
Chapter 11
Evolutionary Imprints on Cardiovascular
Physiology and Pathophysiology

Robert S. Danziger, M.D.

Lay summary Prominent cardiovascular pathologies, including hyperten-
sion and atherosclerosis, may have evolutionary underpinnings. For example,
selection for survival with a low-salt diet in early man may underlie
salt-sensitivity and hypertension in modern civilization with high dietary salt
consumption. Similarly, the evolutionary process may not have had sufficient
time to adapt to a shift to high-fat and meat diets in contemporary society.
Thinking in these terms results in an approach to these diseases focused on
changes in environmental factors.

11.1 Introduction

The standard approach to the treatment of cardiovascular disease is based on
empirical studies and does not consider the implications or imprint of evolution,
which may provide insight into the pathogenesis of heart and vascular disease in
contemporary times.

The cardiovascular system has evolutionary roots in invertebrate animals when
simple absorption of nutrients, as by cells, is gradually replaced by an open cir-
culatory system in which blood, or more appropriately termed hemolymph, is not
contained in vessels (or a very few) and flows freely through the organism making
direct contact with organs and cells. Subsequently, vessels with focal areas of
contracting muscle to move the blood as seen in the earthworm. A two-chamber
heart consisting of a single atrium and ventricle with a closed circulatory system,
which exposes the blood to oxygen in the gills and then transport it throughout the
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organs, emerged in fish. With the evolution of amphibians, e.g., frog, which exist in
both water and land, a three-chamber heart developed with two atria and a single
ventricle allowing oxygenated and deoxygenated blood to be separated as they
enter the heart. With the advent of reptiles, e.g., turtles, a partial ventricular septum
occurs to form a “three and one-half”-chamber heart. The human or mammalian
heart and cardiovascular system are the most advanced, consisting of four chambers
and highly developed arterial and venous circulations (reviewed in [1]). Thus, the
cardiovascular system has evolved over approximately 4 billion years (see also
Chap. 10).

The classical Darwinian concept of evolution is that environmental selection,
along with other evolutionary forces (i.e., genetic drift, gene flow, mutation) has
shaped what we are today and will, presumably, shape what we will become…
slowly reducing the frequency of maladaptive traits to give way to one’s that confer
a reproductive advantage. However, cardiovascular disease is the number one cause
of mortality in the world today [2] The question is why, if the system is constantly
being optimized by selection.

A central theory is that many of the selective forces that have acted on the
cardiovascular system are now being replaced by new forces to which the cardio-
vascular system is not adapted [3, 4]. Human agriculture is about 12,000 years old,

only a minimal part throughout the history of human development, but its occurrence turns
the human world upside down… [and] there has not been enough time for natural selection
to change this design of the body to adapt us to the lifestyle of modern society [5].

Additionally, in general, cardiovascular diseases (CD) progress with aging and
post-reproductive years so that the force of selection is weaker (see also Chap. 21).
In this chapter, two leading causes of cardiovascular mortality, i.e., hypertension
and atherosclerosis, are analyzed from this evolutionary perspective.

11.2 Research Findings

11.2.1 Hypertension

Arterial hypertension is a leading cause of heart failure, stroke, and renal failure.
It is reasoned that Darwinian selection has led to a highly regulated and complex

system to maintain blood pressure for an optimal perfusion of organs and tissues,
with delivery of nutrients and oxygen under all varieties of situations, such that
there is scant evidence of hypertension in non-human organisms.

Blood pressure is a complex quantitative trait with both environmental and
genetic components. Genome-wide associations and targeted gene studies have
generated an expanding list of common and uncommon genetic variants linked to
blood pressure (reviewed in [6]). Biometric strategies in the past have suggested
20–30 % of inter-individual variation in blood pressure is attributed to genes [7].
However, more recent and refined phenotyping from family studies suggest that
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15–40 % of clinical systolic blood pressure and 50–60 % of ambulatory blood
pressure are heritable [8–10]. Although blood pressure is heritable, “essential”
hypertension does not follow a clear pattern of inheritance and is assumed to, in
part, be due to the numerous interacting networks of molecular pathways,
genes/protein modifications, and environmental confounders. Thus, it is reasoned
that most of the genes associated with blood pressure were adaptive across human
evolutionary history and may have had little phenotypic detriment until changes in
human civilization occurred.

A key environmental factor in hypertension has been assigned to an increase in
dietary sodium [11, 12]. The epidemiologic, clinical, and experimental support for
this is overwhelming. First, in the INTERSALT Study conducted in 32 countries,
the risk of developing hypertension over three decades of adult life was linearly and
very tightly related to 24-hour urine sodium excretion, the best measure of dietary
sodium intake. Second, reduced dietary sodium intake and diuretics have proven to
be among the most effective treatments for primary hypertension. However, both
normotensive and hypertensive persons show tremendous inter-individual vari-
ability in their blood pressure responses to dietary sodium loading and sodium
restriction. This variability indicates a strong genetic underpinning. Third, the
handful of rare Mendelian forms of human hypertension all involve excessive renal
retention of salt and water, leading to severe salt-dependent hypertension.

A prevailing theory is that hypertension in human society, especially Western
civilization, is the by-product of the selection for salt retention (reviewed in [13]). It
has been speculated that the human diet, up until 10,000–25,000 years ago, con-
sisted of 80 % meat with the rest being wild vegetables and fruits for an estimated
daily intake of 600–770 mg sodium. With this diet, genes were selected for salt and
water retention to the challenges of volume-depleting illnesses. Moreover, recent
data show that dietary salt increases arterial stiffness, suggesting that the vasculature
also has evolved in the context of a low-salt diet [14–16].

These genes are hypothesized to have become maladaptive when dietary salt
intake increased with the agricultural revolution, harvested by solar evaporation and
boiling, used to preserve and cure meats or used as a commodity of trade; and when
an acquired taste for salt developed, e.g., salted fish [13, 17]. Now the average daily
consumption of salt is 10–12 g/day in the USA and 24 g/day in Japan, representing
10–20 times the consumption estimated prior to the agricultural revolution [12].
Even a low-salt diet today is 6 g/day, representing a 350 % increase in about
10,000 years.

11.2.2 Atherosclerosis

Atherosclerosis, frequently referred to as “hardening of the arteries” is the principal
cause of heart attack, stroke, and peripheral vascular disease. Heritability of
atherosclerotic disease is well established and a family history of coronary artery
disease is a risk factor included in established criteria for preventative treatment for
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cardiovascular disease [18–20]. The range of genetic variance in coronary artery
disease is between 40 and 60 % based on family pedigree in twins [21, 22].

Rodents and other lower organisms do not normally develop and are resistant to
developing atherosclerotic lesions even when subjected to pro-atherogenic inter-
ventions. Induction of atherosclerotic changes in vessels has not been reported in
amphibians or lower species. Under non-experimental conditions, atherosclerosis is
not observed in rodents on “normal” rat diets and severe interventions are required
even to evoke mild atherosclerosis in rodents. In order to induce significant
atherosclerosis, genetic manipulations, e.g., ApoE knockout [23, 24] are required to
use these for research studies. Providing Western-style diets with high levels of
saturated fats (approx. 35 % kcal %fat), cholesterol (0.5–1 % w/w), and cholic acid
(0.1–5 % w/w) induces mild atherosclerosis in some mouse strains [25]. Guinea
pigs, unlike other rodents, have a cholesterol profile similar to humans and develop
diet-induced atherosclerotic lesions [26].

Like hypertension, atherosclerosis is considered as a function of environmental
and genetic components. The difficulty in discerning these two components has
been presented as evidence that the risk of the genetic variants is dependent on
environmental influences [27]. Genome-wide association studies (GWAS) have
identified at least 150 suggestive loci associated with coronary artery disease [28].
However, over 50 % of the associated variants occur in half of the population, and a
quarter occur in 75 % of the population [29]. Thus, it is likely that on the average,
each variant confers a minimal to modest risk and it has been estimated that the
contribution of these to coronary artery disease and similar complex diseases is less
than 10 % [27]. Many of these genes implicated in coronary artery disease are
involved in inflammation and stem cell biology, and a lesser number are associated
with known pathways for lipid variants [30].

Atherosclerotic disease is widely believed to be a disease of Western societies
and changes in lifestyle brought about in the post-agricultural era. Major established
environmental risk factors include high cholesterol, cigarette smoking, obesity,
physical inactivity, and diabetes (review [31]).

A primary genetic focus of the link between increased cholesterol and genetics in
the pathogenesis of atherosclerosis is the gene coding for apolipoprotein (ApoE)
[32–35]. Among the principal variants, the alleles epsilon 2 (E2), epsilon 3 (E3),
and epsilon 4 (E4) are the most common and have been shown to affect lipoproteins
through regulation of hepatic binding, chylomicron catabolism, and uptake.
Epidemiological studies have demonstrated that the epsilon 4 allele (coding for the
protein ApoE4) most predisposes to atherosclerosis [36]. This allele is an “evolu-
tionary relic from the pre-agricultural history of Homo sapiens and has not adapted
to a nutrient-rich culture” [35, 37] (see also Chaps. 19 and 21). It remains at a high
frequency; however, populations living in regions where agricultural economies
have first been established, e.g., in the Mediterranean basin, have the lowest fre-
quencies (0.05–0.13), while the frequency of this allele remains high among for-
agers, e.g., Pygmies (0.41), aborigines of Malaysia (0.24), and Papuans (0.37) [38].

A central question in evolutionary terms is whether ApoE and other proteins/gene
variants linked to the lipid handling and the inflammatory response have persisted
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simply because they were neutral, or are under bidirectional selection (positive and
negative). Both lipid handling and the inflammatory response are complex processes
of interacting molecular signaling pathways and are central to cell and organ sur-
vival. The handling of fats and lipids, which include sterols, vitamins, phospholipids,
and triglycerides, is key to dietary emulsification, digestion, absorption of nutrients,
cell membranes, and metabolism required for cell and organ survival. The evolu-
tionary paradigm suggests that the constellation of genes/proteins controlling lipid
metabolism was selected to handle a pre-agricultural diet [39]. Inflammation plays a
pathogenic role in a variety of other modern human diseases, including hypertension
[40]. Inflammation has classically been defined as an evolutionary response to injury
and infection; however, it is now associated with many post-agricultural human
diseases, not including cardiovascular ones but also articular, inflammatory diges-
tive, degenerative, and oncological disorders (see Chap. 18). A detailed analysis of
the relevant theories has recently been address by Okin et al. [41].

A new twist in the atherosclerotic story and its link with a post-agricultural meat
diet is the role of gut flora-mediated formation of pro-atherogenic compounds from
meat, e.g., trimethylamine-N-oxide (TMAO) [42]. This is especially intriguing in
an evolutionary context since vegetarian diets shift the microbiome to produce less
TMAO, suggesting that dietary meat may have altered the gut flora to make it more
pro-atherogenic.

11.3 Implications for Policy and Practice

Evolutionary underpinnings of contemporary CD in the post-agricultural period are
based on selective pressures that have shifted from adaptive to maladaptive, or
possess both adaptive and maladaptive features. In other words, “created by evo-
lutionary hangovers… [and] biological evolution to cure hangovers can be very
slow” [43]. Additionally, most CD are, in large part, age-related, occurring mostly
in post-productive life, i.e., when the effect of selective pressures is markedly
reduced. Thus, we cannot depend on natural selection to correct these over any
predictable, albeit long time period. Policies and practices must be directed both
(1) toward reducing or preventing the adverse effects of the cardiovascular risk
factors derived from and associated with the post-agricultural period and (2) to use
our understanding of the specific evolved genetic underpinning to develop
molecular and genetics-targeted therapeutics. These strategies have already been
engaged for hypertension and atherosclerosis.

For hypertension, current recommendations are to reduce salt intake to 1500–
2000 mg/day [44, 45]. It should be noted that there is significant inter-individual
variability and the generalized recommendation for indiscriminate reduction of salt
in all populations has been a subject of recent debate [46]. Drugs targeted to
reducing sodium retention and promoting salt/water excretion, including thiazides
and furosemide, are among the most effective in reducing blood pressure and
associated cardiovascular morbidity and mortality.
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For atherosclerotic disease, there is convincing data showing that targeting both
inflammatory process and genes/proteins in cholesterol/lipid metabolism associated
with atherosclerosis is highly effective in reducing the incidence of coronary artery
disease and stroke. Low-dose aspirin is anti-inflammatory and has proven to be one
of the most efficacious treatments for coronary artery disease. Prominent among
proven agents targeted to lipid metabolism are those which target HMG CoA
reductase, e.g., statins, linked to atherosclerosis (reviewed in [47]). Agents are being
developed to target ApoE, which is also believed to play a role in Alzheimer’s disease
[48] (see Chaps. 19 and 21). Again, the situation appears much more complex.
Common clinical guidelines are to reduce red meat and saturated fat consumption;
however, the empirical data indicate that the relationship is “complicated” [49].
Cardiovascular risk can be reduced by decreasing saturated fats and replacing them
with polyunsaturated and monounsaturated fats. Although most doctors also rec-
ommend a diet rich in plant proteins rather than in meat and poultry, the evidence for
a benefit is scant [47]. Reduction of total dietary protein itself has not been shown to
be of significant benefit in the prevention of coronary heart disease [50].

Glossary

Atherosclerosis Atherosclerotic plaques are aggregates of plasma lipids (espe-
cially cholesterol) cells (smooth muscle cells and
monocytes/macrophages), and connective tissue matrix (colla-
gen fibers and proteoglycans). Inflammation is the “dominant
process” with atherosclerotic plaques characterized by increased
cellular proliferation, lipids accumulation, calcification, ulcera-
tion, hemorrhage, and thrombosis. Typically, a major acute
coronary syndrome occurs when an atherosclerotic plaque in a
coronary artery ruptures with subsequent thrombosis. Chronic
ischemia caused by reduced blood flow in the coronary artery
due to narrowing of the vessels by atherosclerosis triggers
chronic stable angina and may cause heart failure. The most
common form of stroke arises when blood clots form on
atherosclerotic plaques in carotid and cerebral arteries and
blocks flow (reviewed in [30]).

Hypertension Over 500 million people experience hypertension worldwide
and its prevalence increases with age especially in Western
civilization. There is overwhelming evidence that reducing
hypertension reduces cardiovascular morbidity and mortality.
Antihypertensive therapy has been associated with reductions in
stroke incidence averaging 35–40 %, myocardial infarction 20–
25 %, and heart failure >50 %. It is estimated that in patients
with stage 1 hypertension and additional cardiovascular risk
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factors, achieving a sustained 12 mmHg reduction in systolic
blood pressure over 10 years will prevent 1 death for every 11
patients treated [51]. The origins of current standard and
effective treatment of hypertension can be derived from evo-
lutionary insights.
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