponds to three human
years [55], the observed periods correspond with humans from childhood to early adulthood.

4.3. Gut Microbiota Dysbiosis in Hypertension of Developmental Origins

The study of the gut microbiome in animal models of developmental hypertension
mainly focuses on four types of dysbiosis: loss of diversity, decreases in beneficial microbes,
shifts in key taxa, and alterations of microbial metabolites. A schematic summarizing the
gut microbiota and a possible molecular pathway linked to hypertension of developmental
origins is presented in Figure 3.
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Table 1. Animal models reporting hypertension of developmental origins associated with dysbiotic

gut microbiota.

Animal Models Species/Gender Age at Measure Alterations of Gut Microbiota Ref.
. . Decreased renal GPR41 and
Maternal high-fructose diet SD rat/M 12 weeks GPR43 expression [93]
Decreased plasma TMA level;
. . reduced abundance of genus
Maternal high-fructose diet SD rat/M 12 weeks Akkermansia and phylum [94]
Verrucomicrobia
Maternal plus Decreased abundance of genera
post-weaning high-fructose SD rat/M 12 weeks Bacteroides, Dysgonomonas, and [95]
diet Turicibacter
Maternal high-fructose diet Increased abundance of genus
and TCDD exposure SDrat/M 12 weeks Gordonibacter [%6]
Maternal high-fat and . . .
high-cholesterol diet Wistar rat/M 90 days Decreased «-diversity [97]
Maternal plus An increased F/B ratio; a
- b . SD rat/M 16 weeks reduction of genera Lactobacillus [98,99]
post-weaning high-fat diet .
and Akkermansia
An increased abundance of the
. genera Bifidobacterium,
Maternal hypertension SHR/M 12 weeks Lactobacillus, Turicibacter, and [40]
Akkermansia
Maternal hypertension SHR/M 12 weeks An increased F/B ratio [100]
An increased F/B ratio; a
reduction of genera
Bifidobacterium, Ruminococcus,
Maternal CKD SDrat/M 12 weeks Alistipes; decreased acetate and [43]
butyrate in the plasma; and
increased plasma TMAO level.
. . . A decrease of genera
Maternal dyslipidemia Wistar rat/M and F 24 weeks Lactobacillus abundance [101]
Maternal L-NAME
administration plus SD rat/M 16 weeks An increased F/B ratio [102]
post-weaning high-fat diet
An increase F/B ratio, and
Maternal minocycline decreased genera Lactobacillus,
administration SD rat/M 12 weeks Ruminococcus, and Odoribacter (52]
abundance
Maternal TMAO and Decreased abundance of
ADMA exposure SDrat/M 12 weeks Erysipelotrichaceae family (103]
Decreased o-diversity, and
increased F/B ratio, and a
Maternal TCDD exposure SD rat/M 12 weeks decreased abundance of genera [104,105]
Ruminococcus, Roseburia, and
Odoribacter
Prenatal androgen An increased abundance of
& Wistar rat/F 4 months bacteria associated with [106]

exposure

production of SCFAs.

Studies tabulated according to animal models, and age at measure; SD = Sprague-Dawley; SHR = spontaneously
hypertensive rat; M = male; F = female; CKD = chronic kidney disease; TCDD = 2,3,7,8-tetrachlorodibenzo-p-
dioxin; ADMA = asymmetric dimethylarginine; GPR41 = G protein-coupled receptor 41; GPR43 = G protein-
coupled receptor 43; TNA = trimethylamine; TMAO = trimethylamine N-oxide; L-NAME = NC-nitro-L-arginine-

methyl ester; F/B ratio = Firmicutes to Bacteroidetes (F/B) ratio; SCFA = short chain fatty acid.



Biomedicines 2022, 10, 875

Gut Microbiota Dysbiosis

Lot H @ Composition of
Increased TMA/TMAD 4 Gut Microbiota
production

Decreases ina-diversity and
beneficial microbes; increases in
F/B ratio, etc

\ . Microbiota-Derived Metabolites
Increased tryptophan-derived metabolites,

Interaction with Other

SCFAs and Receptors ﬁ%-

Dysragulated SCFA-

producing microbes, SCFA activation of AhR signaling pathway and
production, and their Core Mechanisms Thi7/Thl response
raceptors
-
g%
- @ %‘\
«* . -
.
Oxidative Stress inflammation and Aberrant RASS

N
Hypertension of Developmental Origins

Figure 3. Overview of the gut microbiota and potential molecular mechanisms related to hypertension of
developmental origins. SCFA short chain fatty acid. TMAO = trimethylamine N-oxide; TMA = trimethy-
lamine; SCFA = short chain fatty acid; RAS = renin-angiotensin system; TH17 = T helper 17 cells;
THI1 =T helper 1 cells; F/B ratio = Firmicutes to Bacteroidetes ratio; AhR = aryl hydrocarbon receptor.

4.3.1. Alterations in Gut Microbiota Compositions

First, a-diversity is decreased in models of maternal high-fat and high-cholesterol
diet [97] and maternal TCDD exposure [104,105]. A similar pattern of gut dysbiosis was
reported in several hypertensive animal models [15]. Second, a maternal plus post-weaning
high-fat diet programming offspring’s hypertension coincides with an increased Firmicutes
to Bacteroidetes (F/B) ratio and a reduction of genera Lactobacillus and Akkermansia [98,99].
This was found to be consistent with hypertension models showing the F/B ratio was
increased and served as a microbial marker of hypertension [15]. Likewise, the increase of
the F/B ratio is noted in other models of developmental hypertension programmed by a
variety of maternal insults, including CKD [43], minocycline administration [52], hyperten-
sion [100], L-NAME administration plus high-fat diet [102], and TCDD exposure [104,105].
Both Akkermansia and Lactobacillus are known as one of the beneficial probiotic bacterial
strains [107,108]. Decreases of certain beneficial microbes were also found in develop-
mental models of hypertension, like maternal minocycline administration [52], maternal
high-fructose diet [94], maternal hypertension [40], maternal dyslipidemia [101], and ma-
ternal TCDD exposure [104,105].

4.3.2. SCFAs and Their Receptors

Notably, an association between microbiota-derived metabolites and hypertension has
been found in several models of developmental hypertension [43,93,94,106].

SCFAs, the main metabolites produced by the gut microbiota, have one to six carbon
atoms (C1-C6), mainly consisting of acetic acid (C2), propionic acid (C3), and butyric
acid (C4) [88]. In SHR, hypertension is associated with decreased abundance of acetate-
and butyrate-producing bacteria [15]. Similarly, SCFAs and their receptors are involved in
hypertension of developmental origins, as reported in several animal models [52,93,106].
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In a model of maternal administration of minocycline, minocycline-induced hyper-
tension is associated with a reduction of plasma acetate and butyrate [52]. Another report
demonstrated that dam rats receiving a 60% fructose diet caused offspring’s hypertension,
coinciding with an increased plasma acetate level and a reduction of renal GPR41 and
GPR43 expression [93]. As acetate is a ligand for GPR41 to induce vasodilatation, and
Olfr78 exhibits vasoconstrictive action [109], these findings support the notion that SCFAs
and their receptors contribute to maternal high-fructose-diet-induced hypertension in adult
offspring. Additionally, maternal garlic oil therapy protects against offspring hyperten-
sion programmed by a high-fat diet, which is related to increased acetate, butyrate, and
propionate, as well as their producing microorganisms [110]. Moreover, maternal SCFA
supplementation have been reported to be protective on hypertension of developmental
origins [85,94]. These findings support the notion that SCFAs and their receptors might be
a crucial mechanism behind developmental programming of hypertension.

4.3.3. TMAO

TMAO is an end-product of microbial carnitine and choline metabolism [89]. TMAO is
converted from trimethylamine (TMA) by flavin-containing monooxygenase (FMO). TMAO
is able to activate nuclear factor-kB (NF-kB) signaling, enhance leukocyte-endothelial
cell adhesion, and induce inflammatory gene expression, all of which are related to the
development of hypertension [111].

Maternal exposure to TMAO results in hypertension in adult male offspring [103]. Con-
versely, microbe-dependent TMA and TMAO formation can be inhibited by 3,3-dimethyl-1-
butanol (DMB), a structural analogue of choline [112].

In a maternal high-fructose diet model, maternal DMB therapy showed protection
against hypertension in adult rat offspring, which was relevant to the reduction of TMA and
TMAQO levels [94]. Another study demonstrated that perinatal resveratrol therapy protected
adult rat offspring against maternal CKD-induced hypertension, which was associated with
a decrease of the TMAO-to-TMA ratio [113]. These observations suggest a pathogenic link
between the TMAO metabolic pathway and hypertension of developmental origins.

4.4. Core Mechanisms Linking to Gut Microbiota

Considering that various early-life insults during fetal development produce the same
outcome—hypertension in adulthood—there might be some core mechanisms involved
in the pathogenesis of hypertension of developmental origins. A number of mechanisms
so far have been proposed, such as aberrant RAS, oxidative stress, reduced nephron
numbers, dysregulated nutrient-sensing signals, inflammation, sex differences, epigenetic
regulation [7-9,11-14]. Among them, some are interconnected to gut microbiota dysbiosis
and will be discussed in turn.

4.4.1. Oxidative Stress

During pregnancy, the presence of excessive reactive oxygen species (ROS) under
suboptimal in utero conditions may prevail over the defensive antioxidant system and
compromise fetal development, leading to oxidative stress damage [114]. A review else-
where indicated that there are various types of in utero insult stimuli linked to oxidative
stress in mediating hypertension of developmental origins [115]. The main mechanisms
underlying the actions of oxidative stress-related hypertension of developmental origins
include increased ROS-producing enzyme expression [116], increased ROS formation [117],
decreased antioxidant capacity [118], impaired NO signaling pathway [27], increased lipid
peroxidation [119], increased oxidative DNA damage [43], and increased peroxynitrite
production [120].

Data from several animal models listed in Table 1 shows that the connections be-
tween gut microbiota dysbiosis and oxidative stress may be involved in the pathogenesis
of programmed hypertension, including maternal CKD [43], high-fructose diet [95], and
high-fat diet models [110]. Gut microbial communities are able to elicit redox signaling and
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maintain host-microbiota homeostasis [121]. An imbalance in the redox state can lead to
inflammatory responses and gut damage, resulting in gut microbiota dysbiosis. In a mater-
nal CKD model, offspring developed hypertension related to increased oxidative stress and
impaired NO signaling [43]. In a subsequent study, perinatal resveratrol therapy protected
adult offspring against hypertension programmed by maternal CKD, accompanied with
reshaping the gut microbiota and reducing oxidative stress concurrently [113].

Together, oxidative stress may work together with the gut microbiota under hyperten-
sion of developmental origins. More attention needs to be paid to evaluate how the gut
microbiota interconnects with oxidative stress to elicit organ-specific programming processes
behind hypertension, and whether antioxidant therapy in pregnancy may also benefit the
gut microbiota to protect adult offspring against hypertension of developmental origins.

4.4.2. Aberrant RAS

The RAS is a major regulatory network that maintains BP, and blockade of the RAS
has emerged as a therapeutic option for hypertension [122]. An increasing number of
animal models linked to aberrant RAS are now being developed to evaluate hypertension
of developmental programming, as reviewed elsewhere [54].

Within the RAS, regulation is achieved through a cascade of proteases generating
some bioactive peptides [122]. The classical RAS consists of angiotensin-converting en-
zyme (ACE), angiotensin (ANG) I, and angiotensin II type 1 receptor (AT1R). Activation
of the classical RAS elicits vasoconstriction and inflammation under pathophysiological
conditions, consequently resulting in hypertension and its related complications [123].

On the other hand, the nonclassical RAS is composed of ACE2/angiotensin-(1-7)
(Ang-(1-7))/Mas receptor/ ANG II type 2 receptor (AT2R), by which it can counterbalance
the adverse effects of ANG II [124]. A growing body of evidence supports that aberrant
RAS plays a key role in developmental hypertension, and RAS-based interventions can be
used as a reprogramming strategy to prevent hypertension [54].

Mounting evidence suggests a bidirectional interaction between the gut microbiota
and RAS; alterations in RAS shift microbiota composition and metabolic activity, while gut
microbiota-derived metabolites can modulate the gut RAS [125]. Through regulation of
intestinal amino acid transport, prior research reported that ACE2 plays a key non-catalytic
role in gut biology and modulation of the gut microbiota [126].

Adult rat progeny of CKD mothers developed hypertension, coinciding with decreased
expression of Mas receptor and AT2R [43]. In another high-fructose diet plus TCDD exposure
model, 3,3-dimethyl-1-butanol (DMB) therapy protected against hypertension, coinciding
with a reduction of AT1R but an increase of AT2R protein abundance, as well as reshaping the
gut microbiota [96]. Other developmental hypertension models such as a perinatal high-fat
diet [99], maternal administration of minocycline [52], and maternal TMAO plus ADMA
exposure [103] also interfere with aberrant RAS and gut microbiota dysbiosis.

As gut microbiota dysbiosis has been linked to hypertension by modulating the
systemic and local RAS [127], these observations endorse the idea that the interaction
between the RAS and the gut microbiota implicates the pathogenesis of developmental
programming of hypertension, although this remains speculative.

4.4.3. Inflammation and Immune Response

Pregnancy is considered a physiologic systemic inflammatory response; compromised
pregnancies and associated complications may be attributed to inflammation [128]. The
accumulation of T cells, monocyte/macrophages, and T cell-derived cytokines is involved
in the pathogenesis of hypertension [129]. An imbalance of T regulatory cells (Treg) and T
helper 17 (TH17) cells has been linked to hypertension [129], which can be restored by post-
biotic therapy [130]. In CKD, the interplay between Treg/TH17 balance and inflammation
has also been related to hypertension [131]. Treg and TH17 cells can both be regulated by
aryl hydrocarbon receptor (AhR) [132].
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It is noted that several microbial tryptophan metabolites are uremic toxins as well
as AhR ligands. AhR signaling can initiate inflammation through increasing monocyte
adhesion, upregulating proinflammatory gene expression, reducing NO bioavailability, and
inducing the expression of endothelial adhesion molecules [133]. Several gut microbiota-
derived uremic toxins, like indoleacetic acid and indoxyl sulfate, have pro-oxidant, proin-
flammatory, procoagulant, and proapoptotic effects, all of which are involved in the patho-
genesis of hypertension [134].

Using a rat model of maternal CKD-induced hypertension, we observed that maternal
tryptophan therapy preventing offspring’s hypertension coincides with restoration of the
AhR signaling pathway and several tryptophan-metabolizing microbes [134]. Another
study showed that TCDD-induced programming hypertension is related to TH17-induced
renal inflammation, the activation of AhR signaling, and alterations of gut microbiota
compositions [105]. In contrast, TCDD-induced activation of AhR signaling and TH17
responses can be restored by perinatal supplementation with resveratrol, an AhR antagonist.
Additionally, resveratrol is reported to have benefits on offspring hypertension in several
developmental hypertension models [45,46,95,102].

Although results from animal models support the role of inflammation and immunity
on hypertension of developmental origins, more research is required to gain comprehensive
insight into their interconnections with the gut microbiota and develop therapeutic potential
of inflammation- or immune-targeted therapies in hypertension of developmental origins
and associated organ damage.

5. Reprogramming Strategy: Gut Microbiota-Targeted Therapy

The idea from DOHaD research creates opportunities to reverse the programming
process, namely reprogramming, by early intervention aiming to prevent hypertension of
developmental origins later in life [135]. Current literature on animal studies for hypertension
of developmental origins supports that gut microbiota-targeted therapy can work as a
reprogramming strategy to prevent hypertension induced by various early-life insult stimuli.

Animal Models Used for Reprogramming

Here, we show Table 2 that summarizes studies documenting microbiota-targeted
reprogramming therapies in animal models of developmental hypertension, restricting
those starting before or upon disease onset [93,94,96,99,103,105,110,113,134,136,137]. The
therapeutic duration is from pregnancy through lactation, which cover the periods of
organogenesis. The literature review states that gut microbiota-targeted strategies used to
prevent hypertension include probiotics, prebiotics, postbiotics, and dietary nutrients.

Table 2 illustrates that the most commonly used species are rats. Several models of de-
velopmental hypertension have been used to examine gut microbiota-targeted interventions,
such as maternal high-fructose diet [93,94], perinatal high-fat diet [99,110,136], perinatal
TCDD exposure [105], maternal adenine-induced CKD [113,134,137], maternal TMAO and
ADMA exposure [103], and maternal high-fructose intake plus TCDD exposure [96].

Despite probiotics and prebiotics showing benefits in hypertension [91,92], there was
very limited evidence in regard to their role on hypertension of developmental origins.
Probiotic treatment with Lactobacillus casei in pregnancy and lactation prevents the devel-
opment of hypertension in adult male rat offspring raised on a maternal high-fructose
diet [93] or perinatal high-fat diet model [99].

As a prebiotic, inulin has a protective effect in hypertension of developmental ori-
gins [93,99]. A previous study using a maternal high-fructose model demonstrated that
perinatal inulin treatment protects against offspring’s hypertension, accompanied by in-
creased abundance of Lactobacillus, the most-known probiotic strain [93]. Another study
demonstrated that perinatal supplementing with inulin protects against maternal high-
fructose-diet-induced hypertension, accompanied by increases of plasma propionate con-
centrations [99].
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Table 2. Summary of animal models documenting gut microbiota-targeted therapies for hypertension
of developmental origins.

Gut Microbiota-Targeted Therapies Animal Models Species/Gender  Age at Evaluation  Ref.
Probiotics
Daily oral gavage of Lactobacillus casei . .
(2 x 108 CFU/day) Maternal high-fructose diet SD rat/M 12 weeks [93]
Daily oral gavage of Lactobacillus casei . . .
@ x 108 CFU/ day) Perinatal high-fat diet SD rat/M 16 weeks [99]
Prebiotics
5% w/w long chain inulin Maternal high-fructose diet SD rat/M 12 weeks [93]
5% w/w long chain inulin Perinatal high-fat diet SD rat/M 16 weeks [99]
S Maternal TMAO and
Resveratrol (50 mg/L) in drinking water ADMA exposure SD rat/M 12 weeks [103]
Resveratrol (50 mg/L) in drinking water Perinatal ;rncogg exposure SD rat/M 12 weeks [105]
Resveratrol (50 mg/L) in drinking water Maternal a?;,(n];ne—mduced SD rat/M 12 weeks [113]
Daily oral gavage of garlic oil (100 mg/kg/day) Perinatal high-fat diet SD rat/M 16 weeks [110]
Postbiotics
Magnesium acetate iig?eTmOI/L) in drinking Maternal high-fructose diet SD rat/M 12 weeks [94]
1% DMB in drinking water Maternal high-fructose diet SD rat/M 12 weeks [94]
o . L Maternal high-fructose diet
1% DMB in drinking water and TCDD exposure SD rat/M 12 weeks [96]
1% conjugated linoleic acid Maternal high-fat diet SD rat/M 18 weeks [136]
Dietary Nutrients
Daily oral gavage of tryptophan Maternal adenine-induced
(200 mg /kg/day) CKD SD rat/M 12 weeks [134]
Daily oral gavage of L- or D-cysteine Maternal adenine-induced
(8 mmol/kg/day) CKD SD rat/M 12 weeks [137]

Studies tabulated based on types of intervention and animal models. TCDD = 2,3,7,8-tetrachlorodibenzo-p-dioxin;
CKD = chronic kidney disease; TMAO = trimethylamine-N-oxide; ADMA = asymmetric dimethylarginine;
SD = Sprague-Dawley rat; DMB = 3,3-maternal dimethyl-1-butanol.

Additionally, resveratrol could be used to protect against adult disease of develop-
mental origins due to its probiotic properties [138]. Studies using a maternal TMAO plus
ADMA exposure rat model indicate that adult rat progeny born to dams exposed to uremic
toxins develop hypertension [103]. Nonetheless, maternal resveratrol therapy rescues from
hypertension programmed by TMAO plus ADMA exposure, accompanied by increased
butyrate-producing bacteria and fecal butyrate level.

Another study demonstrated that adult rat progeny born to dams exposed to TCDD
have hypertension [105], which is related to activation of AhR signaling, induction of TH17-
dependent renal inflammation, and shifts of gut microbiota compositions [105]. Conversely,
the induction of TH17- and AhR-mediated inflammation can be counterbalanced by perinatal
resveratrol supplementation. The beneficial effects of resveratrol are also relevant to reshaping
the gut microbiota by augmenting microbes that can inhibit TH17 responses and reducing
the F/B ratio. In a maternal CKD model, adult rat progeny developed renal hypertrophy and
hypertension [82]. Perinatal resveratrol therapy protects from hypertension, accompanied
by restoration of microbial richness and diversity and an increase in beneficial microbes,
Lactobacillus and Bifidobacterium [113]. Nevertheless, the low bioavailability of resveratrol
limits its clinical translation [139]. In this regard, we synthesized resveratrol butyrate ester
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(RBE) from resveratrol and butyrate by esterification to improve the efficacy [140]. We
recently found that low-dose RBE (25 mg/L) is as effective as resveratrol (50 mg/L) in
protecting against CKD-induced hypertension [141], despite the beneficial effect of RBE in
models of developmental hypertension awaiting further evaluation.

Although there are many other prebiotic foods, only garlic oil has shown benefits
on protection of perinatal high-fat-diet-induced hypertension in adult progeny [110]. The
beneficial effects of garlic oil include increased x-diversity; increased plasma acetate,
butyrate, and propionate; and increased beneficial bacteria Lactobacillus and Bifidobacterium.

In addition to probiotics and prebiotics, postbiotics are another gut microbiota-targeted
modality. Postbiotics include various components like microbial cell fractions, extracellular
vesicles, cell lysates, extracellular polysaccharides, functional proteins, cell wall-derived
muropeptides, etc. [80]. Nevertheless, very limited information exists regarding the use of
postbiotics in hypertension. As a postbiotic, acetate for perinatal supplementing showed
benefits on maternal high-fructose-diet-induced hypertension [94].

Additionally, two studies demonstrated that maternal DMB therapy, an inhibitor of
TMA formation, protects from hypertension in adult rat progeny exposed to maternal high-
fructose diet with or without TCDD exposure [94,96]. Its beneficial effect was accompanied
by affection of the metabolic pathway of TMA-TMAO and reshaping the gut microbiota.
Another example of postbiotics use for hypertension of developmental origins is conjugated
linoleic acid. One study showed the benefit of conjugated linoleic acid, a gut microbial
metabolite derived from dietary polyunsaturated fatty acids, on high-fat-diet-induced
hypertension [136].

Moreover, dietary nutrients have also been applied as gut microbiota-targeted thera-
pies for hypertension of developmental origins. Former reviews have sufficiently illustrated
the impact of diet on the gut microbiome [142,143]. Prior research demonstrating that spe-
cific nutrient intake can be beneficial to protecting from hypertension of developmental
origins in various animal models [26,144]. These nutrients include folic acid [145], vi-
tamin E [146], polyunsaturated fatty acids [147], and certain amino acids [27,148,149].
However, very few of them have been studied about their impact in gut microbiota re-
lated to developmental hypertension. One recent study showed that L-cysteine therapy
protects adult offspring against maternal CKD-induced hypertension, associated with
enhancement of beneficial genera Oscillibacter and Butyricicoccus, as well as depletion of
indole-producing genera Alistipes and Akkermansia [137]. Another study reported that
tryptophan supplementation during gestation prevents maternal CKD-induced offspring
hypertension. The protective effect of tryptophan supplementation is related to alterations
to several tryptophan-metabolizing microbes and the AHR signaling pathway [134].

Notably, increasing evidence supports the notion that altered gut microbial com-
position and function is evident in hypertension that can be evoked with diets high in
salt [83,150-152]. Although maternal high salt consumption has been associated with
offspring hypertension [29], much remains to be elucidated about the interplay between
gut microbiota with high-sodium diets and the role of low-salt diet as a reprogramming
strategy for hypertension of developmental origins.

Together, current evidence from animal models supports that modulation of gut micro-
biota compositions and its derived metabolites through gut microbiota-targeted therapies,
in the long term, may enable the capacity to prevent the development of hypertension in a
desired favorable direction.

6. Conclusions and Perspectives

Animal models have made significant contributions to research in hypertension of
developmental origins, giving rise to substantial evidence of an interconnection between
early-life insult stimuli, gut microbiota dysbiosis, and hypertension in adulthood. Our
review provides insights into the importance of animal models not only in investigating un-
derlying mechanisms behind hypertension of developmental origins, but also in developing
early-life gut microbiota-targeted therapy to help prevent hypertension in later life. Consid-
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ering that hypertension is a major hallmark of metabolic syndrome, aforementioned animal
models may be potential models to evaluate developmental programming of metabolic
syndrome-related disorders, not to mention that the link between gut microbiota and
metabolic syndrome have been extensively discussed in many research papers [153,154].

Animal models are generally considered an intermediate step between bench and
human trials. While animal studies are a regulatory requirement for validating preliminary
experimental data, animals will remain indispensable in research for some time [155].
However, alternative approaches to animal models need to be investigated and adopted.
The integration of computer models with modeling in vitro tissues and organs should be
considered as alternative protocols to reduce the use of animals in scientific research [156].

To move the field forward, some unsolved aspects toward clinical translation need to
be considered. Despite abovementioned early-life insults having been identified in animal
models of developmental hypertension, there may be more risk factors in nature that can
adversely influence the BP of adult progeny awaiting to be discovered.

Another important aspect is that the implication of the gut microbiota transfer early
in life to the development of hypertension is still unknown, although FMT has been ex-
tensively studied in microbiome-associated pathologies, including hypertension [78,81,82].
However, currently, little information exists about their potential application in hyperten-
sion of developmental origins.

Animal studies suggest that early use of certain prebiotics, probiotics, or postbiotics
may prevent the developmental programming of hypertension, while the exact mecha-
nisms have not been entirely elucidated. What is absent in the literature is whether other
prebiotic-rich foods or prebiotic-like components, either individually or in combination,
in pregnancy and lactation can also change the gut microbiota to protect adult progeny
against hypertension in various animal models.

In conclusion, gut microbiota dysbiosis is a meaningfully pathogenetic link for hyper-
tension of developmental origins. Each of the aforementioned animal models was applied
to examine a specific hypothesis, and neither can be considered superior in respect of
all aspects of research on hypertension of developmental origins. After all this greater
understanding of animal models used for DOHaD research and remarkable growth in gut
microbiota-targeted therapies, we believe that translating this growing body of evidence
into clinical practice is a valuable strategy to reduce the global hypertension-related burden.
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Abstract: Genetic manipulation is one of the indispensable techniques to examine gene functions
both in vitro and in vivo. In particular, cardiovascular phenotypes such as blood pressure cannot
be evaluated in vitro system, necessitating the creation of transgenic or gene-targeted knock-out
and knock-in experimental animals to understand the pathophysiological roles of specific genes
on the disease conditions. Although genome-wide association studies (GWAS) in various human
populations have identified multiple genetic variations associated with increased risk for hypertension
and/or its complications, the causal links remain unresolved. Genome-editing technologies can be
applied to many different types of cells and organisms for creation of knock-out/knock-in models. In
the post-GWAS era, it may be more worthwhile to validate pathophysiological implications of the
risk variants and/or candidate genes by creating genome-edited organisms.

Keywords: knock-out; genome-editing; SHR; SHRSP; Dahl SS

1. Introduction

Hypertension is the leading preventable risk factor for cerebro-cardiovascular compli-
cations, including heart failure and stroke. Effective anti-hypertensive drugs with different
pharmacological actions have been developed; nevertheless, it is deemed that there are
1.28 billion hypertensive patients globally and 0.7 billion or more patients are untreated [1].
Given the resulting mortality and disability as well as the high prevalence, hypertension is
still a major public health burden in the world.

It is needless to say that gene-targeted knock-out (KO) and knock-in (KI) or transgenic
rodent models have greatly contributed to understanding the pathophysiological basis of
hypertension and its vascular complications. In particular, mice have been widely used as
the best experimental animal since the gene engineering technique to create KO models
was established for over 30 years ago. By contrast, it had been technically difficult to create
KO rats for a long time because of the difficulty of rat ES cell culture. Recent advances
in genome-editing technologies, however, have made it possible to easily create KO rats
similar to mice [2,3]. Given that spontaneous cerebro-cardiovascular disease models, such
as Dahl salt-sensitive (SS) and stroke-prone spontaneously hypertensive rats (SHRSP),
have been commercially available, a genome-editing strategy using the rat disease models
has much potential to clarify the novel pathogenesis of hypertension. In this review, we
outlined recent advances in basic research for hypertension using KO and KI or transgenic
rodent models to clarify the underlying mechanisms.

2. Mouse Models

Essential hypertension is a highly complex pathological condition that is formed by
synergistic influences of multiple lifestyles, social, environmental, and genetic factors.
Since blood pressure (BP) is collaboratively controlled by various organs and tissues,
there are many studies that have investigated tissue (or cell)-specific roles of genes on BP
regulation using conventional and conditional KO or transgenic mice. In contrast to rats, no
spontaneous hypertensive mouse models have been established; accordingly, angiotensin
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II (Ang II)-infused models have been widely used to investigate the pathogenesis of Ang
II-related hypertension. Deoxycorticosterone acetate (DOCA)-salt or high-salt diet (usually
containing 4% or 8% NaCl) models have been also used to investigate the pathogenesis
of salt-sensitive hypertension. In this section, we overview proposed mechanisms for
controlling BP found in the phenotyping of KO or transgenic mouse models, especially
focusing on the findings in the recent decade.

2.1. Kidney

The kidney plays pivotal roles in arterial BP regulation by controlling blood volume
and plasma electrolyte balance. Activities of the renin—angiotensin—-aldosterone system
(RAAS) and mineral transporters (Na*/H* exchanger; NHE, Na*-K*-CI~ co-transporter;
NKCC, Na*-ClI~ co-transporter; NCC, epithelial sodium channel; ENaC, etc.) distributed
along with nephron are important for physiological BP regulation; thus, genes that may
regulate those activities have been widely investigated (Table 1).

Ang Il regulates BP via Ang II type 1 receptor (Agtrla, AT1R). As BP lowering effects
were observed in proximal tubules (PT) or collecting duct (CD)-specific KO mice [4,5],
blockade of ATIR signaling in renal epithelial cells would be a pharmacological target
for hypertension therapy. Of note, AT1R-associated protein (Agtrap), which is widely
distributed along renal tubules, has been found to suppress AT1R signaling by facilitating
internalization of AT1R resulting in decreased cell surface expression of ATIR [6,7], sug-
gesting that activation of endogenous AGTRAP has potential to reduce BP. In fact, it has
been reported that the renal-specific overexpression and conventional KO mice show lower
and higher BP phenotype compared with the wild-type (WT) control, respectively [8-11].
In contrast to the results in mice, however, the deletion in Dahl SS rats exacerbated renal
damage under a 4% NaCl diet condition with no change in BP [12]. Although AGTRAP
may play double-edged roles in reno-cardiovascular functions in a context-specific manner,
it is a potential candidate gene located in a GWAS loci for BP in humans [12].

Although Ang II is the most well-known bioactive peptide hormone in the RAAS,
(pro)renin and Ang-(1-7) produced by angiotensin-converting enzyme 2 (ACE2) are also
known to regulate BP via its specific receptors. The (Pro)renin receptor (PRR) that specifi-
cally recognizes both prorenin and renin was cloned by Nguyen et al. in 2002 [13]. In the
kidney, PRR is mainly expressed in renal vasculature, PT and distal tubules (DT), and CD
and enhances the catalytic activity of (pro)renin that converts Ang I to Ang II, resulting
in an increase in Ang II production [14]. Consistent with the physiological function of
PRR, decreases in BP elevation induced by Ang II infusion have been observed in both
tubular- and CD-specific KO mice through inhibition of ENaC activation [15-17]. Ang-(1-7)
generated by mainly ACE2 is a vasoactive peptide that induces a vasodilation response by
binding to Mas receptor [18]. Therefore, ACE2-Ang-(1-7)-Mas axis exerts a counteracting
effect on Ang II that causes BP elevation. Ni et al. reported that conventional double KO of
both ACE2 and Mas receptor in mice caused greater Ang II-induced BP elevation when
compared with the WT littermates [19]. In addition, they also showed that the dual deletion
of ACE2 and Mas receptor worsened hypertensive nephropathy, suggesting that ACE2-
Ang-(1-7)-Mas receptor axis has protective roles in both the development of hypertension
and the resulting hypertensive kidney injury.

Tubuloglomerular feedback (TGF) is an important physiological system to regulate
long-term BP by sensing blood volume and electrolyte balance at the level of juxtaglomeru-
lar apparatus in each nephron [20]. Accumulating evidence has shown that local activities
of renal oxide synthases (NOS), which produce a major chemical vasodilator NO, play an
important role in the regulation of the TGF system. NOS families are composed of three
isoforms, i.e., neuronal NOS (nNOS, encoded by Nos1), inducible NOS (iNOS, Nos2), and
endothelial NOS (eNOS, Nos3). Although all the three isoforms are expressed in the kidney,
Nos1 and Nos3 are thought to be major isoforms that physiologically participate in the TGF
because of low baseline expression of Nos2. Interestingly, Lu et al. showed that macula
densa-specific deletion of Nos1 exacerbated a high-salt diet-induced BP elevation under
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a condition of Ang II infusion accompanied by reduced glomerular filtration rate (GFR)
and Na* excretion [21]. It was also reported that local NOS1 activity at the macula densa
contributed to a sex difference in BP response to Ang II [22]. Moreover, Hyndman et al.
and Gao et al. have investigated renal-specific roles of NOS1 and NOS3 on BP regulation
using CD-specific and nephron-specific KO mice, respectively [23,24]. They suggested that
deletion of the two isoforms caused greater high-salt-induced BP elevation by enhancing
ENaC [25] and NCC activities in the tubular cells, respectively.

Pathophysiological roles of NEDD4-2 (encoded by Nedd4l) and with-no-lysine kinases
1 and 4 (Wnkl and Wnk4) in (salt-sensitive) hypertension have been well-investigated in
humans as well as in rodent models. NEDD4-2 is an E3 ubiquitin ligase that ubiquitylates
ENaC to down-regulate its cell surface expression and activity [26]. Although NEDD4-2
was initially found as a ENaC-specific regulator in the kidney [25], Ronzaud et al. reported
that NEED4-2 also regulated NCC activity and its renal tubule-specific deletion caused
salt-dependent hypertension [27]. Consequently, NEED4-2 is involved in the pathogenesis
of salt-sensitive hypertension through the two-independent pathways that controls renal
Na* homeostasis. WNK1 and WNK4 are known to be responsible genes of pseudohypoal-
dosteronism type 2 (PHAZ2) that is caused by large deletions in intron 1 of WNK1 or gain-of
function mutations in WNK4 [28]. Mechanistically, WNKSs phosphorylate SPAK/OSR1,
thereby activating NCC in the DT and resulting in increased Na* reabsorption and salt-
sensitive hypertension [28,29]; however, the molecular network may be a little complicated
as a paradoxical role of kidney-specific WNKT1 lacking a kinase domain on the development
of salt-sensitive hypertension was reported [30]. Moreover, Mu et al. suggested a unique
pathway involving salt-sensitive hypertension caused by epigenetic down-regulation of
WNK4 [31]. In this context, kelch-like protein 3 (KLHL3) and cullin 3 (CUL3), which are
the E3 ubiquitin ligase complex to degrade WNK, have also received much attention as
target molecules to prevent salt-sensitive hypertension [28,29].

Unlike the local mechanisms in the kidney described above, Pan et al. uniquely
identified the liver—kidney and liver-adipocytes axis to control BP via a hepatocytes-
producing hormone, fibroblast growth factor 21 (FGF21), which has pleiotropic effects
on glucose and lipid metabolism [32]. They found that FGF21 augmented peroxisome
proliferator-activated receptor y (PPARy)-mediated activation of ACE2 in both the kidney
and adipocytes; thereby, an increase in Ang-(1-7) production reduced both BP and vascular
injury. Because FGF21 production was stimulated by Ang II, the FGF21-ACE2 axis may
counteract Ang Il-induced hypertension and the vascular injury. This might be a key
mechanism in obesity-related hypertension.

Besides the above, multiple mechanisms have been proposed such as by circadian
clock- [33,34], osmotic stress- [35], and genome-wide association study (GWAS)-related
genes [36,37] as well.
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2.2. Vasculatures

Table 2 summarizes target genes in vasculatures and the representative phenotypes
described below. Peripheral vascular tone is one of the primary factors to control BP.
Two primary cell types, i.e., endothelial cells (ECs) and vascular smooth muscle cells
(VSMCs), play major roles in the regulation of the vascular tone mainly through production
of vasodilators (NO, etc.) or vasoconstrictors (endothelin-1, etc.) and sympathetic vaso-
constriction, respectively. Endothelial NOS (eNOS, NOS3) predominantly generates NO
from L-arginine in ECs; thereby, the released NO activates NO-sensitive guanylyl cyclase
(NO-GC) in VSMCs to increase cytosolic cGMP, then the activated cGMP-dependent protein
kinase (PKG) induces smooth muscle relaxation. The NO-GC/cGMP /PKG signaling is
indispensable for NO-dependent BP regulation as spontaneous BP elevation was found in
VSMC-specific NO-GC deficient mice [38].

In addition, NO-independent pathways that stimulate cGMP/PKG also exist. Na-
triuretic peptides, which are composed of A- (atrial; ANP), B- (brain; BNP), and C-type
(CNP), are well-studied vasoactive peptides that exert vasodilation via direct activation of
the transmembrane receptor NPR1 (natriuretic peptide receptor 1, also known as guanylyl
cyclase-A; GC-A) or NPR2 (also known as GC-B). Among the three members, CNP is se-
creted from ECs and specifically bind to NPR2, whereas ANP and BNP are cardiac peptides
targeting NPR1 [39]. In addition, CNP is thought to be an autocrine/paracrine factor in
the circulation system because of the relatively low plasma concentration compared with
ANP and BNP [40]. Several recent reports have uncovered the detailed mechanisms of
NPR1/2-mediated vasodilation.

Nakao et al. showed that EC-specific CNP KO mice had higher BP compared with WT
control independently of NO production, whereas VSMC-specific NPR2 KO had unaltered
BP [41]. On the other hand, Spiranec et al. thereafter reported that the deletion in “precapil-
lary arteriole SMCs and capillary pericytes’ caused BP elevation in mice accompanied by
an impaired CNP-induced vasodilatory response [42]. Collectively, these results indicate
that EC-derived CNP acts on precapillary arteriole SMCs and capillary pericytes as well as
ECs to lower peripheral vascular resistance and BP through an NO-independent manner.
It is of note that a CNP-induced vasodilatory response in mesenteric arteries was also
impaired in VSMC-specific KO mice by Nakao et al.; nevertheless, BP of the KO mice was
compatible with that of WT [41]. Conflicting results for the BP phenotype between the
two VSMC-specific KO models may be partly due to the difference in promoters driving
Cre expression (sm22 [41] or Pdgf-rb [42] promoter) to create the conditional NRP2 KO
mice. Furthermore, it was very recently reported that EC-specific, but not VSMC-specific,
deletion of NPR1 diminished BP reduction by intravenous ANP administration [43].

Intracellular Ca?* mobilization is a key modulator to induce both NOS-mediated vas-
cular relaxation by EC and VSMC contraction; thus, cell-type specific genetic modification
is necessary to clarify functional implications of the target molecules on vascular responses.
Stromal interaction molecule 1 (Stim1) is an endoplasmic reticulum (ER) resident transmem-
brane protein that senses Ca?* store in ER lumen via its N-terminal EF hand motif. When
the Ca?* store is depleted, STIM1 moves toward the cytoplasmic membrane and opens
the target CaZ* channels, ORAI1, and transient receptor potential families (TRPs) to elicit
Ca?* entry into the cytosol (store-operated Ca?* entry; SOCE) [44]. STIMI is expressed
in broad cell types including ECs and VSMCs and plays key roles in the maintenance of
intracellular CaZ* homeostasis [43]. Kassan et al. revealed that VSMC-specific deletion
of Stim1 ameliorated Ang II-induced hypertension with decreased vascular ER stress [45].
By contrast, a significant increase in nighttime BP was observed in EC-specific Stim1 KO
mice that showed decreased NO production and an EC-dependent vasodilation phenotype
in vitro [46]. These studies suggest that STIM1 exerts an opposite role in the regulation
of vascular tone in the two different cells. Interestingly, we found that the stroke-prone
spontaneously hypertensive rat (SHRSP) had a premature stop codon in this gene that
caused the expression of truncated STIM1 with decreased SOCE activity [47,48]. Although
the recovery of STIM1 function in SHRSP by CRISPR-Cas9-mediated gene KI did not alter
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the BP [49], systemic impairment of SOCE activity would have important implications for
the pathogenesis of hypertensive end-organ damage in SHRSP independently of the BP
phenotype. Phenotyping of the KI rat model is currently in progress; the findings will be
described elsewhere.

Fluid shear stress is an important mechanical stimulus that physiologically enhances
NO production by ECs to maintain vascular integrity. Increasing evidence has shown
that a mechanosensitive cation channel PIEZO1 on ECs mediates laminal flow-dependent
activation of purinergic P2Y2 receptor, thereby activating PI3K/ Akt signaling to phosphory-
late NOS3 [50]. Recently, an alternative pathway mediated by the PIEZOladrenomedullin
(ADM) axis was reported [51]. ADM is a circulatory vasodilator and diuretic and natriuretic
peptide that is mainly produced by ECs [52]. Iring et al. showed that PIEZO1 enhanced en-
dothelial ADM secretion, then the secreted ADM bound to calcitonin receptor-like receptor
(CALCRL) on ECs by an autocrine/paracrine fashion. ADM-CALCRL complex activates its
adjacent adenylyl cyclase; thereby, cAMP-dependent protein kinase (PKA) phosphorylates
and activates NOS3, resulting in NO-dependent vasorelaxation [50]. Actually, it is of interest
that all EC-specific single KO of ADM, CALCRL, and Gas, which is the downstream G pro-
tein of CALCRL, in mice caused apparent BP elevation. This finding indicates an essential
role of PIEZO1-ADM signaling on controlling vascular tone and BP at a resting condition.

Prostaglandins (PGs) are endogenous lipid mediators that have multiple bioactivities
such as uterine contraction, platelet aggregation, and bronchodilation and is generated from
arachidonic acid by catalytic activities of cyclooxygenases (COXs). PGs are also involved in
BP regulation as nonsteroidal anti-inflammatory drugs (NSAIDs), which block COX activity,
have hypertensive side effects [53]. Among the known PGs, PGE, is a major prostanoid
that affects BP both positively and negatively via its specific receptor EP1-4 [54,55]. Thus
far, it was shown that EP1 and EP3 mediate vasoconstrictive response, while EP2 and EP4
lead to vasodilation [53]. The diverse effects of PGE; on vascular functions may be due to
the characteristic of tissue distribution of the receptors. Recently, Xu et al. reported that
EC-specific KO and overexpression of EP4 resulted in higher and lower BP compared with
control mice, respectively [56], under both basal and high-salt diet conditions. Physiological
roles of PGs on BP regulation may be still controversial; however, the recent report clearly
indicates a hypotensive potential of PGE,-EP4 signaling via enhancing NO production in ECs.

2.3. Immunity

A growing body of evidence has emerged in the last decade suggesting the pathogenic
aspects of innate and adaptive immune responses on the development and progression of
hypertension and hypertensive end-organ damages. The possible mechanisms have been
well reviewed [57-59]; herein, we shortly highlight recent findings on this topic (Table 3).
Among various subpopulations of immune cells, previous reports indicate that T cells espe-
cially have diverse contributions to the etiology [56]. In particular, CD4"- and regulatory T
cell (Treg)-mediated pathological cascades have been raised in several recent studies.
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Hydrogen sulfide (H,S) is a cardioprotective endogenous gaseous mediator that
is generated by three major enzymes: cystathionine beta synthase (CBS), cystathionine
gamma lyase (CSE), or 3-mercaptopyruvate sulfurtransferase [60]. Although it was reported
that a conventional CSE KO mice showed an age-dependent increase in BP [61], Cui et al.
revealed that CD4* T cell-specific deletion of CSE was sufficient to induce greater BP in mice
under both physiological and Ang II-treated conditions [62]. Mechanistically, they suggest
that CSE-derived H,S activates liver kinase B1 (LKB1)-PKA signaling and the resulting
activation of Treg attenuates vascular and renal inflammation, thereby preventing BP
elevation. In addition, Sun et al. reported that mineralocorticoid receptor (MR) deficiency
in CD4" T cells ameliorated Ang II-induced BP elevation and vascular and renal damage in
mice [63]. In contrast to the KO model, the MR overexpression exacerbated the increase
in BP after Ang II infusion; however, IFN-y-neutralizing antibodies could abolish the
deleterious effect, suggesting that IFN-y produced by infiltrated T cells was a key cytokine
link between MR signaling in CD4* T cells and the resulting hypertension.

For Treg, a detailed pathological mechanism caused by a microRNA function has been
proposed. MicroRNAs (miRs) are involved in numerous (patho)physiological conditions by
controlling gene expression mainly at a translational level, and among the identified miRs,
miR-31 has multifaceted roles in regulation of immune responses [64]. Interestingly, Li et al.
reported that Ang II-induced BP elevation and vascular and renal damage were reduced
in mice lacking miR-31 in Treg compared with control mice, which were accompanied by
increased Treg differentiation [65]. Furthermore, the opposite phenotypes were observed
in mice with Treg-specific deletion of protein phosphatase 6¢ (Ppp6c), a direct target of
miR-31, suggesting that Ppp6c had potential to improve Ang II-induced hypertension [64].
This may be a novel posttranslational mechanism that worsens hypertensive phenotypes
through an overexpression of a specific microRNA that regulates Treg functions.

ATI1R, an Ang II receptor, is widely expressed in immune cells [66]. It has been shown
that deletion of AT1R on T lymphocytes or macrophages do not affect BP even under an
Ang Il-infused condition [67,68]. In contrast to the previous findings, Lu et al. revealed
that the deletion on CD11c* myeloid cells (dendritic cells; DCs) in mice with chronic Ang
II infusion resulted in increased BP, renal infiltration of inflammatory cells (memory T,
CD40" DCs), and Na™ retention with greater 3/yENaC expression [69]. It is of interest
that AT1R on DCs exerts a cardioprotective role in spite of harmful effects of Ang II on
renal and cardiovascular functions. Moreover, Sag et al. showed that mice with myeloid
cell-, but not endothelial cell-, specific deletion of NADPH oxidase 2 (NOX2), which is a
superoxide-generating enzyme, had lower basal BP compared with control mice [70].

Beside the above, the pathophysiological actions of C-C motif chemokine receptor
7 (CCR?) [71], toll-like receptor 3/4 (TLR3/4) [72], placental growth factor (PIGF) [73],
complement C3a/C5a receptors (C3aR/C5aR) [74], T cell receptor delta chain (TCR?) [75],
and interleukin-1 receptor type 1 (IL-1R1) [76] have been also proposed using conventional
KO mouse models. Overall, accumulated evidence has commonly suggested pathophysio-
logical connections between immune responses and renal dysfunction on the development
of hypertensive conditions. Clinical perspectives of anti-inflammatory therapies targeting
specific cytokines were also discussed [77].
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2.4. Other Organs and Tissues (Brain, Adipocyte, and Adrenal Gland)

Table 4 summarizes target genes in other major organs and tissues and the representa-
tive phenotypes. Pathological implications of brain RAAS on hypertension have been well
investigated [78]. Based on the distribution of RAAS components in the brain, it has been
verified that brain RAAS activity can induce BP elevation independently of renal RAAS
function by using cell type-specific transgenic mice targeting AGT and/or renin [79-81].
Consistent results were observed in DOCA-salt mice with neuron-specific deletion of PRR
that exhibited decreases in BP and brain Ang II production [82].

Pathological relationships between salt intake and hypertension have been long sug-
gested in humas as well as in rodents; however, the precise mechanism remains elusive. In
this context, it is noteworthy that Nomura et al. reported that the Nay channel expressed
in specific glial cells in the organum vasculosum lamina terminalis (OVLT) functioned as
the brain sensor detecting [Na*] increase in the body and that deletion of Nay diminished
salt-induced hypertensive phenotype [83]. Concerning this, neuronal 113-hydroxysteroid
dehydrogenase type2 (Hsd11b2), which encodes a corticosterone-producing enzyme, and
PRR have been proposed to be involved in both the development of salt-sensitive hy-
pertension and sodium appetite [84,85]. In addition, PRR deficiency in adipocytes was
pathologically implicated in a high-fat diet-induced BP increase in male mice but not in
female mice [86].

The adrenal gland is a major endocrine organ that plays a pivotal role in BP reg-
ulation and fluid and electrolyte homeostasis via production of steroid hormones and
catecholamines. The two-pore domain K* channels (TASKs) expressed in zona glomerulosa
(zG) cells down-regulate the production of aldosterone in the cells [87]. Guagliardo et al.
showed that zG cell-specific deletion of TASK-1 and -3 caused autonomous hyperaldos-
teronism and chronic BP elevation in mice [88]. In addition, Mathar et al. reported that
mice lacking transient receptor potential melastatin 4 (TRPM4) had chronically increased
BP with exaggerated sympathetic tone [89]. TRP families are non-selective cation channels
that are involved in many physiological processes and are regarded as potential targets
for drug design for various diseases [50]. According to the report by Mathar et al., TRPM4
deficiency increases catecholamine release from chromaffin cells and thereby augments
sympathetic tone resulting in a continuous BP elevation.

It is generally known that plasma concentrations of adrenal gland-derived steroid
hormones are controlled by the physiological circadian rhythm of adrenocorticotropic
hormone (ACTH) secretion. Circadian clock genes, cryptochrome-1 and -2 (Cry-1 and -2),
play key roles in this mechanism by direct regulation of Hsd3b6 expression encoding an
aldosterone-producing enzyme, 33-hydroxysteroid dehydrogenase-isomerase (33-HSD).
Therefore, Cry-1 and Cry-2 KO mice exhibited salt-sensitive hypertension under a high-salt
diet condition due to constitutive activation of 33-HSD such asthe DOCA-salt model [90].

Multiple genetic and physiological mechanisms as thus far described are complicat-
edly involved in the pathogenesis of hypertension. Furthermore, the pathogenic roles
of epigenetic modifications [91-93], microbiota/metabolome [94-96], and sympathetic
overactivity [97-99] in cardiovascular disease have been also discussed.
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3. Rat Models

Rats are the generally used experimental animal the same as mice and have some
advantages compared with mice such as large body and tissue size and physiological prop-
erties similar to those in humans. Despite the advantages, mice have been more frequently
used than rats; this is probably due to, except for higher experimental costs than mice,
the technical difficulty of creating KO/KI rats. However, genome-editing technologies,
i.e., zinc finger nuclease (ZFN), transcription activator-like effector nuclease (TALEN), and
clustered regularly interspaced short palindromic repeats (CRISPRs)-associated proteins
9 (CRISPR-Cas9), made it possible to also create KO/KI rats easily. In 2009, Geurts et al.
first reported the creation of KO rats by ZFN [100]. Thereafter, a growing body of literature
has emerged in the last decade reporting phenotypes of KO/KI rats including genetic
hypertensive models as below [101,102].

3.1. KO Models of SHR and SHRSP

SHR (spontaneously hypertensive rat) is a representative genetically hypertensive
model that was established by selective breeding of rats with relatively high blood pres-
sure in an outbred colony of Wistar rats that had been maintained in Kyoto University.
SHRSP (stroke-prone SHR) is a substrain of SHR that genetically develops more severe
hypertension and stroke. Despite the fact that both strains have been widely used for
clarifying the responsible genes and the underlying mechanisms of hypertension and its
complications [103-105], the literature evaluating cardiovascular phenotypes by using
KO/KI models are still scant (Table 5).

SHR is a useful model for hypertensive cardiac hypertrophy [106]. A quantitative
trait locus (QTL) related to the left ventricular hypertrophy was previously mapped on
chromosome (Chr) 8 by phenotyping of congenic strains between SHR and normotensive
Brown Norway (BN) rats [107]. Liska et al. identified promyelocytic leukemia zinc finger
(PIzf) as a candidate gene on the cardiac QTL and showed that the deletion in SHR did not
alter the BP but ameliorated cardiac hypertrophy and fibrosis [108].

Complement 3 (C3) that is overexpressed in aortic smooth muscle cells of SHR has
been proposed as a candidate gene responsible for the development of hypertension
in this model [109]. Mechanistically, C3-C3a receptor signaling accelerates a change in
the characteristic of VSMC and glomerular mesangial cells from contractile to synthetic
phenotype via activation of Kriippel-like factor 5 (KLF5) that is a transcription factor to
induce the synthetic phenotype of mesenchymal cells [110,111]. Negishi et al. revealed that
the C3 deficiency mitigated a salt-sensitive BP elevation and renal injury with decreased
renal Ang II level and urinary catecholamine excretion [112].

Rubattu et al. previously identified a QTL on Chr 1 responsible for the susceptibility
to salt-induced stroke by a linkage analysis F2 cross between SHR and SHRSP [113].
They identified NADH dehydrogenase (ubiquinone) 1 subunit C2 (Ndufc2), encoding a
component of the electron transport chain, as a plausible candidate gene in the stroke
QTL, then proved that the heterozygous deletion in SHR by ZEN strongly exacerbated the
stroke susceptibility with increased oxidative stress and inflammation both in vitro and
in vivo [114].

Besides the above, we recently created peroxiredoxin 2 (Prdx2) KO SHR to investigate
whether the deletion of an antioxidant gene exacerbates cerebro-cardiovascular phenotypes
of SHR [115]. Consequently, Prdx2 KO SHR had greater basal BP compared with WT SHR.
Furthermore, the lifespan of Prdx2 KO SHR under a salt loading condition was shorter than
that of WT SHR despite no difference in BP after salt loading between the KO and the WT.
No apparent inter-strain differences were found in histopathological evaluation for brain,
heart, and kidney lesions, and therefore, the reason for the short life span of Prdx2 KO SHR
under the salt loading condition remains fully unknown.

Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is an endothelial
scavenger receptor that is closely involved in the pathogenesis of atherosclerosis [116].
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Recently, Liang et al. reported that LOX-1 deficiency had a protective role in spontaneous
brain damage in SHRSP with no significant change of BP [117].

We previously found a QTL on Chr1 that affected exaggerated sympathetic responses
to the stress of SHRSP by genetic analysis of congenic lines between SHRSP and normoten-
sive Wistar-Kyoto rat (WKY) [118]. Among the genes in the QTL region, stromal interaction
molecule 1 (Stim1) with a nonsense mutation in SHRSP was identified as a promising candi-
date ([47], see also Section 2.2 Vasculatures). As STIM1 plays a key role in Ca?* homeostasis
in the body, we expected that the Stim1 mutation was a genetic determinant responsible for
cerebro-cardiovascular traits; however, no significant differences were observed in the sym-
pathetic stress responses as well as age-dependent changes in BP between Stim1 KI SHRSP
and SHRSP, i.e., with WT and mutant allele for Stim1, respectively [49]. Phenotyping of the
Stim1 KI SHRSP is currently in progress, and the results will be described elsewhere.

3.2. KO Models of Dahl SS

Dahl salt-sensitive (SS) rats originate from a closed colony of Sprague-Dawley (SD)
rats and are widely used as a salt-sensitive hypertension model that develop severe hy-
pertension (>200 mmHg) and the complications such as hypertensive kidney injury and
heart failure when fed high-salt diets [119]. SS/]Jr and DSS/N strains have been separately
established by Rapp and Iwai, respectively. Compared with SHR and SHRSP, multiple
KO/KImodels with SS/]r genetic backgrounds have been actively created (Table 5).

In 2011, Moreno et al. first reported the phenotype of renin KO SS/Jr, in which
a severe decrease in basal BP and abnormal kidney morphologies were observed [120].
Thereafter, a growing literature has shown pathophysiological implications of multiple
genes on cardiorenal disease traits in SS/]Jr [121-133]. Among them, pleckstrin homology
domain containing family A member 7 (Plekha7) is a plausible candidate gene for essential
hypertension identified by GWAS. A risk variation on Plekha7, encoding an adherence
junction protein [134], for elevated systolic BP has been found in multiple human popula-
tions [135-139]. In this context, Endres et al. created SS/]Jr lacking the functional domain
of Plekha7 by ZFN and revealed that the Plekha7 functional KO SS/Jr had significantly
lower BP and renal and cardiac damage under the 8% high-salt diet condition [123]. This
is a meaningful study that verified a direct effect of the GWAS gene on the hypertensive
phenotype in a genetic rat model with salt sensitivity.
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4. Conclusions

Hypertension is a multifactorial disease; nevertheless, the majority of previous re-
search has focused on monogenic effects under inducible hypertensive conditions such as
Ang Il infusion and DOCA-salt in mice. Recent advances in genome-editing techniques,
however, have made it possible to create knock-out and knock-in animals more easily,
efficiently, and rapidly in rats as well as in mice [140-143]. Accordingly, it is necessary to
create knock-out and knock-in models with multiple mutations in different loci to mimic
complex genetic backgrounds of hypertensive patients and to uncover how the genetic
interactions cause hypertension. As in the case of Dahl SS [144], translation of the findings
in the experimental model into human hypertension remains highly challenging. However,
translational approaches to bridge the gap between humans and rodent models would be
necessary for understanding genetic and molecular mechanisms of essential hypertension in
the post-GWAS era. A goal of basic hypertension research using experimental models may
reconstruct ‘genetically hypertensive mice/rats’ from normotensive strains, and vice versa.
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Abstract: Since stroke-prone spontaneously hypertensive rats (SHRSP) develop hypertension and
stroke without exception, the prevention or reduction of risk by various nutrients was tested on
blood pressure and the mortality caused by stroke and cardiovascular diseases (CVD). In addition to
sodium (Na) accelerating hypertension and stroke and potassium (K) counteracting the adverse effect
of Na, taurine (Tau), rich in seafood, and magnesium (Mg) contained in soy, nuts, grains, etc., were
proven to reduce stroke and CVD and improved survival. Therefore, the Cardiovascular Diseases
and Alimentary Comparison Study was started in 1985 to explore the association of biomarkers
of diet in 24 hour urine(24U) with CVD risks, and about 100 males and 100 females aged 48-56 in
each of 50 populations were studied until 1995. Linear regression analysis indicated that the 24U
Tau/creatinine and Mg/ creatinine ratios were inversely associated with body mass index, systolic
and diastolic blood pressure, and total cholesterol. In comparison with six Euro-Western regions, 24U
Tau and Mg collected from six regions, respectively, in Japan and the Mediterranean countries were
significantly higher and were significantly associated with lower CVD risks. Diets rich in Tau and
Mg were concluded to be contributory to the prevention of CVD in SHRSP and humans.

Keywords: taurine; magnesium; 24 hour urine(24U); stroke-prone spontaneously hypertensive rat

1. Introduction

We successfully established stroke-prone SHR (SHRSP, 1974) [1] by successive breeding
from a spontaneously hypertensive rat (SHR, 1963) [2], which died of hemorrhagic and/or
ischemic stroke. Since they developed stroke spontaneously [3], they were regarded as an
appropriate model for research not only on the pathophysiological mechanisms of stroke
in general [4], lacunar stroke [5] cerebral small vessel diseases [6], and subcortical ischemic
stroke [7,8], but also the post-stroke treatments [9,10]. Further, since they develop stroke
genetically similar to humans, they are a useful model for the potential prediction of stroke
through the analysis of genes related to stroke [11-17]. When stroke can be predicted based
on the genes in SHRSP and hopefully in humans, stroke will be prevented by nutrition in
humans, as first proven experimentally in SHRSP [3].

Stroke became the leading cause of death in Japan in 1960 after tuberculosis became
pharmacologically treated. The nutritional situation in Japan over 60 years ago was sup-
posed to cause stroke among cardiovascular diseases (CVD) because of traditional low
protein intake characterized by limited meat supply and owing to habitually low calcium
(Ca) and/or magnesium (Mg) intake due to low dairy food consumption. Therefore, we
focused on the nutritional prevention of stroke and CVD in the newly established SHRSP
by feeding them high-protein diets with Ca and Mg. Since the nutritional intakes were
objectively estimated epidemiologically by 24 h urine (24U) analyses of the biomarkers
in humans [18], we attempted to show whether experimentally beneficial nutrients for
preventing stroke in SHRSP would be epidemiologically associated with cardiovascular
risk reduction in humans [19].
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Therefore, we proposed to the World Health Organization (WHO) an international
cooperative study, “Cardiovascular Diseases and Alimentary Comparison (CARDIAC)
Study” [20,21], from our WHO Collaborating Center for Research on Primary Prevention
of Cardiovascular Diseases, which was designated by WHO in 1983. In response to our
proposal, representative researchers from 61 study sites joined the CARDIAC Study [22].

Since our cooperative studies for over 20 years revealed nutritional biomarkers in
worldwide collected 24U samples were significantly associated with CVD risk reduction,
we further analyzed these biomarkers in some populations known for their longevity,
including Japan (J), which keeps the nearly longest average life expectancy in the world,
and Mediterranean (M) countries such as Greece, Sicily of Italy, Spain, and Portugal.

In comparison with Euro-Western countries (EW) (Scotland, Ireland, Sweden, plus
Canada, New Zealand, and Australia) where immigrants and descendants from their
countries have been living. Among these countries, the popular diets of M countries, rich
in polyphenols [23] and related nutrients from fruits, vegetables, olive oil, nuts [24], and
fish, have been focused on their basic health effects [25], including cognitive function [26].
However, since no data on M diets compared with EW and ] diets has been reported on
nutritional biomarkers in 24U samples, we compared them with the CVD risks of M, J, and
EW populations in the epidemiological study of this article.

2. Materials and Methods

(1) SHRSP had been used for various nutrition experiments [3,19,27,28], and in the
present study, SHRSP from 6 groups (Table 1 and Figure 1) were given control and soy
diets (CD, SD) with Mg or Ca at the age of 7 weeks, thereafter until their natural death, and
autopsied for macroscopical and microscopical pathological observation [19].

Table 1. Contents of dietary factors in each group of SHRSP.

Group N Dietary Contents Ca, Mg Contents
Control Diet (CD) 10 Control Diet (Crude Protein: 24.6%) Ca 0.7%, Mg 0.2%
CD +Ca 15 CD (Ca 0.7%, Mg 0.2%) + Ca (0.9%) Ca 1.6%, Mg 0.2%

CD + Mg 15 CD (Ca 0.7%, Mg 0.2%) + Mg (0.6%) Ca 0.7%, Mg 0.8%

Soy Protein Diet (SD) 15 Soy Protein Diet (Soy Protein: 24.6%) Ca 0.7%, Mg 0.2%
SD + Ca 15 SD (Ca 0.7%, Mg 0.2%) + Ca (0.9%) Ca 1.6%, Mg 0.2%

SD + Ca + Mg 15 SD (Ca0.7%, Mg 0.2%) + Ca (0.9%) + Mg (0.6%) Ca 1.6%, Mg 0.8%

(2) A health examination was carried out for males and females according to the
protocol of the WHO-coordinated Cardiovascular Diseases and Alimentary Comparison
(CARDIAC) Study [20,21], and fasting blood and 24U samples were analyzed after an-
thropological and blood pressure (BP) measurements [20-22,29,30]. About 100 males and
100 females in the age range of 48-56 were randomly invited to the CARDIAC Study
health examination after informed consent was obtained from the participants. The study
design described in detail [20] was approved at the international committee meeting before
starting the CARDIAC Study in 1985.

Informed consent was obtained at the reception of the CARDIAC Study Health Exam-
ination from volunteer participants, who were asked to sign the first page of the CARDIAC
study questionnaire, and the study was conducted according to the guidelines of the Dec-
laration of Helsinki. Urinary biomarkers such as sodium (Na) for salt intake, potassium
(K) for vegetable intake, magnesium (Mg) for grains, nuts, soy, and dietary fiber intake,
isoflavones for soy intakes, taurine (Tau) for seafood intakes, urea nitrogen for protein
intakes, and creatinine (Cre) for checking the completeness of the collection of 24U samples
were analyzed in 50 populations in the world, in total 4211 participants (49.7% females F)
in 22 countries worldwide, and also 6 ] (864, 53.7% F), 6 M (574, 50.2% F), and 6 EW
populations (549, 45.9% F) [18,20-22].
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Figure 1. Effect of soy protein, Ca, Mg, and combined diets on the survival rate of salt-loaded SHRSP.

Obese subjects were defined as those with body mass index (BMI) > 30 kg/m?. Par-
ticipants with hypertension were defined as those with systolic BP (SBP) > 140 mmHg
or diastolic BP (DBP) > 90 mm Hg or those who were receiving anti-hypertensive drug
therapy. Hypercholesterolemic subjects were defined as those with serum total choles-
terol (TC) > 220 mg/dL. General linear models were used to estimate adjusted mean val-
ues of BMI, SBP, DBP, and TC across quintiles of the 24 h urinary Tau/Cre (Mg/Cre)
ratio after adjustment for age, sex, and use of anti-hypertensive drugs. To evaluate
the association of Tau/Cre (Mg/Cre) ratio with cardiovascular disease risk factors, we
estimated adjusted odds ratios for obesity, hypercholesterolemia and hypertension in
relation to quintiles of Tau/Cre (Mg/Cre) using logistic regression models, adjusting
for age and sex as to hypertension and additionally for anti-hypertensive drugs as to
obesity and hypercholesterolemia.

ANOVA was used for the comparisons of 24U biomarkers, BMI, SBP, DBP, and TC
among the J, M, and EW diets.

3. Results
(1) Experimental Prevention of Stroke in SHRSP.

Since SHRSP developed stroke genetically, they were used to observe the effect of vari-
ous diets on stroke. For example, SHRSP given 1% salt in drinking water developed severe
hypertension and stroke within a short period. However, hypertension was attenuated by
increasing K intakes, and even a small reduction of the dietary Na/K ratio significantly
improved the survival rate [3,29,30]. The adverse effect of salt was attenuated by alginic
acid rich in dietary fibers of the seaweed, which absorbed Na to decrease Na intake via the
intestine [27].

The effect of a protein-rich diet was proven in SHRSP fed on a high-fish protein diet
with excess salt intake from 1% salt in drinking water. SHRSP fed on low or normal protein
diet with excess salt all developed severe hypertension and died from stroke within a
shorter period [26]. But the incidence of stroke in SHRSP fed on soy or fish protein-rich
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diet with excess salt was only 10%. We further analyzed the effect of amino-acids rich in
fish and noted that Tau attenuated the development of severe hypertension [28].

Extensive life-long studies on the effect of soy protein with Ca and/or Mg on BP and
stroke prevention were designed as shown in Table 1 and Figure 1 in SHRSP, given 1% salt
in drinking water. In the present study, soy protein diet (SD) and Mg-fortified control diet
(CD + Mg) groups were added to the review of our previous long-term studies [19]. In
comparison to SHRSP fed on the control diet (CD) and 1% salt in drinking water, SHRSP
fed on a soy protein diet (SP) or a Mg-rich diet (CD + Mg) could survive significantly longer.
The average lifespans of these 2 groups (299.6, 305.1 days) were over 200 days longer than
the CD group. The effect on lifespan of the 0.6% Mg fortification of a CD diet containing
0.2% Mg (CD + Mg) was similar to the survival of the SD group.

Since the lifespan of 0.9% Ca fortification in CD diets containing 0.7% Ca (CD + Ca)
was 166.3 days on average, significantly lower than CD + Mg (305.1 days) or SD (299.6 days).
The effect of Mg (0.6%) fortification (CD + Mg) was significantly greater than Ca (0.9%)
fortification (CD + Ca).

The average lifespan of salt-loaded SHRSP fed on a soy protein, Mg, and Ca diet was
the longest, 417.3 + 20.7 days.

Their lifespans were significantly longer than salt-loaded SHRSP fed on a control
protein diet (88.4 £ days), indicating the intakes of soy protein, Mg, and Ca rich diets were
preventive against stroke.

(2) The Association of Urinary Biomarkers with Cardiovascular Risks in the WHO-
CARDIAC Study

Since hypertension and stroke were accelerated by Na intake and attenuated by
Tau and Mg, 24U samples were collected by the WHO-CARDIAC Study to check the
associations of these urinary biomarkers with cardiovascular risks. In addition to the well-
known association of 24U Na with BP, stroke mortality rates were significantly positively
associated with Na/K ratios [29].

Because of experimental evidence for Tau and Mg attenuating severe hypertension and
preventing stroke in SHRSP [28,31], all 24U Tau and Mg data from 50 population samples
were divided into five groups, and the adjusted mean values of Tau/Cre and Mg/Cre ratios
of the quintiles were inversely associated significantly with BMI, SBP, DBF, and TC in linear
regression analyses (p < 0.001 for the linear trend and <0.001 for each) [32,33].

The Tau/Cre (Mg/Cre) ratio was significantly inversely associated with obesity, hy-
percholesterolemia, and hypertension (P for linear trend < 0.001 for the association of the
Mg/ Cre ratio with obesity, hypercholesterolemia, and hypertension and for the association
of the Tau/Cre ratio with obesity and hypercholesterolemia, and <0.05 for the association
of the Tau/Cre ratio with hypertension). The odds ratios of obesity, hypercholesterolemia,
and hypertension among the subjects in the lowest quintile of Tau/Cre (Mg/Cre) were 2.84
(2.49), 2.20 (2.39), and 1.22 (1.49), compared with the highest quintile (Figures 2 and 3).

These CARDIAC study data indicated that higher intakes of Tau and Mg reduced CVD
risk and extended lifespan in humans and suggested that nutritional prevention of stroke
for extending lifespan in SHRSP might be applicable to humans. Therefore, CARDIAC
study data obtained in J, M, and EW countries were reanalyzed for possible associations
with CVD risks.

When Tau/Cre and Mg/ Cre of both males and females of ] and M were compared with
EW, Tau and Mg/Cre in 24U were significantly higher in ] and M than in EW (Figure 4).
Correspondingly to these 24U data, both systolic and diastolic BP (SBP, DBP*) (*data
not shown), TC, and non-HDL cholesterol * were significantly lower in ] and M than in
EW (Figure 5), although J and M should have significantly higher 24U salt (Figure 6).
The significantly higher K excretion in 24 U plus the higher Tau/Cre and Mg/Cre ratios
were regarded as the biomarkers contributing to the lower BP in M compared with EW
(Figure 6 right).
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Figure 2. Quintile of Tau/Cre and odds ratios for CVD risks.
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Figure 3. Quintile of Mg/Cre and odds ratios for CVD risks [33].

Despite higher salt intake in J than in EW, the merit of ] was the significantly lower
BMI compared with M and EW with a higher BMI, which was related to high BP (Figure 7).

One of the factors related to lower BMI in ] was supposed to be related to significantly
higher 24U isoflavone excretion due to higher intake of soybeans (Figure 7 right), because
BMI was inversely associated significantly with 24U isoflavone excretions in CARDIAC
Study populations [34].
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Figure 4. Japanese (J), Mediterranean (M), and Euro-Western (EW) diet populations compared by
24 h urine: Common merits of ] and M. J: Aomori, Toyama, Shimane, Chiba, Saga, and Okinawa
Prefectures are in Japan. M: Greece, Italy (2), Spain (2), and Portugal. EW: Scotland, Ireland, Sweden,
Canada, New Zealand, and Australia. Significant difference: *** p < 0.001, tt+ p < 0.001.
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Figure 5. Cardiovascular risks of Japanese (J), Mediterranean (M), and Euro-Western (EW) diet
populations: Common merits of ] and M compared with EW. Significant difference: ** p < 0.01,
***p <0.001, tt p < 0.01, 1+t p < 0.001.

Since ] and M showed higher 24U Tau and Mg/Cre and lower SBP, DBP, and TC, CVD
risks were compared between individuals with both Tau/Cre and Mg/Cre ratios equal to
or higher than their world average (Tau/Cre > 639.4 mmol/g and Mg/Cre > 82.8 mg/g)
and those individuals with both ratios lower than the world average.

BMI, SBP, DBP, TC, and the atherogenic index (AI) calculated from non-HDL/HDL
were all significantly lower in the individuals with higher Tau and Mg/ Cre ratios than in
those with lower ratios of Tau and Mg/Cre, indicating the association of these nutrients
with cardiovascular risk reduction in humans (Figure 8).
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Figure 8. Lower cardiovascular risks were significantly associated with higher Tau (Tau/Cre) and
Mg (Mg/Cre) excretions in 24 h urine.
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4. Discussion

Since Mg- and Tau-rich diets attenuated the development of hypertension and pre-
vented stroke in SHRSP, 24U of Mg and Tau were examined epidemiologically worldwide
in 50 CARDIAC Study populations and were further analyzed in the present study in ] and
M in comparison with EW populations.

As for Ca, which was proven to prevent stroke and extend lifespan in SHRSP, low Ca
intake decreases plasmatic Ca concentration, which stimulates parathyroid hormone (PTH)
and renin, angiotensin, and aldosterone secretion to raise BP [35]. Therefore, increased
Ca intake attenuates the development of hypertension and stroke. However, since Ca in
24U does not reflect Ca intake in humans [36,37] and is influenced by various factors [38],
24U Ca was not analyzed for its association with the risks of CVD in this study.

Mg and Tau were shown to be related to CVD risks such as hypertension, obesity, and
cholesterol-related atherosclerosis.

As for hypertension, Mg activates Na-K ATPase to control electrolyte balance in
the cell [39], and therefore the supplementation in the diet reduced intracellular Ca and
Na and lowered BP experimentally in SHRSP [31] and clinically in patients with mild
hypertension [40]. Tau was observed to decrease BP in SHR and SHRSP [28], and its
antihypertensive effect was ascribed to sympathetic modulation [41,42].

In relation to obesity, low Mg status was observed more often in obese individuals [43],
and Mg intake was inversely associated with waist size in young Americans [44]. Tau/Cre
in 24U was inversely related to obesity in the present study, and the supplementation of
Tau decreased body weight in obese mice [45] and clinically in overweight subjects [46].

Mg intake was correlated with the intake of dietary fibers [47], which lowered serum
TC [48]. Tau supplementation decreased the effect of a high-fat diet inducing hyperlipi-
demia in SHRSP and other experimental models [49] by the mechanism of Tau acceleration
of bile acid conjugation with cholesterol [50].

Mg and Tau are richly contained in the natural diets, which were obtained commonly
from the sea and the mountains even in the Paleolithic period [51]. The recent investigation
of a prehistoric kitchen midden in Japan indicated that Mg-rich nuts and seeds, as well
as Tau-rich fish and shellfish, were commonly consumed between 5000 and 12,000 years
ago [52], and therefore it was speculated that there was no current health problem related to
hypertension, obesity, and atherosclerosis. According to the evolutionary concept of human
nutrition, such cardiovascular risks as hypertension, obesity, and lipidemia were supposed
to be less prevalent in the prehistoric era, and these risks were demonstrated by the present
study to be inversely associated with Tau and Mg, the biomarkers of seafood and nuts
or seeds, indicating these nutrients commonly taken in the past may potentially reduce
current cardiovascular risks. The Japanese are well-known for having the world’s longest
average life expectancy, which they have maintained as the top-ranking country for the last
30 years (WHO 2016) [53]. The recent evaluation of Japanese dietary intakes by worldwide
urinary biomarker analyses revealed the common consumption of soy isoflavones and
seafood Tau was also associated with higher Mg intake [54]. Therefore, a Japanese diet
containing commonly Mg and Tau may potentially be related to lower cardiovascular risks,
which contribute to their longevity.

In conclusion, Tau and Mg, which were effective for reducing cardiovascular diseases
in SHRSPs developing genetically transmitted stroke, were epidemiologically associated
with lower CVD risks of obesity, hypertension, and hypercholesterolemia worldwide and
were proven in the present study to be the nutritional merits of the diet of the ] and
M populations, which were known for their relatively longer average life expectancy.
However, ] and M diets contained more salt; therefore, Tau and Mg rich diets with less salt
should be recommended for health promotion with fewer cardiovascular diseases.
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Abstract: Blood pressure is determined by cardiac output and systemic vascular resistance, and
mediators that induce vasoconstriction will increase systemic vascular resistance and thus elevate
blood pressure. While peripheral vascular resistance reflects a complex interaction of multiple
factors, vascular ion channels and transporters play important roles in the regulation of vascular
tone by modulating the membrane potential of vascular cells. In vascular smooth muscle cells,
chloride ions (CI17) are a type of anions accumulated by anion exchangers and the anion—proton
cotransporter system, and efflux of C1~ through CI~ channels depolarizes the membrane and thereby
triggers vasoconstriction. Among these C1~ regulatory pathways, emerging evidence suggests that
upregulation of the Ca?*-activated Cl~ channel TMEM16A in the vasculature contributes to the
increased vascular contractility and elevated blood pressure in hypertension. A robust accumulation
of intracellular C1~ in vascular smooth muscle cells through the increased activity of Na*-K*-2Cl~
cotransporter 1 (NKCC1) during hypertension has also been reported. Thus, the enhanced activity of
both TMEM16A and NKCC1 could act additively and sequentially to increase vascular contractility
and hence blood pressure in hypertension. In this review, we discuss recent findings regarding the
role of C1™ in the regulation of vascular tone and arterial blood pressure and its association with
hypertension, with a particular focus on TMEM16A and NKCC1.

Keywords: chloride; calcium-activated chloride channel; hypertension; Na*-K*-2Cl™~ cotransporter
1; TMEM16A; smooth muscle

1. Introduction

Hypertension is the most prevalent and important risk factor for cardiovascular disease
around the world [1], and cardiovascular complications associated with hypertension
accounted for 8.5 million deaths worldwide in 2015 [2]. Nevertheless, global control
(<140/90 mmHg) rates among subjects with hypertension in 2019 were only 23% for
women and 18% for men [3], and thus more effective treatment strategies for hypertension
control are urgently needed.

Lifestyle modifications are recommended for the treatment and prevention of hyper-
tension and hypertension-associated cardiovascular diseases for all subjects, including
subjects with high normal blood pressure and patients who are taking antihypertensive
agents [4]. In particular, the restriction of dietary sodium chloride (NaCl) has been one
of the major focus points among lifestyle modifications for the treatment and prevention
of hypertension [5,6]. Indeed, numerous animal and human studies have established a
causal relationship between dietary NaCl intake and hypertension as well as hypertension-
associated cardiovascular diseases [7-9].

While it is generally assumed that sodium ions (Na*) but not chloride ions (C17) play a
critical role in NaCl-induced hypertension [10,11], the copresence of Na* and C1~ has been
reported to be requisite for the development or progression of hypertension in some animal
models of hypertension, including desoxycorticosterone-induced hypertensive rats [12],
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Dahl salt-sensitive hypertensive rats [13,14] and stroke-prone spontaneously hypertensive
rats [15]. Likewise, several studies have suggested the importance of C1~ in NaCl-induced
hypertension in humans [16-18]. These animal and human studies suggest that Na* alone
may not be sufficient, and that C1~ may be indispensable or may act cooperatively with
Na™ to give rise to NaCl-induced hypertension. A detailed description of the role of CI™ in
NaCl-induced hypertension in animals and humans can be found in an excellent review by
McCallum et al. [19].

The precise mechanisms by which C1~ contributes to the blood pressure rise in the
above studies are yet to be determined, but the ability of CI~ to modify vascular contractility
may play a role. In vascular smooth muscle cells, the intracellular concentration of C1~ is
accumulated by anion exchangers and the anion—proton cotransporter system [20,21]. As
the resting membrane potential of smooth muscle in vivo (e.g., —38 mV in the rat caudal
artery [22]) is more negative than the reversal potential for C1~ (e.g., —18 mV in the guinea
pig vas deferens [23]), the opening of C1~ channels leads to an efflux of CI~ and depolarizes
the membrane potential, which would then increase the open probability of L-type Ca2*
channels to trigger smooth muscle constriction [20,24].

Thus, in situations with increased intracellular C1~ concentration or increased Cl1~
channel activity in vascular smooth muscle cells, the driving force for the efflux of C1~ is
expected to increase, which in turn could facilitate membrane depolarization and vaso-
constriction, and emerging evidence suggests that this scenario is indeed the case in some
animal models of hypertension. In this review, we will discuss the possible involvement
of CI™ in the pathogenesis of hypertension. Particular emphasis is given to the roles of
Ca%*-activated C1~ channel transmembrane membrane 16A (TMEM16A; also known as
Anol) and Na*-K*-2Cl~ cotransporter 1 (NKCC1) in the increased vascular contractility
during hypertension.

2. Role of Chloride Ions in Regulation of Vascular Tone and Blood Pressure

The vascular tone in vivo is regulated by perivascular nerves, including sympathetic,
parasympathetic and non-adrenergic non-cholinergic nerves, and the corelease of nore-
pinephrine and ATP from the sympathetic nerve terminals causes vascular smooth muscle
membrane depolarization and subsequent constriction [25-29]. Although multiple ionic
mechanisms would underpin the nerve-mediated vascular smooth muscle depolarization,
several previous studies have suggested that nerve-mediated and exogenously applied
norepinephrine-evoked smooth muscle depolarization could be at least partly due to the
generation of Ca®*-activated Cl~ currents triggered by the Ca?* release from the intracellu-
lar Ca2* stores [24,30-32].

In addition to perivascular nerve-mediated regulation, myogenic response-mediated
vascular smooth muscle depolarization and constriction in response to intravascular pres-
sure change also contribute to the regulation of vascular tone [33]: in rat cerebral arteries,
intravascular pressure-induced depolarization and constriction have been shown to be
inhibited by two distinct CI~ channel blockers, indanyloxyacetic acid (IAA-94) and 4,4'-
diisothiocyanatostilbene-2,2'-disulphonic acid (DIDS), suggesting that the efflux of C1~
ions through C1~ channels could contribute to the myogenic response-mediated vasocon-
striction [34]. Indeed, in support of this observation, efflux of ClI~ ions was associated
with the myogenic constriction in the rat cerebral vascular bed [35]. Nevertheless, because
subsequent studies performed in the rat cerebral arteries revealed that IJAA-94 depresses
L-type calcium current [36], and both IAA-94 and DIDS depress non-selective cationic
current [37], the validity of the contribution of C1™ currents to the myogenic response was
called into question.

As such, despite a significant amount of physiological and pharmacological evidence
showing that vascular C1~ channels play a crucial role in regulating vascular tone, the absence
of specific inhibitors and the lack of the molecular identities of the channels make it difficult
to reach indisputable conclusions. Among other things, there has been a debate regarding the
molecular identity of CaCCs ever since the initial report by Byrne and Large in 1987 [38]. Indeed,
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several proteins have been proposed as the molecular counterpart of CaCCs, and these include
CLCA, CLC-3, TWEENTY and bestrophins [39]. However, three independent groups revealed
in 2008 that the TMEM16A protein is a molecular counterpart for CaCCs [40—42].

Since these 2008 reports, many studies have confirmed that TMEM16A generates
functional CaCC currents in a number of vascular smooth muscle cells and thereby reg-
ulates agonist-induced vasoconstriction [21,43-45]. Moreover, it has been revealed that
TMEM16A also contributes to intravascular pressure-induced myogenic depolarization
and vasoconstriction in the cerebral arteries and renal arterioles of rats [46,47]. Thus, it
appears likely that the TMEM16A in vascular smooth muscle cells plays a critical role in
regulating vascular tone and blood pressure. Support for this notion comes from the fact
that conditional knockout mice of TMEM16A in vascular smooth muscle cells shows a
complete deficiency of CaCC currents, decreased responsiveness to vasoconstrictor stimuli
and reduced systemic blood pressure [48].

3. Alterations in Vascular Chloride Channels and Transporters in Hypertension
3.1. Ca**-Activated Chloride Channels (CaCCs) in Vascular Smooth Muscle Cells

It is generally accepted that essential hypertension is characterized by an increased
peripheral resistance [49,50]. The increased peripheral resistance in hypertension is deter-
mined by an integral and complex interplay between various pathogenic factors, including
increased sympathetic nervous activity, enhanced calcium ion mobilization in vascular
smooth muscle cells, increased calcium sensitivity of vascular smooth muscle cells and
reduced production of endothelium-derived relaxing factors, to name a few [50,51]. Among
these factors, alterations in the function of vascular ion channels during hypertension
contribute to the increased peripheral resistance by shifting the membrane potential to
depolarized levels [22,50,52].

While many studies have demonstrated downregulation of the expression and/or function
of vascular potassium (K*) channels in hypertension [50,51,53,54], emerging evidence reveals
an upregulation of expression and/or function of CaCCs in vascular smooth muscle cells
of spontaneous hypertensive rats (SHRs), a genetic model of human essential hypertension.
Although a previous study suggested an increased activity of CaCCs in vascular smooth muscle
cells of SHRs [55], the molecular identity of the CaCCs observed in that study was unclear
at the time. A subsequent study by Wang et al. for the first time revealed that TMEM16A is
the molecular counterpart for the increased activity of CaCCs in vascular smooth muscle cells
of SHRs, and that TMEM16A protein expression is significantly upregulated in the aorta, the
carotid arteries, the hindlimb arteries and the mesenteric arteries of SHRs compared to those
of normotensive Wistar Kyoto (WKY) rats [56] (Table 1). Consistent with the seminal findings
of Wang and colleagues [56], the increased TMEMI16A expression levels and the resultant
potentiation of vasoconstrictions have also been reported in smooth muscle cells of the coronary
arteries [57] and the renal arterioles [47] of SHRs (Table 1).

Table 1. Alterations in vascular smooth muscle Ca?*-activated Cl~ channels during hypertension.

Animals Alterations in Vascular Smooth Muscle CaCCs during Hypertension Ref.
Increased TMEM16A expression and function in aorta, carotid arteries, [56]
hindlimb arteries and mesenteric arteries g
Increased TMEM16A expression and function in coronary arteries [57]
Increased TMEM16A expression and function in renal arterioles [47]
SHRs Knockdown of TMEM16A by siRNA transfection lowered blood pressure [56]
Inhibition of TMEM16A activity by T16A;,,-A01 lowered blood pressure [56]
Treatment of mesenteric resistance arteries with TM;,,-23
. [58]
blocked vasoconstriction
Inhibition of TMEM16A activity by TM;,-23 lowered blood pressure [58]
2K2C renal hypertensive rats Reduced TMEM16A expression and function in basilar arteries during the [59,60]

development of hypertension

CaCCs, Ca%*-activated Cl~ channels; SHRs, spontaneously hypertensive rats; 2K2C, 2-kidney, 2-clip.
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Importantly, the increased expression and function of TMEM16A appear to be asso-
ciated with blood pressure elevation in SHRs: the in vivo knockdown of TMEM16A by
small interfering RNA (siRNA) transfection prevented blood pressure rise, and the in vivo
inhibition of TMEM16A activity by T16A;,,-A01, a TMEM16A inhibitor, reduced blood
pressure in SHRs [56] (Table 1). Similarly, a recent study in SHRs showed that in vitro treat-
ment of mesenteric resistance arteries with TM;,,,-23, a small molecule inhibitor of vascular
smooth muscle TMEM16A, blocked vascular smooth muscle constriction in response to
vasoconstrictor stimuli, and in vivo treatment with TM;,-23 reduced blood pressure in
SHRs with minimal blood pressure change in normotensive rats and mice [58] (Table 1).
Although the greater blood pressure lowering effect of TM;,-23 in SHRs appears to be due
to an increased sensitivity of TMEM16A to TM;,,-23 [58], the mechanisms underlying the
increased sensitivity of TMEM16A are unclear and warrant further investigations. Together,
these findings implicate vascular smooth muscle CaCC TMEM16A as a possible contributor
in the pathogenesis of hypertension in SHRs.

In rat basilar arteries of 2-kidney, 2-clip (2K2C) renal hypertensive rats, exogenously
applied angiotensin II (Ang II) induced vasoconstriction that was sensitive to T16A;,-
A01, and Ang II evoked TMEM16A-mediated CaCC currents in rat basilar smooth muscle
cells [59]. These findings suggest that CaCC TMEM16A modulates the vasocontractility
of basilar arteries of 2K2C renal hypertensive rats; however, in sharp contrast with SHRs,
the activity of CaCCs was decreased gradually during the development of hypertension,
and the CaCCs’ current density was negatively correlated with blood pressure levels, in
basilar arteries of 2K2C renal hypertensive rats [60] (Table 1). Moreover, the TMEM16A
protein expression in the smooth muscle layer of the basilar artery decreased during the
development of hypertension in 2K2C renal hypertensive rats [59,60] (Table 1).

It is not clear why the activity and the expression of CaCC TMEMI16A changed in
the opposite direction between SHRs and 2K2C renal hypertensive rats, but the difference
might be explained by the different levels of activity of the renin-angiotensin system (RAS)
in the vasculature: while the plasma and tissue RASs are suppressed in SHRs [61], the RAS
components—particularly the vascular Ang II concentration—are increased in 2K2C renal
hypertensive rats [62]. As Ang II decreased TMEM16A expression in some vascular smooth
muscle cells, including those from rat basilar arteries [59,60,63], an increase in vascular Ang
IT concentration in the basilar arteries of 2K2C renal hypertensive rats might downregulate
TMEMI16A expression and hence reduce the CaCCs’ current in this model.

It has been reported that the perivascular sympathetic nerves exert an abnormal
trophic influence on the vascular smooth muscle membrane properties of SHRs [64], and a
recent report showed that the expression and contractile function of the CaCC TMEM16A
in rat arteries were reduced due to the trophic influence of sympathetic nerves during
postnatal maturation [65]. Therefore, we speculate that the expression and function of
CaCC TMEM16A might also be decreased along with the longer duration of hypertension
in SHRs because of the persistent abnormal trophic influence of the sympathetic nerves.
This hypothesis might be supported by the observation that the contribution of CaCCs
to norepinephrine-induced vasoconstriction in the femoral arteries was decreased in 12-
month-old SHRs compared to that of 6-month-old SHRs [66].

TMEM16A may modulate vascular contractility in cooperation with other ion channels
in certain vascular beds. Thus, in rat mesenteric and tail arteries, TMEM16A modulates
vascular contractility, at least in part, by positively regulating the expression and function
of vascular L-type Ca?* channels [67,68]. In another study in rat cerebral arterial smooth
muscle cells, transient receptor potential canonical 6 channel (TRPC6) and TMEM16A
were found to be spatially localized, and TRPC6 activation led to a local elevation of
Ca?*, which in turn activated nearby TMEM16A, leading to vasoconstriction [69]. As the
function and expression of both L-type Ca?* channels [70,71] and TRPC6 [72] have been
reported to be upregulated in hypertensive rats, it is intriguing to speculate that these
mutual interactions of TMEM16A with other vascular ion channels function cooperatively
to augment vasoconstriction and hence increase blood pressure in hypertension.
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It has been reported that phosphatidylinositol 4,5-bisphosphate (PIP;), a phospholipid
of the plasma membrane, regulates ion channel activity in various cell types [73], and sev-
eral studies reported that PIP; acts as a positive modifier of TMEM16A [74-76]. By contrast,
the TMEM16A-mediated CaCC current was not augmented, but rather inhibited by PIP,
in rat pulmonary artery smooth muscle cells [77]. The reason for the discrepancy is not
clear. Nevertheless, a previous report suggests that a significant difference exists between
WKY and SHR aortas regarding the PIP; hydrolysis response following stimulation with
norepinephrine [78], indicating the need for further research to understand the possible
regulation of TMEM16A by PIP; in blood vessels in hypertension.

Recent evidence suggests that inositol 1,4,5-trisphosphate receptors (IP3Rs) are spa-
tially colocalized with TMEM16A proteins in nociceptive sensory neurons [79]. If the same
holds true in vascular smooth muscle cells, IP3-induced Ca?* release from intracellular
Ca?* stores would activate nearby TMEM16A, and alterations in this signaling pathway
might contribute to the TMEM16A-mediated vasoconstriction in SHRs. Indeed, it has been
reported that IP3R channels are upregulated in vascular smooth muscle in hypertension,
resulting in enhanced IP3-induced Ca?* release and increased vasoconstriction [80].

To sum up, while there is a growing body of evidence that CaCC TMEMI16A con-
tributes to the increased vascular contractility and elevated blood pressure in SHRs, it is
currently unclear whether the upregulation of TMEM16A is specific to SHRs or is present
in other hypertensive animal models, and further studies will be needed to clarify the
molecular mechanisms that regulate TMEM16A activity during hypertension.

3.2. Ca**-Activated Chloride Channels (CaCCs) in Vascular Endothelial Cells

In addition to their expression in vascular smooth muscle cells, CaCCs have been
reported to be present in some vascular endothelial cells [81-84]. Although the physi-
ological role of endothelial CaCCs is still not well understood, the endothelial CaCCs
may contribute to the regulation of the resting membrane potential of the endothelial
cells. Indeed, in mouse brain capillary endothelial cells, pharmacological blockade or
knockdown of TMEM16A with siRNA induced membrane hyperpolarization, suggesting
that the activation of endothelial CaCCs acts to depolarize the membrane potential of
the endothelial cells [83]. Further support for this notion comes from the study by Ya-
mamoto et al. [85]. They found that, in the isolated endothelium of guinea pig mesenteric
arteries, ACh increased the intracellular concentration of Ca?*, which subsequently ac-
tivated endothelial small conductance Ca%*-activated K* channels (SKc,s), intermediate
conductance K¢, (IKc,) and CaCC simultaneously, and the endothelium-dependent hyper-
polarization (EDH) through the activation of both SK¢, and IK¢c, was counteracted by the
opposing membrane depolarization evoked by the activation of CaCCs [85].

With respect to the alteration of endothelial CaCCs in hypertension, we have pre-
viously shown a functional upregulation of endothelial CaCCs in mesenteric resistance
arteries of SHRs [86]. In that study, after blockade of EDH with K¢, channel inhibitors,
iontophoresed acetylcholine (ACh) evoked a rapid and substantial membrane depolariza-
tion in mesenteric resistance arteries of SHRs, but only negligible slow depolarization was
detected in those of WKY rats [86,87] (Figure 1).

As the estimated reversal potential of the ACh-evoked depolarization in that study
was —18 mV [86], which agrees closely with that reported for CI~ ions [23,88], and the
ACh-evoked depolarization was abolished by endothelium denudation, or reduced either
by replacement of external CI™~ ions with impermeant anions or by treatment with the CaCC
inhibitors niflumic acid or flufenamic acid, the ACh-evoked depolarization appears to be,
at least in part, generated through the activation of endothelial CaCCs in the mesenteric
resistance arteries of SHRs [86]. Moreover, the inhibition of the ACh-evoked depolarization
by CaCC inhibitors improved the impaired ACh-induced EDH in mesenteric arteries of
SHRs, suggesting that an increased activity of endothelial CaCCs may be responsible for
the impairment of EDH (Figure 2) (Table 2).
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Figure 1. Acetylcholine (ACh)-evoked depolarization in mesenteric arteries of spontaneously hyper-
tensive rats (SHRs). (a) A hidden depolarization emerged after blockade of endothelium-dependent
hyperpolarization (EDH) with apamin (0.5 umol/L, a small-conductance Ca?*-sensitive K* channel
(Kca) inhibitor) plus TRAM34 (100 nmol /L, an intermediate-conductance K¢, inhibitor) in mesenteric
arteries of SHRs. All recordings were from the same cell. (b) ACh-evoked depolarization in the pres-
ence of apamin (0.5 umol /L) plus charybdotoxin (60 nmol/L, a large and intermediate-conductance
Kca inhibitor) was larger in amplitude and faster in time course in SHRs than in Wistar Kyoto
(WKY) rats. Each paired recording was from the same preparation. Indomethacin (10 umol/L) and
N®-nitro-L-arginine methyl ester (100 umol/L) were present throughout. Arrows, application of
ACh. Modified from Goto et al. [87].
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Figure 2. Effects of niflumic acid on acetylcholine-induced, endothelium-dependent hyperpolariza-
tion (EDH) in mesenteric arteries of spontaneously hypertensive rats (SHRs) and Wistar Kyoto (WKY)
rats. Niflumic acid (50 umol/L) improved EDH in SHRs but not in WKY rats. Each paired recording
was from the same preparation. Indomethacin (10 umol/L) and N®-nitro-L-arginine methyl ester
(100 pmol /L) were present throughout.
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Table 2. Alterations in vascular endothelial Ca?*-activated C1~ channels during hypertension.

Animals Alterations in Endothelial CaCCs during Hypertension Ref.
SHR Increased CaCC function in endothelium of mesenteric arteries [86]
S Increased CaCC function, reduced EDH in mesenteric arteries [86]
Increased TMEM16A expression in endothelium of aorta [82]
Endothelial-specific TMEM16A knockout ameliorated 182]
Ang Il-induced hypertensive mice endothelial function and lowered blood pressure
Endothelial-specific TMEM16A overexpression deteriorated 82]

endothelial function and elevated blood pressure

CaCCs, Ca**-activated Cl~channels; SHRs, spontaneously hypertensive rats; EDH, endothelium-dependent
hyperpolarization; Ang II, angiotensin II.

As endothelial cells and adjacent smooth muscle cells are electrically coupled via
myoendothelial gap junctions in rat mesenteric arteries [89-91], the impaired EDH leads to
attenuated EDH-mediated relaxation and hence to endothelial dysfunction in SHRs [86].
Although some studies have reported that the inhibition of volume-activated C1~ channels
potentiates K*-induced, EDH-mediated relaxation in rat mesenteric arteries [92,93], the
involvement of the volume-activated C1~ channels in the ACh-evoked depolarization
in mesenteric arteries of SHRs is not likely because the volume-regulated Cl~ channel
inhibitor NPPB had no effect on the ACh-evoked depolarization in this vascular bed [86].

A negative causal link between the activity of endothelial CaCCs, specifically TMEM16A,
and endothelial function has also been reported in other studies [82,84]. Thus, in Ang II-
induced hypertensive mice, in which the expression of vascular endothelial TMEM16A is
increased, the endothelial-specific TMEM16A knockout ameliorated endothelial function and
lowered the systolic blood pressure, whereas the endothelial-specific TMEM16A overexpres-
sion deteriorated endothelial function and further elevated the systolic blood pressure [82],
and these interactions appear to be related to the facilitating effects of TMEM16A on reactive
oxygen species generation via Nox2-containing NADPH oxidase [82] (Table 2).

Another study showed that overexpression of TMEM16A in human pulmonary en-
dothelial cells led to a decrease in ACh-induced NO production [84]. Taken together, these
findings suggest that upregulation of endothelial CaCC TMEM16A may contribute to the
impaired endothelial function, and if so, that it likely does so via a reduction in the activity
of EDH and/or NO; finally, the results suggest that such a reduction in EDH and/or NO
activity may be at least partly responsible for the elevated blood pressure in hypertension
(Figure 3).

3.3. Na*-K*-2CI~ Cotransporter] (NKCC1)

NKCC1 located on vascular smooth muscle cells functions to accumulate intracellular
Cl™ [20,21]. The most compelling evidence of the functional role of NKCC1 in the regulation
of vascular tone and arterial blood pressure comes from studies on NKCC1 knockout mice:
the systolic blood pressure was significantly reduced in NKCC1 knockout mice compared to
wild-type mice [94], and treatment with bumetanide, an inhibitor of NKCC1 [95], inhibited
the vascular contractile activity and lowered mean arterial blood pressure in wild-type
mice, with the effects being lost in NKCC1 knockout mice [94,96]. Thus, theoretically, an
increase in the activity of the vascular smooth muscle NKCC1 could augment vascular
contractility and subsequently lead to enhanced blood pressure, and this is indeed the case
in several types of hypertensive rats.

In some experimental models of hypertensive rats, including SHRs [97-99], Milan hy-
pertensive rats [100] and deoxycorticosterone acetate (DOCA) salt hypertensive rats [101],
increase in the activity of NKCC in vascular smooth muscle cells has been reported
(Table 3). Interestingly, Lee et al. reported that the mRNA and protein expression levels of
NKCC1 were epigenetically upregulated in the aorta of SHRs due to Nkccl gene promoter
hypomethylation [102], and the Nkccl gene promoter hypomethylation resulted from the
decreased activity of DNA methyltransferase 3B [103] (Table 3). Likewise, an epigenetic up-
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regulation of NKCC1 via histone modifications was reported in the aorta of Ang II-induced
hypertensive rats [104] (Table 3).
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Figure 3. Upregulation of endothelial TMEM16A impairs endothelial function in hypertension.
In hypertension, the expression and function of vascular endothelial Ca?*-activated C1~ channel
TMEM16A are increased. Endothelial stimulation with agonists and shear stress increases the intracel-
lular Ca®* concentration, which subsequently activates endothelial small-conductance Ca*-activated
K* channels (SK¢,s), intermediate-conductance K¢, (IKc,) and TMEM16A simultaneously. The
endothelium-dependent hyperpolarization (EDH) through the activation of both SK¢, and IK¢, is
reduced by the opposing membrane depolarization evoked by the activation of TMEM16A. In addi-
tion, activation of TMEM16A may facilitate the generation of reactive oxygen species (ROS) through
Nox2-containing NADPH oxidase, leading to reduced bioavailability of nitic oxide (NO). Impaired
EDH and/or NO could be at least partly responsible for the blood pressure rise in hypertension.

Table 3. Alterations in vascular smooth muscle NKCC1 during hypertension.

Animals Alterations in Vascular Smooth Muscle NKCC1 during Hypertension Ref.
Increased NKCC1 function in aorta and carotid arteries [97-99]
Epigenetic upregulation of aorta NKCC1 due to Nkccl gene [102]
SHRs promoter hypomethylation
Nkccl gene promoter hypomethylation resulted from the decreased activity [103]
of DNA methyltransferase 3B
Milan hypertensive rats Increased NKCC1 function in thoracic aorta [100]
DOCA salt hypertensive rats Increased NKCC1 function in saphenous branch of femoral arteries [101]
Ang Il-induced hypertensive rats Epigenetic upregulation of aorta NKCC1 due to histone modifications [104]

NKCC1, Na*-K*-2Cl~ cotransporter 1; SHRs, spontaneously hypertensive rats; DOCA, deoxycorticosterone
acetate; Ang II, angiotensin II.
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In addition to the epigenetic upregulation of NKCC1, another factor may also con-
tribute to the increase in the activity of NKCC1 during hypertension. In fact, some studies
have suggested the possible positive regulation of vascular NKCC1 by with-no-lysine
kinase (WNK) and sterile-20-related praline-alanine-rich kinase (SPAK): heterozygous
WNK1 knockout mouse aorta exhibited reduced phosphorylation of downstream SPAK
and NKCC1, leading to decreased responses to vasoconstrictive stimuli [105]. Similarly, the
aorta of SPAK knockout mice exhibited reduced phosphorylation of NKCC1 and decreased
NKCC1-mediated vascular constriction, and the SPAK knockout mice had low blood pres-
sure [106]. Moreover, activation of the WNK3/SPAK/NKCC1 pathway has been shown
to be involved in both the Ang II-induced aortic constriction and Ang II-induced blood
pressure rise in mice [107].

These observations suggest that the WNK/SPAK signaling pathway positively regu-
lates the vascular NKCC1 toward vasoconstriction and hypertension. Interestingly, muta-
tions of WNK have been found in patients with familial hyperkalemic hypertension, a form
of monogenic hypertension [108]. Nevertheless, there is no evidence to date that demon-
strates changes in the WNK/SPAK pathway in animal models of polygenic hypertension
such as SHRs or in human essential hypertension.

The studies mentioned above have demonstrated that the expression and/or the
function of NKCC1 are upregulated in vascular smooth muscle cells of hypertensive rats.
Then, the question arises how the upregulation of NKCC in hypertension contributes to
the augmented vascular contractility and increased blood pressure. It has been reported
that the intracellular concentration of CI~ is increased in vascular smooth muscle cells of
DOCA salt hypertensive rats because of the increase in the activity of NKCC [101].

The increase in the intracellular CI~ concentration would increase the driving force
for C1~ efflux via C1~ channels such as CaCCs upon vasoconstrictor stimulation, and the
increase in C1~ efflux would make the membrane potential more depolarized [20], which
in turn would enhance the open probability of voltage-gated L-type Ca* channels, leading
to an increase in vascular tone. In support of this notion, we have shown that the inhibition
of the NKCC with bumetanide, an inhibitor of NKCC1 [95], significantly reduced the
CaCC-mediated membrane depolarization and constriction in vascular smooth muscle
of SHRs [86]. Since, as discussed in the previous section, CaCCs are also functionally
upregulated in the vasculature of hypertensive rats, we propose that the enhanced activities
of NKCC1 and CaCCs act additively and sequentially to increase vascular contractility and
hence blood pressure in hypertension (Figure 4).
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Figure 4. Upregulation of smooth muscle Na*-K*—2Cl~ cotransporter 1 (NKCC1) and TMEM16A additively
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and sequentially increases vascular contractility in hypertension. In hypertension, the intracellular
concentration of Cl1™~ is increased in vascular smooth muscle cells because of the increased activity of
NKCC1. The increase in the intracellular C1~ concentration then increases the driving force for C1™~
efflux via the Ca®*-activated C1~ channel TMEM16A when TMEM16A is activated by intracellular
Ca®* rise upon stimulation with vasoconstricting agonists, which in turn induces membrane depo-
larization. TMEM16A might be regulated by a local Ca* increase that could be generated by IP;R
channels on the sarcoplasmic reticulum (SR) and/or transient receptor potential (TRP) channels. The
membrane depolarization would then enhance the open probability of voltage-gated L-type Ca®*
channels, leading to an increase in vascular contractility and blood pressure.

4. Clinical Perspectives

While many animal studies suggest that the upregulation of TMEM16A and NKCC1
could contribute to the increased vascular contractility and elevated blood pressure in hyper-
tension as mentioned in the preceding sections, there is very little information concerning
their possible involvement in the pathogenesis of hypertension in humans. Interestingly,
however, two independent population-based studies reported that some genetic variants of
TMEM16A were significantly associated with hypertension in humans [57,109]. Further ex-
ploration of the functional impact of the SNP in the TMEM16A coding region could provide
a clue to understand the pathophysiological role of TMEM16A in human hypertension.

In addition, it has been reported that there was a positive association between hyper-
chloremia and in-hospital mortality in hospitalized patients [110]. Moreover, in a recent
study in patients with chronic kidney disease, hyperchloremia was an independent predic-
tor of hypertension and proteinuria [111]. Taking these observational studies together, it
might be possible to speculate that hyperchloremia might lead to blood pressure elevation
and hence to poor prognosis. By contrast, in outpatients with hypertension [112] or chronic
heart failure [113], hypochloremia was a predictor of mortality [112,113] but the level of
Cl~ was not associated with the level of blood pressure [112]. Thus, while these findings
indicate that serum CI™ alterations are associated with poor prognosis in patients with
elevated cardiovascular risk, the ability of changes in serum Cl~ concentration to affect
blood pressure is not clear. Further studies are needed to clarify the role of serum CI~
concentrations on blood pressure regulation and its association with long-term prognosis
in patients with elevated cardiovascular risk.

5. Conclusions

Accumulating experimental evidence suggests that C1~ plays an important role in
the regulation of vascular tone through its ability to depolarize vascular smooth muscle
cells, and the increased contribution of Cl1™ to arterial constriction appears to be associated
with the development and progression of hypertension. Of note, there is a growing body of
evidence that the upregulation of CaCC TMEMI16A in the vasculature contributes to the
increased vascular contractility and elevated blood pressure in genetically hypertensive
rats. In addition, the increased activity of NKCC1 may also promote hypertension as the
result of a robust accumulation of intracellular C1~ in vascular cells.

Nevertheless, much remains to be determined about the precise molecular mechanisms
underlying the increased activity of TMEM16A and NKCC1 as well as their interactions
with other signaling pathways during hypertension, and most importantly the pathophysi-
ological roles of these molecules in human hypertension. Further exploration of the arterial
tone regulation by C1~ may facilitate a better understanding of the pathogenesis of hyper-
tension, which may help to develop a novel therapeutic strategy to tackle hypertension and
hypertension-associated cardiovascular diseases.
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Abstract: Hypertension is of unknown aetiology, with sympathetic nervous system hyperactivation
being one of the possible contributors. Hypertension may have a developmental origin, owing to the
exposure to adverse factors during the intrauterine period. Our hypothesis is that sympathetic hyper-
innervation may be implicated in hypertension of developmental origins, being this is a common
feature with essential hypertension. Two-animal models were used: spontaneously hypertensive
rats (SHR-model of essential hypertension) and offspring from dams exposed to undernutrition
(MUN-model of developmental hypertension), with their respective controls. In adult males, we
assessed systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate (HR), sympathetic
nerve function (*H-tritium release), sympathetic innervation (immunohistochemistry) and vascular
remodelling (histology). MUN showed higher SBP/DBP, but not HR, while SHR exhibited higher
SBP/DBP/HR. Regarding the mesenteric arteries, MUN and SHR showed reduced lumen, increased
media and adventitial thickness and increased wall/lumen and connective tissue compared to respec-
tive controls. Regarding sympathetic nerve activation, MUN and SHR showed higher tritium release
compared to controls. Total tritium tissue/tyrosine hydroxylase detection was higher in SHR and
MUN adventitia arteries compared to respective controls. In conclusion, sympathetic hyperinner-
vation may be one of the contributors to vascular remodelling and hypertension in rats exposed to
undernutrition during intrauterine life, which is a common feature with spontaneous hypertension.

Keywords: foetal programming of hypertension; sympathetic neurotransmission; sympathetic
innervation; vascular remodelling; fibrosis; foetal undernutrition

1. Introduction

Hypertension is one of the most important risk factors of cardiovascular disease, and
despite the current treatment options, a substantial portion of the population still have
uncontrolled or suboptimal controlled blood pressure (BP) [1]. Additionally, the aetiology
of hypertension remains unknown in most cases. Sympathetic nervous system (SNS) has an
integral role in the regulation of heart rate and contractility, vascular tone and fluid volume.
SNS hyperactivation leads to retention of salt and/or water and increases cardiac output
and peripheral resistance [2]. In addition, elevated SNS also participates in vasculokar
remodelling related to smooth-muscle hypertrophy and fibrosis [3], contributing to the
development and/or the maintenance of hypertension through an increase in peripheral
resistance [4-6]. Recent advances have led to the understanding that hypertension may
have a developmental origin. It is now well accepted that the foetus can adapt to adverse
intrauterine conditions promoting physiological alterations in foetal development to ensure
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survival [7]. Such alterations, later in life, may increase the susceptibility to develop hyper-
tension and cardiometabolic diseases, in a process named as foetal programming [8-10].
Several adverse factors during intrauterine life have been demonstrated to contribute
to inadequate foetal development and foetal programming. The most important ones
are malnutrition [9,11], oxygen deprivation [12-14], placental insufficiency [15], exposure
to excess of glucocorticoids [16-18], toxic substances (alcohol, tobacco) [19-21] and en-
vironmental pollutants [22]. The mechanisms underlying an offspring’s predisposition
to develop hypertension in adulthood have not been completely addressed. Neverthe-
less, implication of increased oxidative stress [23,24], alterations in the glucocorticoid
axis [16,25-27] or activation of the renin-angiotensin system (RAS) [28-30] have been sug-
gested. Some of these alterations might be mediated by epigenetic modulation of genes
implicated in cardiovascular control [24,31-34] and/or alterations in renal or vascular
autonomic functions [14,26,35-38]. In the context of foetal programming hypertension
(FPH), the contribution of the peripheral sympathetic nervous system is still not completely
understood [39]. The spontaneously hypertensive rats (SHR), developed by Okamoto
and Aoki 1963 [40] is a well-established model, which resembles essential hypertension
in humans [41]. Among other common features, the SHR exhibits alterations in RAS [42],
sympathetic hyperinnervation [43] and resistance artery remodelling [44], features also
present in human essential hypertension. SHR and rat models of FPH also share some
similarities regarding blood pressure development, i.e., the sexual dimorphism and the
time course of development [45,46].

In the current work, we hypothesize that hypertension of developmental origin may
share features with SHR regarding sympathetic hyperinnervation, which may contribute to
vascular remodelling and hypertension development. Our aims were to evaluate, in mesen-
teric arteries from SHR and from a rat model of FPH induced by maternal undernutrition
during gestation (MUN), the (i) sympathetic innervation, (ii) sympathetic activation and
(iii) vascular remodelling.

2. Materials and Methods
2.1. Animals

Sprague-Dawley, Wistar Kyoto (WKY) and spontaneously hypertensive (SHR) rats
from the colony maintained at the animal house facility of the Universidad Auténoma
de Madrid were used. All experimental procedures were approved by the Ethics Re-
view Board of Universidad Autéonoma de Madrid and Comunidad Auténoma de Madrid
(CEI63-1112-A097 and PROEX 04/19) according to the Guidelines for the Care and Use of
Laboratory Animals (National Institutes of Health publication no. 85-23, revised in 1996),
the Spanish legislation (RD 1201/2005) and the Directive 2010/63/EU on the protection of
animals used for scientific purposes. The rats were housed in buckets 36.5/21.5/18.5 cm
(length/width/height) on aspen wood bedding, under controlled conditions of 22 °C,
40% relative humidity and 12/12 light/dark photoperiod. The animal health monitoring
indicated that they were free from pathogens that may interact with any of the parameters
studied. The ARRIVE Guidelines were followed for reporting in vivo experiments [47].

2.1.1. Experimental Model of FPH

FPH model based on global maternal nutrient restriction was induced as previously
described [46,48]. Two study groups were established using the Sprague-Dawley strain:
a CONTROL group, with ad libitum feeding throughout pregnancy and lactation, and
a group with intake restriction during part of gestation (maternal undernutrition model,
MUN). This last group of rats had ad libitum diet during the first half of the gestation (from
day 1 to 10), and then they were fed with 50% of the intake of a pregnant rat (from day 11
until delivery). The maximum daily intake of rat chow was previously determined in a
group of pregnant rats as 24 g/day. After delivery and through the lactation period, the
mothers were fed ad libitum. The mothers were fed with a breeding diet (Euro Rodent Diet
22; 5LF5, Labdiet, Madrid, Spain) containing 55% carbohydrates, 22% protein, 4.4% fat,
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4.1% fibre and 5.4% mineral at 12.2% humidity. Drinking water was provided ad libitum to
all animals. Immediately after birth, the offspring were weighed individually and sexed,
and the litter was randomly standardised to 12 rats, 6 males and 6 females, if possible. The
rest of the litter was sacrificed with CO,. At the age of 6 months, male offspring from the
two experimental groups (control and MUN) were analysed.

2.1.2. Experimental Model of Spontaneous Hypertension

SHR, a well-known animal model of essential hypertension, was also used to make
comparisons with the animal model of FPH induced by foetal undernutrition. Wistar-Kyoto
rats (WKY) were chosen as the control model, representing a normotensive state. Both
WKY and SHR male rats were bred at the Animal House of Universidad Auténoma de
Madrid and used at the age of 6 months.

2.1.3. Experimental Protocol

The animals from the different experimental groups (WKY, SHR, CONTROL and
MUN) were first weighed and then anesthetized to measure the haemodynamic parameters
(see below). Thereafter, the rats were sacrificed using a guillotine, the method being
reported as the sacrificial advisable in studies involving the nervous system. The tissue
samples were collected immediately after sacrifice and the mesenteric bed collected from
which the main mesenteric artery was dissected. Four segments were obtained from
each tissue.

2.2. Chemicals

The following drugs were used: levo-[ring-2,5,6-3H]-noradrenaline, specific activity
44.8 Ci/mmol (DuPont NEN, I.L.C., Lisboa, Portugal); the scintillation mixture used was
from OptiPhase ‘Hisafe’ 3, PerkinElmer, I.L.C. (Lisboa, Portugal); desipramine hydrochlo-
ride purchased from Sigma-Aldrich (Sintra, Portugal). Entellan (mounting medium),
Orcein, Masson’s trichrome and haematoxylin/eosin from Merck (Darmstadt, Germany).
The following antibodies were used: mouse monoclonal anti-tyrosine hydroxylase anti-
body (ab137869), from Abcam, London, UK) and Alexa Fluor 488 goat anti-mouse IgG
(H + L) antibody, highly cross-adsorbed (Invitrogen, Life Technologies, SA, Madrid, Spain);
vectashield mounting medium with DAPI (Vector Laboratories, London, UK). Stock solu-
tions were made up in ultrapure water and diluted in superfusion medium immediately
before use.

2.3. Haemodynamic Parameters Measurement

Haemodynamic parameters were determined as previously described [49]. Briefly, the
rats were anesthetized (37.5 mg/kg Ketamine hydrochloride and 0.25 mg/kg Medetomi-
dine hydrochloride i.p.). Thereafter, a cannula was inserted into the right iliac artery and
connected to a Pressure transducer (Statham, Harvard Apparatus GmbH, Berlin, Germany).
The blood pressure wave was recorded on a PC computer, using the data acquisition
with the PowerLab system (ADInstruments) for 60 min and systolic blood pressure (SBP),
diastolic blood pressure (DBP) and heart rate (HR) were measured in the final portion of
the recorded trace.

2.4. [3H]-Noradrenaline Release Experiments

Evaluation of [*H]-noradrenaline (NA) release experiments was carried out as previ-
ously described [50-52]. Arteries were preincubated in 2 mL of Krebs-Henseleit solution
containing 0.1 pmol/L [PH]-NA (for 60 min at 37 °C) and transferred into superfusion cham-
bers, superfused with [*H]-NA-free medium (1 mL/min; constant rate: Krebs-Henseleit
solution with desipramine 400 nmol/L to inhibit NA’s neuronal uptake). Three identical
periods of electrical stimulation were applied (Hugo Sachs Elektronik, March-Hugstetten,
Germany; constant current mode, rectangular pulses; 1 ms, with current strength 50 mA;
5 Hz, 100 pulses). The first, starting at t = 30 min (S0) was not used for determination
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of tritium outflow. The subsequent periods (S; and S;) were applied at t = 90 min and
t = 120 min, respectively. The superfusate was collected each 5-min period, starting from
minute 85 of superfusion onwards. At the end of the experiments (t = 130 min), tritium
was measured in superfusate samples and solubilized arteries (sonicated 1 h with 2.5 mL
of 0.2 mol/L perchloric acid) by liquid scintillation spectrometry (LS 6500, Beckman Instru-
ments, Fullerton, CA, USA) after adding 6 mL of a scintillation mixture to each sample.
Electrically evoked tritium overflow from artery segments incubated with [PH]-NA
was shown to reflect action potential-evoked neuronal NA release and evoked tritium
overflow are assumed to reflect changes in neuronal NA release [43,50,53]. Values of
[*H]-NA uptake were estimated as previously described [54]: the tissue tritium content
was obtained at the end of each [*H]-NA release experiment and was summed to values
of [PH]-NA previously collected in the 5-min superfusate samples (from t = 85 min to
t = 130 min, control segments). The final value was considered as the total amount of incor-
porated [*H]-NA in individual mesenteric artery segments (total tissue tritium content).

2.5. Immunohistochemistry

Immunohistochemistry procedures were previously described [53]. Briefly, four artery
segments were obtained from each artery and immediately placed in cold phosphate
buffer solution (PBS; in g/L): NaCl 8.0, Na,HPO4.2H,0 0.77, KC1 0.20 and KH,PO4 0.19
(pH 7.2). Each segment was longitudinally opened and fixed (paraformaldehyde 4%
PBS; 50 min; room temperature). After two 15-min PBS washing cycles, artery segments
were incubated with the primary antibody (mouse monoclonal anti-tyrosine hydroxylase,
TH, 1:100 dilution, overnight, 4 °C to stain noradrenergic nerve terminals). Thereafter,
tissues were incubated with Alexa 488 anti-mouse fluorescent secondary antibody (1:1000
dilution, 1 h, room temperature). The primary antibody was previously validated by the
manufacturer. Negative controls were incubated on adjacent sections using 10% normal
horse serum or blocking solution instead of the primary antibody. After three PBS washing
cycles, the arteries were mounted intact with antifading agent (headshield mounting
medium with DAPI).

Artery segments were visualized with a Leica SP2 laser scanning confocal microscopy
(LSCM) system (Leica Microsystems, Metzler, Germany) fitted with an inverted microscope
(x63 oil immersion lens). Stacks of 1-um-thick serial optical images were captured from
five randomly chosen regions along the adventitial layer of the mesenteric artery, which
was identified by the shape and orientation of the nuclei stained with DAPI [55]. Adventitia
was scanned along each mesenteric artery and the resulting images were reconstructed sep-
arately for each wavelength. Two stacks of images were sequentially obtained at different
wavelengths: the first stack was taken with the Ex 405 nm and Me 412-470 nm wavelength
to visualize cell nuclei (DAPI staining). The second was taken with the Ex 488 nm and Em
490-570 nm wavelength to visualize the TH (location of sympathetic terminals). Image
acquisition was always performed under the same laser power, brightness, and contrast
conditions. The resulting images were reconstructed separately for each wavelength for
later quantification.

Quantitative analysis of confocal z-stacks images was performed using image analysis
software (PAQI, CEMUP, Porto, Portugal) as previously described [56]. Briefly, a sequen-
tial routine was designed and developed to analyse each fluorescent signal used. PAQI
software measured the surface area and strength of the fluorescence signal marking the
postganglionic sympathetic nerves.

2.6. Histology

Serial 2-um thickness sections of mesenteric arteries, previously fixed in paraformalde-
hyde 4% PBS, were dewaxed in xylene, then they were hydrated in decreasing concentra-
tions of alcohols and stained with orcein, haematoxylin/eosin and with Masson Trichrome.
Each tissue was cut in five levels along the length of the vessel to ensure data represents
the putative mesenteric artery heterogeneity rather than only a specific location of the
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artery. Each batch represents histochemical staining and includes sections from all five
levels of mesenteric artery from each animal group. This procedure was repeated three
times (3 batches). In total, 150 sections were obtained. Sections were stained and divided
according to animal source. Within each of these groups, a random selection of the sections
was carried out.

Stained sections were visualized using a high-resolution Zeiss Axiocam 105 colour
digital camera mounted on a Zeiss Primo Star microscope, using an x10 objective, to
analyse the arterial lumen, media and adventitia layer. Histomorphometry was performed
with Image] software [57], and data of lumen diameter and cross sectional area of the media
and the adventitia were obtained.

2.7. Statistics

Statistics were performed with GraphPad Prism (version 8.3) software (San Diego,
CA, USA). Sample size was calculated assuming a probability error of alpha type of
5% (p < 0.05) and potency of 80%. The normality of the variables was evaluated with
Kolmogorov-Smirnov test. Results were expressed as mean =+ s.e.m. Differences of means
were compared using one- or two-way ANOVA, followed by post-hoc Holm-Sidak’s
multicomparison ¢ test or Student’s t test. A p value lower than 0.05 was considered to
denote statistically significant differences.

3. Results

Body weight was not different between male MUN (460.18 + 8.1 g; n = 6) and CON-
TROL rats (486.6 & 18.6 g; n = 6; p = 0.21). Moreover, no differences between body weight
of SHR (377.4 & 8.9; n = 6) and WKY (367.0 £ 11.9 g; n = 6, p = 0.52) were found.

MUN exhibited larger SPB and DBP, but not HR, when compared to CONTROL,
whereas SHR evidenced larger SBP, DBP and HR when compared to WKY rats (Table 1).
MUN showed lower SBP and DBP levels compared to SHR. However, HR was not enhanced
in MUN, contrasting with the HR values observed in SHR.

Table 1. Blood Pressure and Heart Rate from CONTROL/MUN and WKY/SHR rats.

Mesenteric Artery DBP (mmHg) SBP (mmHg) HR (Beat/min) n
CONTROL 687 +421 125.6 5.1 258 £8 6
MUN 902 £ 45 151.1 + 4.1+ 253 £ 9% 6

WKY 985+ 55 1331+ 4.3 250 £ 10 6

SHR 1403 £59* 186.2 +8.3* 318 £8* 6

Four animal groups in the study: MUN, offspring from rats exposed to maternal undernutrition during pregnancy;
CONTROL, offspring from mothers fed ad libitum during pregnancy; SHR, spontaneously hypertensive rats;
WKY, Wistar Kyoto rats. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate. Values are
mean =+ s.e.m, from n rats from each group in study. Significant differences from the appropriate animal control:
* p < 0.05; from the WKY model: * p < 0.05; from the SHR model: * p < 0.05.

3.1. Influence of Foetal Undernutrition on Vascular Morphology

Histological sections of the mesenteric artery showed a reduced lumen area in MUN
compared to CONTROL (Figures 1a and 2b), a reduction of MUN arterial lumen near
0.6-fold relatively to CONTROL values. Such effect was also observed in arteries from SHR
and WKY, a reduction of SHR arterial lumen near 0.7-fold relatively to WKY values.
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Figure 1. Histomorphometry of the lumen of mesenteric arteries from CONTROL and MUN (upper
panel) and WKY and SHR rats (lower panel). (a) Images were obtained from orcein stained arteries
(scale bar = 500 pum); (b) the graphics show the lumen area. MUN, offspring exposed to maternal
undernutrition during pregnancy; CONTROL, offspring from mothers fed ad libitum during preg-
nancy; SHR, spontaneously hypertensive rats; WKY, Wistar Kyoto rats. Values are mean =+ s.e.m.
from 6 rats of each group. Significant differences from the respective control rat: * p < 0.05.

The media and adventitia layers of MUN were thicker compared to CONTROL (with
an increase near 1.3-fold and 1.5-fold, respectively) similarly to what occurred in SHR com-
pared to WKY (with an increase near 1.4-fold and 1.5-fold, respectively) (Figure 2a,b). More-
over, ratios of media/lumen and of adventitia/lumen were significantly increased in both
MUN and SHR compared to data from respective controls, CONTROL and WKY (Table 2).

Table 2. Vascular wall morphology changes associated with hypertension.

Mesenteric Artery Ratio Media/Lumen Ratio Adventitia/Lumen

n
CONTROL 0.626 £ 0.016 0.419 £ 0.057 6
MUN 0.989 £ 0.314 * 0.829 4 0.303 * 6
WKY 0.307 £ 0.092 0.266 £ 0.112 6
SHR 0.519 £ 0.165 * 0.398 4 0.187 * 6

Images were obtained from haematoxylin/ eosin-stained arteries. Four animal groups in the study: MUN,
offspring from rats exposed to maternal undernutrition during pregnancy; CONTROL, offspring from mothers
fed ad libitum during pregnancy; SHR, spontaneously hypertensive rats; WKY, Wistar Kyoto rats. Values are
mean =+ s.e.m, from 6 rats from each group in study. Significant differences from the appropriate animal control:
*p <0.05.
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Figure 2. Histomorphometry of hypertensive (MUN and SHR) and normotensive (CONTROL
and WKY) mesenteric wall. (a) Images were obtained from haematoxylin/eosin-stained arteries
(scare bar = 300 pm). (b) Cross-sectional area of tunica media (right panel) and cross-sectional
area of tunica adventitia (left panel). MUN, offspring exposed to maternal undernutrition during
pregnancy; CONTROL, offspring from mothers fed ad libitum during pregnancy; SHR, spontaneously
hypertensive rats; WKY, Wistar Kyoto rats. Values are mean =+ s.e.m. from 6 rats of each group.
Significant differences from the respective control rat: * p < 0.05; ** p < 0.01 *** p < 0.001.

An increase in the connective tissue content was also observed, both in MUN and
SHR, compared to their respective controls (CONTROL and WKY, respectively, Figure 3);
the connective tissue increased in MUN near 2.1-fold relatively to CONTROL, whereas in
SHR, it increased 1.5-fold relatively to WKY).
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Figure 3. Histomorphometry of hypertensive (MUN and SHR) and normotensive (CONTROL and
WKY) mesenteric arteries, stained with Trichrome. MUN, offspring exposed to maternal undernutri-
tion during pregnancy; CONTROL, offspring from mothers fed ad libitum during pregnancy; SHR,
spontaneously hypertensive rats; WKY, Wistar Kyoto rats. Values are mean =+ s.e.m. from 6 rats of
each group. Significant differences from the respective control rat: * p < 0.05.

3.2. Influence of Foetal Undernutrition in Sympathetic Postganglionic Nerves Activation

Electrical field stimulation (5 Hz, 1 ms, 100 pulses, 50 mA) tritium outflow was higher
in mesenteric arteries from MUN compared to CONTROL (Figure 4). Similarly, there was a
larger tritium outflow in mesenteric arteries from SHR compared to WKY (Figure 4). The
fractional rate of basal tritium outflow (by), electrically evoked tritium overflow (S;) and
S, /51 ratios are shown in Table 3. Basal outflow and electrically evoked tritium overflow
remained constant throughout the control experiments, with b, /by and S,,/S; values close
to unity. Electrically evoked tritium overflow (S;) was higher in hypertensive arteries (both
SHR and MUN) compared to their respective control (WKY or CONTROL) vessels (Table 3).
However, the evoked overflow was similar between the hypertensive arteries (MUN versus
SHR arteries: p > 0.05).
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Figure 4. Representative examples of time course tritium outflow from: mesenteric arteries from
normotensive animals, CONTROL (circles, left panel) and WKY (circles, right panel), and hyperten-
sive animals, MUN (triangles, left panel) and SHR (triangles, right panel) from typical experiments.
After pre-incubation with [’H]-noradrenaline, tissues were superfused with [’H]-noradrenaline-free
medium containing desipramine (400 nM). Tritium outflow (ordinates) is expressed as a percentage of
the total radioactivity present in the tissue at the beginning of the collection period and was measured
in samples collected every 5 min. Artery segments were stimulated twice by 100 pulses/5 Hz, (S, Sy).
Each line represents the outflow of tritium from a single superfusion chamber; MUN, offspring
exposed to maternal undernutrition during pregnancy; CONTROL, offspring from mothers fed ad
libitum during pregnancy; SHR, spontaneously hypertensive rats; WKY, Wistar Kyoto rats.
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Table 3. Basal tritium outflow (b1), electrically evoked tritium overflow (S;) and S,/S; ratios from
mesenteric arteries from CONTROL/MUN and WKY/SHR rats.

. Basal (?utﬂow (by) Evoked Overflow (Sq) (% of
Mesenteric Artery (Fractional Rate Tissue Tritium Content) n
Outflow; min—1)
CONTROL 0.097 £ 0.008 0.220 + 0.040 6
MUN 0.093 + 0.006 0.347 4+ 0.030 * 6
WKY 0.088 + 0.006 0.265 £ 0.021 6
SHR 0.073 £ 0.006 0.381 4+ 0.032 * 6

Tissues were stimulated twice at 30-min intervals (S;-S;; 100 pulses, 5 Hz, 1 ms, 50 mA): b; refers to the 5-min
period immediately before S;. The electrically evoked tritium overflow is expressed as a percentage of the tissue
tritium content at the onset of stimulation. Basal tritium outflow (b;), electrically evoked tritium overflow (S;)
from the four animal groups in study. MUN, offspring exposed to maternal undernutrition during pregnancy;
CONTROL, offspring from mothers fed ad libitum during pregnancy; SHR, spontaneously hypertensive rats;
WKY, Wistar Kyoto rats. Values are mean =+ s.e.m, from 6 rats from each group in study. Significant differences
from the appropriate animal control: * p < 0.05.

3.3. Influence of Foetal Undernutrition on Perivascular Sympathetic Innervation

In our experimental conditions, total tissue tritium content (per mg of tissue) was
higher in MUN compared to CONTROL arteries (Figure 5a): total tissue content in MUN
increased near 2.1-fold relatively to CONTROL. Moreover, tritium uptake was also larger
in SHR mesenteric arteries compared to the values from WKY arteries (Figure 5b): total
tissue content in SHR increased 1.7-fold relatively to WKY.
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Figure 5. [*H]-Tritium uptake in mesenteric arteries from (a) CONTROL and MUN and (b) WKY
and SHR rats. MUN, offspring exposed to maternal undernutrition during pregnancy; CONTROL,
offspring from mothers fed ad libitum during pregnancy; SHR, spontaneously hypertensive rats;
WKY, Wistar Kyoto rats. Values are mean =+ s.e.m. from 6 animals per group. Significant differences
from the respective control rats: * p < 0.05.

The influence of foetal undernutrition on perivascular sympathetic innervation in the
adventitial layer of mesenteric arteries (identified from LSCM images by the shape and
orientation of the nuclei and by exhibiting scattered fibres [56], was also assessed using
a sympathetic neuronal marker, thyroxine hydroxylase (TH). Non-significant immunore-
activity was observed when the primary antibody was omitted (negative controls, data
not shown). In mesenteric arteries from all experimental groups, immunoreactivity for the
sympathetic neuronal marker TH evidenced the presence of sympathetic nervous fibres
(Figure 6a, green marker). However, the pattern of TH immunoreactivity in arteries from
SHR and from MUN exceeded those observed in WKY and CONTROL arteries, respectively
(Figure 6b), revealing a denser and thicker sympathetic innervation: TH immunoreactivity,
in MUN, increased near 1.9-fold relatively to CONTROL, whereas, in SHR, it increased
1.5-fold relatively to WKY.
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Figure 6. (a) Laser scanning confocal microscopy representative images of the adventitia layer of
mesenteric arteries from CONTROL and MUN (upper panel) WKY and SHR (lower panel) rats.
Images show the immunofluorescence reactivity to TH (green) with DAPI-stained nuclei (blue). Scale
bar: 25 um. (b) Quantitative analysis of LSCM images. MUN, offspring exposed to maternal undernu-
trition during pregnancy; CONTROL, offspring from mothers fed ad libitum during pregnancy; SHR,
spontaneously hypertensive rats; WKY, Wistar Kyoto rats. In the graphics, values are mean =+ s.e.m.
from 6 rats from each group. Significant differences from the respective control rats: * p < 0.05.

4. Discussion

The current study shows that foetal undernutrition induces an increase in the arterial
sympathetic neurotransmission in rat adulthood (6-months old) which can justify, at least
in part, the arterial inward hypertrophic remodelling observed and further highlighted
the role of adventitia in the pathophysiology of foetal programming of hypertension. In
addition, this study also shows that MUN rats share with SHR, a rat model of essen-
tial hypertension, these pathological aspects, which may contribute to the development
of hypertension.

Foetal undernutrition was associated with the development of sympathetic hyperin-
nervation observed in the adventitial layer of the mesenteric artery. LSCM data revealed
the presence of nerve fibres positive for TH (a sympathetic nervous fibre marker), spread
through the adventitia reaching the medial layer, being thicker in MUN mesenteric arteries.
Tyrosine hydroxylase (TH) is an enzyme localized inside sympathetic neurotransmitter
storage vesicles [58] that is used as a peripheral sympathetic marker [43,58]. The higher TH
immunoreactivity observed (induced by undernutrition during foetal life) indicates the
occurrence of a sympathetic hyperinnervation in MUN mesenteric arteries and is in accor-
dance with a previous report in FPH induced by prenatal hypoxia, in which a sympathetic
hyperinnervation in tibial arteries was described [59]. A denser innervation and higher
NA content was also observed in SHR mesenteric arteries, in accordance with previous
studies [54,60]. The larger innervation was associated with higher noradrenaline (NA)
content and release, assessed by functional studies using [*H]-NA, which can be taken
up into vesicles in sympathetic nerve terminals by a specific NA transporter [61,62]. The
total tissue tritium content can be considered an indicator of the sympathetic innervation
density [54]. The larger release of tritium upon electrical stimulation can be a consequence
of the hyperinnervation observed. However, it may also reflect changes in the presynap-
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tic machinery and regulation of noradrenaline release. We have previous evidence that
these mechanisms are altered in both SHR [43,53,54] and MUN rats [63]. Our data also
showed that the total tissue content of the MUN mesenteric artery was higher compared to
CONTROL, indicating that the MUN nervous terminals can incorporate more NA. Our
functional data showed a higher sympathetic output in both SHR and MUN rats, com-
pared to their respective controls. While the difference in innervation was similar for
both hypertensive models, the tritium outflow and NA content was relatively higher in
MUN rats, suggesting an increased availability of NA in the synaptic cleft of sympathetic
MUN nerves. Similar data was found in SHR mesenteric [54,64] and tail [65] arteries. Our
data agrees with studies in other models of FPH showing that SNS activation seems to be
increased [36,58,66-69]: it was described an increased circulating levels of NA in animal
models of FPH [70-72] and in LBW humans [73].

An increased sympathetic neurotransmission can contribute to increase vascular tone
and to the observed remodelling, which, in turn, can be one of the mechanisms behind
hypertension development in MUN. When compared to SHR, the increased NA release
observed was analogous to MUN, although SHR presented a smaller basal outflow. This
data is in line with previous studies in SHR, in which a sympathetic hyperactivity was also
described in the cerebral artery [74], tail artery [49] and mesenteric bed [52]. Morphometric
analysis indicated that foetal undernutrition induces inward hypertrophic remodelling
in the mesenteric artery, with the contribution of both media and adventitia layers, and
the presence of vascular fibrosis, in agreement with data from other studies, in SHR [75]
and MUN [76,77]. The MUN mesenteric artery exhibits a reduced lumen area as well as
an increased media and adventitia layers compared to CONTROL, indicative of inward
hypertrophic vascular remodelling. A similar profile of vascular wall changes between SHR
and WKY was also observed. This type of remodelling is a characteristic of hypertension
and can contribute to increase total peripheral vascular resistance [78]. In mesenteric
arteries from rats exposed to undernutrition in utero, the same type of remodelling was
also reported [79].

The hypertrophy observed in the media layer of MUN mesenteric artery can be due
to cellular hypertrophy caused by vascular smooth muscle cell (VSMC) proliferation or
growth. Sympathetic hyperinnervation was shown to be related to media hypertrophy
in jejunal arteries of SHR, since an increase in the number of nerve fibres occurred before
the development of hypertension or an increase in the thickness of the arterial media [79].
Such finding suggests that increased sympathetic activity possibly plays a causal role in
the development of hypertension, through vascular remodelling. Our study proves that
the remodelling process is relatively similar in MUN and SHR (inward hypertrophic).

MUN had higher SBP and DBP than CONTROL, confirming previous results with the
same foetal model [11,45,80-82]. SHR also exhibited higher values of SBP compared to WKY,
as shown in many studies [54,83-85]. It was not possible to compare the blood pressure
directly between SHR and MUN male rats, since they have a control strain with different
background. However, the current study indicates that foetal undernutrition induces a
milder form of hypertension when compared to a genetic model of essential hypertension,
with lower levels of blood pressure (around 50 mmHg difference for SHR-WKY and 25 mm
Hg for MUN-SD control). Additionally, MUN rats did not show an elevated HR, which
was detected in the SHR model. The lack of HR alterations of MUN rats is in line with
other studies using maternal low protein [35,86] or low micronutrients, such as zinc [87]
or vitamin B12 [88] diets during pregnancy. In SHR, the tachycardia probably reflects an
alteration in baroreceptor regulation, as previously reported [86], which may contribute to
the higher blood pressure in this strain. It should be considered that the blood pressure data
was obtained under ketamine/medetomidine anaesthesia, which exerts an influence on the
sympathetic nervous system: ketamine has been shown to reduce both exocytosis and NA
uptake [89]; medetomidine has been reported to reduce noradrenaline outflow within the
central nervous system, dampening the central sympathetic tone [90]. Given our findings
of an increased sympathetic activity and innervation in both SHR and MUN rat, it is likely
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that the blood pressure in both models of hypertension was underestimated. Accordingly,
previous studies in adult SHR assessed by tail cuff showed high blood pressure levels over
220 mmHg of SBP in awake animals [91], relatively to those reported in the present study
under anaesthesia (SBP = 186 mmHg). In MUN rats, recent reports in awake 6-month-old
rats showed SBP values of 163.1 mmHg [92], which are higher than those reported in the
present study under anaesthesia (SBP = 151.1 mmHg).

In SHR rats, sex differences have been associated, among other causes, with increased
sympathetic outflow due to dysfunctional regulation of presynaptic x-adrenoceptors in
males [93]. Regarding the MUN model, we have reported that females counteract better
the effects of foetal stress and do not develop hypertension in adult life [46]. It is important
to know that these studies were performed under medetomidine/ketamine anaesthesia.
However, recent reports have revealed that, in non-anesthetized rats, there is a tendency
toward hypertension in 6-month-old MUN female rats, which is established and evident
in old age [91]. Such data suggested that MUN females may also have increased blood
pressure levels, and this could also explain the similarities in vascular remodelling between
males and females [81]. Thus, the analysis of sex differences in MUN models deserves
further attention.

5. Conclusions

In conclusion, and as depicted in Figure 7, elevated sympathetic neurotransmission
in MUN and SHR supports that SNS plays an important role in the development of
hypertension in both foetal programming and essential hypertension, which is in line with
the neurogenic hypothesis of hypertension [94]. The similarities regarding sympathetic
neurotransmission and remodelling in both models suggest that the increased sympathetic
activity observed in FPH plays a causal role in the development of hypertension through
vascular remodelling.

W
SUBOPTIMAL FETAL NUTRITION = )

’)
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Figure 7. Effect of suboptimal foetal undernutrition on SNS and vascular wall from a rat FPH model.
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Abstract: Low birth weight (LBW) and accelerated growth during lactation are associated with
cardiometabolic disease development. LBW offspring from rats exposed to undernutrition during
gestation (MUN) develops hypertension. In this rat model, we tested if slower postnatal growth
improves early cardiometabolic alterations. MUN dams were fed ad libitum during gestation days
1-10, with 50% of the daily intake during days 11-21 and ad libitum during lactation. Control dams
were always fed ad libitum. Pups were maintained with their own mother or cross-fostered. Body
weight and length were recorded weekly, and breastmilk was obtained. At weaning, the heart was
evaluated by echocardiography, and aorta structure and adipocytes in white perivascular fat were
studied by confocal microscopy (size, % beige-adipocytes by Mitotracker staining). Breastmilk protein
and fat content were not significantly different between groups. Compared to controls, MUN males
significantly accelerated body weight gain during the exclusive lactation period (days 1-14) while
females accelerated during the last week; length growth was slower in MUN rats from both sexes.
By weaning, MUN males, but not females, showed reduced diastolic function and hypertrophy
in the heart, aorta, and adipocytes; the percentage of beige-type adipocytes was smaller in MUN
males and females. Fostering MUN offspring on control dams significantly reduced weight gain
rate, cardiovascular, and fat hypertrophy, increasing beige-adipocyte proportion. Control offspring
nursed by MUN mothers reduced body growth gain, without cardiovascular modifications. In
conclusion, slower growth during lactation can rescue early cardiovascular alterations induced by
fetal undernutrition. Exclusive lactation was a key period, despite no modifications in breastmilk
macronutrients, suggesting the role of bioactive components. Our data support that lactation is a
key period to counteract cardiometabolic disease programming in LBW and a potential intervention
window for the mother.

Keywords: fetal undernutrition programming; cross-fostering; lactation period; cardiovascular
hypertrophy; adipose tissue browning

1. Introduction

Adverse environmental conditions during the intrauterine period increase the risk
to develop cardiometabolic diseases (CMD), a process known as fetal programming [1,2].
Exposure to the fetus to insufficient nutrients is one of the key programming factors, widely
demonstrated in human populations by the association between low birth weight (LBW)
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and higher rates of hypertension, coronary heart disease, or type 2 diabetes mellitus [3-5].
Fetal programming has also been validated in animal models [6-8]. The postnatal pe-
riod seems to be a second critical window for programming, particularly after exposure
to a fetal stressor. During this period, LBW individuals frequently experience a rapid
weight gain, and compelling evidence indicates that this growth pattern is also deleterious.
Adolescents born prematurely with a quick postnatal growth have a lower flow-mediated-
endothelial dilatation compared to those with slower weight gain and a higher risk of
hypertension [8]; quick growth and elevated central adiposity in infancy also contribute
to the future development of metabolic disorders [9,10]. A systematic review highlights
that rapid postnatal catch-up growth is a more important factor than LBW alone for the
development of cardiovascular disease and its risk factors [11].

Nutrition in LBW individuals represents a challenge to ensure a postnatal growth
pattern adequate to achieve brain and bone development while preventing CMD [12]. In
this context, the lactation period has been proposed as a critical window to counteract
alterations initiated during fetal life [13], since human breast milk is recognized as the
gold standard for infant nutrition tailored to provide the nutrients and bioactive factors
for healthy growth [14]. Breastfeeding provides protection against CMD, is associated
with lower blood pressure levels and a lower risk of overweight in children [15,16], and a
systematic review evidences slower rates of weight gain in preterm and LBW infants fed
with breastmilk compared to the formula [17].

Animal models provide the tools to analyze the influence of both intrauterine and
lactation periods in a controlled environment. In a rat model of fetal programming induced by
maternal undernutrition during gestation (MUN), we have demonstrated that LBW offspring
accelerate growth during lactation, reaching the same body weight as control counterparts by
wearing. This catch-up trajectory in MUN rats leads to excessive growth of cardiovascular
organs in males [18,19] and white adipose tissue (WAT) deposits in both sexes [20].

In this study, we aim to demonstrate in an animal model of LBW if a slower growth
during the lactation period can rescue the cardiometabolic alterations induced by undernu-
trition. To test this hypothesis, in MUN rats we have modified the lactation environment
using a cross-fostering protocol and analyzed the impact on (1) body weight and length
growth pattern during the first three weeks of postnatal life, (2) milk macronutrient compo-
sition, and (3) heart, aorta and perivascular adipose tissue growth and cardiac function at
weaning, assessing the influence of sex in the abovementioned parameters.

2. Materials and Methods

Experiments were performed on Sprague Dawley rats from the colony bred at the
Animal House of Universidad Auténoma de Madrid (ES-28079-0000097). This study was
performed in accordance with European Union Guidelines for the Care and Use of Labora-
tory Animals (Directive 2010/63/EU and Spanish RD 1201/2005) and was approved by the
Ethics Review Board of Universidad Auténoma de Madrid and by the local government
(Comunidad Auténoma de Madrid, Spain; PROEX 004-19, approved on 7 May 2019).

The rats were housed in buckets 36.5 x 121.5 x 18.5 cm (length x width xheight) on
aspen wood bedding, maintained under controlled conditions of temperature and 12/12
light/dark photoperiod, and the welfare of the animals was monitored daily by staff.
The animals were fed with a EuroRodent breeding diet (5LF5; Labdiet, Madrid, Spain)
containing 22.0% protein, 4.4% fat, 55.0% carbohydrates, 4.1% fiber, and 5.4% mineral
(sodium content 0.26%) and drinking water were provided ad libitum.

2.1. Maternal Undernutrition (MUN) Model and Cross-Fostering Protocol

We used a rat model of fetal programming induced by maternal global nutrient restric-
tion during the second part of gestation, as previously described [21]. After observation of
sperm in the vaginal smear (gestation = day 0) the dam was allocated to either MUN or
the control group. Control dams were fed ad libitum throughout pregnancy and lactation;
MUN dams were fed ad libitum from day 1-10 and with 50% of the averaged control daily
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intake (previously calculated as 24 g/day) from day 11 to the end of gestation, returning
to ad libitum diet during lactation. 24 h after birth the pups were sexed and weighed
individually and the litter was standardized to 12 individuals, 6 males, and 6 females if
possible (smaller litters were not used for this work, being used for other studies). Control
and MUN litters were left with their mothers or cross-fostered.

Cross-fostering protocol. We used a protocol similar to [22] with some modifications.
Two dams were mated at the same time, ensuring the same gestation day 0, and those
with birth on the same day were cross-fostered. On postnatal day 1, the entire litter was
exchanged to the foster’s dam cage with bedding from the original mother to avoid rejection.
The litter was standardized to 12 individuals and the pups were sexed. The rats were not
individually marked to help acceptance (no rejection was detected in any of the groups).

The name of the groups was “pup type—on-mother type” (i.e., M-on-C refers to a pup
from a MUN dam fostered by a control mother). Four experimental groups were studied:
control-on-control (C-on-C; n = 6 mothers), MUN-on-MUN (M-on-M; n = 6 mothers);
control-on-MUN (C-on-M, n = 4 mothers), MUN-on-control (M-on-C; n = 4 mothers).

2.2. Experimental Protocols

The entire offspring from the four groups were weighted and head-to-tail length
measured at days 1, 14, and 21 of the lactation periods with an analytical balance (Conecta,
Barcelona, Spain) and a digital caliper (Conecta, Barcelona, Spain), respectively. The body
weight gain from day 1 to 14 was calculated as Formula (1). A similar formula was used
to assess body weight gain during the last week and length gain in both lactation periods.
Weigh gain was expressed as g/day and length gain as cm/day.

(Weightday 14 — Weight g,y 1)
number of days

Weight gain = 1)
Breast milk was collected from MUN and control dams on days 12 and 14 of lactation
(see protocol below). On day 21 (weaning), 1-2 males and 1-2 females from each litter
were studied and the remaining animals were used for other studies according to the
3Rs rule for experimental animals. Firstly, cardiac structure and function were evaluated
by echocardiography. Thereafter, the rats were placed in a CO, chamber and killed by
exsanguination. Then, the thoracic aorta and mesenteric bed were removed and stored in
a cold saline solution. The aorta was cleaned, and the aortic arch and immediate region
were fixed in 4% paraformaldehyde solution (PFA). Perivascular adipocytes from the
mesenteric bed were also dissected and fixed in PFA. Both tissues were stored for later
confocal microscopy analysis. Figure 1 shows a summary of experimental protocols.

2.3. Breast Milk Collection and Measurements

Breast milk was collected on day 12th and day 14th of lactation (the period of maximal
milk yield) and was pooled, allowing the mother and pups to recover during day 13. On
the day of collection, the pups were separated from the mother for 3 h; the dam was
anesthetized with isoflurane inhalation anesthesia (1000 mg/g; Isoflutek, Karizoo Lab.,
Barcelona, Spain) and injected with 0.1-0.15 mL of oxytocin i.p. depending on rat body
weight (10 UI/mL; Syntocinon, Mylan Products Ltd., Hertfordshire, UK). A 1.0-1.5 mL
volume of breast milk was obtained by gentle massage of the mammary glands and
collection by a glass micropipette in Eppendorf tubes. The dam was milked for a maximum
of 1 h. Each breastmilk sample was divided into two aliquots, one to assess total fat and
the second one to assess total proteins.
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Figure 1. Experimental protocol diagram. MUN, maternal undernutrition during gestation; C-on-C,
control pups fostered by a control mother (n = 6 dams); M-on-M, MUN rats fostered by their own
mothers (n = 6 dams); C-on-M control rats fostered by a MUN mother (n = 4 dams); MUN-on-C,
MUN rats fostered by a control mother (n = 4 dams).

Total fat content. Fat was analyzed by the Mojonnier method [23] with modifications.
Briefly, a 0.5 mL volume of breast milk was mixed with 0.5 mL of ammonium hydroxide,
followed by the addition of 50 pL of ethanolic phenolphthalein solution (0.5% w/v) and
shaken. Thereafter, 2.5 mL of ethanol, 2.5 mL of petroleum ether, and 2.5 mL of ethyl
ether were added and vigorously mixed for 30 s. Thereafter, the mix was centrifuged
at 4000x g (3 min, RT) and the upper phase containing the fat was stored. This process
was repeated three times with the remaining aqueous phase, adding the ethanol, ethyl
ether, and petroleum ether. Thereafter, the fat from the 3 centrifugation was pooled, and to
evaporate the ether solvent, it was placed overnight in a gravity convection oven at 50 °C,
uncapped. Finally, the total fat content in the sample was measured by gravimetry and
expressed as mg/mL of BM. A blank reaction was performed by substituting the 0.5 mL
breast milk volume with H,O-Q.

Total protein level. Protein quantification was carried out in the defatted phase of
breast milk using the Bradford method [24]. It has to be noted that centrifugated breast
milk samples continue to contain proteins such as caseins. Briefly, 10 uL of BM (1:50 v/v
in HO-Q) were mixed in a microplate with a 200 uL volume of Coomassie-blue dye (1:4
v/v in HyO-Q; Bio-Rad Lab., Hercules, CA, USA). After shaking the mix for 1 min, the
absorbance was measured at 595 nm in a microplate reader (Synergy HT Multimode; BioTek
Instruments, Winooski, VT, USA). Total protein levels were expressed as mg of BSA/mL.
BSA (Sigma-Aldrich, St. Louis, MO, USA) was used for the standard curve (range 0.1-0.5
mg/mL) and Coomassie-blue dye was substituted by H,O-Q for the blank curve.

2.4. Transthoracic Echocardiography

Transthoracic echocardiography was performed in 21 days-old rats using the VIVID
g-system (GE Healthcare, Munich, Germany) equipped with a 13 MHz probe (125-RS,
GE Healthcare, Munich, Germany) as previously described [25]. Briefly, the rats were
anesthetized by i.p injection with 80 mg/kg Ketamine hydrochloride (AuroMedics Pharma
LLC., Dublin, Ireland) and 10 mg/kg Diazepam (Hospira, Inc., Lake Forest, IL, USA). The
images were acquired with the animals in left lateral decubitus. M-mode imaging of the
parasternal short-axis (papillary level) view allowed measurement of end-diastolic (mm)
and end-systolic (mm) internal diameter, posterior wall thickness (mm), and interven-
tricular septum thickness (mm) at diastole. Additionally, it was calculated the systolic
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functionality as the ejection fraction (%). The pulsed-wave Doppler early-to-late transmi-
tral peak diastolic flow velocity ratio (E/A ratio; arbitrary units) was measured to assess
diastolic function (E, mitral peak early-filling velocity and A, mitral peak flow velocity at
atrial contraction). The transmitral flow velocity profile was determined by positioning a
sample volume at the tip of the mitral valve on the para-apical long-axis view. The E-wave
deceleration time was measured as the time interval between peak E-wave velocity and the
point where the descending E-wave (or its extrapolation) intercepted the zero line. Values
were determined by averaging the measurements of three consecutive cardiac cycles.

2.5. Aorta Structure by Confocal Microscopy

Aorta structure was assessed in a ring cut from the PFA fixed thoracic aorta proximal
to the aortic arch. The ring was mounted intact on a slide provided with a small well, to
avoid compression containing Citifluor AF2 mounting medium (Aname, Madrid, Spain),
as previously described [19]. The ring was visualized with a x20 objective with a laser
scanning confocal microscope (Leica TCS SP2, Leica Microsystems, Barcelona, Spain) at Ex-
citation = 488 nm/Emission = 500-560 nm, the wavelength at which elastin can be detected
by its autofluorescence allowing to detect the medial layer. Single images were captured
with a x20 air objective, ensuring the elastic lamellae were clearly visible. Quantification
was performed with FIJI software [26], measuring internal and external perimeters (im);
from these measurements medial cross-sectional areas (CSAs) were calculated in um?,
assuming the sections were circular.

2.6. Adipocyte Size and Browning

PFA-fixed adipocytes from the perivascular tissue of the mesenteric bed were in-
cubated with Mitotracker red FM (Invitrogen, ThermoFisher, Madrid, Spain) prepared
in phosphate buffer saline (PBS) to stain mitochondria-positive cells [27], evaluating the
percentage of beige adipocytes, since they are rich in mitochondria. Adipocytes were
incubated for 60 min (1:4000 v/v, RT, darkness) and washed 3 times for 10 min in PBS.
Thereafter, they were incubated for 15 min in a solution of DAPI (Invitrogen, ThermoFisher,
Madrid, Spain) to stain nuclei (1:500 v/ from stock solution, RT, darkness,) followed by
3 washes in PBS for 10 min each at RT. The samples were mounted intact on a slide with
a small well and were visualized with a Laser Scanning Confocal Microscope (Leica TCS
SP2, Leica Microsystems, Barcelona, Spain). Five regions were randomly chosen based on
DAPI wavelength and single images were captured with a x40 objective at three wave-
lengths: Excitation = 405 nm/Emission = 410-475 nm to visualize nuclei, Excitation =
488 nm/Emission = 500-560 nm to visualize adipocyte size by autofluorescence [20], and
Excitation = 581 nm/Emission = 644 nm to visualize mitochondria-positive cells.

The quantification of adipocyte size and proportion of mitochondria-positive cells
was performed by FIJI software. The total number and area occupied by the adipocytes
were quantified in the Excitation = 488 nm/Emission = 500-560 nm wavelength images
(autofluorescence), and the average adipocyte size was calculated in each image. To
assess Mitotracker-positive cells in perivascular WAT, the area occupied by adipocytes was
measured in autofluorescent images, Mitotracker-positive areas were measured in the same
region in the red wavelength images, and the percentage was calculated.

2.7. Statistical Analysis

Statistical analysis was performed with R software (version 3.6.0, 2018, R Core Team,
Vienna; Austria) within the R Studio interface using rio, dplyr, compareGroups, ggpubr,
devtools, and ggplot2 packages. Data was expressed as the median and interquartile range
[Q1; Q3]. The differences in macronutrients of breast milk between control and MUN
were performed by Mann-Whitney’s U test. The Kruskal-Wallis test by ranks was used to
test the independent experimental groups. The significant Kruskal-Wallis test was used
with Dunn’s test with directed pairwise comparison using C-on-C as a reference group.
Second, it was considered the comparison between M-on-M versus M-on-C to determine, if
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pups with prior fetal programming, the lactation could reverse the modification. A p-value
(p) < 0.05 was considered significant.

3. Results
3.1. Proteins and Fats in Breast Milk

No differences between control and MUN were detected in breast milk proteins
(Control =125.0 [113.0; 129.0] mg eq. BSA/mL, n = 12 rats; MUN = 117.0 [111.0; 123.0] mg eq.
BSA/mL, n =10 rats; p-Value=0.539). Fat levels in MUN milk tended to be lower but did not
reach statistical significance (Control = 98.5 [89.3; 113.0] mg/mL, n = 12 rats; MUN = 84.0
[66.7; 107.0] mg/mL, n = 10 rats; p-Value = 0.090).

3.2. Body Growth Gain

From day 1 to 14 of lactation (exclusive lactation period), male rats from the M-on-M
group exhibited a significantly higher increase in body weight gain compared to the C-on-C
group. MUN males fostered by a C mother (M-on-C group) did not show differences
compared C-on-C group, being significantly smaller compared to M-on-M males. Males
from the C-on-M group had a significantly lower body weight gain compared to C-on-C
(Figure 2A). By contrast, during the first lactation period, M-on-M female rats did not show
differences in body weight gain compared to C-on-C or compared to M-on-C. As observed
in males, control females nourished by a MUN mother (C-on-M) showed a lower body
weight gain compared to C-on-C females (Figure 2A).
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Figure 2. Body weight from day 1 to 14 of lactation (A) and from day 15 to 21 of lactation (B), and
body length gain from day 1 to 14 of lactation (C) and from day 15 to 21 of lactation (D) in male
and female rats from MUN and Control mothers. MUN, maternal undernutrition during gestation;
C-on-C, control pups fostered by their mothers (34 males and 38 females); M-on-M, MUN rats fostered
by their mothers (32 males and 40 females); C-on-M, control rats fostered by MUN mothers (21 males
and 27 females); M-on-C, MUN rats fostered by a control mother (25 males and 23 females). Data
show the median and interquartile range [Q1; Q3] and the showed p-Value (P) was extracted from
Dunnett’s post-hoc pairwise comparison test when the Kruskal-Wallis test was P < 0.05. Dots show
outliers.

From day 15 to 21, when the pups suckle from mothers and eat by themselves, male
M-on-M did not show statistical differences in body weight gain compared to C-on-C, or
M-on-C males. However, M-on-M females accelerated growth during this period, as shown
by the higher weight gain compared to C-on-C female rats. M-on-C rats also had higher
weight gain compared to C-on-C females (Figure 2B).
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From day 1 to 14, males of M-on-M length gain tended to be smaller compared to the
C-on-C group but did not reach statistical significance (p-Value = 0.083). Cross-fostered
MUN males (M-on-C) had a significantly higher length gain compared to the C-on-C group.
In female rats, no differences were detected in any of the experimental groups in length
gain during the exclusive lactation period (Figure 2C).

From day 15 to 21 length gain was significantly lower in M-on-M males and females
compared to C-on-C control sex-matched counterparts. M-on-C males maintained a lower
length gain, while M-on-C females improved the length rate, not significantly different
from C-on-C females (Figure 2D).

3.3. Perivascular Adipocyte Size and Type

WAT adipocyte size was assessed in perivascular fat from the mesenteric bed obtained
from 21-day-old offspring. M-on-M males had significantly larger adipocytes compared to
C-on-C rats (Figure 3A). Adipocytes from MUN males fostered by a control mother (M-
on-C) were of similar size compared to C-on-C males and significantly smaller compared
to M-on-M. Control males fostered by a MUN mother (C-on-M) also showed smaller
adipocytes size compared to C-on-C males (Figure 3A).
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Figure 3. Average size of perivascular adipocytes (A) and representative images obtained by confocal
microscopy (B) of 21-day-old male and female offspring from MUN and Control mothers. MUN,
maternal undernutrition during gestation; C-on-C, control pups fostered by their mothers (6 males
and 6 females); M-on-M, MUN rats fostered by their mothers (6 males and 6 females); C-on-M,
control rats fostered by MUN mothers (6 males and 6 females); M-on-C, MUN rats fostered by a
control mother (6 males and 6 females). Data show the median and interquartile range [Q1; Q3], and
the showed p-Value (P) was extracted from Dunnett’s post-hoc pairwise comparison test when the
Kruskal-Wallis test was P < 0.05. Images were acquired with a Leica TCS SP2 confocal microscope,
x40 objective at Ex = 488 nm/Em = 500-560 nm wavelength; scale bar = 50 pum. Dots shown outliers.

Regarding females, M-on-M rats had similar adipocytes compared to C-on-C. M-on-C
females showed significantly smaller adipocyte size compared to C-on-C females and also
compared to M-on-M. No differences were detected between control rats fostered by a
MUN mother (C-on-M) and C-on-C females (Figure 3A).

We used Mitotracker, a dye that stains mitochondria, to evaluate beige-type adipocytes
within perivascular WAT. Mitotracker-positive cells showed an intense stain. M-on-M
males had a smaller percentage of Mitotracker-positive cells compared to C-on-C controls
(Figure 4). MUN males fostered by a control dam (M-on-C) had a similar % compared
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to C-on-C males, being larger compared to M-on-M offspring. Control rats fostered by a
MUN mother had lower Mitotracker-positive stained areas compared to C-on-C males.

As observed in males, M-on-M females had significantly lower Mitotracker positive
area compared to C-on-C females. MUN rats fostered by a control mother (M-on-C) had a
similar % compared to C-on-C offspring, being significantly larger compared to M-on-M
rats (Figure 4).
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Figure 4. Percentage of Mitotracker-positive adipocytes in perivascular fat (A) and representative
images obtained by confocal microscopy (B) of 21-day-old male and female offspring from MUN and
Control mothers. MUN, maternal undernutrition during gestation; C-on-C, control pups fostered by
their mothers (6 males and 6 females); M-on-M, MUN rats fostered by their mothers (6 males and
6 females); C-on-M, control rats fostered by MUN mothers (6 males and 6 females); M-on-C, MUN rats
fostered by a control mother (6 males and 6 females). Data show the median and interquartile range
[Q1; Q3], and the showed p-Value (P) was extracted from Dunnett’s post-hoc pairwise comparison
test when the Kruskal-Wallis test was P < 0.05. Images were acquired with a Leica TCS SP2 confocal
microscope, x40 objective at Ex = 488 nm/Em = 500-560 nm (green images) and Ex = 581 nm/Em =
644 nm (red images); scale bar = 50 um. Dots show outliers.
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3.4. Heart Structure and Function

Heart structure and function were assessed by transthoracic echocardiography at the
end of the lactation period. In male M-on-M rats, posterior wall thickness tended to be higher
and interventricular septum was significantly higher compared to C-on-C males. MUN males
fostered by a control mother (M-on-C) did not show differences with C-on-C males. Female
pups did not show significant differences in any of the studied parameters (Figure 5a,b).
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Figure 5. Posterior wall thickness (A), septum thickness (B), ejection fraction (C), and E/A ratio
(D) of 21-day-old male and female offspring from MUN and Control mothers. MUN, maternal
undernutrition during gestation; C-on-C, control pups fostered by their mothers (6 males and
6 females); M-on-M, MUN rats fostered by their mothers (6 males and 6 females); C-on-M, control
rats fostered by MUN mothers (6 males and 6 females); M-on-C, MUN rats fostered by a control
mother (6 males and 6 females); LV, left ventricle. Data show the median and interquartile range
[Q1; Q3], and the showed p-Value (P) was extracted from Dunnett’s post-hoc pairwise comparison
test when the Kruskal-Wallis test was P < 0.05. Dots show outliers.

Systolic function, assessed as ejection fraction, was not different between groups (Figure 5C).
However, diastolic function, assessed as the ratio of E/A waves, was significantly reduced
in M-on-M males compared to C-on-C counterparts. No significant differences were found
in MUN males fostered by a C mother (M-on-C) compared to C-on-C (Figure 5D). Female
M-on-M did not show significant differences in any of these parameters compared to C-on-C.
However, the E/A ratio was significantly decreased in female M-on-C compared to female
M-on-M (Figure 5D).

End-systolic and end-diastolic diameters were not significantly different between
C-on-C and any of the other groups (Table 1).

3.5. Thoracic Aorta Structure

In M-on-M males’ internal and external diameter, and wall cross-sectional area (CSA)
were significantly larger compared to C-on-C. In M-on-C males the studied parameters
were not different from C-on-C males and external diameter and CSA were significantly
smaller compared to M-on-M rats (Figure 6).
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Table 1. End left ventricle dimensions of heart cycles of the offspring at day 21.

Male C-on-C M-on-M M-on-C C-on-M p-Value
End-diastolic diameter ~ 2.92 [2.12; 1.82[1.75; 2.55 [2.45; 2.54 [2.49; 0358
(mm) 3.07] 241] 2.55] 2.66] ’
End-systolic diameter ~ 0.66 [0.49; 0.36 [0.22; 0.48 [0.44; 0.84 [0.62; 0219
(mm) 0.81] 0.36] 0.51] 1.06] ’
Female C-on-C M-on-M M-on-C C-on-M p-Value
End-diastolic diameter ~ 2.51 [2.15; 2.55[2.48; 2.52[2.30; 2.74[2.13; 0.536
(mm) 3.10] 2.70] 3.01] 2.90] ’
End-systolic diameter ~ 0.62 [0.48; 0.66 [0.66; 0.70 [0.60; 0.73[0.62; 0528
(mm) 0.71] 0.66] 0.89] 0.78] ’

Data show median and interquartile range [Q1; Q3]. The p-Value was extracted from the Kruskal-Wallis test.
Control (C); Maternal undernutrition (MUN).
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Figure 6. Internal (A) and external diameters (B), and wall cross-sectional (C) of the thoracic aorta
in 21-day-old male and female offspring from MUN and Control mothers. MUN, maternal under-
nutrition during gestation; C-on-C, control pups fostered by their mothers (6 males and 6 females);
M-on-M, MUN rats fostered by their mothers (6 males and 6 females); C-on-M, control rats fostered
by MUN mothers (6 males and 6 females); M-on-C, MUN rats fostered by a control mother (6 males
and 6 females). Data show the median and interquartile range [Q1; Q3], and the showed p-Value (p)
was extracted from Dunnett’s post-hoc pairwise comparison test when the Kruskal-Wallis test was
p < 0.05. Dot show outliers.

M-on-M females tended to have larger parameters compared to C-on-C, without
statistical significance. However, MUN females fostered by a control mother (M-on-C) had
a smaller external diameter and CSA than M-on-M rats (Figure 6).

4. Discussion

In this study, we aimed to evaluate the impact of lactation environment on body,
cardiovascular and adipose tissue growth in rats with LBW induced by undernutrition
during fetal life (MUN offspring). The main findings of the study are summarized in
Table 2. During lactation, MUN offspring accelerate body weight gain, while length growth
is slower. In males, this growth pattern occurs during the exclusive lactation period, while
in females takes place during the last week before weaning, when the rats suckle and eat
chow. By weaning, MUN males but not females, exhibit diastolic dysfunction, and heart,
aorta, and perivascular white adipocyte hypertrophy; a lower proportion of beige-type
adipocytes was found in MUN offspring from both sexes. These sex-dependent alterations
may set the basis for the observed hypertension development in MUN males and can
predispose to obesity in males and females. We also demonstrated that nursing MUN rats
with a controlling mother rescues the hypertrophy alterations, in parallel with a slower
weight gain, while nursing control pups, one MUN mother did not have a hypertrophic
effect. These data suggest that both MUN rats, in the fetal and perinatal periods, are
required to develop phenotypic alterations. In addition, the alterations programmed
during the fetal period may be counteracted during lactation by reducing the growth rate.
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The period of exclusive lactation seems to be more relevant for the observed hypertrophy,
even though no major modifications in breastmilk macronutrients were detected between
MUN and Control dams, suggesting the role of breastmilk bioactive factors. In summary,
the present data provide experimental evidence of the link between accelerated growth
during early postnatal life in LBW individuals and higher-risk cardiometabolic diseases
and support that modulation of growth during the lactation period can be an effective
strategy to counteract alterations induced during fetal life.

Table 2. Summary of main findings.

Male Female
Alterations Reversal Alterations Reversal
Induced by by CFin Induced by by CFin

MUN Lactation MUN Lactation
Body Weight from day 1to 14 ~ Accelerated Yes ns -
Weight from day 15 to 21 ns - Accelerated No
growth Length from day 1 to 14 ns - ns -
gain & Y
Length from day 15 to 21~ Decelerated No Decelerated Yes
Adiposity Size of adipocyte Increased Yes ns -
% Mitotracker-positive ~ Decreased Yes Decreased Yes
Posterior wall thickness ns - ns -
Heart Septum thickness Increased Yes ns -
structure End-diastolic diameter ns - ns -
and End-systolic diameter ns - ns -
function Systolic function ns - ns -
Diastolic function Decreased Yes ns -
Thoracic Internal diameter Increased Yes ns -
aorta External diameter Increased Yes ns -
structure Wall cross-sectional Increased Yes ns -

Alterations induced by maternal undernutrition (MUN) are considered if M-on-M was different from C-on-C.
Reversal by cross-fostering (CF) in lactation was considered if the alteration induced by MUN (M-on-C) is
normalized, being similar to the C-on-C group. If no alterations were found, the effect of lactation was not
considered (shown as -). No significant (ns).

Catch-up growth has been proposed to be deleterious for cardiometabolic health in
individuals with LBW. We addressed the role of growth during lactation in a rat model of
LBW induced by fetal undernutrition, which develops hypertension and cardiac alterations
in adult life. In rats, suckling is the only source of nutrition until day 16 of lactation,
while from day 17 to weaning there is an increasing content of chow in the stomach of
the pups [28]. Therefore, we analyzed growth patterns during both periods of lactation.
We found a sexual dimorphism in the growth pattern. In males, accelerated weight gain
was observed during the period of exclusive lactation, while in female offspring catch-up
growth was observed in the last week of lactation. We also observed that control rats fed
on MUN mothers had a slower weight gain both in males and females. To explain these
data, we considered differences in milk composition. However, we did not find significant
variations in protein or fat content although a tendency toward lower values was observed
in MUN dams. It is possible that the milk from MUN dams had lower macronutrient levels
at birth, as we have evidenced in plasma [29], but they may normalize along lactation, since
the rat returns to an ad libitum diet. In other rodent models of programming, milk protein
content was found to be unaffected if the dam was fed with low protein [30,31] or with
high energy diets [32] during gestation or lactation. We also observed a slower length gain
during the last week of the lactation period, during which the rats suckle and also eat chow.
We do not think this is related to the lower mineral content of the milk, since minerals
seem to be relatively stable [13] and it is possible that there was a prior bone deficiency
induced by undernutrition. We also discarded a lower milk yield due to compromised
mammary gland development, observed in a rat model of fetal programming induced by
uteroplacental insufficiency [33], since it would not explain the quicker weight gain in M-on-
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M offspring. Growth acceleration in MUN males could be explained by hyperphagia which
can be programmed [34], is associated with increased neonatal growth rates and visceral
adiposity [35], and it has been described in offspring from protein-restricted dams [36].
We do not think dam behavioral alterations, which have been described in SHR and WKY
cross-fostering [37], explain our data since all the MUN and Control dams accepted the
pups from the other mother successfully. The main influence on growth rate was observed
during the period of exclusive lactation; since no major alterations in macronutrients were
observed, we suggest the role of milk bioactive components, such as hormones or growth
factors. This hypothesis is supported by metabolomic analysis of milk from rats exposed to
mild caloric restriction during lactation showing changes in several compounds related to
metabolic pathways [38], and the evidence that leptin supplementation during the suckling
period reverses some of the metabolic alterations induced by a moderate maternal calorie
restriction during gestation [39]. It would be interesting to conduct an in-depth milk
metabolomic study on the alterations induced by undernutrition in our rat model.

Rapid growth gain has been related to increased adiposity and obesity development,
and therefore, we analyzed possible alterations in body fat. We found that, in parallel with
accelerated weight gain, by weaning M-on-M males exhibited hypertrophied perivascular
WAT adipocytes compared to controls, an alteration reversed by nursing MUN offspring on
a control dam. Similar results were found in a model of obesity programming induced by
monosodium glutamate, where cross-fostering also mitigates obesity development [22]. In
addition to energy-storing WAT, adipose tissue also comprises thermogenic brown adipose
tissue (BAT), and beige adipocytes, an inducible form of thermogenic adipocytes inter-
spersed within WAT [40] recruited postnatally in a process called browning [41]. Browning
or “beigeing” has recently gained attention, since beige adipose tissue has a larger energy
expenditure capacity, and induced browning in newborn rats decreases adipogenesis in
adult life, suggesting a possible way through which the neonatal period can influence obe-
sity development [42]. Therefore, we analyzed the proportion of beige adipocytes within
the perivascular WAT in our experimental model, using Mitotracker, a specific dye for
mitochondria, since beige adipocytes possess abundant cristae-dense mitochondria [40,43].
MUN rats had a very small proportion of beige-type adipocytes, which may be related to
mitochondrial alterations induced by undernutrition, since mitochondrion is a very sensi-
tive organelle and programming has been demonstrated in response to several intrauterine
stress factors [44]. A reduction in beige thermogenic tissue could disbalance energetics
and facilitate lipid accumulation, leading to the observed increased WAT adipocyte size. It
was interesting that beige-type adipocytes increased by fostering MUN rats on a control
mother. It has been demonstrated that beige adipose tissue appears spontaneously in WAT
during early postnatal development with a peak of expression observed at 21 days [45].
Therefore, the lactation period is an important window during which adipose tissue type
may be modulated. It would be interesting to analyze in MUN rats the effect of the lac-
tation environment on adipocyte progenitor markers, such as mesenchymal cell antigen
1 (MSCAT1), which has been positively correlated to obesity, adipocyte hypertrophy, and
inflammation in children [46]. It is interesting to note that, increased browning occurred in
MUN rats exposed to a control lactation environment, while it decreased in control rats
exposed to a MUN mother. Therefore, unlike cardiovascular hypertrophy, which seems to
require the first hit being during intrauterine life, adipose tissue may be regulated by the
lactation environment alone. This is evidenced by our previous study showing that acceler-
ated growth during lactation induced by reducing litter size, without prior programming,
also increases WAT deposits [20]. Prolonged retention of thermogenic beige adipocytes
maintains high whole-body energy expenditure and protects mice from diet-induced obe-
sity [47]. Therefore, it would be interesting to evaluate if cross-fostered MUN rats retain this
characteristic in adult life. Our finding of beige adipocytes within the WAT perivascular
tissue is interesting, since, in mice, beige adipocytes are enriched within subcutaneous fat
depots, and are rarely detected in visceral depots [43]. Perivascular WAT also plays a role
in vascular tone and maintenance of normal structure [43], which is dysregulated by excess
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fat, as we have reported in obese mice [48]. A reduced proportion of beige-adipocytes may
play a role in vascular dysfunction, an alteration observed in several animal models of fetal
programming [49]. These alterations may be due to the pro-oxidant and proinflammatory
environment associated with excess fat, favoring the local release of vasoactive factors.
Thus, alterations in the proportion of beige-to-WAT perivascular adipose tissue may con-
tribute to the association between obesity and cardiovascular disease [50], an aspect that
deserves further attention. The cardioprotective effect of beige adipose tissue is suggested
by the fact that individuals with detectable thermogenic adipose tissues have lower odds
of hypertension and coronary heart disease [51].

Accelerated body growth gain in MUN males was paralleled by a hypertrophic response
in the cardiovascular system observed in the aorta and the heart. The characteristics of the
structural alteration in the aorta are compatible with an outward hypertrophic remodeling,
with an increase in wall mass due to expansion of the external diameter. Females show a
better adaptation, although the data also evidence a tendency towards a larger growth, as we
have previously described in resistance arteries [52]. Undernutrition induced marked heart
alterations by weaning, in addition to ventricular hypertrophy, a reduced diastolic function
was also observed, suggesting that cardiac tissue has a high susceptibility to programming,
also observed in guinea pigs exposed to undernutrition, which show a permanent deficiency
in cardiomyocyte number [53]. We did not explore molecular markers of hypertrophy, such as
BNP; we have evidence that this factor is not elevated in MUN offspring by weaning, but it is
increased in aging in MUN males along with hypertension development and further cardiac
hypertrophy [18]. The role of sex in heart alterations induced by undernutrition may be related
to the lower efficiency of MUN male placenta, associated with poor vascularization [29], which
may be particularly detrimental for the heart due to the unique feature of cardiomyocytes as
non-dividing cells [54]. Cardiovascular hypertrophy in MUN males was rescued by cross-
fostering, reinforcing the role of lactation in reprogramming cardiovascular disease. The
importance of this period for future cardiometabolic health is supported by data in the genetic
model of essential hypertension, the SHR rat, which reduces blood pressure levels in adult
life if cross-fostered to a control dam [6]. It is worth mentioning that this model of essential
hypertension also exhibits sexual dimorphism and we have found several common features
with the MUN model [55].

5. Conclusions

The lactation period acts as a second hit consolidating programming initiated by fetal un-
dernutrition in a sex-dependent manner, inducing cardiovascular and adipocyte hypertrophy.

The alterations programmed during fetal life may be counteracted during the perinatal
period avoiding accelerated growth and thus, lactation and can be a window of intervention
to reverse fetal programming.

The exclusive lactation period seems to play a key role in organ hypertrophy, despite
no differences in breastmilk macronutrients, suggesting the role of bioactive factors, which
deserves in-depth analysis.
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Abstract: High circulating levels of fibroblast growth factor-23 (FGF23) are associated with left
ventricular hypertrophy as well as increased morbidity and mortality in patients suffering from
chronic kidney disease. However, the mechanisms underlying this association are controversial.
Here, we aimed to further characterize the cardiovascular sequelae of long term endogenous FGF23
hypersecretion using 14-month-old male Hyp mice as a model of FGF23 excess. Hyp mice were
characterized by a ~10-fold increase in circulating intact FGF23, hypophosphatemia, increased
serum aldosterone, but normal kidney function, relative to wildtype (WT) controls. Cardiovascular
phenotyping did not reveal any evidence of left ventricular hypertrophy or functional impairment in
14-month-old Hyp mice. Fractional shortening, ejection fraction, molecular markers of hypertrophy
(Anp, Bnp), and intracardiac markers of contractility and diastolic function were all unchanged in
these animals. However, intraarterial catheterization revealed an increase in systolic, diastolic, and
mean arterial pressure of ~12 mm Hg in aged Hyp mice relative to WT controls. Hypertension in
Hyp mice was associated with increased peripheral vascular resistance. To test the hypothesis that
a stimulation of the renin-angiotensin-aldosterone system (RAAS) contributes to hypertension in
aged Hyp mice, we administered the angiotensin receptor blocker losartan (30 mg/kg twice daily)
or the mineralocorticoid receptor antagonist canrenone (30 mg/kg once daily) to aged Hyp and WT
mice over 5 days. Both drugs had minor effects on blood pressure in WT mice, but reduced blood
pressure and peripheral vascular resistance in Hyp mice, suggesting that a stimulation of the RAAS
contributes to hypertension in aged Hyp mice.

Keywords: fibroblast growth factor-23; left ventricular hypertrophy; hypertension; renin-angiotensin—
aldosterone system; losartan; canrenone; Hyp mice; X-linked hypophosphatemia

1. Introduction

The most frequent inherited renal phosphate-wasting disease in humans is X-linked
hypophosphatemia (XLH). The murine homolog is Hyp (hypophosphatemia). XLH pa-
tients and Hyp mice lose phosphate via the urine and show impaired bone mineralization
as a consequence of hypophosphatemia and alterations in the organic bone matrix. The
disease is caused by loss-of-function mutations in PHEX (Phosphate-regulating endopep-
tidase homolog, X-linked) in mice and men. By mechanisms that are poorly understood,
PHEX mutations lead to excessive secretion of the bone-derived, phosphotropic hormone
fibroblast growth factor-23 (FGF23) [1-3].

FGF23 is a 32 kDa glycoprotein circulating in the bloodstream. Only the intact molecule
is biologically active. FGF23 signals through FGF receptors (FGFRs), with FGFR1c being the
most important receptor under physiological conditions. High affinity binding of FGF23 to
FGFRs in the cell membrane requires the presence of the co-receptor protein aKlotho [4,5].
The major site of action of FGF23 is the kidney, where it inhibits tubular reabsorption of
phosphate and suppresses vitamin D hormone (1,25(OH),D) production in proximal renal
tubules [6]. Excessive concentrations of intact FGF23 lead to renal phosphate wasting,
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hypophosphatemia, and impaired bone mineralization in patients with normal kidney
function [7].

Although FGF23 mainly acts on epithelial cells in the kidney under physiological
conditions, other organs such as the cardiovascular system may become targets of FGF23
signaling in pathological settings. The cardiovascular sequelae of chronically elevated
FGF23 are still controversial. Studies in chronic kidney disease (CKD) patients have shown
that elevated FGF23 levels are independently associated with CKD progression, left ventric-
ular (LV) hypertrophy, cardiovascular risk, and all-cause mortality [8-10]. A key question
in this context is whether FGF23 is only a biomarker of impaired phosphate metabolism
or chronic inflammation or whether there is a causal link between FGF23 and increased
cardiovascular risk. The myocardium does not express aKlotho [10,11], so the heart is
likely not a target of FGF23 action under normal conditions. However, at high circulating
concentrations such as those found in CKD patients, FGF23 may promote LV hypertrophy
by a direct, aKlotho-independent, FGFR4-mediated action on cardiomyocytes [10-12].
Alternatively, FGF23 excess may cause LV hypertrophy by contributing to volume overload
through its sodium-conserving effect [13].

Whether LV hypertrophy is typically associated with other diseases (than CKD) char-
acterized by FGF23 excess, such as XLH, is unclear. Some studies find a high incidence
of LV hypertrophy in XLH patients [14,15], but others report no such association [16].
In contrast, the data from experimental studies are more clear-cut: several independent
studies failed to find LV hypertrophy in Hyp mice [17,18] or in mice with a loss-of-function
point mutation in the Phex gene [19]. Although LV hypertrophy appears to be absent at
least in younger Hyp mice up to 9 months of age, we and others found mild hypertension
in these mice [6,13]. The pathophysiological mechanisms underlying hypertension in Hyp
mice are not entirely clear, but they may be related to an FGF23-mediated upregulation
in renal sodium-chloride cotransporter (NCC) abundance [13]. Injection of recombinant
FGE23 for five days into wild-type mice led to an increase in systolic, diastolic, and mean
arterial pressure [13]. Hyp mice are characterized by chronic elevation of FGF23 and may,
therefore, serve as a model to investigate the pathophysiology of hypertension in diseases
associated with excessive FGF23 secretion.

An improved understanding of the mechanistic link between chronically elevated
FGF23 and LV hypertrophy or other untoward cardiovascular side effects such as hyperten-
sion is of major importance, not only for XLH patients but for all diseases characterized
by chronic elevations of circulating intact FGF23, such as CKD. Here, we sought to further
elucidate the long term cardiovascular sequelae of elevated circulating levels of FGF23 in
14-month-old Hyp mice as a model of FGF23 excess. We found that aged Hyp mice lacked
LV hypertrophy but were characterized by increased serum aldosterone and hypertension
that could be rescued by inhibitors of the renin-angiotensin-aldosterone system (RAAS).

2. Materials and Methods
2.1. Animals

The study was undertaken in accordance with prevailing EU and national guidelines
for animal care and welfare and in compliance with ARRIVE (Animal Research: Reporting
of In Vivo Experiments) guidelines. All animal procedures were approved by the Ethics
and Animal Welfare Committee of the University of Veterinary Medicine Vienna, Austria,
and by the Austrian Federal Ministry of Education, Science and Research (permit number
BMWFW-68.205/0054-11/3b /2013 and 2021-0.331.140).

Male wild-type (WT) controls and Hyp mice were bred by mating WT females with
Hyp males on C57BL/6 background in our animal facility. Tail length at the time of weaning
was used for genotyping. Animals were kept at 24 °C with a 12/12-h light/dark cycle,
and were housed in stable groups of 2-5 mice from the time of weaning. They were fed
a normal mouse diet (V1124-000, Sniff, Soest, Germany) containing 1.0% calcium, 0.7%
phosphorus, and 1000 IU vitamin D/kg, and had access to food and tap water ad libitum.
At necropsy, the mice were exsanguinated from the abdominal vena cava under general
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anesthesia with ketamine /medetomidine (100/0.25 mg/kg i.p.) for serum collection. No
mice were excluded from the study.

2.2. Losartan and Canrenone Treatment

Some Hyp and WT mice were randomized to treatment with losartan (Sandoz, Austria,
50 mg) or vehicle (0.9% NaCl) via oral gavage twice a day or with subcutaneous injections
of canrenone (Aldactone, Reimser, Germany, 200 mg/10 mL) or vehicle (0.9% NaCl) daily.
Both treatments were given for 5 days.

2.3. Biochemical Analysis

Serum sodium, phosphate, and calcium were measured using a Cobas c111 analyzer
(Roche, Mannheim, Germany). Serum intact FGF23 (Kainos, Tokyo, Japan), aldosterone (No-
vaTec Immundiagnostica, Dietzenbach, Germany), and intact PTH (Immutopics Inc., San
Clemente, CA, USA) were detected using commercially available ELISA kits according to
the manufacturer’s instructions. Serum was extracted with diethylether and re-suspended
in steroid-free serum (DRG Diagnostics, Marburg, Germany) for the aldosterone ELISA.

2.4. Echocardiography

Echocardiography was performed one day before the necropsies using a 14 MHz
linear transducer (Siemens Accuson s2000, Munich, Germany) for evaluation of cardiac
function. Mice were under 1% isoflurane anesthesia with a stable body temperature of
37 °C. M-mode in short-axis at the level of the papillary muscles was used to evaluate LV
thickness, fractional shortening, and internal diameters in systole and diastole. At least
four cardiac cycles were analyzed for each parameter.

2.5. Central Arterial and Cardiac Pressure Measurements

Central arterial pressure was measured by inserting a micro-tip catheter (1.4 Millar
Instruments, Houston, TX, USA) into the ascending aorta via the right carotid artery under
1.5% isoflurane anesthesia. The catheter was then further advanced into the left ventricle to
obtain cardiac pressure parameters. Traces were recorded for at least three minutes and
analyzed via LabChart7 software (ADInstruments, Dunedin, New Zealand).

2.6. Augmentation Index

The aortic augmentation index was identified from the late systolic portion of the
arterial pressure wave as described previously [20]. The augmentation index was defined
as the height from the augmentation point to the systolic peak of the pressure wave divided
by the pulse pressure and was expressed as a percentage.

2.7. Western Blot

Fresh frozen kidneys were homogenized in RIPA lysis buffer supplemented with
phosphatase inhibitor cocktail (Roche) and protease inhibitor cocktail (Roche). Kidney
tissue homogenates were mixed with Laemmli sample bulffer, fractionated on SDS-PAGE
(20 ug/well), and transferred to a nitrocellulose membrane (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). Immunoblots were incubated overnight at 4 °C with pri-
mary antibodies, including monoclonal rat anti-human Klotho (1:500, KO603, Trans Genic
Inc., Tokyo, Japan), polyclonal rabbit anti-phospho-NCC (pThr53, 1:1000, Novus Biolog-
icals, Littleton, CO, USA), and monoclonal mouse anti-f3-actin (1:5000, Sigma, St. Louis,
MS, USA) in 2% (w/v) bovine serum albumin (BSA, Sigma) and washed in TBS-T buffer
(150 mM NaCl, 10 mM Tris/HCI pH 7.4, 0.2% v/v Tween-20). After washing, membranes
were incubated with horseradish peroxidase-conjugated secondary antibodies (Amersham
Biosciences, Buckinghamshire, UK). Specific signal was visualized using ECL kit (Amer-
sham Life Sciences, Arlington Heights, IL, USA). The protein bands were quantified by
Image Studio Lite 5.2 software (LI-COR, Bad Homburg, Germany).
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2.8. Histological Evaluation

Hearts were fixed in 4% paraformaldehyde, paraffin-embedded, and cut into 5 um
sections. Fibrotic tissue was visualized by staining with picrosirius red according to a
standard protocol. Total collagen was quantified using Image]J software and was expressed
as the ratio of collagen-stained area to total muscle area of the left ventricle and septum.
For the analysis of cardiomyocyte size, cardiac sections were stained with FITC-labeled
wheat germ agglutinin. At least ten random areas of the heart were measured, and only
cardiomyocytes with well-defined borders and visible nuclei were used. Images were
obtained by the Zeiss LSM 880 Airyscan confocal microscope and analyzed using semi-
automated Image ] software. All histological images were analyzed by two independent
investigators in a blinded manner.

2.9. Immunofluorescence

Kidneys fixed in paraformaldehyde (PFA)-fixed were cut in 5-um-thick paraffin sec-
tions. Sections were dewaxed, demasked for 20 min with proteinase K, and, after washing,
pretreated with 10% normal goat serum in PBST for 60 min at room temperature (RT). With-
out rinsing, sections were incubated with polyclonal rabbit anti-pNCC (Novus Biologicals,
1:200) antibody at 4 °C overnight. After washing, sections were incubated for 1 h with
goat anti-rabbit Alexa 594 (1:500, Invitrogen, Waltham, MA, USA). Nuclear staining was
performed with DAPI (1:1000) for 5 min. Controls were performed by omitting primary
antibodies. The slides were analyzed on a Zeiss LSM 880 Airyscan confocal microscope
equipped with a 63 x oil immersion lens (NA 1.3).

2.10. RNA Isolation and Quantitative RT-PCR

Total RNA was isolated from snap-frozen hearts after homogenization in a 24 Fast
Prep machine using TRI Reagent. The nucleic acid concentration and integrity were
determined by electrophoresis (Agilent Tapestation). Only samples that had a RIN value
above seven were used. Two micrograms of RNA were transcribed into cDNA using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA,
USA). Quantitative RT-PCR was performed on a qTOWER3/G qPCR device (Analytic Jena,
Jena, Germany). The qPCR performed in a volume of 15 pL was composed of 1x PCR
buffer B2 (Tris-HCI, (NH4),SO,, and Tween-20; Solis Biodyne, Tartu, Estonia), 3.5 mM
MgCl,, 200 ptM dNTP mix (Solis Biodyne), 250 nM of each primer, and either 200 nM
hydrolysis probe or 0.4 x EvaGreen (Biotium, Fremont, CA, USA), 1 U HOT FIREPoI®
DNA polymerase (Solis Biodyne), and 2 uL template DNA. For mouse primer sequences,
see Supplementary Table S1. Cycling conditions consisted of an initial 15-min incubation
step at 95 °C for polymerase activation and template denaturation, followed by 45 cycles of
95 °C denaturation for 15 s and 60 °C annealing and elongation for 60 s. All samples were
measured in triplicate and normalized to two housekeeping genes (Dpm1 and Txnl4a). The
qPCR results were gained and primarily evaluated with the software qPCRsoft 4.1 (V4.1.3.0
Analytic Jena) and then analyzed using the standard delta delta Cq method.

2.11. Statistical Analysis

Statistical analysis was performed using Graph Pad Prism 9 or SPSS. The data were
analyzed by two-sided t-test for two groups, one-way or two-way analysis of variance
(ANOVA) to assess the influence of genotype and treatment, as well as their two-way
interactions followed by the Student-Newman-Keuls multiple comparison test when
comparing more than two groups; p-values of less than 0.05 were considered significant.
Data are presented as scatter dot plots with bars depicting means + SEM.

3. Results

Aged Hyp mice show a stimulation of the RAAS and a downregulation of renal
aKlotho protein abundance, but they have normal kidney function.
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As expected, 14-month-old male Hyp mice were characterized by an approximately
10-fold increase in serum intact FGF23 when compared to age- and sex-matched WT
control animals (Figure 1A). The elevated circulating intact FGF23 levels in aged Hyp mice
were associated with hypophosphatemia (Figure 1B). Serum calcium tended to be lower,
whereas serum intact PTH tended to be higher in Hyp mice, but both effects did not reach
statistical significance (Figure 1C,D). We reported earlier that 3-month-old Hyp mice were
characterized by lower serum aldosterone levels relative to WT mice [13]. However, in
aged Hyp mice, serum aldosterone was not down-, but rather up-regulated (Figure 1E).
Aldosterone and FGF23 are known regulators of the sodium chloride cotransporter NCC
activity in distal convoluted renal tubules [13]. Therefore, we quantified renal pNCC protein
abundance by Western blotting and by immunofluorescence analysis. Similar to younger
Hyp mice [13], renal pNCC levels were up-regulated and pNCC immunofluorescence
tended to be higher in 14-month-old Hyp mice, relative to WT controls (Figure 1EG). The
abundance of «Klotho protein was distinctly down-regulated by about 50% in the kidneys
of Hyp mice (Figure 1H), which may be a counter-regulatory mechanism to protect against
the chronically elevated circulating FGF23 levels. However, renal function as evidenced by
serum creatinine concentration and by renal creatinine clearance remained unchanged in
aged Hyp mice (Figure 1L]).
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Figure 1. Aged Hyp mice show a stimulation of the RAAS and a down-regulation of renal
aKlotho protein abundance, but have normal kidney function. (A) Serum intact FGF23 levels
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(n = 14-15), (B,C) serum phosphate and calcium concentrations (n = 10-11), and (D,E) serum intact
PTH and aldosterone levels (n = 9-14) in 14-month-old male wildtype (WT) and Hyp mice. (F) Left:
representative images of immunofluorescent staining of kidney paraffin sections with an anti-pNCC
antibody (original magnification 400x). Right: quantification of anti-pNCC immunofluorescence
in the kidney in 14-month-old male WT and Hyp mice (n = 6). Western blot quantification of (G)
pNCC and (H) a-Klotho from kidney cortex homogenates (n = 6-11), as well as (I) serum creatinine
levels (n = 10-11) and (J) glomerular filtration rate per gram body weight as measured by renal
creatinine clearance (n = 8-9) in 14-month-old male Hyp mice and WT controls. Bars in (A-J)
represent mean + SEM for WT and Hyp mice. * p < 0.05, ** p < 0.01, *** p < 0.001 by Student’s -test.
ns, not significant.

3.1. Elevated Levels of Circulating FGF23 Are Associated with Mild Hypertension in Aged Hyp
Mice but Do Not Cause LVH

Several earlier reports have failed to find LV hypertrophy in Hyp mice of up to nine
months of age [17,18]. However, data about potential changes in cardiovascular function in
aged Hyp mice as a model of long term FGF23 excess are scarce. Therefore, we examined
the cardiovascular phenotype of aged Hyp mice by intraarterial and left ventricular catheter-
ization as well as by echocardiography. The HW/BW ratio was distinctly increased in Hyp
mice relative to WT controls (Figure 2A). However, this increase was mainly driven by
lower body weight in Hyp mice, and not by a higher heart mass (Figure 2B,C), questioning
the relevance of the HW/BW ratio as a read-out for heart hypertrophy in this animal model.
Notably, intraarterial catheterization revealed a higher mean arterial pressure (MAP) of
about 12 mmHg in aged Hyp mice compared to WT controls (Figure 2D). Despite the
presence of hypertension, LV function as evidenced by fractional shortening and ejection
fraction measured by echocardiography was actually improved in Hyp compared with
WT mice (Figure 2E F). In agreement with the echocardiography data, LV contractility
as measured by Max dP/dt during LV catheterization was unchanged in 14-month-old
Hyp mice (Figure 2G). Moreover, there was no difference in mean cardiomyocyte size as
measured by wheat germ agglutinin (WGA) staining or in LV collagen content as measured
by picrosirius red staining between WT and Hyp mice (Figure 2H,I). The absence of LV
hypertrophy in Hyp mice was further confirmed by qRT-PCR analysis of typical markers
of hypertrophy, such as Anp and Bnp, which remained unaltered between the genotypes
(Figure 2] K). Taken together, these data confirm the presence of mild hypertension in
aged Hyp mice but strongly argue against LV hypertrophy and functional impairment in
these mice.

To further address the question of what drives hypertension in aged Hyp mice, we
measured the augmentation index in the carotid artery by pulse wave analysis. The latter
analysis revealed an increase in augmentation index in aged Hyp mice relative to WT
controls (Figure 2L). This finding may point to increased peripheral vascular resistance
in aged Hyp mice. In combination with the increase in aldosterone levels found in Hyp
mice (Figure 1E), we hypothesized that hypertension in aged Hyp mice may be due to
crosstalk between FGF23 and RAAS signaling in the kidney and blood vessels, leading to a
combination of volume overload through increased aldosterone and FGF23 secretion and
increased peripheral vascular resistance by elevated angiotensin II levels.
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Figure 2. Hyp mice are hypertensive but do not develop LV hypertrophy. (A) Heart/body weight
ratio (HW/BW), (B) body weight (BW), and (C) heart weight (HW) (n = 4-14) in 14-month-old
male WT and Hyp mice. (D) Mean arterial pressure measured by arterial catheterization (n = 12),
(EF) fractional shortening (ES) and ejection fraction (EF) measured by echocardiography (n = 9-11),
and (G) LV contractility (Max dP/dt) measured by intracardiac catheterization (n = 12) in 14-month-
old male WT and Hyp mice. (H) Quantification of mean cardiomyocyte size after FITC-WGA staining
(n = 6), (I) left, representative images of collagen staining using picrosirius red (PSR) in cardiac
paraffin sections (bar = 100 um), right, quantification of fibrosis as measured by PSR-stained area
(n =9-12), (J K) relative mRNA expression of markers of hypertrophy, (J) atrial natriuretic peptide
(Anp) and (K) brain natriuretic peptide (Bnp) (n = 5), and (L) augmentation index (AI) measured
by pulse wave analysis (n = 19) in 14-month-old male WT and Hyp mice. Bars in (A-L) represent
mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by Student’s t-test. ns, not significant.

3.2. Inhibition of RAAS Signaling Normalizes Blood Pressure in Hyp Mice

To test this hypothesis, we administered the aldosterone antagonist canrenone and the
angiotensin receptor blocker losartan over five days to 12- to 14-month-old male Hyp and
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WT mice. Intraarterial catheterization confirmed hypertension in vehicle-treated Hyp mice
compared to WT controls. Interestingly, daily subcutaneous injections of 30 mg/kg canrenone
led to a distinct decrease in systolic, diastolic, and mean arterial pressure in Hyp mice relative
to vehicle-treated Hyp mice (Figure 3A—C). In contrast, WT mice injected with canrenone
showed only minor reductions in mean, systolic, and diastolic blood pressure (Figure 3A-C).
Losartan was administered via oral gavage at the dose of 30 mg/kg twice daily, and the
effects of losartan were examined one hour after the last administration, due to a shorter
half-life of this drug compared with canrenone. Similar to canrenone, losartan caused a
pronounced decrease in systolic, diastolic, and mean arterial pressure in Hyp mice, relative to
vehicle-treated Hyp mice, but had only negligible effects in WT animals (Figure 3D-F).
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Figure 3. Inhibition of RAAS signaling normalizes blood pressure in Hyp mice. (A,D) Systolic
(SP), (B,E) diastolic (DP), and (C,F) mean arterial blood pressure (MAP), as well as (G,H) augmen-
tation index (AI) in 12-14-month-old male WT and Hyp mice treated over 5 days with 30 mg/kg
canrenone (s.c. once daily) or 30 mg/kg losartan (gavage twice daily) (n = 4-8). Bars represent
mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001 vs. vehicle by one-way ANOVA
followed by Student-Newman-Keuls post-hoc test. Insets show results of two-way ANOVA.
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To determine whether the beneficial effect of RAAS inhibition on hypertension was
associated with a decrease in peripheral vascular resistance, we analyzed the augmentation
index in WT and Hyp mice post-treatment. Interestingly, both treatments reduced the ele-
vated augmentation index in Hyp mice. Canrenone did not alter the augmentation index in
WT mice, but significantly lowered the augmentation index in Hyp mice, whereas losartan
had a similar effect in both genotypes (Figure 3G,H). Two-way ANOVA revealed a signifi-
cant two-way interaction between genotype and treatment for systolic pressure (p < 0.001),
mean arterial pressure (p <0.01), and augmentation index (p < 0.05) in animals treated
with canrenone, whereas this interaction was only found significant for the reduction in
systolic pressure (p < 0.01) in Hyp mice treated with losartan (Figure 3A-H). Collectively,
our data suggest that the blood pressure-lowering response of Hyp mice to both canrenone
and losartan is exaggerated compared with WT mice, supporting our hypothesis that
activation of RAAS signaling contributes to hypertension in aged Hyp mice. Because both
canrenone and losartan reduced blood pressure and augmentation index in aged Hyp mice,
it is likely that the contributing effect of the RAAS to the development of hypertension is
mediated through a combination of increased peripheral resistance together with increased
blood volume.

4. Discussion

The central aim of this study was to characterize the pathophysiological role of long
term endogenous FGF23 hypersecretion in the cardiovascular system of 14-month-old
male Hyp mice. We found that aged Hyp mice were mildly hypertensive but did not
develop LV hypertrophy. Hypertension in aged Hyp mice was associated with increases in
serum aldosterone levels, in vascular peripheral resistance, and in renal pNCC abundance.
Administration of the angiotensin II receptor blocker losartan and the mineralocorticoid
receptor blocker canrenone rescued the cardiovascular phenotype by lowering blood
pressure and vascular resistance in Hyp mice.

Elevated circulating FGF23 levels are associated with accelerated disease progres-
sion, morbidity, and/or mortality in several clinical disorders, including CKD but also
cardiac failure [8-10,21]. It was proposed that excessive FGF23 causes LV hypertrophy by
Klotho-independent binding to FGFR4 and subsequent activation of the calcineurin/NFAT
pathway in cardiomyocytes [11,12]. However, it is still unclear whether this disease mecha-
nism is relevant in the setting of normal kidney function, because evidence from clinical
studies in XLH patients and mouse models of XLH suggests that chronic FGF23 excess
does not invariably cause LV hypertrophy [15-18]. In our study, an increase in circulating
intact FGF23 levels of ~10-fold was not sufficient to induce an increase in LV size or de-
terioration of LV function in 14-month-old Hyp mice when compared to WT littermates.
Fractional shortening, ejection fraction, and molecular markers of hypertrophy (Anp, Bnp)
all remained unchanged in these animals. This is in line with previous studies in animal
models of XLH that did not find any association between increased levels of FGF23 and LV
hypertrophy [17,19].

The current study has shown that aged Hyp mice are characterized by a small increase
in systolic, diastolic, and mean arterial blood pressure, corroborating earlier studies in
younger Hyp mice [13,22]. Although hypertension is not a universal complication in XLH
patients [14], early-onset hypertension is frequently found in adult XLH patients [23]. Based
on the sodium-conserving function of FGF23, elevated circulating FGF23 may predispose
subjects to the development of hypertension through volume expansion [13]. However,
an increase in serum intact FGF23 levels of about 6-fold did not increase blood pressure
in mice with a loss-of-function point mutation in the Phex gene that are characterized by
normal kidney function [19]. Rather, the latter study reported that systolic pressure was
actually slightly reduced in aged Phex®’33R male mice relative to WT controls. A possible
explanation for these discrepant findings may be the greater increase in FGF23 serum levels
in Hyp mice. However, elevated circulating FGF23 levels per se may not be sufficient to
cause hypertensive changes in the absence of other contributing factors.
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Our data have revealed for the first time that serum aldosterone as well as augmenta-
tion index were increased in aged Hyp mice. Although we did not measure renin activity
and angiotensin II levels, these findings suggest a general stimulation of the RAAS in aged
Hyp mice. In contrast, we found lower aldosterone levels in 3-month-old Hyp mice [13]. We
do not have a conclusive explanation for the discrepancy between young and aged Hyp
mice regarding aldosterone secretion. There may be age-related changes in aldosterone
secretion in Hyp mice or differences in the interaction between FGF23 signaling and the
RAAS in young, growing vs. aged, non-growing Hyp mice. Nevertheless, the findings in the
current study led us to hypothesize that hypertension in aged Hyp mice may be caused by
increased RAAS signaling alone or in combination with FGF23-mediated increased sodium
absorption, leading to a combination of volume overload and increased peripheral vascular
resistance. Aldosterone, similar to FGF23, enhances sodium and water reabsorption in the
distal nephron, indirectly increasing blood pressure [24-26]. Furthermore, it was shown
previously that Ang II administration to Hyp mice resulted in additive effects on blood
pressure [21]. We used short term (5-day) treatment with the mineralocorticoid receptor
blocker canrenone and the angiotensin II receptor type 1 antagonist losartan as tools to
dissect the renal and cardiovascular effects of aldosterone and angiotensin II. However,
both drugs lowered blood pressure and decreased peripheral resistance in aged Hyp mice.
Therefore, it is likely that a combination of volume effects and increased peripheral vascular
resistance is involved in the hypertension-promoting effects of RAAS stimulation in aged
Hyp mice. Interestingly, these drugs had little effect in WT mice, further corroborating that
augmented RAAS signaling contributes to the development of hypertension in Hyp mice.

Although our study has provided novel insights into the pathogenesis of hypertension
in Hyp mice, a key question in this context remains unanswered: what is driving the
stimulation of RAAS in aged Hyp mice? It has been suggested that FGF23 hypersecretion
may stimulate the RAAS through the suppression of vitamin D hormone production in
CKD [27,28]. However, whether RAAS is regulated by vitamin D remains a controversial
issue [29], and it is currently not known if this proposed mechanism may also be relevant for
Hyp mice. It is clear that further experimentation is required to define the molecular basis
of the crosstalk between FGF23 and the RAAS. This is not only relevant for XLH patients,
but also has much broader implications for diseases characterized by a combination of
chronic FGF23 hypersecretion and increased RAAS signaling, such as CKD [30].
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Abstract: Increased dietary phosphate intake has been associated with severity of coronary artery
disease, increased carotid intima—media thickness, left ventricular hypertrophy (LVH), and increased
cardiovascular mortality and morbidity in individuals with normal renal function as well as in patients
suffering from chronic kidney disease. However, the underlying mechanisms are still unclear. To
further elucidate the cardiovascular sequelae of long-term elevated phosphate intake, we maintained
male C57BL/6 mice on a calcium, phosphate, and lactose-enriched diet (CPD, 2% Ca, 1.25% P,
20% lactose) after weaning them for 14 months and compared them with age-matched male mice fed
a normal mouse diet (ND, 1.0% Ca, 0.7% P). Notably, the CPD has a balanced calcium/phosphate
ratio, allowing the effects of elevated dietary phosphate intake largely independent of changes in
parathyroid hormone (PTH) to be investigated. In agreement with the rationale of this experiment,
mice maintained on CPD for 14 months were characterized by unchanged serum PTH but showed
elevated concentrations of circulating intact fibroblast growth factor-23 (FGF23) compared with mice
on ND. Cardiovascular phenotyping did not provide evidence for LVH, as evidenced by unchanged
LV chamber size, normal cardiomyocyte area, lack of fibrosis, and unchanged molecular markers of
hypertrophy (Bnp) between the two groups. However, intra-arterial catheterization revealed increases
in systolic pressure, mean arterial pressure, and pulse pressure in mice fed the CPD. Interestingly,
chronically elevated dietary phosphate intake stimulated the renin-angiotensin—aldosterone system
(RAAS) as evidenced by increased urinary aldosterone in animals fed the CPD, relative to the ND
controls. Furthermore, the catecholamines epinephrine, norepinephrine, and dopamine as well as
the catecholamine metabolites metanephrine. normetanephrine and methoxytyramine as measured
by mass spectrometry were elevated in the urine of mice on CPD, relative to mice on the ND. These
changes were partially reversed by switching 14-month-old mice on CPD back to ND for 2 weeks.
In conclusion, our data suggest that excess dietary phosphate induces a rise in blood pressure
independent of secondary hyperparathyroidism, and that this effect may be mediated through
activation of the RAAS and stimulation of the sympathetic tone.

Keywords: hypertension; left ventricular hypertrophy; renin-angiotensin—aldosterone system;
cardiovascular disease; catecholamines; liquid chromatography-tandem mass spectrometry

1. Introduction

Phosphate is part of the fundamental chemical necessary for cellular structure, signal-
ing and energy production, making it essential for various biological processes. Phosphate
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metabolism is mainly regulated by the vitamin D hormone (1,25(OH);D3) and by two major
phosphaturic hormones, fibroblast growth factor 23 (FGF23) and parathyroid hormone
(PTH). FGF23 and PTH act on proximal tubules in the kidney to increase renal phosphate
excretion by inhibiting reabsorption of filtered phosphate. Therefore, FGF23 and PTH
lower phosphate levels in the blood. 1,25(0OH),;D3 on the other hand stimulates phosphate
absorption from the intestine, thereby increasing serum phosphate levels [1].

Despite its importance for various processes in the body, the accumulation of phos-
phate in the blood, hyperphosphatemia, can have deleterious effects. Epidemiological and
observational studies have reported an association between increased serum phosphate
levels and dietary phosphate load with left ventricular hypertrophy (LVH), cardiac cal-
cification, as well as morbidity and mortality in patients suffering from chronic kidney
disease (CKD) [2-5]. Cardiovascular events are the most frequent cause of death in CKD
patients [6]. As the glomerular filtration rate decreases in CKD, the kidney is unable to
adequately excrete phosphate, leading to hyperphosphatemia. Hyperphosphatemia has
been identified as an independent risk factor for accelerated cardiovascular disease (CVD)
development in these patients, but the exact mechanisms have not yet been elucidated [7].
Interestingly, high serum phosphate levels are also associated with an increased risk for
CVD in adults with no history of CVD or CKD [8-10].

High dietary phosphate may also be linked to hypertension. Hypertension is a major
health burden affecting about 1.3 billion people worldwide [11]. The existing epidemio-
logical data on the effect of dietary phosphate on hypertension are inconsistent. While
some studies have found a clear association between phosphate intake and hemodynamic
parameters, others have not observed changes in blood pressure that were attributable to a
high dietary phosphate load [10,12,13]. A recent intervention study shed additional light
on this issue. Mohammad and coworkers examined the effects of a high phosphate diet in
healthy subjects with normal renal function, and found that a 6-week dietary phosphate
load induced small, but significant increases in systolic and diastolic blood pressure that
were accompanied by activation of the sympathetic tone, relative to subjects receiving the
low phosphate diet [10].

It still remains an open question whether the untoward effects of excess dietary
phosphate on the cardiovascular system are direct or indirect. Experimental studies have at-
tempted to clarify the mechanisms involved. Studies supporting a direct role of phosphate
postulate that hyperphosphatemia leads to arterial calcification by directly stimulating
the differentiation of vascular smooth muscle cells into osteoblast-like cells [14-16]. Fur-
thermore, a study in rat aortas demonstrated that an increase in extracellular phosphate
is followed by an increase in oxidative stress, a decrease in nitric oxide production, and
inhibitory phosphorylation of endothelial nitric oxide synthase (eNOS) [17]. On the other
hand, phosphate may act indirectly by inducing changes in the endocrine regulators of
phosphate homeostasis, FGF23, PTH and 1,25(OH),D3. An increase in serum phosphate
stimulates FGF23 and PTH secretion, while at the same time inhibiting production of
1,25(0OH),D;3. In this context, it is established that FGF23 causes LVH via FGF receptor
4-dependent activation of the calcineurin-NFAT signaling pathway [17]. PTH may cause
hypertension by its direct effects on arteries and myocytes to promote arterial stiffness and
LVH [18]. Indeed, Bozic and coworkers found an increase in blood pressure and LVH in
normotensive and spontaneously hypertensive rats with normal kidney function that was
driven by an increase in PTH [19].

It is clear that elucidation of the mechanisms underlying the potential hypertensive
and hypertrophy-promoting effects of a high phosphate intake may have major implications
for the prevention of CVD and its sequelae in humans. Previous experimental studies in
rodents mostly used a phosphate-enriched diet to investigate the effects of an increased
dietary phosphate intake on the cardiovascular system or the kidney [19-22]. However, an
isolated increase in dietary phosphate leads to secondary hyperparathyroidism, making it
difficult to dissect the effects of phosphate from that of increased PTH on cardiovascular
endpoints. In this study, we sought to further explore the cardiovascular sequelae of long-
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term elevated phosphate intake in aged mice, largely independent of changes in PTH. To
this end, we maintained male C57BL/6 mice on a calcium, phosphate, and lactose-enriched
diet (CPD) with a balanced calcium/phosphate ratio for 14 months and compared them
with age-matched mice fed a normal mouse diet. We found that 14-month-old mice on a
CPD were characterized by hypertension and increased arterial stiffness, and that these
changes were associated with increased urinary aldosterone excretion and augmented
sympathetic tone.

2. Material and Methods
2.1. Animals

The study was undertaken in accordance with prevailing EU and national guidelines
for animal care and welfare and in compliance with ARRIVE guidelines. All animal
procedures were approved by the Ethics and Animal Welfare Committee of the University
of Veterinary Medicine Vienna, Austria, and by the Austrian Federal Ministry of Education,
Science and Research (permit number BMWFW-68.205/0188-WE/V /3b/2017).

All experiments were performed using 12-14-month-old male C57BL/6 mice. Animals
were kept on 24 °C with a 12/12-h light/dark cycle and were housed in stable groups
of 2-5 mice from the time of weaning. Starting from weaning, the mice were fed either a
normal mouse diet (V1124-000, Sniff, Soest, Germany) containing 1.0% calcium, 0.7% phos-
phorus, and 1000 IU vitamin D/kg, or a CPD containing 2% Ca, 1.25% P, and 20% lactose.
The Ca/P ratio of both diets was similar (1.43 for ND and 1.60 for CPD), and both diets
had the same energy content (14 MJ/kg) and the same nutrient distribution (carbohydrates,
protein, fat). All animals had access to food and tap water ad libitum. Before necropsy,
urine was collected overnight in metabolic cages. At necropsy, the mice were exsanguinated
from the abdominal vena cava under general anesthesia with ketamine/medetomidine
(100/0.25mg/kg i.p.) for serum collection. Necropsies were performed between 9 a.m.
and 3 p.m. for all mice. Some mice maintained on a CPD until 12-14 months of age were
switched to ND for two weeks to assess the effect of the diet switch on urinary excretion of
catecholamines. Investigators were not blinded to the group allocation of the animals.

2.2. Biochemical Analysis

Serum and urinary phosphate, calcium, sodium, and creatinine were measured us-
ing a Cobas c111 analyzer (Roche, Mannheim, Germany). Serum intact FGF23 (Kainos,
Tokyo, Japan), serum and urinary aldosterone (NovaTec Immundiagnostica, Dietzenbach,
Germany), serum intact PTH (Immutopics Inc, San Clemente, CA, USA), and serum renin
(Abbexa Ltd., Cambridge, UK) were detected using commercially available ELISA kits
according to the manufacturer’s instructions. Serum was extracted with diethylether
and re-suspended in steroid-free serum (DRG Diagnostics, Marburg, Germany) for the
aldosterone ELISA.

2.3. RNA Isolation and Quantitative RT-PCR

Total RNA isolation and quantitative RT-PCR analysis were performed as described
previously [23]. All samples were measured in triplicate and normalized to two house-
keeping genes (Dpm1 and Txnl4a). The qPCR results were obtained and evaluated with the
software qPCRsoft 4.1 (V4.1.3.0, Analytik Jena, Jena, Germany), and then analyzed using
the standard delta delta Cq method.

2.4. Echocardiography

Echocardiography was performed one day before the necropsies using a 14MHz linear
transducer (Siemens Accuson s2000, Munich, Germany) for evaluation of cardiac function.
Mice were under 1% isoflurane anesthesia with a stable body temperature of 37 °C. M-
mode in short-axis at the level of the papillary muscles was used to evaluate LV thickness,
fractional shortening, and internal diameters in systole and diastole. At least four cardiac
cycles were analyzed for each parameter.
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2.5. Central Arterial and Cardiac Pressure Measurements and Augmentation Index

Central arterial pressure was measured by inserting a micro-tip catheter (1.4 Millar
Instruments, Houston, TX, USA) into the ascending aorta via the right carotid artery under
1.5% isoflurane anesthesia. The catheter was then further advanced into the left ventricle to
obtain cardiac pressure parameters. Traces were recorded for at least three minutes and
analyzed via LabChart7 software (ADInstruments, Dunedin, New Zealand). The aortic
augmentation index was identified from the late systolic portion of the arterial pressure
wave as described previously [24]. The augmentation index was defined as the height from
the augmentation point to the systolic peak of the pressure wave divided by the pulse
pressure, and was expressed as a percentage.

2.6. Histological Evaluation

Hearts were fixed in 4% paraformaldehyde, and then paraffin-embedded and cut into
5 um sections. Cardiac sections were stained with FITC-labeled wheat germ agglutinin for
the analysis of cardiomyocyte size. At least 10 random areas of the heart were measured
and only cardiomyocytes with well-defined borders and visible nuclei were used. Images
were obtained by the Zeiss LSM 880 Airyscan confocal microscope (Zeiss, Oberkochen,
Germany) and analyzed using Image ] software. Fibrotic tissue was visualized by staining
with picrosirius red according to a standard protocol. Total collagen was quantified using
Image] software and was expressed as the ratio of collagen-stained area to total muscle area
of the left ventricle and septum. All histological images were analyzed by two independent
investigators in a blinded manner.

2.7. Urinary Catecholamine Measurement

Mice were placed in individual cages for spontaneous urine collection. At least
150 ul was collected and used for further analysis. The urinary concentration of the
catecholamines and catecholamine metabolites epinephrine, norepinephrine, dopamine,
normetanephrine, metanephrine, and methoxytyramine were measured using liquid
chromatography—tandem mass spectrometry (LC-MS/MS) as described previously [25].

2.8. Statistical Analysis

Statistical planning of the experiment was based on a minimum group size of 10 mice
per diet, and was performed based on the variance of the main target variable, mean arterial
blood pressure. Since the mice were bred in our own animal facility, and the experiments
were built up using cohorts of mice, the number of mice per diet group ranged between
12-16. A different set of mice (n = 6 per group) was used for measurement of urinary
catecholamines, and for the diet switch experiment. One animal was excluded from the
analysis of urinary catecholamines because this animal, for unknown reasons, showed
about 4-fold lower values compared with the rest of the group for all metabolites measured.
Some values for specific measurements were excluded from the analysis if the data acquired
were out of the defined range for a specific measurement.

Statistical analysis was performed using Graph Pad Prism 9 (GraphPad Software, San
Diego, CA, USA). The data were analyzed by two-sided Mann-Whitney U-test for compar-
ison of mice maintained on ND or CPD, or by Pearson’s correlation analysis, followed by
linear regression analysis. Urinary levels of catecholamines and their metabolites before
and after switching the diet were analyzed using the Wilcoxon matched-pairs test. p values
of less than 0.05 were considered significant. Data are presented as scatter dot plots with
bars depicting means 4+ SEM.

3. Results

3.1. Mice Maintained on CPD for 14 Months have Increased Levels of FGF23, but Normal
Kidney Function

To establish a model of long-term excessive dietary phosphate intake not associated
with secondary hyperparathyroidism, we fed male WT mice a calcium, phosphate, and
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lactose enriched diet (CPD) after weaning for 14 months and compared them with age-
matched controls fed a normal mouse diet (ND). Both diets had a similar Ca/P ratio
(1.43 for ND and 1.60 for CPD), the same energy content, and the same distribution of
major nutrients (carbohydrates, protein, fat). The high lactose content of the CPD is used to
facilitate paracellular, vitamin D independent, absorption of calcium and phosphate in the
gut [26]. Mice fed the CPD had comparable body weight (BW), relative to animals fed the
ND (Figure 1A). Furthermore, mice on the CPD were normocalcemic, normophosphatemic,
normonatremic, and showed unchanged serum levels of creatinine, suggesting normal
kidney function (Figure 1B-E). Urinary phosphate excretion was significantly increased
in the CPD mice compared to ND controls (Figure 1F). As expected, mice kept on CPD
did not present with elevated levels of intact PTH (Figure 1G), but showed increased
concentrations of circulating intact FGF23 (Figure 1H). In accordance with the notion that
the rise in circulating intact FGF23 occurred as a compensatory mechanism to enhance
urinary phosphate excretion in response to an increase in dietary phosphate intake, we
found a positive, albeit statistically non-significant, correlation between FGF23 and urinary
phosphate excretion (Figure 1I). The correlation between PTH and urinary phosphate
excretion was much weaker and actually negative (Figure 1I). These findings support the
idea that in our model of dietary phosphate excess separates between the two phosphaturic
hormones, resulting in a selective upregulation of FGF23, because a rise in PTH is largely
prevented by the normal Ca/P ratio of the CPD.

Hence, we successfully established a mouse model of long-term excessive dietary
phosphate intake, characterized by normophosphatemia, normocalcemia, elevated intact
FGF23, but largely normal PTH.
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Figure 1. Mice maintained on CPD for 14 months have increased levels of FGF23, but normal kidney
function. (A) Mice fed the CPD have comparable body weight (BW) to animals fed the ND (1 = 10-13).
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(B-E) CPD mice are normocalcemic, normophosphatemic, and normonatremic (1 = 10-14). (E) Serum
creatinine levels are unchanged between CPD and ND mice (n = 10-14). (F) Urinary phosphate
excretion relative to creatinine (UrP/Crea) is significantly increased in CPD mice compared to ND
controls (n = 6-10). (G) Serum PTH levels are not changed between ND and CPD mice (1 = 7-12).
(H) CPD mice present with increased concentrations of circulating intact FGF23 (1 = 8-12). (I) Cor-
relation analysis of serum FGF23 and PTH with urinary phosphate excretion (1 = 11-12). Bars in
(A-H) represent mean + SEM for ND and CPD mice. * p < 0.05, *** p < 0.001 by Mann-Whitney
U-test. Insets show Pearson correlation coefficients. ns, not significant.

3.2. High Phosphate Intake in Aged Mice Leads to Hypertension, but Not Left Ventricular Hypertrophy

Several earlier studies have reported LV hypertrophy in mice fed a high phosphate
diet [27,28]. To assess cardiovascular function in our model of long-term dietary phosphate
excess, we phenotyped the mice via echocardiography, intraarterial and cardiac catheter-
ization, heart histology, and expression analysis of cardiac hypertrophy markers. Heart
weight-to-body weight ratio was not increased in mice on CPD, relative to ND controls
(Figure 2A). Moreover, left ventricular function was unaltered between the groups, as
evidenced by unchanged ejection fraction (EF), MaxdP/dt, end-diastolic pressure (EDP),
and LV internal diameter (LVID) (Figure 2B-E). Furthermore, mice fed the CPD diet did not
present with LV hypertrophy as evidenced by unchanged cardiomyocyte area measured
by wheat germ agglutinin (WGA) staining, unchanged LV collagen content measured by
picrosirius red staining, and similar cardiac mRNA expression of the molecular marker of
hypertrophy, Bnp (Figure 2F-H). Notably, cardiovascular phenotyping revealed a signifi-
cant increase in systolic and mean arterial pressure as well as pulse pressure in mice fed
CPD, relative to ND control mice (Figure 2I-K). To further elucidate the factors that may
cause hypertension in mice on CPD, we measured augmentation index. The augmentation
index is an indirect measure of arterial stiffness. Arterial stiffness increases with age [29],
and is associated with elevations in systolic and diastolic blood pressure [30,31]. Pressure
wave analysis revealed increased arterial stiffness as shown by an increase in the augmen-
tation index in the CPD group, suggesting increased peripheral resistance in these mice
(Figure 2L).

Together, these data demonstrate increased arterial blood pressure and increased
arterial stiffness in aged mice on CPD, but strongly argue against LV hypertrophy and LV
functional impairment in these mice.

3.3. Chronically Elevated Dietary Phosphate Intake Stimulates the Renin—-Angiotensin—Aldosterone
System and Increases Sympathetic Activity

Next, we examined two major regulators of arterial stiffness and vascular tone, the
renin-angiotensin-aldosterone system (RAAS) and the sympathetic nervous system in our
model of dietary phosphate excess. We reported previously that CKD mice fed the CPD
have higher aldosterone levels compared with CKD mice on ND [32]. Besides the fact that
the RAAS is a known regulator of blood pressure and vascular tone, it has been suggested
that the RAAS is also an important determinant of arterial stiffness [33]. Notably, we
found that urinary aldosterone secretion was increased in mice on CPD (Figure 3A). Serum
aldosterone tended to be higher in mice on CPD, but this effect did not reach statistical
significance (Figure 3B). Serum renin concentration did not show differences between mice
on CPD and ND (Figure 3C).

The sympathetic nervous system is another known modulator of arterial stiffness, and
has been shown to interact with the RAAS in individuals with hypertension [34-36]. To
test whether mice on CPD have increased sympathetic tone, we measured urinary cate-
cholamines and their metabolites, using mass spectrometry in 12-14 month-old mice [25]. In-
terestingly, norepinephrine (NEPI), dopamine (DA), metanephrine (MN), normetanephrine
(NMN), and methoxytyramine (MTY) were all significantly elevated in mice fed the
CPD, relative to the control mice on ND (Figure 3D-I). Epinephrine (EPI) tended to
be higher in CPD mice, but this effect did not reach statistical significance (Figure 3E).
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To determine if the observed effect was indeed caused by CPD and if it was reversible,
we switched aged mice maintained on CPD since weaning to ND for two weeks, and
subsequently repeated the measurements. In most mice, the urinary concentration of
catecholamines and catecholamine metabolites decreased after switching them from CPD
to ND (Figure 3]-O). However, this effect reached statistical significance only for dopamine
(DA), normetanephrine (NMN), and methoxytyramine (MTY) (Figure 3L,M,0).

In conclusion, our data show that excess dietary phosphate induces increased blood
pressure and increased arterial stiffness, and that these effects are accompanied by an
activation of the RAAS and a stimulation of the sympathetic tone.
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Figure 2. High phosphate intake in aged mice leads to hypertension, but not to left ventricular
hypertrophy. (A) Heart weight-to-body weight ratio (HW/BW) is not increased in mice on CPD,
relative to ND controls (1 = 10-13). (B-E) Ejection fraction (EF), MaxdP/dt, end-diastolic pressure
(EDP), and LV internal diameter (LVID) are unchanged between CPD and ND mice (1 = 5-10).
(F) Cardiomyocyte size is unchanged in CPD and ND mice (1 = 5). Collagen content (G) and cardiac
mRNA expression of Bnp (H) is similar between ND and CPD mice (n = 5-9). (I-K) Systolic (SP),
mean arterial (MAP), and pulse pressure (PP) are significantly increased in mice fed CPD, relative
to ND (n = 11-15). (L) CPD mice have increased arterial stiffness as shown by an increase in the
augmentation index (Aug Index) (n = 4-5). Bars in (A-L) represent mean + SEM for ND and CPD
mice. * p < 0.05, *** p < 0.001 by Mann-Whitney U-test. ns, not significant.
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Figure 3. Chronically elevated dietary phosphate intake stimulates the renin-angiotensin-aldosterone
system (RAAS) and increases sympathetic activity. (A) Urinary aldosterone secretion is increased
in CPD mice (1 = 5-9). (B) Serum aldosterone and (C) serum renin concentrations are unchanged
between mice fed CPD and ND (n = 8-12). (D-I) Urinary excretion of the catecholamines nore-
pinephrine (NEPI), dopamine (DA) and the catecholamine metabolites normetanephrine (NMN),
metanephrine (MN) and methoxytyramine (MTY) are significantly elevated in mice fed the CPD
compared to mice on ND, while epinephrine (EPI) did not reach statistical significance (1 = 5-6).
Levels of (J) norepinephrine, (K) epinephrine and (N) metanephrine are not altered after switch-
ing the mice from CPD to ND for two weeks. The diet switch lowered levels of (L) dopamine,
(M) normetanephrine and (O) metoxytyramine (1 = 6). Bars in (A-I) represent mean 4 SEM for ND
and CPD mice. * p <0.05, ** p < 0.01, *** p < 0.001 by Mann-Whitney U-test or Wilcoxon matched-pairs
test. ns, not significant.

4. Discussion

The main goal of this study was to evaluate for the first time the effects of long-
term excess dietary phosphate intake on the cardiovascular system in aged, healthy mice,
independent of secondary hyperparathyroidism. Here, we show that chronic exposure
to high dietary phosphate in 14-month-old mice caused increased blood pressure and
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increased arterial stiffness despite normophosphatemia, and that these changes were
associated with an activation of the RAAS and a stimulation of the sympathetic tone.

Male C57BL/6 mice maintained for 14 months on CPD in our study demonstrated an
increase in systolic, mean arterial, and pulse pressure, independent of hyperphosphatemia
or increased intact PTH. Furthermore, the mice on CPD were characterized by enhanced
arterial stiffness as evidenced by an increase in augmentation index. Increased arterial
stiffness is a precursor for hypertension [37,38]. In line with our findings, the recent
intervention study by Mohammad and coworkers [10] reported a small increase in arterial
blood pressure in healthy individuals in response to a high phosphate diet. However,
the latter investigators failed to detect changes in arterial elasticity induced by dietary
phosphate loading [10]. Previous studies examining the acute effects of a phosphate load
in non-CKD patients also failed to observe changes in augmentation index or pulse wave
velocity [39]. The reason for these discrepancies is currently unclear. It is conceivable that
arterial stiffening induced by excessive dietary phosphate in healthy subjects is only seen
after long-term exposure to increased dietary phosphate.

To further decipher the pathophysiological process(es) by which phosphate causes an
increase in blood pressure, we measured aldosterone levels in serum and urine as well as
serum renin concentration, and assessed urinary secretion of catecholamines. We found uri-
nary aldosterone/creatinine concentrations to be significantly elevated in mice fed the CPD.
This finding suggests that activation of RAAS may at least partially be responsible for the
increased arterial blood pressure in the CPD group. Interestingly, serum renin concentration
remained unchanged in mice on CPD, suggesting that the CPD-induced activation of RAAS
occurs downstream of renin secretion. In addition, we found an increase in urinary concen-
tration of catecholamines and their metabolites in mice fed the high phosphate diet, suggest-
ing sympathoadrenergic activation. Similarly, healthy subjects placed on a high phosphate
diet showed an increase in urinary metanephrine and normetanephrine excretion [10].
Catecholamines are endogenous neurotransmitters and hormones derived from tyrosine
metabolism, and are essential for maintenance of metabolic and cardiovascular homeostasis
and for adaptation to stressors [40,41]. The most abundant catecholamines in circulation
are norepinephrine, epinephrine, and dopamine [42]. Catecholamines have many car-
diovascular and metabolic actions, including increasing the heart rate, blood pressure,
myocardial contractility, and cardiac conduction velocity. The O-methylated metabolites of
norepinephrine, epinephrine and dopamine are normetanephrine (NMN), metanephrine
(MN), and methoxytyramine (MTY), respectively [41]. Metanephrine and normetanephrine
are referred to as metanephrines. It has been proposed that metanephrines can be used
as markers of sympathetic activity [43]. Indeed, two independent studies have found a
strong association between urinary metanephrine levels and systolic blood pressure in
humans [41,44]. Therefore, the partially reversible increase in urinary excretion of cate-
cholamines induced by the CPD in our study may contribute to increased arterial blood
pressure and arterial stiffness, in addition to RAAS activation.

Itis clear that the key question is the mechanism for how dietary phosphate may influ-
ence cardiovascular function. The effect of phosphate on the cardiovascular system may be
direct, or mediated indirectly through one of the hormones involved in its homeostasis. Our
study suggests that the untoward cardiovascular effects of a high dietary phosphate intake
are independent of PTH. It is of course tempting to speculate that the increase in circulating
FGF23 induced by excessive phosphate intake in CPD mice upregulated RAAS activity and
sympathetic tone, thereby causing elevated blood pressure and increased arterial stiffness.
As a matter of fact, there is accumulating evidence suggesting that FGF23 and the RAAS
may interact [45]. In this context, it has been shown in mice that FGF23 suppresses the renal
angiotensin converting enzyme-2 (ACE2), shifting the balance between the vasodilatory
angiotensin (1-7) and the ACE1-produced angiotensin-2 towards the vasoconstrictive and
prohypertensive angiotensin-2 [46,47]. Hence, FGF23 may directly activate the classical,
prohypertensive RAAS by increasing angiotensin-2 production, which may subsequently
induce a rise in peripheral resistance and aldosterone secretion. In line with this notion, we
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found unchanged renin concentrations in CPD mice, relative to mice kept on ND. However,
it is unclear whether this is also true for humans because a recent study in hemodialysis
patients with LVH failed to find an association between FGF23 levels and components of
the RAAS [48].

Based on our data and the study by Mohammad and coworkers in healthy humans,
high dietary phosphate intake stimulates sympathoadrenergic activity. However, the mech-
anistic link between FGF23 signaling and sympathoadrenergic activity has yet to be defined.
It is interesting to note in this context that FGF23 has been shown to stimulate rostral ven-
trolateral medulla presympathetic neuron activity in the brainstem [49]. Conversely, it is
also possible that sympathetic activation might be responsible for the changes in FGF23
serum levels in mice fed the CPD. In the latter context, Kawai and coworkers reported that
acute dosing with the beta-adrenergic agonist isoproterenol increased Fgf23 transcription
in bone, and that this effect was reverted after administration of the beta blocker propra-
nolol [50]. On the other hand, normalization of PTH and FGF23 in healthy adults on a high
phosphate diet did not normalize blood pressure in these individuals, they rather remained
hypertensinogenic, suggesting that the effects of phosphate are not mediated by FGF23
or PTH. Thus, the question of how dietary phosphate influences cardiovascular function
remains controversial.

In conclusion, here we present a novel mouse model of long-term dietary phosphate ex-
cess characterized by increased blood pressure and arterial stiffness, normophosphatemia,
normal PTH, but elevated FGF23. Our model may be useful to disentangle the complex
relationship between phosphate, calcium-regulating hormones, FGF23, RAAS, sympathoa-
drenergic activity, and the cardiovascular system in health and disease.
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Abstract: This study investigated whether sacubitril/valsartan and ivabradine are able to prevent
left ventricular (LV) fibrotic remodelling and dysfunction in a rat experimental model of spontaneous
hypertension (spontaneously hypertensive rats, SHRs) and whether this potential protection is
associated with RAAS alterations. Five groups of three-month-old male Wistar rats and SHRs were
treated for six weeks as follows: untreated Wistar controls, Wistar plus sacubitril/ valsartan, SHR, SHR
plus sacubitril /valsartan, and SHR plus ivabradine. The SHRs developed a systolic blood pressure
(SBP) increase, LV hypertrophy and fibrosis, and LV systolic and diastolic dysfunction. However,
no changes in serum RAAS were observed in SHRs compared with the controls. Elevated SBP in
SHRs was decreased by sacubitril/valsartan but not by ivabradine, and only sacubitril /valsartan
attenuated LV hypertrophy. Both sacubitril/valsartan and ivabradine reduced LV collagen content
and attenuated LV systolic and diastolic dysfunction. Sacubitril/valsartan increased the serum levels
of angiotensin (Ang) II, Ang III, Ang IV, Ang 1-5, Ang 1-7, and aldosterone, while ivabradine did not
affect the RAAS. We conclude that the SHR is a normal-to-low serum RAAS model of experimental
hypertension. While the protection of the hypertensive heart in SHRs by sacubitril /valsartan may
be related to an Ang II blockade and the protective Ang 1-7, the benefits of ivabradine were not
associated with RAAS modulation.

Keywords: SHR; sacubitril /valsartan; ARNI; ivabradine; remodelling; cardiac dysfunction; fibrosis;
renin-angiotensin-aldosterone system; angiotensin II; angiotensin 1-7

1. Introduction

Left ventricular (LV) hypertrophy in hypertension is considered to be a compensatory
reaction to a chronically increased haemodynamic burden. LV mass enlargement supports
the heart’s performance without increasing wall tension. However, a hypertensive heart is
associated with fibrotic rebuilding of the LV, resulting in a deterioration of cardiac function
and a worsening prognosis. It is generally believed that curbing pathological cardiac
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remodelling reduces the transition from a hypertensive heart to heart failure (HF). Thus,
the search for novel therapeutic strategies against the consequences of haemodynamic
overload-induced cardiac remodelling in various models of experimental hypertension
and in clinical conditions is unremitting [1]. Hypertensive heart disease involves the
structural remodelling of the musculature and collagenous and non-collagenous matrix.
Myocardial hypertrophy is determined by pressure or volume overload, which induces
the compensatory growth of cardiomyocytes. The structural homogeneity may be dis-
turbed by the imbalance of two groups of substances: by increased levels of angiotensin
11, aldosterone, endothelin, and catecholamines which represent stimulators of pathologic
growth with fibrocyte proliferation and an overabundance of collagen; or by a reduced
production of nitric oxide (NO), natriuretic peptides, bradykinin, and prostaglandins
with the opposite effect on growth and proliferation. The absolute or relative overpro-
duction of angiotensin (Ang) I and aldosterone governs the development of pathologic
fibrosis associated with deteriorated heart function and rhythm disturbances [2,3]. Thus,
blocking the renin-angiotensin—aldosterone system (RAAS) by angiotensin-converting
enzyme (ACE) inhibitors, angiotensin II type 1 receptor (AT1R) blockers, or aldosterone
receptor blockers enables the attenuation of the vasoconstrictor, pro-inflammatory, and
pro-proliferative actions.

During the past decade, two novel approaches to HF management with different
mechanisms of action have been introduced. Neprilysin is an enzyme expressed in the
cell membrane of various tissues that splits atrial and brain natriuretic peptides (ANP and
BNP, respectively). The inhibition of neprilysin by sacubitril enhances circulating ANP
and BNP levels with vasodilative, diuretic, and antiproliferative actions. Since neprilysin’s
substrates include both natriuretic peptides (NP) and Ang I, its inhibition increases not
only the level of beneficial NP but also the concentration of adverse Ang II, potentially
counterbalancing the desirable vasodilative effects of NP. To avoid this, sacubitril, an in-
hibitor of neprilysin, was combined with the AT1R blocker valsartan to attenuate Ang II
effects [4,5]. The PARADIGM-HF study involving heart failure patients with systolic dys-
function showed that the combination of neprilysin inhibition by sacubitril and the ATIR
blocker valsartan, i.e., sacubitril /valsartan (ARNI), reduced morbidity and mortality more
effectively than the ACE inhibitor enalapril [6]. Thus, ARNI is becoming the cornerstone of
HF therapy. Moreover, in the PARALLAX trial comprising HF patients with a preserved
LV ejection fraction, sacubitril/valsartan resulted in a significantly greater decrease in
plasma N-terminal pro-brain natriuretic peptide levels compared with a standard treatment
affecting the renin—angiotensin system [7]. Thus, the combination of neprilysin with a
renin-angiotensin system blockade may be of potential benefit in hearts with not only
systolic but also diastolic LV dysfunction.

Ivabradine is a selective inhibitor of the I current in the sinoatrial node, which is
responsible for pacemaking. Ivabradine reduces the heart rate (HR) without the negative
inotropic effect inherent to beta-blockers. In the SHIFT study, ivabradine decreased the
composite end-point of mortality and hospitalisations for HF, and it is recommended for
patients with systolic HF and a HR above 70 bpm despite treatment with or in case of
intolerance of beta-blockers [8].

It is generally accepted that cardiovascular protection is achieved by interfering with
the excessive neurohumoral activation seen in chronic HE. Indeed, modulation of the RAAS,
whose chronic activation induces a pathologic remodelling of the target organs, is pivotal
in HF management. Moreover, neprilysin activity is linked to RAAS modulation: while
neprilysin participates in Ang I degradation, ANP and BNP inhibit the release of renin [9].

However, data regarding the complex interference of ARNI or ivabradine with the
RAAS are sparse. Thus, the aim of this study was to show in a rat experimental model
of spontaneous hypertension (spontaneously hypertensive rats, SHRs) whether ARNI or
ivabradine are able to protect a hypertensive heart and whether this potential protection
is due to their interaction with the deleterious classical ACE/Ang II/ATIR pathway and
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the protective alternative ACE2/Ang 1-7/Mas receptor (MasR) pathway of the renin—
angiotensin system.

2. Materials and Methods
2.1. Animals and Treatment

Twelve-week-old male Wistar rats and age- and weight-matched male SHRs (Depart-
ment of Toxicology and Laboratory Animals Breeding, Slovak Academy of Sciences, Dobra
Voda, Slovak Republic) were randomly divided into five groups (15 per group) and treated
for six weeks as follows: Wistar rats with no treatment (C); Wistar rats treated with ARNI
(68 mg/kg/day; Novartis, Basel, Switzerland) (ARNI); SHRs with no treatment (SHR);
SHRs treated with ARNI (68 mg/kg/day) (SHR + ARNI); and SHRs treated with ivabradine
(10 mg/kg/day; Servier, Suresnes, France) (SHR + IVA). The therapeutics were dissolved
in drinking water and their concentration was adjusted to daily water consumption. The
natural water consumption was 12-13 mL per 100 g body weight. To ensure that all of the
water-therapeutics solutions were drunk by a particular rat, only 10 mL per 100 g body
weight of solution was offered. The solutions were prepared by dissolving the appropriate
amount of therapeutics in water, while no additional substance was added. The rats were
housed in individual cages, fed a regular pellet diet ad libitum and maintained under stan-
dard laboratory conditions (12:12-h light-dark cycle, 22 + 2 °C temperature, and 55 + 10%
humidity). The study was conducted in conformity with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH publication no.
85-23, revised 1996). The protocol was approved by the Ethics Committee of the Institute of
Pathophysiology, Faculty of Medicine, Comenius University, Bratislava, Slovak Republic
(approval number: 809/19-221/3; approval date: 23 April 2019).

Systolic blood pressure (SBP) and HR were measured twice before treatment and
once a week during treatment by non-invasive tail-cuff plethysmography (Hugo-Sachs
Elektronik, Freiburg, Germany). After six weeks of treatment, the rats were euthanised
by isoflurane inhalation. Body weight (BW), heart weight, and left ventricular weight
(LVW) were measured, and the LVW /BW ratio was subsequently calculated. LV samples
were frozen at —80 °C and, later, hydroxyproline concentrations were measured. Blood
samples were collected from the abdominal aorta during euthanasia. Serum obtained by
centrifuging the blood samples at 2000 x g for 15 min was stored at —80 °C for subsequent
angiotensin and aldosterone analysis.

2.2. Determination of Hydroxyproline in the Left Ventricle

Collagenous proteins in the LV were isolated by treating LV samples stepwise with
different buffers, as described previously [10]. Briefly, CH3COOH-pepsin buffer (pH 1.4,
24 h at4 °C) was used to extract soluble collagenous proteins, and 1.1 mol/L NaOH (45 min
at 105 °C) was used to extract the remaining insoluble collagenous proteins. The hydrolysed
samples were oxidised by chloramine T added to an acetate—citrate buffer at pH 6.0. After
incubation for 20 min at room temperature, the reaction was stopped by adding 20 volumes
of Ehrlich’s reagent to the mixture. The samples were then incubated at 65 °C for 15 min,
and the hydroxyproline concentration (a marker of fibrosis) in the LV was measured in both
collagenous fractions using spectrophotometry at 550 nm. The hydroxyproline content in
the LV was subsequently calculated and expressed as mg per total weight of the LV.

2.3. Determination of Serum Angiotensins and Aldosterone Concentration and the Markers of
Renin and ACE Activities

Serum samples from six animals per group that were not subject to prior echocardiog-
raphy were used for angiotensin and aldosterone analyses. Equilibrium Ang peptide and
aldosterone levels were determined by mass spectrometry, as described previously [11].
Briefly, the equilibrium peptide levels were stabilised by equilibration of the conditioned
serum at 37 °C for 60 min. Thereafter, the stabilised samples were spiked with internal
standards for each angiotensin metabolite (isotopes labelled Ang I, AngII, Ang 1-7, Ang 1-5,
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Ang 2-8, and Ang 3-8) at concentrations of 200 pg/mL, and for aldosterone (deuterated
aldosterone) at a concentration of 500 pg/mL. After a C18-based solid-phase extraction, the
samples were analysed by LC-MS/MS using a reversed-phase analytical column (Acquity
UPLC® C18, Waters Corp., Milford, MA, USA) operating in line with a XEVO TQ-S triple
quadrupole mass spectrometer (Waters Corp.) in MRM mode. The peptide recovery of the
sample preparation (for each Ang metabolite in each sample) was corrected using internal
standards. The corresponding response factors determined with appropriate calibration
curves in the original sample matrix, which integrated signals exceeding a signal-to-noise
ratio of 10, were used to assess Ang peptide concentrations. The Ang 1-5/Ang 1-7 ratio, a
marker of Ang 1-7 cleavage to Ang 1-5, was subsequently calculated.

The marker of renin activity (RA-S) was subsequently calculated as the sum of Ang I
and Ang II. Indeed, in previous studies, the sum of Ang I and Ang II obtained from the
above equilibrium analysis was shown to be closely correlated with the measured renin
activity, independent of species or treatment [12].

The marker of ACE activity (ACE-S) was subsequently calculated as the Ang II/Ang I
ratio. It provides information about the expected ACE activity [13].

The aldosterone/Ang Il ratio (AA2 ratio) was calculated to assess adrenal responsive-
ness following Ang II signalling resulting in the release of aldosterone [14].

2.4. Echocardiography

After six weeks of treatment, transthoracic echocardiography was performed on seven
animals per group using a 14-MHz matrix probe (M12L) coupled with a GE Medical Vivid 7
Dimension System (GE Medical Systems CZ Ltd., Prague, Czech Republic), as described
previously [15]. Briefly, the animals were anesthetised throughout the protocol by applying
isoflurane (2.5% inspiratory concentration at a flow rate of 2 L/min) during spontaneous
breathing. After placing the rat in the supine position on a warming pad (38 °C), the
thoracic wall was shaved. The HR and body temperature were monitored throughout the
protocol. To assess the LV systolic function, the LV end-systolic and end-diastolic internal
diameters were measured from the anatomical M-mode images in a long-axis view using
the leading-edge method. Subsequently, the left ventricular fractional shortening (LVFS)
and ejection fraction (LVEEF, using the Teichholz formula) were determined. To assess the
LV diastolic function, the diastolic transmitral peak early (E) and late (A) filling velocities
were measured from the two-dimensionally guided Doppler spectra of mitral inflow in the
apical four-chamber view, and the E/ A ratio was then calculated. The maximal velocities
of the early (Em) and late (Am) diastolic wall movement waves at the level of the septal
mitral annulus were determined by tissue Doppler imaging from the apical four-chamber
view; the E/Em ratio was subsequently calculated. Echocardiography was performed by
an experienced echocardiographer blinded to the group identity. All measurements were
averaged over three consecutive cardiac cycles.

2.5. Statistical Analysis

The results are presented as means += SEM. Data distribution was assessed by a
Shapiro-Wilk normality test. A two-way, repeated-measures analysis of variance (ANOVA)
followed by multiple comparisons with a Bonferroni post-hoc test was used for the statis-
tical analysis of SBP and HR data. A one-way, two-tailed ANOVA followed by multiple
comparisons with a Bonferroni post-hoc test was used for the statistical analysis of the re-
maining data, including the heart weights, LV hydroxyproline concentrations and contents,
serum Ang and aldosterone levels, and echocardiography. The differences were considered
significant if p < 0.05. The statistical analysis was conducted using GraphPad Prism 9 for
Windows (GraphPad Software, La Jolla, CA, USA).
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3. Results
3.1. Haemodynamics and Heart Weights

The SBP was 131.71 4 3.71 mmHg in the control group, and ARNI decreased (p < 0.05)
it by 13% after six weeks of treatment. In the SHR group, SBP was higher than in controls
by 39% (182.89 £ 4.22 mmHg, p < 0.05 vs. C), and ARNI decreased (p < 0.05) it by 23%.
Ivabradine did not affect SBP in SHRs (Figure 1A).
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Figure 1. Effect of ARNI and ivabradine on systolic blood pressure (SBP) (A) and heart rate (HR) (B)
throughout the experiment, and the relative weight of the left ventricle (left ventricular weight/body
weight; LVW/BW) (C) in SHRs after six weeks of treatment. ARNI, sacubitril/valsartan; C, Wistar con-
trols; IVA, ivabradine; SHRs, spontaneously hypertensive rats. Results are presented as means + SEM.
n =15 per group. Repeated measures ANOVA (A,B) or one-way, two-tailed ANOVA (C) followed by
multiple comparisons with a Bonferroni post-hoc test; * p < 0.05 vs. C; #p < 0.05 vs. SHR.

The HR was 375.93 £ 11.61 bpm in the control group, and ARNI did not affect it after
six weeks of treatment. In the SHR group, the HR was higher than in controls by 26%
(474.95 £ 10.53 bpm, p < 0.05 vs. C), and ARNI and ivabradine decreased it (p < 0.05) by
15% and 17%, respectively (Figure 1B).

The LVW/BW ratio was 1.04 & 0.02 mg/g in the control group, and ARNI did not
affect it after six weeks of treatment. In the SHR group, the LVW /BW ratio was higher than
in controls by 75% (1.82 4+ 0.04 mg/g, p < 0.05 vs. C), and ARNI decreased it (p < 0.05) by
13%. Ivabradine did not affect the LVW /BW ratio in SHRs (Figure 1C).

3.2. Hydroxyproline Concentration and Content in Soluble and Insoluble Collagen and Total
Hydroxyproline in the Left Ventricle

The hydroxyproline concentrations in the soluble collagenous protein were 0.174 +
0.008 mg/g and 0.199 £ 0.013 mg/g in the control and SHR groups, respectively (ns). After
six weeks of treatment, none of the therapeutics affected the hydroxyproline concentration
in the soluble collagenous protein (Figure 2A).

135



Biomedicines 2022, 10, 1844

G § & .‘3?\ gbq?@v

& o &
= Concentration of hydroxyproline in soluble collagen — Content of hydroxyproline in soluble collagen
== Conceniration of hydroxyproline in insoluble collagen == Content of hydroxyprofine in insciuble collagen
@ Concentration of total hydroayproline = Content of total hydroxyproline

Figure 2. Effect of ARNI and ivabradine on hydroxyproline concentration in soluble and insoluble
collagenous proteins and on the total hydroxyproline concentration (A), and on hydroxyproline con-
tent in the soluble and insoluble collagenous proteins, and on the total hydroxyproline content (B) in
the left ventricle in SHRs after six weeks of treatment. ARNI, sacubitril /valsartan; C, Wistar controls;
IVA, ivabradine; SHRs, spontaneously hypertensive rats. Results are presented as means + SEM.
n =15 per group. One-way, two-tailed ANOVA followed by multiple comparisons with a Bonferroni
post-hoc test; * p < 0.05 vs. C; # p < 0.05 vs. SHR.

The hydroxyproline concentration in the insoluble collagenous protein was 0.578 +
0.017 mg/g in the control group, and ARNI had no effect after six weeks of treatment.
In the SHR group, the hydroxyproline concentration in the insoluble collagenous protein
was higher than in controls by 16% (0.673 & 0.025 mg/g, p < 0.05 vs. C), and ARNI and
ivabradine decreased it (p < 0.05) by 11% and 15%, respectively (Figure 2A).

The total hydroxyproline concentration was 0.752 + 0.022 mg/g in the control group,
and ARNI had no effect after six weeks of treatment. In the SHR group, the total hydrox-
yproline concentration was higher than in controls by 16% (0.871 £ 0.026 mg/g, p < 0.05
vs. C), and ivabradine decreased it (p < 0.05) by 11%; ARNI had no significant effect
(Figure 2A).

The hydroxyproline content in the soluble collagenous protein was 0.072 & 0.003 mg/LV
in the control group, and ARNI had no effect after six weeks of treatment. In the SHR
group, the hydroxyproline content in the soluble collagenous protein was higher than in
controls by 50% (0.108 £ 0.007 mg/LV, p < 0.05 vs. C), and none of the therapeutics had a
significant effect (Figure 2B).

The hydroxyproline content in the insoluble collagenous protein was 0.241 + 0.012 mg/LV
in the control group, and ARNI had no effect after six weeks of treatment. In the SHR
group, the hydroxyproline content in the insoluble collagenous protein was higher than in
controls by 53% (0.368 & 0.018 mg/LV, p < 0.05 vs. C), and ARNI and ivabradine decreased
it (p < 0.05) by 24% and 19%, respectively (Figure 2B).

The total hydroxyproline content was 0.313 & 0.014 mg/LV in the control group, and
ARNTI had no effect after six weeks of treatment. In the SHR group, the total hydroxyproline
content was higher than in controls by 52% (0.476 £ 0.019 mg/LV, p < 0.05 vs. C), and
ARNI and ivabradine decreased it (p < 0.05) by 22% and 15%, respectively (Figure 2B).

3.3. Serum Concentration of Angiotensins and Aldosterone, and the Markers of Renin and
ACE Activities

The mean serum angiotensin and aldosterone concentrations in the study groups after
six weeks of treatment are schematically depicted in Figure 3.
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Figure 3. Schematic depicting the serum angiotensin and aldosterone concentrations in the study
groups after six weeks of treatment. Results are presented as means. ACE, angiotensin-converting
enzyme; Aldo, aldosterone; Ang, angiotensin; AP, aminopeptidase; ARNI, sacubitril/valsartan;
ATIR, angiotensin II type 1 receptor; NEP, neprilysin (neutral endopeptidase); SHRs, spontaneously
hypertensive rats. n = 6 per group.

The serum equilibrium level of Ang 1-10 (Ang I) was 247.15 £ 40.13 pmol/L and
223.32 £ 47.4 pmol/L in the control and SHR groups, respectively (ns); ARNI increased it
by 217% (ns) and 645% (p < 0.05) in the control and SHR groups, respectively (Figure 4A).

The level of Ang 1-8 (Ang II) was 595.77 4 87.89 pmol/L and 349.22 4 79.1 pmol/L in
the control and SHR groups, respectively (ns); ARNI increased it by 279% (p < 0.05) and
588% (p < 0.05) in the control and SHR groups, respectively, after six weeks of treatment
(Figure 4B).

The level of Ang 2-8 (Ang III) was 21.88 4 3.22 pmol/L and 10.63 & 3.88 pmol/L in
the control and SHR groups, respectively (ns); ARNI increased it by 285% (ns) and 697%
(p < 0.05) in the control and SHR groups, respectively (Figure 4C).

The level of Ang 3-8 (Ang IV) was 28.27 & 4.49 pmol/L and 17.72 4 4.0 pmol/L in
the control and SHR groups, respectively (ns); ARNI increased it by 329% (ns) and 637%
(p < 0.05) in the control and SHR groups, respectively (Figure 4D).

The level of Ang 1-7 was 20.33 & 2.66 pmol/L and 19.07 % 4.69 pmol/L in the control
and SHR groups, respectively (ns); ARNI increased it by 279% (ns) and 763% (p < 0.05) in
the control and SHR groups, respectively (Figure 4E).

The level of Ang 1-5 was 55.75 & 6.95 pmol/L and 46.97 &= 11.54 pmol/L in the control
and SHR groups, respectively (ns); ARNI increased it by 230% (ns) and 642% (p < 0.05) in
the control and SHR groups, respectively (Figure 4F).

None of the Ang levels in SHR were significantly affected by ivabradine after six
weeks of treatment (Figure 4A-F).

The Ang 1-5/Ang 1-7 ratio was 2.78 4 0.23 and 2.73 &+ 0.32 in the control and SHR
groups, respectively (ns); ivabradine decreased it by 32% (p < 0.05) in the SHR group.
ARNI had no significant effect on the Ang 1-5/Ang 1-7 ratio in either controls or SHRs
(Figure 4G).

The marker of renin activity (RA-S; Ang I + Ang II) was 842.88 + 125.38 pmol/L and
572.5 4 125.96 pmol/L in the control and SHR groups, respectively (ns); ARNI increased it
by 261% (ns) and 610% (p < 0.05) in the control and SHR groups, respectively. Ivabradine
had no significant effect on the marker of renin activity in SHRs after six weeks of treatment
(Figure 4H).

The marker of ACE activity (ACE-S; Ang I/ Ang I ratio) was 2.47 4- 0.20 and 1.53 + 0.08
in the control and SHR groups, respectively (p < 0.05). ARNI and ivabradine had no
significant effect on ACE-S in SHRs (Figure 4I).
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Figure 4. Effect of ARNI and ivabradine on the serum level of angiotensin 1-10 (Ang I) (A), an-
giotensin 1-8 (Ang II) (B), angiotensin 2-8 (Ang III) (C), angiotensin 3-8 (Ang IV) (D), angiotensin
1-7 (E), angiotensin 1-5 (F), angiotensin 1-5/angiotensin 1-7 ratio (G), marker of renin activity (RA-S;
Ang I+ Ang II) (H), and marker of angiotensin-converting enzyme activity (ACE-S; Ang II/Ang I) (I)
in SHRs after six weeks of treatment. Ang, angiotensin; ARNI, sacubitril /valsartan; C, Wistar controls;
IVA, ivabradine; SHRs, spontaneously hypertensive rats. Results are presented as means + SEM.
n = 6 per group. One-way, two-tailed ANOVA followed by multiple comparisons with a Bonferroni
post-hoc test; * p < 0.05 vs. C; # p < 0.05 vs. SHR.

The serum concentration of aldosterone was 312.73 + 66.99 fmol/mL and 163.63 +
29.02 fmol/mL in the control and SHR groups, respectively (ns); ARNI increased it by
10% (ns) and 203% (p < 0.05) in the control and SHR groups, respectively (Figure 5A). The
aldosterone/Ang Il ratio (AA2 ratio) was 0.55 £ 0.14 and 0.52 4 0.08 in the control and SHR
groups, respectively (ns); ARNI decreased it by 61% (ns) and 52% (ns) in the control and
SHR groups, respectively (Figure 5B). Ivabradine had no effect on the serum concentration
of aldosterone and the AA2 ratio in SHRs after six weeks of treatment (Figure 5A,B).
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Figure 5. Effect of ARNI and ivabradine on the serum level of aldosterone (A) and the aldos-
terone/angiotensin II ratio (AA2 ratio) (B) in SHRs after six weeks of treatment. ARNI, sacubi-
tril/valsartan; C, Wistar controls; IVA, ivabradine; SHRs, spontaneously hypertensive rats. Results
are presented as means &= SEM. n = 6 per group. One-way, two-tailed ANOVA followed by multiple
comparisons with a Bonferroni post-hoc test; # p < 0.05 vs. SHR.

3.4. Echocardiography

The LVEF was 72.52 4 1.55% in the control group, and ARNI had no effect after
six weeks of treatment. In the SHR group, the LVEF was lower than controls by 13%
(63.0 +2.12%, p < 0.05 vs. C), and ARNI and ivabradine increased it (p < 0.05) by 12% and
10%, respectively (Figure 6A).

The LVFS was 37.38 + 1.29% in the control group, and ARNI had no effect after
six weeks of treatment. In the SHR group, the LVFS was lower than controls by 20%
(30.0 &= 1.39%, p < 0.05 vs. C), and ARNI and ivabradine increased it (p < 0.05) by 17% and
14%, respectively (Figure 6B).

The E/A ratio was 1.42 + 0.1 in the control group, and ARNI had no effect after six
weeks of treatment. In the SHR group, the E/A ratio was higher than controls by 53%
(2.17 £ 0.12%, p < 0.05 vs. C), and ivabradine decreased it (p < 0.05) by 24%. ARNI had no
significant effect on the E/A ratio in SHRs after six weeks of treatment (Figure 6C).

The E/Em ratio was 10.58 & 0.76 in the control group, and ARNI had no effect after
six weeks of treatment. In the SHR group, the E/Em ratio was higher than controls by 132%
(24.58 £ 2.01, p < 0.05 vs. C), and ARNI and ivabradine decreased it (p < 0.05) by 28% and
42%, respectively (Figure 6D).
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Figure 6. Effect of ARNI and ivabradine on left ventricular ejection fraction (LVEF) (A), left ventricular
fractional shortening (LVFS) (B), the ratio of the diastolic transmitral peak early and late filling
velocities (E/A ratio) (C), and the ratio of the diastolic transmitral peak early filling velocity and
the maximal velocity of early diastolic wall movement wave at the level of mitral annulus (E/Em
ratio) (D) in SHRs after six weeks of treatment. ARNI, sacubitril /valsartan; C, Wistar controls; IVA,
ivabradine; SHRs, spontaneously hypertensive rats. Results are presented as means + SEM. n = 7 per
group. One-way, two-tailed ANOVA followed by multiple comparisons with a Bonferroni post-hoc
test; *p < 0.05 vs. C; #p < 0.05 vs. SHR.

4. Discussion

The effects of the neprilysin inhibitor/ AT1R blocker sacubitril /valsartan (ARNI) and
ivabradine on SBP, HR, myocardial remodelling, LV systolic and diastolic function, and the
RAAS were investigated in SHRs.

The SHR, a commonly employed rat experimental model of spontaneous hyperten-
sion, mimics primary hypertension with target organ damage in humans. The mechanisms
underlying the development of primary hypertension are complex and comprise several
potential players. Endothelial dysfunction in conduit and resistance arteries is frequently
considered to contribute to the BP increase in the SHR. However, disturbed endothe-
lial function has been described mainly in aged but not young SHRs, suggesting that
endothelial dysfunction is more a consequence than a cause of elevated BP [16]. Data
regarding the participation of the RAAS in hypertension pathophysiology in the SHR are
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driven mainly by the impact of targeted inhibition of the presumably deleterious classical
ACE/Ang II/AT1R pathway [17] or by activation of the supposedly beneficial alternative
ACE2/Ang 1-7/MasR pathway [18,19]. Data characterising the RAAS in the untreated
SHR varies considerably in different laboratories. The serum level of renin, Ang II [20],
and aldosterone [20,21], AT1R expression in mesenteric and coronary arteries [19], and
heart expression of Mas-related G protein-coupled receptor D (MrgD) were higher in SHRs
compared to Wistar rats, while the MasR expression in arteries was lower in SHRs [19].
Moreover, SHRs showed an altered circadian gene expression affecting the transcriptional
regulation of clock-controlled genes for aldosterone and corticosterone [22]. In our experi-
ment with three-month-old male SHRs, the levels of Ang I (Ang 1-10), Ang II (Ang 1-8),
Ang IIT (Ang 2-8), Ang IV (Ang 3-8), Ang 1-7, and Ang 1-5 did not show significant changes
compared to Wistar controls, corresponding with the unchanged marker of renin activity
(RA-S). The trend towards reduced Ang II levels, albeit non-significant, corresponded with
the decreased marker of ACE activity (ACE-S), calculated as the Ang II/Ang I ratio, and
with the trend toward serum aldosterone concentration reduction. These data suggest
that SHR is a normal-to-low renin and normal-to-low angiotensin/aldosterone model of
hypertension. Thus, the underlying mechanism of hypertension and target organ damage
in the SHR remains elusive. Importantly, increased renal sympathetic activity has been pre-
viously reported in the SHR [23]. Indeed, in our experiment, HR was significantly elevated
in SHRs by approximately 100 bpm during the entire course of the six-week experiment,
indicating activation of the sympathetic nervous system. In previous experiments, renal
sympathetic denervation reduced intrarenal norepinephrine, the renal tissue protein of
Ang II, aldosterone, and AT1R [24], and ameliorated renal fibrosis and dysfunction along
with the delayed onset of hypertension in the SHR [25]. These results correspond with the
findings of the higher activity of tyrosine hydroxylase, the rate-limiting enzyme in the syn-
thesis of catecholamines, observed in the heart and kidney of SHRs compared with Wistar
rats [26]. The above data suggest that sympathetic system activation plays a crucial role in
BP elevation in the SHR. Along with sympathetic activation, the local renin-angiotensin
system may also be activated in the kidney [25], brain [21], or other organs. In addition,
other neurohumoral alterations, such as an elevated endothelin 1 level [20] or reduced en-
dothelial nitric oxide synthase (eNOS) activity and nitric oxide (NO) bioavailability [16,25],
may also contribute to BP elevation in the SHR. Furthermore, hypertensive encephalopathy
due to a higher mineralocorticoid receptor expression and their activation by endogenous
corticosterone may participate in hippocampal neuroinflammation, which may potentially
contribute to BP dysregulation and hypertension [27].

In our study, the dual inhibitor of the endopeptidase neprilysin and the AT1R, sacubi-
tril/valsartan (ARNI), significantly reduced systolic BP as well as LV mass in SHRs after six
weeks of treatment. Moreover, ARNI significantly reduced the LV concentration of insoluble
collagen, and numerically also the total collagen, and significantly decreased their LV con-
tents. ARNI completely prevented the deterioration of LV systolic function and attenuated
the deterioration of diastolic function in SHRs. This anti-remodelling nature of ARNTI is in
agreement with data from other laboratories and large clinical studies. Sacubitril/valsartan
prevented myocardial fibrosis and remodelling and improved cardiac function after my-
ocardial infarction in mice [28] and rats [29,30], and in streptozotocin-induced diabetic
hearts in mice [31]; it reduced cardiomyocyte size in Ang II-induced cardiac hypertrophy
in mice [32], attenuated LV fibrosis and dysfunction in high-salt diet-induced diastolic
dysfunction in rats [33], and reduced BP and prevented stroke in stroke-prone hypertensive
rats [34]. A meta-analysis of clinical studies from 2010 to 2019 revealed that ARNI exerted
reverse remodelling in terms of reduced LV size and hypertrophy compared with ACE
inhibitors or AT1R blockers in patients with HF with a reduced LV ejection fraction [35].

While the classical ACE/Ang II/AT1R pathway is considered to be deleterious when
chronically activated by stimulating vasoconstriction, proliferation, and inflammation,
the alternative ACE2/Ang 1-7/Ang 1-5/MasR seems to be a counterbalancing pathway
by reducing oxidative stress and inflammation, inducing vasodilatation, and inhibiting
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myocyte growth and fibrotic proliferation [36-39]. In our experiment, ARNI, via ATIR
blockade by valsartan, enhanced the levels of Ang Il and Ang I and increased Ang 1-7 and
Ang 1-5, along with Ang IIl and Ang IV. The marker of ACE activity (ACE-S), calculated
as the Ang I/ Ang I ratio, provides information about the expected ACE activity. ACE-S
was lower in SHR and remained unaffected by ARNI. On the other hand, Ang 1-7 was
remarkably increased by ARNI in SHRs and also stabilised, as shown by a trend to a
reduced Ang 1-5/Ang 1-7 ratio. Ang 1-7 is considered to be a decisive player in damaged
heart protection [40]. The increase in Ang 1-7 levels has to be considered with regard to
the simultaneous AT1R blockade by valsartan, rendering Ang II ineffective and Ang 1-7 as
the dominant effector in the RAAS. The results on serum aldosterone levels are puzzling.
Although the AT1R blocker moiety of ARNI effectively blocked ATIR signalling in the
adrenal glands, as indicated by a decreased aldosterone/Ang Il ratio (AA2 ratio), the actual
aldosterone level was increased by ARNI in SHRs, suggesting an important role of stimuli
(such as potassium levels, NO availability, ACTH release or sympathetic activity) [41,42]
for aldosterone production different from Ang II. Thus, in SHRs, the presumably protective
effect of increased Ang 1-7 may be partly counterbalanced by elevated aldosterone levels.
The increased serum levels of aldosterone with ARNI treatment might have determined the
only mild-to-moderate antifibrotic effect of ARNI in this study. One could hypothesise that
the potential combination of ARNI with a mineralocorticoid receptor antagonist would be
a beneficial strategy in the treatment of hypertensive hearts. Additionally, the inhibition
of neprilysin by sacubitril, with the subsequent enhancement of ANP and BNP exerting
vasodilative and antiproliferative effects [43], might have also contributed to the protection
by ARNI in SHRs.

Elevated HR is a risk factor in healthy individuals and various cardiovascular patholo-
gies [44]. Ivabradine selectively inhibits the I current of the pacemaker cells in the sinoatrial
node, thus reducing HR without negative inotropy [45]. Although HR reduction coming
with an improvement in myocardial energy balance seems to be the principal factor under-
lying the protection offered by ivabradine in HF patients, a number of pleiotropic effects,
including antioxidative, anti-inflammatory, and neurohumoral action modulation, may
contribute to heart protection [45]. Indeed, in aortic constriction-induced LV hypertro-
phy in mice, ivabradine attenuated LV hypertrophy, fibrosis, and dysfunction [46]. In
isoproterenol-induced heart damage, ivabradine reduced LV fibrotic remodelling and im-
proved survival [47]. In our previous experiment with L-NAME-induced hypertension,
ivabradine improved the systolic and diastolic function of the remodelled LV [48]. In
line with the above data, in this experiment, ivabradine reduced fibrosis of the LV and
improved systolic and diastolic function in SHRs. However, ivabradine did not affect
the serum concentrations of Ang II and Ang 1-7 or other downstream products of the
classical and alternative pathways of the renin—angiotensin system. Interestingly, even
the serum levels of aldosterone, which were reduced by ivabradine in L-NAME-induced
hypertension [48] and supposedly contributed to the hypertensive heart protection by
ivabradine, were unchanged in SHRs. There are two potential factors underlying the
apparent protection by ivabradine in SHRs to consider. First, HR reduction associated
with an improvement of myocardial energy balance in a haemodynamically overloaded
hypertensive heart could result in improved LV contractility and relaxation. Second, ivabra-
dine may provide a benefit via its presumable pleiotropic sympatholytic effect. Indeed,
the pre-treatment of rats exposed to handling stress with ivabradine was associated with a
reduced release of adrenaline and noradrenaline into the blood stream [49], and changes
to heart rate variability (HRV) in a rat model of doxorubicin-induced HF indicated an
improved autonomic imbalance by ivabradine [50]. The HRV analysis in a SHIFT Holter
sub-study showed an ivabradine-mediated shift toward a more prominent parasympathetic
tone [51].

Limitations: For the pathophysiological implications, the local tissue concentration
of RAAS peptides remains important. It seems, however, that the local RAAS remains
largely dependent on the circulating RAAS peptides, as previously discussed for the brain

142



Biomedicines 2022, 10, 1844

RAAS [52]. In fact, the concentration of renin and angiotensinogen in the heart tissue is
very low compared to plasma [53]. Additionally, we have recently shown [48] that apart
from Ang 1-10 and Ang 1-8, the tissue concentrations of other RAAS components remain
low and the LV concentration of Ang II correlates with the circulating Ang II levels.

5. Conclusions

We conclude that the SHR is a normal-to-low RAAS model of experimental hyperten-
sion. Recent drugs from the portfolio of HF management—ARNI and ivabradine—exerted
the attenuation of LV remodelling and dysfunction in the SHR. Considering the changes to
the RAAS, the cardiovascular protection by ARNI may be related to the Ang II blockade
and the protective nature of Ang 1-7, while the cardiovascular protection by ivabradine
was not associated with the modification of RAAS in the SHR.
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Abstract: Background: A major problem in the treatment of human hypertension is the late diagnosis
of hypertension and, hence, the delayed start of treatment. Very often, hypertension has existed
for a long time and cardiac damage has already developed. Therefore, we tested whether late-
onset antihypertensive treatment is effective in lowering blood pressure (BP) and in reducing or
even preventing left ventricular hypertrophy and fibrosis. Methods: Twenty-one male 60-week-old
spontaneously hypertensive rats (SHR) were included. Fourteen rats received oral treatment with
captopril (CAP) either as monotherapy or combined with nifedipine (CAP + NIF) over 22 weeks.
Seven untreated SHR served as controls. We examined the therapeutic effects on BP, heart weight
and histological and biochemical markers of left ventricular remodeling and fibrosis. Results: At
82 weeks of age, BP was reduced in the CAP and CAP + NIF groups by 44 and 51 mmHg, respectively
(p <0.001), but not in untreated controls. Despite the late therapy start, cardiac hypertrophy and
fibrosis were attenuated compared to controls. Both treatments reduced heart weight by 1.2 mg/g
(25%, p = 0.001) and collagens I and III by 66% and 60%, respectively (p < 0.001), thus proving
nearly equivalent cardioprotective efficacy. Conclusion: These data clearly emphasize the benefit of
antihypertensive treatment in reducing BP and mitigating the development of cardiac damage even
when treatment is started late in life.

Keywords: old SHR; antihypertensive therapy; blood pressure monitoring; LV hypertrophy; ECM
markers; cardiac fibrosis

1. Introduction

Arterial hypertension is the main risk factor for morbidity and mortality of cerebrovas-
cular and cardiovascular diseases. The number of hypertensive adults aged 30-79 years
has almost doubled in the last 30 years to more than 1.2 billion people worldwide, but only
59% of women and 49% of men with hypertension are diagnosed, and another 11-12%
are diagnosed but not treated [1]. The problem of inadequate antihypertensive therapy
is exacerbated by the patients” inconsistent drug intake and inconsequent blood pressure
control by the patients and their therapists. In less than 40% of diagnosed patients, hyper-
tension has been controlled to below 140/90 mmHg [1]. Untreated or insufficiently treated
arterial hypertension leads to cardiac hypertrophy and may progress to cardiac remodeling,
fibrosis, dilatation, and in the final stages, to heart failure. A long history of undetected and
untreated hypertension is a risk factor as high as advanced age, particularly if hypertension
has persisted for some time and the first cardiac sequelae may have already occurred.
The earlier in the course of pathophysiological development an efficient antihypertensive
therapy is started, the more successful it can be in preventing complications [2,3].
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Spontaneously hypertensive rats (SHR) are an established animal model for study-
ing the causes and development of hypertension. This is due to their prehypertensive
stage and their clinical complication pattern, which is similar to that of humans including
LV hypertrophy and dilatation and often resulting in heart failure [4]. Upregulation of
renin-angiotensin-aldosterone-system (RAAS)-related key genes and increased intracellu-
lar calcium concentration belong to the main factors responsible for the increased blood
pressure (BP) in adult SHR [5,6]. Correspondingly, in numerous studies in SHR, profound
antihypertensive and cardioprotective effects were achieved by antagonizing the RAAS and
reducing intracellular calcium concentration [2,7-9]. The antagonization of angiotensin II
(AT II) and the blockade of calcium channels have also proved to be effective antihyperten-
sive therapies in humans and are recommended by the guidelines of the European Societies
of Cardiology and Hypertension as preferred treatments of human hypertension [10]. In
particular, the combination of two antihypertensive drugs is highly recommended, as better
antihypertensive effects can be achieved with lower drug doses, and thus with fewer side
effects and better tolerability [10,11].

One of the major problems in human hypertension and its therapy is the fact that
hypertension is often diagnosed late in life when the BP has been elevated for many years.
Many of those patients present an advanced degree of hypertension, and the first cardio-
vascular complications have already developed. The therapy has to start immediately with
strict control of patients’ compliance and BP development. However, even if antihyperten-
sive therapy is well-adjusted and controlled, a late-onset treatment may be less effective
than a treatment started in the very early stages of hypertension. Studies in SHR showed
that antihypertensive treatment starting in a very early phase of life (between four and
10 weeks of age) reduced blood pressure (BP) even to normotension [3,12] and prevented
left ventricular hypertrophy and fibrosis [7,13,14]. In contrast, the same treatment starting
at a later stage of life (24 to 30 weeks of age) had a much lower antihypertensive effect [3,15].
For treatment of human hypertension, it is important to clarify whether and to what extent
a late-onset antihypertensive therapy is able to significantly reduce BP and, even more
importantly, to attenuate cardiac hypertrophy and fibrosis and to delay transition into
cardiac failure.

We investigated these questions in an animal model of old SHR. Rats aged 24-30 weeks
can be considered to be adult. At this age, normotensive rats are still in the first half of
their regular life span, which is estimated to be 2.5-3.5 years [16]. Our interest was focused
on an antihypertensive therapy starting in the period of senescence. The present study
was designed to investigate the efficacy of such a late-onset antihypertensive therapy on
BP development and on cardiac remodeling in 60-week-old SHR. In this context, two
therapeutic regimens, a monotherapy and a combination therapy, were compared. In a
preceding study on seven-week-old SHR, we systematically tested the antihypertensive
and cardioprotective effects of several classes of antihypertensive drugs as single-drugs
and as combination treatments. Specifically, captopril (CAP) as an antagonist of the RAAS
and nifedipine (NIF) as a calcium channel blocker were applied. CAP as monotherapy
and a combination of CAP and NIF proved to be the most effective treatments with
respect to BP lowering and to preventing cardiac hypertrophy and fibrosis [14]. These two
therapeutic regimens were chosen for the present study to treat 60-week-old SHR over a
period of 22 weeks. We investigated BP, heart weight (HW), biochemical markers of cardiac
hypertrophy and cardiac fibrosis as well as cardiac histology.

We hypothesized that these treatments would decrease BP as well as biochemical and
histological markers of cardiac hypertrophy and fibrosis in old SHR as well. The results of
this study might have importance for antihypertensive treatment in humans. In particular,
one of the main reasons for patients” poor adherence to antihypertensive therapy is that
they do not understand the serious consequences of chronically elevated BP. The results
of studies like this may help to improve the education of patients and the strict control of
antihypertensive therapy.
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2. Materials and Methods
2.1. Animal Model

All experiments were performed on 21 male SHR supplied by Charles River, Sulzfeld,
Germany. The animals were fed a standard pellet diet (Altromin C100, Altromin GmbH,
Lage, Germany) and had free access to tap water. All animal protocols were approved
by the state agency (Landesdirektion Sachsen, number and date of approval: TVV 36/08;
13 May 2009) in accordance with the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health and with the “European Convention for the
Protection of Vertebrate Animals used for Experimental and other Scientific Purposes” [17].

2.2. Experimental Protocol

The 22-week study phase was preceded by a two-week adaptation period to accus-
tomize the animals to drug-free tablets and to the procedure of BP measurement. The ani-
mals were 60.5 £ 0.25 weeks of age (BW 404 + 31 g) at the beginning and 81.9 & 0.44 weeks
at the end of the 22-week study phase. They were subdivided into three groups (1 = seven
per group). The group size was calculated for a medium effect size of systolic blood pressure
(SBP) reduction (with Cohen’s f = 0.25). Two groups received antihypertensive treatment
with CAP (60 mg kg~' d~!, Axxora, Lorrach, Germany) or CAP + NIF (CAP 60 + NIF
10 mg kg~! d~!, Sigma-Aldrich Chemie, Steinheim, Germany), while the third group
received drug-free tablets and served as untreated control (CTRL). The drugs were added
to commercially available rodent sweets (Vitakraft-Werke, Withrmann & Sohn GmbH &
Co., KG, Bremen, Germany) and formed to tablets. The tablets were given into the cages
for oral uptake along with chow once daily between 9:00 a.m. and 10:00 a.m. After the
two-week adaptation period, non-invasive BP measurements were carried out every two
to three weeks. At the end of the experimental period, animals were sacrificed, and their
hearts were removed for further analyses.

2.3. Non-Invasive Blood Pressure Measurement

SBP was measured non-invasively using the tail-cuff-method (TSE Blood Pressure
Monitor, Series 209002, TSE Systems GmbH, Bad Homburg, Germany). Measurements
were performed in awake animals about 1 to 2 h after the administration of the drugs or
the drug-free tablets. The animals were placed on a heated plate (36 °C) and were allowed
to move relatively freely, and were only held by the experimenter’s hand on their back or
tail. We avoided the use of a conventional restraint box to minimize stress to the animals.
After six to eight preliminary tests, the animals were familiar with the environment and the
experimenters. The procedure of SBP measurement was well tolerated by the animals. To
ensure reproducible results, for each SBP measurement a mean was calculated from two to
three tests with each test containing 10 single readings.

2.4. Further Analyses on Heart Tissue

After extraction, HW was determined as a measure of cardiac hypertrophy. As body
weight (BW) developed differently in the SHR groups, the ratio of HW/BW was calcu-
lated by relating HW to baseline BW. The apex was separated and fixated in formalin
for histological examination. Pieces of the LV were frozen and stored at —80 °C for
biochemical analyses.

2.5. Ribonuclease Protection Assay

A ribonuclease protection assay was performed as previously described [14] to deter-
mine mRNA expression of atrial natriuretic peptide (ANP), transforming growth factor-f3;
(TGF-B1), TGF-B2 and TGF-f3, matrix metalloproteinase 2 (MMP-2), tissue inhibitor of
metalloproteinases 2 (TIMP-2) and collagen types I (Coll I) and III (Coll III) in the LV.

In brief, total RNA was isolated according to the method of Chomczynski and
Sacchi [18] using TRIZOL (Invitrogen GmbH, Karlsruhe, Germany) as described in the
manufacturer’s protocol. For investigation of TGF-f3, we isolated 2.5 pg of total TGF-f
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RNA, and for the extracellular matrix (ECM) markers ANP, MMP-2, TIMP-2, Coll I, and
Coll III, 5 pg of total RNA was isolated. The isolated RNA was hybridized overnight
with the template sets rTGF-3 and ECM-3, respectively, and labelled with an RiboQuant®
In vitro Transcription Kit (Pharmingen, Hamburg, Germany) and [x-32P]-UTP as described
by the manufacturer. After hybridization and digestion of the unprotected probes, the
protected radioactive RNA was displayed on a denaturing polyacrylamide gel. For densit-
ometric evaluation we used the Molecular Imager (BioRad, Miinchen, Germany). mRNA
expression was semi-quantitatively determined in percent of glyceraldehyde-3-phosphate
dehydrogenase (GAP-DH) mRNA.

2.6. Zymography

LV myocardial MMP activity was measured as described elsewhere [19]. Briefly,
extracellular proteins of frozen tissue were extracted by the addition of extraction buffer
and then directly used for electrophoresis. The gels were run at 200 V at 4 °C. Following
electrophoresis, the gels were stained in Coomassie Blue G-250 and scanned using the
EagleEye Il imaging system (Stratagene, Heidelberg, Germany) for relative lytic activity
after normalization to the amount of protein extract loaded onto the gel. The protein activity
was related to the median of the CTRL animals (CTRL = 1.0). For more details see [20].

2.7. ELISA

To determine the protein content of TGF-3; and TGF-f3; in the LV, the immunoassay
was performed according to the Quantikine® ELISA Mouse/Rat/Porcine/Canine TGF-f1
Immunoassay Protocol (R&D Systems, Inc., Minneapolis, MN, USA) and the Quantikine®
Human TGF-f; Immunoassay Protocol (R&D Systems, Inc., Minneapolis, MN, USA). Poly-
clonal secondary rabbit-antibody (Dianova, Hamburg, Germany) conjugated to horseradish
peroxidase specific for TGF-3; was used. Absorbance was measured at a wavelength of
450 nm. The TGF-f3; and TGF-3; concentrations were calculated by the I-smart program
(Packard Instruments Company, Inc., Downers Grove, IL, USA). The protein concentrations
were related to the median of the CTRL animals (Ctrl = 1.0).

2.8. Histological Investigation of the Heart

The apex of the heart was cut off, fixated in formalin and embedded in paraffin. Sec-
tions of 8-9 um thickness were stained with hematoxylin—eosin and Masson’s trichrome.
For the evaluation of cardiac fibrosis, sections were examined with an Axioscope micro-
scope (Carl Zeiss, Oberkochen, Germany), digitized with AxioCam MRc 5 (Carl Zeiss,
Oberkochen, Germany) and evaluated using the Photoshop CS6 image processing program.
A score ranging from 0 to 3 was applied to assess the histological degree of fibrosis: 0 = no
signs of fibrosis; 0.5 = marginal perivascular fibrosis and /or marginal interstitial fibrosis;
1 = perivascular fibrosis + mild interstitial fibrosis; 2 = perivascular fibrosis + moderate
interstitial fibrosis; 3 = fibrosis of the entire heart [14].

2.9. Statistical Analysis

Statistical analyses were carried out with the software package SigmaPlot Version 14.0
(Systat Software GmbH, Erkrath, Germany) for Windows. The groups were statistically
compared using Analysis of Variance (ANOVA) procedures. Firstly, a Shapiro-Wilk test of
normality was performed. If data were normally distributed, we used a One Way ANOVA
with a post-hoc test according to Fisher’s LSD method. This applied to SBP, HW and
quantitative evaluations from histology. These data are presented as means + SEM. If the
data were not normally distributed, a Kruskal-Wallis ANOVA on ranks with a post-hoc
test according to Dunn’s method was applied. These data (the results of the biochemical
analyses) are given as medians [25th/75th percentile]. As age, BW and SBP at baseline
might have an effect on the results, we additionally performed an analysis of covariance
(ANCOVA) to assess the influence of these covariates and their interaction with treatment
effects on the results. p values < 0.05 were considered significant.
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3. Results
3.1. Systolic Blood Pressure

Baseline SBP as measured at 60 weeks of age was similar in all three groups (CTRL
231 + 9 mmHg, CAP 228 + 13 mmHg, CAP + NIF 245 + 8 mmHg). During the observation
period, SBP increased slightly in CTRL rats (239 £ 5 mmHg; p > 0.05). CAP and CAP + NIF
induced a significant SBP reduction by about 20% after 22 weeks of therapy (p < 0.001;
Figure 1). SBP measured at 82 weeks of age was not dependent on age, BW and SBP
at baseline.

Systolic blood pressure

*

i

=

CTRL CAP CAP+NIF

Figure 1. Systolic blood pressure of old SHR expressed as mean 4 SEM at baseline (60 weeks of age;
hatched columns) and at the final measurement after 22 weeks of experiment (82 weeks of age; filled
columns). Significance marks: # significant vs. baseline measurement (p < 0.001); * significant vs.
CTRL (p < 0.001).

3.2. Cardiac Hypertrophy
3.2.1. Heart Weight

At the end of the experimental period, the HW of 82-week-old CTRL rats was
1860 £ 93 mg. Both forms of therapy counteracted the development of cardiac hyper-
trophy and reduced HW significantly by 26% (CAP) and 23% (CAP + NIF). ANCOVA
revealed that the treatment effects on HW did not depend on age, BW and SBP at baseline.
HW/BW in untreated SHR was 4.7 &= 0.25 mg/g and was 34% higher than in the treated
animals (3.5 4= 0.2 mg/g in both groups, p = 0.001; Figure 2a). Notably, the final BW of
CTRL rats at 82 weeks of age was 378 & 37 g and was about 15% lower than that of treated
SHR (p = 0.08; data not shown).
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Figure 2. (a): Heart weight-to-body weight ratio (HW/BW; in mg/g) expressed as mean &= SEM;
(b): mRNA expression of atrial natriuretic peptide (ANP, in % of GAP-DH) expressed as median (line
in the box) with 25th/75th percentiles (boxes) and 10th/90th percentiles (whiskers). All values were
obtained from 82-week-old SHR. Significance marks: * significant vs. CTRL (p < 0.001).
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3.2.2. ANP mRNA Expression

ANP mRNA expression in the LV of untreated 82-week-old SHR was 264 [154/294]
percent of GAP-DH mRNA expression. Both treatments resulted in a significant reduction
of ANP mRNA expression to 60 [48/68] (CAP) and 43 [15/78] (CAP + NIF) percent of GAP-
DH (p < 0.001; Figure 2b). ANP mRNA expression was not dependent on the covariates
age, BW and SBP at baseline.

3.3. Cardiac Fibrosis
3.3.1. Biochemical Markers of Cardiac Remodeling

TGF-B: In the LV of untreated SHR, mRNA expression of TGF-3; was 2.68 [2.10/2.74] per-
cent of GAP-DH. Treatments with CAP and CAP + NIF decreased TGF-f31 to 1.77 [1.64/2.11]
and 1.19 [1.14/1.98], respectively, but this effect was significant only with CAP + NIF
(p=0.04). TGF-p, and TGF-B3 were not significantly reduced with either treatment
(Figure 3a—c). The changes in TGF-3; and TGE-f33 were dependent on SBP at baseline.

TGF-B1 mRNA TGF-B2 mRNA TGF-33 mRNA
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Figure 3. (a—c): mRNA expression of TGF-f isoforms (in % of GAP-DH) in the LV. (d,e): Protein
concentrations of TGF-$1 and TGF-3, (in % of CTRL) in the LV. Data are given as median (line in
the box) with 25th/75th percentiles (boxes) and 10th/90th percentiles (whiskers). All values were
obtained from 82-week-old SHR. Significance marks: * significant vs. CTRL; @ significant vs. CAP.

However, both therapies significantly reduced the protein concentrations of TGF-3;
and TGE-f3; in the LV. TGF-3; concentration decreased by 33% (CAP) and 21% (CAP + NIF)
compared to CTRL (p = 0.03). For TGF-f3,, the combination therapy proved to be more
effective than monotherapy (p < 0.001), and reduced the protein concentration by 41%
(CAP) and by 60% (CAP + NIF) compared to CTRL (p < 0.001; Figure 3d,e).

MMP-2 and TIMP-2: The expression of MMP-2 and TIMP-2 mRNA in the LV of CTRL
rats was 5.58% [4.43/8.98] and 24.9% [13.7/28.8], respectively. Both therapies resulted in a
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significant reduction of mRNA expressions of MMP-2 (CAP by 53%, CAP + NIF by 46%
of CTRL; p = 0.001) and TIMP-2 (CAP by 57%, CAP by 59% of CTRL; p < 0.001). Both
treatments also decreased the activity of MMP-2 by 41% (CAP) and 51% (CAP + NIF) of
CTRL (p = 0.03; Figure 4). ANCOVA results showed that these changes did not depend on
age, BW and SBP at baseline.
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Figure 4. (a,b): MMP-2- and TIMP2 mRNA expression (in % of GAP-DH) in the LV. (c): MMP-2
activity (in % of CTRL) in the LV. Data are given as median (line in the box) with 25th /75th percentiles
(boxes) and 10th/90th percentiles (whiskers). All values were obtained from 82-week-old SHR.
Significance marks: * significant vs. CTRL.

Collagens: In the LV of CTRL rats, mRNA expression of Coll I and Coll III was 13.8%
[9.7/16.7] and 24.8% [22.4/26.8], respectively. Both treatments significantly reduced Coll I
to 4.5-4.8% (i.e., about 34% of CTRL, p < 0.001) and Coll III to 9.5-10.5% (i.e., about 40%
of CTRL, p < 0.001; Figure 5). ANCOVA revealed that the effect of the treatments was not
dependent on the values of the covariates age, BW and SBP at baseline.
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Figure 5. Coll I (a) and Coll IIT (b) mRNA expression (in % of GAP-DH) in the LV. Data are given as
median (line in the box) with 25th/75th percentiles (boxes) and 10th/90th percentiles (whiskers). All
values were obtained from 82-week-old SHR. Significance marks: * significant vs. CTRL (p < 0.001).

3.3.2. Histological Manifestation of Cardiac Fibrosis

The hearts of the untreated CTRL rats showed a marked interstitial and perivascular
fibrosis (fibrosis degree 2.3 + 0.11; Figure 6A). Both treatments significantly reduced the
degree of perivascular and interstitial fibrosis. CAP therapy (fibrosis degree 1.8 + 0.05;
p =0.001 vs. CTRL) proved to be slightly superior to CAP + NIF treatment (fibrosis degree
2.1 £ 0.07; p < 0.001 vs. CAP; Figure 6B,C). The histological degree of fibrosis did not
depend on baseline age (about 60 weeks), but there was an interaction with BW and SBP
at baseline.
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Figure 6. Hearts of 82-week-old CTRL and treated SHR in trichrome staining (10-fold magnification;
the scale bar in part C represents 0.1 mm). (A): CTRL, perivascular and marked interstitial fibrosis,
fibrosis degree of the group 2.3 & 0.11; (B): CAP, perivascular and slight interstitial fibrosis, fibrosis
degree of the group 1.8 & 0.05; (C): CAP + NIF, perivascular and interstitial fibrosis, fibrosis degree of
the group 2.1 & 0.07 (data are given as means £ SEM).

4. Discussion

In the present study, we have shown that even a late start of antihypertensive therapy
can achieve a significant reduction of SBP in old SHR with the long persistence of hyperten-
sion. At that age, cardiac hypertrophy, cardiac remodeling and fibrosis, as consequences of
hypertension, have already developed; they could not be prevented but their progression
was delayed and attenuated by both therapies. This corresponds to the functional effects
of late-onset CAP and CAP + NIF treatments in old SHR as detected by echocardiogra-
phy. Compared to untreated old SHR, both types of treatment significantly delayed the
increase in LV wall thickness and preserved the systolic and diastolic pumping function for
a significantly longer period of time [21].

4.1. Development of Hypertension in SHR in Early and Later Stages of Life

In SHR, hypertension develops in a very early period of life. Seven-week-old SHR
showed 50% higher SBP values than normotensive Wistar-Kyoto rats (WKY) of the same age,
and during the following three weeks, their SBP increased significantly to almost 170% of
WKY [14]. During this early stage, SHR developed functional and morphological vascular
changes [22,23] which are associated with vascular hypertrophy and increasing vascular
resistance, thus leading to cardiac pressure overload [24]. The development of cardiac
hypertrophy in SHR starts between four [25] and twelve weeks of age [26]. Our previous
study on young SHR showed that mild cardiac hypertrophy and fibrosis were already
present at 10 weeks of age [14]. As hypertension progresses, SHR develops increasing
structural changes in the heart between the sixth and 24th months of life, which are
associated with a further increase in cardiac hypertrophy [27]. In the context of hypertrophy
and remodeling, numerous fetal genes are re-expressed, such as ANP [28,29].

The transition to heart failure in SHR is associated with the development of fibrosis
resulting from the increased expression of genes encoding extracellular matrix (ECM)
proteins and from the increased turnover of matrix proteins through increased MMP
activity [20]. TGF-$ as an important regulator of MMPs and TIMPs plays a crucial role
in ECM remodeling [30,31]. The upregulation of TGF-f3 in the LV, particularly of TGF-f31,
is associated with increased activity of MMP-2 and enhanced synthesis of collagens and
other extracellular matrix proteins [4,8]. Of note, activation of the RAAS upregulates TGF-
(31 synthesis and results in myocardial fibrosis. Correspondingly, RAAS antagonization
attenuates these processes [8], which was also confirmed by the present results.

Significant collagen deposition in the heart of SHR has been found as early as at
8 weeks of age [32], and its amount further increased during adulthood [33]. The remodel-
ing processes led to reduced contractile myocardial function, ventricular fibrosis and heart
failure at an advanced age (>20 months) in untreated SHR [4,34]. This was also confirmed
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in an echocardiography study on old SHR. Both echocardiographic examination and heart
catheterization showed marked LV dysfunction in untreated animals [21]. We assume
that the loss in BW observed in the SHR CTRL group of the present study might be a
consequence of this severe cardiac dysfunction. A comparison of the present results with
those of the previous study in young SHR [14] reveals significant increases both in SBP and
in biochemical and histological markers of ECM remodeling in the old SHR CTRL group
(Table 1). In particular, it confirms a significant increase in markers of cardiac hypertrophy
(HW/BW, ANP mRNA expression). Note that these markers did not depend on age, BW
and SBP at the beginning of the experiment. The expression of TGF-f3 isoforms and TIMP-2
was also significantly higher in old than in young SHR, while MMP-2 expression was only
slightly elevated. Coll I and IIl mRNA were equal in old and young SHR. However, con-
sidering the significantly higher histological degree of fibrosis in old SHR and the marked
effects of treatment both in young and old SHR, this finding may suggest that collagen
mRNA expression in SHR is elevated from a young age and does not adequately reflect
the degree of collagen deposition in the heart. This corresponds with our observation that
collagen mRNA in 82-week-old SHR is not dependent on age, BW, and SBP at baseline.

Table 1. Comparison of systolic blood pressure (SBP) and parameters of cardiac hypertrophy and
ECM remodeling in young (10-week-old) and old (82-week-old) SHR.

Young SHR

Parameter (10 Weeks) Old SHR (82 Weeks) p Value
final SBP 202+ 6 239 +5 0.002
HW/BW 3.50 £ 0.07 4.70 £0.25 0.003
ANP mRNA 11.0[7.5/20.3] 264 [154/293] 0.008
TGF-f1 mRNA 1.37 [1.34/1.54] 2.68[2.10/2.74] 0.004
TGF-2 mRNA 0.16[0.14/0.18] 0.56 [0.55/0.72] 0.004
TGEF-3 mRNA 0.64[0.54/0.67] 1.02[0.93/1.12] 0.02
MMP-2 mRNA 3.92[3.57/4.69] 5.58 [4.43/8.98] 0.222
TIMP-2 mRNA 8.01[6.95/10.2] 24.9[13.7/28.8] 0.008
Coll lmRNA 16.3[9.6/16.6] 13.89.7/16.7] 1.0
Coll Il mRNA 20.9 [20.1/22.4] 24.8[22.4/26.8] 0.548
Degree of fibrosis 147 £0.12 230 +£0.11 <0.001

Data from young SHR are from [14]. Normally distributed parameters are given
as mean £ SEM, and statistics were performed using a t-test. Parameters that were not
normally distributed are given as median [25th/75th percentile], statistics were calculated
using Mann-Whitney’s U test. HW /BW heart weight-to-body weight ratio; ANP atrial na-
triuretic peptide; TGF-f transforming growth factor-3; MMP-2 matrix metalloproteinase 2;
TIMP-2 tissue inhibitor of metalloproteinases 2; Coll I, Coll III collagen types I and III.

4.2. Effects of Antihypertensive Therapies

The degree of BP reduction is associated with the age at which treatment is imple-
mented. The early start of antihypertensive therapy does not only reduce BP but has
also cardioprotective effects, which are well-documented [2,7,13]. Early antihypertensive
treatment can lead to normotension, whereas late therapy-onset results only in incomplete
blood pressure regulation [35]. Moreover, early antihypertensive therapy can prevent or, at
least, minimize secondary damage such as cardiac hypertrophy and remodeling, which
again maintain and increase hypertension [2,3]. This was fully confirmed in our previous
study on young SHR [14]. Harrap and co-workers [36] suspected a critical phase with an
increased sensitivity to pharmacological influences between the 6th and 10th week of life
in the development of hypertension in SHR. Intervention in the blood pressure regulation
during this time may change the long-term course of disease development [36]. In young
rats, RAAS antagonists are particularly effective, even if the therapy is stopped after a
defined period of treatment [3,35,36]. In contrast, therapy onset at a higher age cannot
completely reverse the development of hypertension. A study of Kost et al. [35] showed
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that SHR, which received captopril at the age of 24 weeks, had higher BP values than SHR
treated with captopril at the age of four weeks. These results are in line with the findings
of the present study: In old SHR, therapy with CAP or CAP + NIF over 22 weeks signifi-
cantly reduced SBP by about 20%. However, these values were with 183 and 194 mmHg,
respectively, about 25% higher than in 10-week-old SHR after only three weeks with CAP
or CAP + NIF treatment [14]. Of note, in that study on young SHR, the relative SBP re-
duction (in % of baseline) was with 18% and 3%, respectively, lower than in the present
old SHR study with the same doses of CAP and CAP + NIF. This clearly shows that the
doses of antihypertensive drugs are also effective in old SHR indicating that their final
SBP remains elevated mainly due to their higher baseline SBP. An interesting question is
whether increased doses of antihypertensive drugs might induce a stronger SBP reduction.

There are only a few therapy studies in old SHR with late onset of antihypertensive
treatment. Ito et al. [37], Susic et al. [38] and Mukherjee and Sen [39] examined old SHR at
the age between 12 to 22 months during treatment with RAAS antagonists over different
time intervals (between 4 and 12 weeks) and showed reduced signs for hypertrophy. Only
Brooks et al. [40] treated SHR aged 12, 18 and 21 months with captopril 2 g/L in drinking
water over a very long period of four to 12 months. They showed attenuated signs of heart
failure and decreased ventricular hypertrophy even when heart failure had already started
to develop.

In the present study, antihypertensive therapy with CAP or CAP + NIF over 22 weeks
significantly reduced HW and HW/BW. Correspondingly, mRNA expression of the hy-
pertrophy marker ANP in the LV decreased by 77 and 84%, respectively, compared to
untreated CTRL (Figure 2). However, HW /BW was still about 12-14% above the values
of 10-week-old SHR treated with CAP and CAP + NIF over three weeks. ANP mRNA of
treated old SHR was even about tenfold of the values in corresponding young animals [14].

In addition, both types of treatment diminished ECM remodeling in the heart of old
SHR. AT II plays an important role in the development of hypertension-induced cardiac
fibrosis [8,41] by stimulating the production of IL-6 and TGF-f3; in cardiac fibroblasts [42].
A significant reduction of TGF-f3; expression by CAP was also shown by Brooks and
co-workers [40] in 12 to 24-month-old SHR. As a result of the reduced TGF-f production,
which was predominantly due to the effect of CAP, we observed a significant reduction
of mRNA expressions of MMP-2, TIMP-2, Coll I and Coll III, as well as of MMP-2 activity
by about 50-60% in the LV of old SHR (Figures 3-5). Consequently, a significant decrease
of histological signs of fibrosis was found in CAP and CAP + NIF animals (Figure 6).
However, this effect was much lower than in young SHR: in our previous study on young
SHR, fibrosis was attenuated by 60% with CAP + NIF treatment and completely abrogated
by CAP treatment [14]. In contrast, in old SHR the fibrosis degree only decreased by 9% and
22%, respectively, despite a much longer period of treatment. As indicated by ANCOVA
results, the high SBP at the beginning of treatment might have contributed to this reduced
therapy effect. Consequently, functional deterioration due to fibrotic impediment could be
delayed but not completely prevented.

An echocardiographic study in old SHR demonstrated that with antihypertensive
treatment, systolic and diastolic pump function in treated SHR was maintained for a longer
period of time. In these animals, a slight deterioration of cardiac function began around
the 76th week of life, while untreated rats showed a progressive decline of systolic and
diastolic function throughout the experimental period [21]. Once structural changes in LV
have occurred, therapy with inhibitors of AT converting enzyme or calcium antagonists can
no longer reverse them but delay and attenuate the deterioration of cardiac function [43].
Nevertheless, even in long-standing hypertension, which may be diagnosed late, immediate
therapy can significantly lower SBP, delay the development of hypertrophy and significantly
reduce fibrosis, as demonstrated in the present study. Thus, the onset of heart failure can
be prevented or at least delayed.
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4.3. Comparison of Monotherapy CAP with Combination Therapy CAP + NIF

Previous studies in rats have shown that RAAS antagonists have superior antihyper-
tensive effects compared to other therapies, e.g., calcium antagonists [44]. RAAS antagonists
play an important role in lowering HW, preventing cardiac hypertrophy and mitigating
structural remodeling of the cardiovascular system and terminal organ damage in young
SHR [2,7,13]. In our previous study on young SHR, a monotherapy with the calcium
antagonist NIF proved to be effective, but was less effective than CAP [14].

In the present study on old SHR, monotherapy with CAP and the combination of
CAP + NIF proved to be equivalent. Previous results of preliminary examinations in young
SHR showed a particularly high antihypertensive and cardioprotective effect of therapies
with RAAS antagonists [14]. Two therapies from that study were applied in the present
study to old SHR (CAP and CAP + NIF). These therapeutic regimens induced a significant
reduction in SBP and an attenuated and delayed development of cardiac hypertrophy. An
echocardiographic examination in old SHR demonstrated that rats treated with CAP or
CAP + NIF exhibited a stable LV function, while untreated SHR showed clear signs of LV
insufficiency [21].

4.4. Limitations of the Study

The main limitation of this study is the low number of experimental animals. The
group size was calculated for a medium effect size of SBP reduction (with Cohen’s f = 0.25).
However, clinical symptoms of decompensated heart failure and also the BW reduction of
CTRL rats showed high interindividual differences. These characteristics correspond to
observations in human pathology. The number of animals to be examined should be kept
as low as possible, since only as little SHR as necessary should be exposed to the suffering
caused by the consequences of hypertension. The calculated sample size of 21 animals was
considered representative.

A further limitation is that we did not measure tibia length. Treated SHR slightly
increased their body weight over the experimental period, while untreated CTRL animals
showed a weight loss of 11% relative to baseline. Thus, the ratio of heart weight to tibia
length would be more adequate than HW/BW in reflecting cardiac hypertrophy.

With respect to the similar efficacy of CAP monotherapy and CAP + NIF combination
therapy, further studies should include a direct comparison of monotherapies with CAP
and with NIF in old SHR. Further research might also examine the question of whether a
late-onset therapy with higher doses of antihypertensive drugs may result in the further
reduction of SBP and better cardioprotective effects.

5. Conclusions

Two therapy regimes, a monotherapy with CAP and a combination therapy with
CAP + NIF, proved to be equally effective at reducing SBP and delaying the development
of cardiac secondary damage in old SHR. Long-term-treatment significantly reduced SBP
as well as cardiac hypertrophy and fibrosis. However, the levels of young SHR with early-
starting treatment were not achieved. These findings are of importance with regard to
the late diagnosis of arterial hypertension in humans, which is often made in the elderly.
Consequent antihypertensive therapy, even if it starts at an advanced age, can reduce
cardiac stress and thus cardiac secondary diseases.
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Abbreviations

ANP atrial natriuretic peptide

AT angiotensin

BP blood pressure

BW body weight

CAP captopril (60 mg kg=! d—1)

CAP + NIF  captopril plus nifedipine (60 + 10 mg kg_l a1

Coll I collagen type I

Coll III collagen type III

CTRL untreated hypertensive control rats

ECM extracellular matrix

GAP-DH glyceraldehyde-3-phosphate dehydrogenase

HW heart weight

LV left ventricle, left ventricular

MMP-2 matrix metalloproteinase 2

NIF nifedipine (10 mg kg1 d~1)

RAAS renin-angiotensin-aldosterone-system

SBP systolic blood pressure

SHR spontaneously hypertensive rats

TGEF-B Transforming Growth Factor-f3

TIMP-2 tissue inhibitor of metalloproteinases 2
References
1. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in hypertension prevalence and progress in treatment and control

from 1990 to 2019: A pooled analysis of 1201 population-representative studies with 104 million participants. Lancet 2021, 398,
957-980. [CrossRef]

Demirci, B.; McKeown, P.P.; Bayraktutan, U. Blockade of angiotensin II provides additional benefits in hypertension- and
ageing-related cardiac and vascular dysfunctions beyond its blood pressure-lowering effects. ]. Hypertens. 2005, 23, 2219-2227.
[CrossRef]

Zicha, J.; Dobesova, Z.; Kunes, J. Late blood pressure reduction in SHR subjected to transient captopril treatment in youth:
Possible mechanisms. Physiol. Res. 2008, 57, 495-498. [CrossRef] [PubMed]

Boluyt, M.O.; Bing, O.H. Matrix gene expression and decompensated heart failure: The aged SHR model. Cardiovasc. Res. 2000,
46, 239-249. [CrossRef]

Frank, K.F,; Bolck, B.; Brixius, K.; Kranias, E.G.; Schwinger, R.H.G. Modulation of SERCA: Implications for the Failing Human
Heart. Basic Res. Cardiol. 2002, 97, 172-178. [CrossRef] [PubMed]

Williamson, C.R.; Khurana, S.; Nguyen, P; Byrne, C.J.; Tai, T.C. Comparative Analysis of Renin-Angiotensin System (RAS)-Related
Gene Expression between Hypertensive and Normotensive Rats. Med. Sci. Monit. Basic Res. 2017, 23, 20-24. [CrossRef]

Rocha, W.A.; Lunz, W.; Baldo, M.P.; Pimentel, E.B.; Dantas, E.M.; Rodrigues, S.L.; Mill, J.G. Kinetics of cardiac and vascular
remodeling by spontaneously hypertensive rats after discontinuation of long-term captopril treatment. Braz. |. Med. Biol. Res.
2010, 43, 390-396. [CrossRef]

158



Biomedicines 2022, 10, 1964

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

Zhang, Y.; Shao, L.; Ma, A.; Guan, G.; Wang, J.; Wang, Y; Tian, G. Telmisartan delays myocardial fibrosis in rats with hypertensive
left ventricular hypertrophy by TGF- bl/Smad signal pathway. Hypertens. Res. 2014, 37, 43-49. [CrossRef] [PubMed]

Aritomi, S.; Harada, E.; Sugino, K.; Nishimura, M.; Nakamura, T.; Takahara, A. Comparison of the cardioprotective and
renoprotective effects of the L/N-type calcium channel blocker cilnidipine in adriamycin-treated spontaneously-hypertensive
rats. Clin. Exp. Pharmacol. Physiol. 2015, 42, 344-352. [CrossRef]

European Society of Cardiology/European Society of Hypertension (ESC/ESH). 2018 ESC/ESH Guidelines for the management
of arterial hypertension. Eur. Heart ]. 2018, 39, 3021-3104. [CrossRef] [PubMed]

Ruzicka, M.; Leenen, F.H. Combination therapy as first-line treatment of arterial hypertension. Can. J. Cardiol. 2002, 18, 1317-1327.
Paulis, L.; Liskova, S.; Pintérova, M.; Dobesova, Z.; Kunes, |.; Zicha, J. Nifedipine-sensitive noradrenergic vasoconstriction is
enhanced in spontaneously hypertensive rats: The influence of chronic captopril treatment. Acta Physiol. 2007, 191, 255-266.
[CrossRef]

Hale, T.M.; Robertson, S.J.; Burns, K.D.; deBlois, D. Short-term ACE inhibition confers long-term protection against target organ
damage. Hypertens. Res. 2012, 35, 604-610. [CrossRef]

Hawlitschek, C.; Brendel, J.; Gabriel, P.; Schierle, K.; Salameh, A.; Zimmer, H.G.; Rassler, B. Antihypertensive and cardioprotective
effects of different monotherapies and combination therapies in young spontaneously hypertensive rats—A pilot study. Saudi .
Biol. Sci. 2022, 29, 339-345. [CrossRef] [PubMed]

Hojna, S.; Kadlecova, M.; Dobesova, Z.; Valouskova, V.; Zicha, J.; Kunes, J. The participation of brain NO synthase in blood
pressure control of adult spontaneously hypertensive rats. Mol. Cell. Biochem. 2007, 297, 21-29. [CrossRef] [PubMed]

Sengupta, P. The Laboratory Rat: Relating Its Age with Human's. Int. ]. Prev. Med. 2013, 4, 624-630.

Council of Europe. European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (ETS No 123) Strasbourg 18.111. (1986). Text Amended according to the Provisions of the Protocol (ETS No. 170) as of Its
Entry into Force on 2 December 2005. Available online: https://rm.coe.int/168007a67b (accessed on 27 June 2022).
Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate phenol-chloroform extraction.
Anal. Biochem. 1987, 162, 156-159. [CrossRef]

Tyagi, S.C.; Matsubara, L.; Weber, K.T. Direct extraction and estimation of collagenase(s) activity by zymography in microquantities
of rat myocardium and uterus. Clin. Biochem. 1993, 26, 191-198. [CrossRef]

Briest, W.; Holzl, A.; Raf8ler, B.; Deten, A.; Leicht, M.; Baba, H.A.; Zimmer, H.G. Cardiac remodeling after long-term norepinephrine
treatment in rats. Cardiovasc. Res. 2001, 52, 265-273. [CrossRef]

Zimmer, ].; Hawlitschek, C.; Rabald, S.; Hagendorff, A.; Zimmer, H.G.; Rassler, B. Effects of late-onset and long-term captopril
and nifedipine treatment in aged spontaneously hypertensive rats: Echocardiographic studies. Hypertens. Res. 2015, 38, 716-722.
[CrossRef] [PubMed]

Anishchenko, A.M.; Aliev, O.1,; Sidekhmenova, A.V.; Shamanaev, A.Y.; Plotnikov, M.B. Dynamics of Blood Pressure Elevation and
Endothelial Dysfunction in SHR Rats During the Development of Arterial Hypertension. Bull. Exp. Biol. Med. 2015, 159, 591-593.
[CrossRef]

Bencze, M.; Behuliak, M.; Vavrinova, A.; Zicha, ]. Altered contractile responses of arteries from spontaneously hypertensive rat:
The role of endogenous mediators and membrane depolarization. Life Sci. 2016, 166, 46-53. [CrossRef]

Waleska, C.D.; Marcelo, E.S. Animal models for the study of arterial hypertension. J. Biosci. 2011, 36, 731-737.

Kokubo, M.; Uemura, A.; Matsubara, T.; Murohara, T. Noninvasive evaluation of the time course of change in cardiac function in
spontaneously hypertensive rats by echocardiography. Hypertens. Res. 2005, 28, 601-609. [CrossRef]

Van Empel, V.P; De Windt, L.J. Myocyte hypertrophy and apoptosis: A balancing act. Cardiovasc. Res. 2004, 63, 487-499.
[CrossRef] [PubMed]

Engelmann, G.L.; Vitullo, J.C.; Gerrity, R.G. Morphometric analysis of cardiac hypertrophy during development maturation and
senescence in spontaneously hypertensive rats. Circ. Res. 1987, 60, 487—494. [CrossRef]

Day, M.L.; Schwartz, D.; Wiegand, R.C.; Stockman, P.T.; Brunnert, S.R.; Tolunay, H.E.; Currie, M.G.; Standaert, D.G.; Needleman, P.
Ventricular Atriopeptin. Unmasking of Messenger RNA and Peptide Synthesis by Hypertrophy or Dexamethasone. Hypertension
1987, 9, 485-491. [CrossRef]

Du, XJ. Divergence of hypertrophic growth and fetal gene profile: The influence of -blockers. Br. ]. Pharmacol. 2007, 152, 169-171.
[CrossRef]

Hall, M.C.; Young, D.A.; Waters, ].G.; Rowan, A.D.; Chantry, A.; Edwards, D.R.; Clark, .M. The Comparative Role of Activator
Protein 1 and Smad Factors in the Regulation of Timp-1 and MMP-1 Gene Expression by Transforming Growth Factor-31.
J. Biol. Chem. 2003, 278, 10304-10313. [CrossRef]

Wu, J.; Jackson-Weaver, O.; Xu, J. The TGFf superfamily in cardiac dysfunction. Acta Biochim. Biophys. Sin. 2018, 50, 323-335.
[CrossRef]

Perrucci, G.L.; Barbagallo, V.A.; Corliano, M.; Tosi, D.; Santoro, R.; Nigro, P.; Poggio, P.; Bulfamante, G.; Lombardi, F.;
Pompilio, G. Integrin «vf5 in vitro inhibition limits pro-fibrotic response in cardiac fibroblasts of spontaneously hyperten-
sive rats. J. Transl. Med. 2018, 16, 352. [CrossRef] [PubMed]

Huang, A; Li, H.; Zeng, C.; Chen, W.; Wei, L.; Liu, Y.; Qi, X. Endogenous CCN5 Participates in Angiotensin II/ TGF-1 Networking
of Cardiac Fibrosis in High Angiotensin II-Induced Hypertensive Heart Failure. Front. Pharmacol. 2020, 11, 1235. [CrossRef]
[PubMed]

159



Biomedicines 2022, 10, 1964

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Conrad, C.H.; Brooks, W.W.; Hayes, ].A.; Sen, S.; Robinson, K.G.; Bing, O.H. Myocardial fibrosis and stiffness with hypertrophy
and heart failure in the spontaneously hypertensive rat. Circulation 1995, 91, 161-170. [CrossRef]

Kost, C.K,, Jr.; Li, P; Jackson, E.K. Blood Pressure after Captopril Withdrawal from Spontaneously Hypertensive Rats. Hypertension
1995, 25, 82-87. [CrossRef] [PubMed]

Harrap, S.B.; Van der Merwe, W.M.; Griffin, S.A.; Macpherson, F.; Lever, A.F. Brief angiotensin converting enzyme inhibitor
treatment in young spontaneously hypertensive rats reduces blood pressure long-term. Hypertension 1990, 16, 603-614. [CrossRef]
[PubMed]

Ito, N.; Ohishi, M.; Yamamoto, K.; Tatara, Y.; Shiota, A.; Hayashi, N.; Komai, N.; Yanagitani, Y.; Rakugi, H.; Ogihara, T. Renin-
angiotensin inhibition reverses advanced cardiac remodeling in aging spontaneously hypertensive rats. Am. J. Hypertens. 2007,
20,792-799. [CrossRef]

Susic, D.; Varagic, J.; Frohlich, E.D. Pharmacologic agents on cardiovascular mass coronary dynamics and collagen in aged
spontaneously hypertensive rats. |. Hypertens. 1999, 17, 1209-1215. [CrossRef]

Mukherjee, D.; Sen, S. Collagen phenotypes during development and regression of myocardial hypertrophy in spontaneously
hypertensive rats Collagen phenotypes during development and regression of myocardial hypertrophy in spontaneously
hypertensive rats. Circ. Res. 1990, 67, 1474-1480. [CrossRef]

Brooks, W.W.; Bing, A.H.L.; Robinson, K.G.; Slawsky, M.T.; Chaletsky, D.M.; Conrad, C.H. Effect of angiotensin-converting
enzyme inhibition on myocardial fibrosis and function in hypertrophied and failing myocardium from the spontaneously
hypertensive rat. Circulation 1997, 96, 4002-4010. [CrossRef]

Qi, G, Jia, L.; Li, Y.; Bian, Y.; Cheng, J.; Li, H.; Xiao, C.; Du, J. Angiotensin II infusion- induced inflammation monocytic fibroblast
precursor infiltration and cardiac fibrosis are pressure dependent. Cardiovasc. Toxicol. 2011, 11, 157-167. [CrossRef]

Ma, F; Li, Y; Jia, L.; Han, Y.; Cheng, J.; Li, H.; Qi, Y.; Du, J. Macrophage-Stimulated Cardiac Fibroblast Production of IL-6 Is
Essential for TGF 3 /Smad Activation and Cardiac Fibrosis Induced by Angiotensin II. PLoS ONE 2012, 7, e35144. [CrossRef]
[PubMed]

Araujo, 1.G.; Trindade, D.C.; Mecawi, A.S.; Sonoda-Cortes, R.; Werneck-de-Castro, J.P.S.; Costa-e-Sousa, R.H.; Reis, L.C.;
Olivares, E.L. Inhibition of brain renin- Angiotensin system improves diastolic cardiac function following myocardial infarction
in rats. Clin. Exp. Pharmacol. Physiol. 2009, 36, 803-809. [CrossRef] [PubMed]

Ziegelhoffer-Mihalovicova, B.; Arnold, N.; Marx, G.; Tannapfel, A.; Zimmer, H.G.; Rassler, B. Effects of salt loading and various
therapies on cardiac hypertrophy and fibrosis in young spontaneously hypertensive rats. Life Sci. 2006, 79, 838-846. [CrossRef]
[PubMed]

160



. biomedicines

Article

How Do Young and Old Spontaneously Hypertensive Rats
Respond to Antihypertensive Therapy? Comparative Studies
on the Effects of Combined Captopril and Nifedipine Treatment

Beate Rassler *, Christina Hawlitschek, Julia Brendel and Heinz-Gerd Zimmer

Citation: Rassler, B.; Hawlitschek, C.;
Brendel, J.; Zimmer, H.-G. How Do
Young and Old Spontaneously
Hypertensive Rats Respond to
Antihypertensive Therapy?
Comparative Studies on the Effects of
Combined Captopril and Nifedipine
Treatment. Biomedicines 2022, 10, 3059.
https:/ /doi.org/10.3390/
biomedicines10123059

Academic Editors: Josef Zicha and

Ivana Vanétkova

Received: 20 October 2022
Accepted: 21 November 2022
Published: 28 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Carl-Ludwig-Institute of Physiology, University of Leipzig, 04103 Leipzig, Germany
* Correspondence: beate.rassler@medizin.uni-leipzig.de; Tel.: +49-341-9715565

Abstract: Numerous studies on the effects of antihypertensive treatment in young spontaneously
hypertensive rats (SHRs) have shown that early-onset therapy may effectively reduce their blood
pressure (BP) even to normotensive values. In contrast, only a few studies investigated the effects of
treatment started at an advanced age. These studies revealed that antihypertensive effects are lower
in adult or even in senescent SHRs compared with young SHRs. Even more, prevention of cardiac
sequelae of hypertension such as hypertrophy and fibrosis is less effective when treatment starts
late in life. Because, in patients, combination therapies with calcium antagonists are favored, we
studied the efficacy of a combination therapy with captopril and nifedipine in young and old SHRs.
We directly compared the treatment effects on BP as well as on cardiac hypertrophy and remodeling
between these two animal cohorts. With antihypertensive treatment, significantly lower BP values
were achieved in young SHRs despite a shorter treatment period compared with old SHRs. Although
treatment effects on cardiac hypertrophy were greater in old than in young SHRs, cardiac fibrosis
was significantly attenuated only in young but not in old SHRs. The results emphasize the value of
antihypertensive therapy and particularly accentuate the importance of an early-onset therapy. With
respect to problems such as late diagnosis and poor therapy adherence, these results may have great
importance for the treatment of human hypertension.

Keywords: young SHR; old SHR; antihypertensive therapy; combination therapy; treatment effect;
systolic blood pressure; LV hypertrophy; cardiac fibrosis

1. Introduction

With a global prevalence of about 40% in the adult population [1], arterial hypertension
is the main risk factor for morbidity and mortality of cardiovascular diseases and is consid-
ered to be the leading cause of death in industrialized countries [2—4]. In the overwhelming
majority of patients, hypertension manifests in adulthood. The number of hypertensive
adults aged 30-79 years in the world is more than 1.2 billion people at present [5]. The
prevalence of hypertension increases with advancing age to 60-70% in people aged over
60-65 years [3,6]. From all hypertensive patients, only about 50% are diagnosed, and in
about 40-50% of diagnosed patients, treatment is lacking or insufficient to stabilize blood
pressure (BP) at values below 140/90 mmHg [5,7-9]. Untreated or insufficiently treated
arterial hypertension leads to constant pressure load of the left ventricle (LV), which first
results in cardiac hypertrophy. With long maintenance of hypertension, it may progress to
cardiac remodeling, fibrosis, dilatation, and finally heart failure. One of the main causes
of lacking or insufficient treatment of diagnosed hypertension is poor adherence or even
non-adherence to treatment [3]. The term adherence denotes the extent to which the patient
complies with the therapy recommendation. Non-adherence to antihypertensive therapy
affects 10-80% of all hypertensive patients, preferably elderly patients [9,10]. Poor adher-
ence to antihypertensive treatment is associated with elevated BP values, an increased
cardiovascular risk, and a poor prognosis in these patients [3,9].
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Although the prevalence of hypertension is significantly higher in persons above
60 years, about 13% of younger adults between 20 and 40 years of age worldwide are
hypertensive with an average BP above 140/90 mmHg [11]. In a study on young adults,
only 11% of the hypertensive persons received antihypertensive medication at the time of
enrolment [12]. Hypertension is less frequently diagnosed in young than in old adults [11].
Younger adults may be in their prehypertensive state, which may remain undetected or
underestimated for a longer period of time. However, four out of five prehypertensive
people aged 40-49 years would become hypertensive in the next 10 years [13]. Prehyper-
tensive and even hypertensive young people are often not aware of their BP [14]. However,
several studies have demonstrated that elevated BP at youth correlates with higher rate
of LV hypertrophy and cardiovascular mortality at an older age [15-17]. Therefore, the
ESC/ESH recommends that all adults >18 years should have their office BP measured and
recorded, and be aware of their BP [3].

Several years ago, the SPRINT study was the first randomized trial that clearly
demonstrated the benefits of a systolic BP (SBP) reduction below previous target values to
120 mmHg [18,19]. A change in BP of 20/10 mmHg is associated with a 50% difference in
cardiovascular risk [9]. In patients who were at increased risk of cardiovascular disease,
antihypertensive therapy targeting SBP below 120 mmHg resulted in lower rates of ma-
jor adverse cardiovascular events and mortality compared with target SBP of less than
140 mmHg [20]. Consequently, the BP targets have been revised in the recent European,
U.S., and WHO guidelines [3,21,22]. Early initiation of therapy and faster achievement of
the recommended BP targets (within 6 months, ideally even within 3 months) are associated
with a significant reduction in heart failure and other major cardiovascular events [23].
For initiation of antihypertensive therapy, a combination treatment of a blocker of the
renin-angiotensin system (RAS; either an angiotensin-converting enzyme (ACE) inhibitor
or an angiotensin receptor blocker) with a calcium channel blocker (CCB) or diuretic is the
preferred recommendation for most hypertensive patients. Combination therapy, prefer-
ably as single-pill combination, has been proven to be more effective in fast achievement of
the recommended BP targets and to be associated with a better adherence of patients to
treatment [3,23].

Purpose of the Present Study

To prevent the development of cardiovascular complications, adequate therapy should
start as early as possible. In animal models, efficient antihypertensive therapy started in
their prehypertensive state proved to be more efficient than the same therapy started
in adulthood when hypertension was manifest [24,25]. In humans, there is still much
controversy about the treatment of younger adults with low-risk grade 1 hypertension and
about the efficacy of antihypertensive treatment in young hypertensives compared with old
patients. Conventional clinical outcome studies are difficult to perform in people before age
40, hence there is a lack of randomized clinical trials for young hypertensive patients [3,11].
Consequently, it is not clear whether the effects of antihypertensive treatments in old and
young people are comparable. Even in animal models, there are only very few studies
comparing treatment effects in young and old animals. Previously, we had performed
studies on antihypertensive treatments in young (aged 7-10 weeks) [26] and old (aged
60-82 weeks) spontaneously hypertensive rats (SHRs) [27]. The present study was designed
to directly compare the treatment effects achieved in young and old SHRs. The relative
reduction of SBP, parameters of LV hypertrophy and LV remodeling and fibrosis induced
by a combination of the ACE inhibitor captopril and the CCB nifedipine was compared
using a two-way ANOVA with the factors treatment and age. The purpose of this analysis
is to show how effectively the reduction in SBP and attenuation of cardiac hypertrophy and
remodeling can be achieved with early-onset compared with late-onset therapy.
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2. Materials and Methods

We re-evaluated data from two previously published studies on male SHRs [26,27].
The raw data were obtained from these studies and were re-analyzed using a new statistical
approach allowing a direct comparison between the data from both animal studies. All
animal protocols were approved by the state agency (Landesdirektion Sachsen, number
and date of approval: TVV 36/08; 13 May 2009) in accordance with the Guide for the Care
and Use of Laboratory Animals published by the National Institutes of Health and with
the “European Convention for the Protection of Vertebrate Animals used for Experimental
and other Scientific Purposes”.

In brief, we analyzed data from 12 young SHRs aged 7-10 weeks (ySHRs) and fourteen
old SHRs aged 60-82 weeks (0SHRs). The study on ySHRs [26] was designed as a pilot
study to identify the most appropriate treatments to be applied to 0SHRs. The ySHRs
were intended to be in their adolescence throughout the experiment. For this reason, the
experimental period was defined from 7 to 10 weeks of age. In contrast, the old SHRs
should be treated over a long period of time, which was set to 22 weeks [27].

All animals were cultured at Charles River, Sulzfeld, Germany. Both groups were
subdivided at random into two subgroups each, one remaining untreated and serving as
control (yCtrl, n = 6; oCtrl, n = 7) and the other one being treated with a combination of
captopril (60 mg kg~! d~!, Axxora, Lorrach, Germany) and nifedipine (10 mg kg~! d 7,
Sigma-Aldrich Chemie, Steinheim, Germany). The treated groups were labeled as yC+N
(n =6) and oC+N (n = 7). ySHRs were 7 weeks of age at the beginning of the treatment
period, which lasted 3 weeks. In 0SHRs, the treatment period started at 60 weeks of age
and lasted 22 weeks. The medication (or placebo in Ctrl animals) was administered as
tablets for oral uptake given into the cages along with chow once daily between 9:00 a.m.
and 10:00 a.m.

Before and during the experimental period, we regularly measured systolic blood
pressure (SBP) using the tail-cuff-method (TSE Blood Pressure Monitor, Series 209002, TSE
Systems GmbH, Bad Homburg, Germany; for more details, see [26,27]). Values from the
final SBP measurement performed in the last experimental week were taken for the present
re-evaluation.

At the end of the experiments, the animals were sacrificed and their hearts were
extracted. We determined heart weight (HW) as a measure of cardiac hypertrophy. We
analyzed the absolute HW as well as HW normalized to final body weight (HW/BW).
Pieces of the left ventricle (LV) were obtained to perform ribonuclease protection assays
to determine several markers of LV hypertrophy and remodeling. mRNA expressions of
atrial natriuretic peptide (ANP) and collagen types I (Coll 1) and III (Coll 3) were included
into the present analysis. Histological preparations were made from the cardiac apex. A
score ranging from 0 (= no fibrosis) to 3 (= fibrosis of the entire heart) was applied to assess
the histological degree of fibrosis (for more details, see [26,27]). The degree of fibrosis was
also included in the present analysis.

Statistical analyses were carried out with the software package SigmaPlot Version 14.0
(Systat Software GmbH, Erkrath, Germany) for Windows. First, we directly compared
final SBP, HW, HW /BW, ANP mRNA, Coll 1 mRNA, Coll 3 mRNA, and degree of fibr