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Abstract: The responses to Antihypertensive drugs vary among patients. The renal and muscular processes of blood flow regulation 
in peripheral blood vessels depend on the genetic and physiological constitution. Here, we present a case of an elderly female patient 
who experienced several phases of hypertensive emergencies during supervised training sessions. Hypertension treatment with 
different ACE inhibitors was discontinued because of severe side effects or simply no effect. Genotyping of ACE and ACTN3 
gene polymorphisms helped find adequate antihypertensive treatment after all other approaches failed. The measured ACTN3-RR 
genotype indicated the possibility of a higher proportion of fast-twitch muscle fibers. This type of muscle fiber contributes to the 
generation of a high muscle force, which can compress the vascular bed more during physical work than slow muscle fibers. Therefore, 
a beta-blocker was used for treatment, allowing better vasodilative capacity. As reported by the patient, this pharmaceutical alone 
helped treat hypertensive emergencies adequately. Therefore, we believe that genetic information can help to identify optimal 
pharmaceutical treatments a problem that is highly prevalent in elderly subjects. 
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Introduction
First evidence of genetic polymorphisms influencing human physical performance and cardiovascular functioning/health 
is already reported in the 1990s for ACE gene.1–3 The ACE insertion/deletion (ACE-I/D, rs1799752) polymorphism has 
been associated with performance and exercise capability in various populations.4,5 In fact, many metabolic affections are 
related to predominantly the ACE I/D gene polymorphism and affected cardiovascular regulation. This includes, 
hypertension, Type 2 Diabetes Mellitus, Diabetic Nephropathy, Dyslipidemia, Metabolic Syndrome, Cardiovascular 
Diseases Hypertonia, Polycystic Ovary Syndrome.6,7 These disease associations which are driven by the ACE-DD 
genotype, are often population-specific and influenced by environmental factors such as diet, altitude, and physical 
activity.6,7 Thereby, especially hypertonia is highly present in elderly subjects making this problem a serious issue for 
medical treatment with often challenging situations for the general practioner to help suffering patients.

The I allele, which represents a insertion of 287bp, is associated with lower serum8 and tissue3 ACE activity, and 
improved performance in endurance sports. The deleted form of the variant (D allele) is associated with higher 
circulating and tissue ACE activity.9 Furthermore, enhanced performance in sports that require high cardiovascular 
output and muscle perfusion during short bursts of power, such as sprinting or hopping, is associated with the D allele.9 

ACTN3 has been well studied as a target gene for human performance, especially at the skeletal muscle level.10,11 The 
ACTN3 gene encodes actinin-3, which is almost exclusively expressed in the sarcomere of fast glycolytic type II fibers 
that are responsible for the generation of rapid forceful contractions during activities such as sprinting or 
weightlifting.10,11 As XX genotypes of the ACTN3 polymorphism are associated with a shift toward oxidative muscle 
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phenotype, which typically exhibits higher capillary density, and these genotypes may show enhanced angiogenic 
signaling (eg, VEGF expression) in response to endurance training, potentially supporting greater microvascular 
density.10,11 Furthermore, as a deficiency of ACTN3 protein yields to a lower ability to contract skeletal muscle as the 
Actinin-Myosin connection is less rigid, higher forces can be produced in subjects having an ACTN3 polymorphism, as 
these have this specific protein allowing them to produce higher functional forces measurable for example with 
maximum torque production.10,11 To point out, both clinical and experimental evidence supports the hypothesis that 
genetic variation within the renin–angiotensin–aldosterone system (RAAS) contributes significantly to the development 
of hypertension and mediates variability in both peripheral and central blood pressure regulation in response to 
antihypertensive treatment. With regard to ACE-I/D polymorphisms and their implications for therapy, several studies 
underscore genotype-specific effects. For instance, Lee et al (1995) explored the influence of ACE-I/D polymorphism on 
the response to enalaprilat but found that, in a relatively small sample (n=54), the effect did not reach statistical 
significance.12 However, subsequent research by Hingorani et al (1995) provided evidence that both the ACE-I/D and 
angiotensin receptor 1 A1166→C polymorphisms independently predict treatment of systolic and diastolic blood 
pressure, with indications of interaction between the loci.13

Further clinically relevant genotype-dependent effects have since been reported. Ha et al (2000) demonstrated that 
patients with the ACE-DD genotype showed a more pronounced antiproteinuric response to ACE inhibitors in the 
context of non-insulin-dependent diabetic nephropathy.14 Similarly, Gupta et al (2015) reported a significant association 
between ACE-I/D genotypes and blood pressure response to ramipril in hypertensive patients treated in conjunction with 
diuretics.15 Importantly, gene-treatment interactions appear to be modulated by environmental and ethnic factors. The 
impact of ethnicity on the expression and effect of the ACE-I/D polymorphism has been substantiated in multiple 
studies.16–18 This variation may partly explain the reduced responsiveness to ACE inhibitors observed in some 
individuals of African descent.19,20 Furthermore, population-based studies indicate that the association between the ACE- 
DD genotype and essential hypertension is more pronounced in certain ethnic groups, such as Indian, Japanese, and 
Mongolian populations, while being less consistent in others, including Belgian, Dutch, and Bangladeshi cohorts.19,20

Additional RAAS-related variants, including rs4359 within the ACE gene, also affect the pharmacodynamics of ACE 
inhibitors, whereby a co-dominant influence of this SNP on ramipril-induced blood pressure reduction was reported.21 

These studies collectively support the notion that pharmacogenetic profiling, including ACE and other RAAS related 
gene polymorphisms, holds promise for stratifying patients and optimizing antihypertensive treatment outcomes.21

Homozygous ACE II genotypes are especially associated with lower ACE activity and consequently reduced 
concentrations of angiotensin II, the main vasoconstrictor (reviewed in22 and23) an effect of modifying human perfor
mance. It has also been shown to have lower angiotensin II levels, resulting in higher blood pressure values under 
stress.24 This effect shows the complexity and interdependency as Homozygous ACE II genotypes have in tendency 
a higher heart rate under stress derogating the mentioned first effect.25–27 Interaction effects are implied and it should be 
emphasized that intense exercise elevate serum concentration of angiotensin 2.28 Interactions with the type of stimulus 
are also suspected, whereby individuals with a fast muscle fiber type can develop higher forces in the skeletal muscle 
than individuals with a slow muscle fiber type.10,11 The reason for this seems to be that the higher forces produced by fast 
muscle fibers compress the capillary bed harder and thus result in a secondary surge in blood pressure compared with the 
force produced by slow-twitch type I muscle fibers.29

The Case
After informed consent for publication was obtained, we present here a case of a 73-year-old patient (1.67 cm / 52 kg) 
diagnosed with heart failure with preserved ejection fraction. The patient also had mild mitral insufficiency. In detail: 
Normally sized left ventricle, not yet hypertrophied (but with concentric remodeling), with normal global systolic 
function (left ventricular ejection fraction 75%) without indication of regional wall motion abnormalities, diastolic 
dysfunction with signs of elevated left ventricular enddiastolic pressure (LVEDP) without indication of regional wall 
motion abnormalities, diastolic dysfunction with signs of elevated LVEDP, slight dilation of the left atrium, normal 
dimension of the right atrium, normal dimension and function of the right ventricle, tricuspid aortic valve, edges slightly 
sclerosed, no central insufficiency, normal valve opening movement, no stenosis. Mild to moderate mitral insufficiency 
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with slight prolapse of the posterior mitral leaflet. Minimal tricuspid insufficiency. Above the TI, a systolic pulmonary 
arterial pressure of 22 mmHg was calculated. Inferior vena cava not congested, collapses more than 50% during 
inspiration. No pericardial effusion. In a 24h blood pressure measurement mean blood pressure values of 139/ 
74 mmHg were detected, with an average of 127/70 mmHg during night respectively sleeping phases.

The patient was trained under supervision during a longer period which she experienced several hypertensive 
emergencies. Her medical history revealed further details: the cardiologist performed several 24-hour blood 
pressure measurements, and the patient received comprehensive cardiological care. First, treatment was carried 
out with the help of an ACE inhibitor (Coversum), which the patient tolerated very poorly, in line with 
descriptions of episodes of malaise during physical exertion under treatment with this pharmaceutical.30 

Changing to other pharmaceuticals, such as AT1-Antagonists, Calcium-Antagonists, Aldosterone antagonists, 
nitrats, and moxonidin, was not helpful, and hypertensive crises developed repeatedly. Because of persistent 
hypertensive attacks, genotyping was carried out and it was revealed that the Patient has a heterozygous form 
(an ACE I/D genotype), or a heterozygous deletion in the ACE gene, in combination with a genetic influence 
towards a fast muscle fiber type with a homozygous ACTN3-CC genotype. The measured ACTN3-CC genotype in 
the patient indicates the possibility of a higher content of fast muscle fibers.18,29,31 However, the work performed 
in the performance test (RER max = 1) was very low at 73 watts, which was still aerobic. The maximum oxygen 
uptake capacity of 1.2 liters is very low; therefore, the person probably has insufficient metabolic reserves or 
capacity to support higher muscle performance. This includes an insufficiently developed capillary bed in 
peripheral muscles. Her fast muscle fiber type II phenotype probably accentuated and perpetuated the lack of 
a sufficient capillary bed. It should also be mentioned that based on the near-infrared spectroscopic measurement 
conducted during spiroergometry,27 the immediate drop in hemoglobin concentration and oxygen saturation under 
stress only showed a slow desaturation. As oxygen desaturation matches muscle respiration rates,32 this informa
tion illustrates the hypothesis of a problem in the skeletal muscle.

Summary Assessment and Therapeutic Procedure
The patient experienced repeated phases of hypertensive emergencies during supervised training and at home. 
Hypertension was finally treated with a beta-blocker despite the widespread consensus that beta-blockers are not 
indicated as a first-line treatment for hypertension.33 Beta-blockers not only lowered the heart frequency but also 
widened the vascular bed, which probably explains the good effect of this medication in her case with the indicated 
problem of deoxygenation, as shown in Figure 1. As this was the only medication that the patient ultimately 
tolerated reasonably well, it was recommended that she continue to take it. Based on the genetic analysis, ACE and 
ACTN3 gene polymorphisms are prominent if not most prominent genetic regulators of the physiology of the blood 
pressure system respectively skeletal muscle, it could be deduced that the heterozygous form of ACE-I/D, which is 
codominantly expressed, explains part of the patient’s hypertensive emergencies. Owing to the repeated problems 
with ACE inhibitors, they should no longer be used in antihypertensive therapy. Historically, the partially missing 
effect of ACE inhibitors was resolved after the 1990s using a heuristic approach of rotating a combined 
medication.34 Since the mid-1990s, allelic variations in ACE have only been known to contribute to up to 37% of 
individual fluctuations in blood pressure.35 Furthermore, due to the fast muscle fiber type mentioned, there is 
a genetic predisposition that promotes occlusion of the capillary bed in the contracting muscles and thus cannot be 
ruled out as a causal factor in hypertension. In summary, beta blockers, which are known to have vasodilatory 
effects, may be a useful alternative treatment. Furthermore, as indicated by Figure 2, deoxygenation was poor, and 
therefore, a problem in the capillary bed must exist. Therefore, pruning of the microvascular tree increases 
peripheral resistance23 and the reactivity or capacity for cardiovascular perfusion in the peripheral muscle tissue. 
Aerobic exercise training has particularly positive effects on the capillary bed, which may be refined with 
metabolically eccentric protocols, as these increase microvascular perfusion.36–38 Kneipp therapy to optimize vessel 
reactivity is not very stressful and would probably have very good effects on this patient with severely limited 
cardiopulmonary fitness.39
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Conclusions and Outlook – Development of a Gene-Physiologically Based 
Prognosis for the Optimized Treatment of Hypertension
Diseases of the cardiovascular system (CVD) lead to most deaths annually, often starting with hypertension. CVD causes 
irreversible damage to organisms in the medium to long term. Thereby, current treatment almost always consists of 
pharmaceutical intervention, and if tolerated and carried out by the patient, physical exercise. The response to a particular 

Figure 1 Points of inference of ACE and ACTN3-gene polymorphisms on power output during endurance performance. 
Notes: Assembled drawing of the hyperbolic relation between maximal power output and the duration of sustainable muscle work at maximal intensity with a superimposed 
indication of the implicated mechanism affected by the studied genotypes of the ACE and ACTN3 gene polymorphism. (Data are drawn according to Flück40) based on 
a mean body weight of 75 kg and a biomechanical efficiency of 25%. In otherwise non-symptomatic subjects, the condition of ACE DD and ACTN3-RR represent a relative 
advantage for maximal performance during short, mostly anaerobic, exercise performance whereas ACE II and ACTN3-XX genotypes are of an advantage for fatigue 
resistance during aerobic exercise.

Figure 2 Abnormal impact of cycling exercise on muscle respiration in the patient. 
Notes: Line graph depicting muscle oxygenation (as a measure of muscle respiration) and hemoglobin content during the performance test of cycling exercise. Tissue 
saturation index (TSI) and hemoglobin in knee extensor muscle during cycle ergometry are given as mean and standard error of measures over 10-seconds intervals (sample 
rate 10 Hz). Arrows indicate the time points when pedaling started and ended. Note that there is no reduction in TSI as would be expected from the activation of aerobic 
metabolism and the accruing oxygen deficit. The maximum performance achieved was 73 Watt, which is 1.4 Watt per kg body mass and has to be taxed as very low).19
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antihypertensive drug varies greatly, and is often insufficient to treat cardiovascular complaints. Therefore, current treatment is 
mostly based on a heuristic procedure in which drugs are administered according to the trial-and-error principle. This leads to 
an uncertain treatment outcome and is potentially harmful owing to the toxic side effects of inefficient pharmaceuticals, 
rendering treatment more expensive without patient benefit. A promising solution could involve the clinical implementation of 
research results on environmental genotype-phenotype interactions in the last few decades. Research indicates that the 
inefficiency of ACE-targeted antihypertensive drugs and physical activity can be explained by individual differences in the 
expression of biological variables of cardiovascular function and aerobic metabolism in association with the ACE-I/D 
genotype.41–43 Specifically, renal and muscular processes of blood flow regulation in peripheral blood vessels are crucial 
elements of blood pressure control during physical activity, depending on genetic and physiological constitution.4,26,27,44,45 

Therefore, according to other reports, ACE-inhibition-related hypotension during muscle work may occur frequently.30 This 
indicates that it may be worthwhile to engage in a proactive evaluation of the genetic and muscle-physiological constitution of 
patients with hypertension who do not or adversively respond to the first or second choice of treatment targeted at inhibiting 
the RAS system (ie, ACE and angiotensin receptors). Technical advances in physiological and genetic diagnostics, together 
with the knowledge available today, allowed us to draw a priori conclusions on the optimal combination of medicinal and 
exercise stimuli for improved BP control of blood pressure. The current challenge is to integrate the available quantitative 
information (on the interdependent impact of genetics, exercise stimuli, and pharmacology) to implement an operationalizable 
routine for personal-centered anti-hypertensive therapy.

To point out, current evidence from pharmacogenetic research and clinical trials indicates that in patients exhibiting 
suboptimal or absent responses to antihypertensive pharmacotherapy, it is both reasonable and increasingly feasible to 
investigate the influence of genetic variants affecting the drug’s targeted pathways. As hypertension is a multifactorial 
disorder arising from the interplay of genetic, environmental, and lifestyle influences. With over 900 loci linked to blood 
pressure regulation.46,47

This mosaic pathogenesis calls for integrative strategies combining genomics, environmental risk profiling, and behavioral 
interventions to optimize prevention and management.47 Nevertheless, the ACE-I/D polymorphism has been found firmly 
associated with differential response to physical exercise and second-generation ACE inhibitors, particularly under conditions 
of increased cardiovascular demand such as physical activity when also the ACTN3 gene polymorphism intervene possibly 
via affecting central hemodynamic function (ie cardiac output) or peripheral resistance.25 Identification of these variants may 
provide a mechanistic explanation for individual variability in drug efficacy and support more personalized, effective, and 
safer intervention strategies. Furthermore, depending on the clinical phenotype, genetic screening may be broadened to 
encompass additional components of the renin-angiotensin-aldosterone system (RAAS), including the ACE haplotype and the 
bradykinin axis, particularly in cases where compensatory regulatory mechanisms are suspected to attenuate therapeutic 
effects.48 Advances in next generation sequencing and PCR validation have now made these analyses both technically viable 
and clinically applicable, as required by medical regulatory standards. Thereby, to better assess the contribution of the ACE-I/ 
D polymorphism to cardiovascular functional impairment and treatment response, it is critical to consider the heterogeneity of 
published findings in light of overlooked modulatory factors. Chief among these are ethnic background, environmental 
conditions (eg, temperature, hypoxic exposure), and habitual physical activity levels—all of which shape RAAS activity and 
may confound genotype-treatment outcome relationships.28,49,50

Thereby, large-scale studies such as GenHAT51 aggregated data from ethnically diverse populations may have 
inadvertently masked genotype specific treatment effects by not stratifying for such key confounders. These methodo
logical limitations may have contributed to the widespread perception that the predictive value of the ACE I/D 
polymorphism is limited when considered in isolation. There is a compelling need for novel research frameworks and 
translational paradigms to unlock the full clinical utility of pharmacogenetic insights.52 Looking ahead, an integrative 
approach that combines molecular genotyping with functional cardiovascular phenotyping including parameters such as 
cardiac output, VO2 kinetics, and muscle oxygenation during exertion may offer a higher-resolution understanding of 
individual drug response. Naturally this may also weigh the evidence for the different impact of selection pressure on the 
blood pressure regulation.19,20 Such a systems-level perspective on the RAAS could help guide the tailored use of 
antihypertensive medications in patients with genotype-specific regulatory dynamics. Thereby, future research should 
focus on prospective, larger-scale cohorts or randomized controlled trials that systematically assess the independent 
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contributions of ACE and ACTN3 polymorphisms, and detailed physiological characteristics, to individual patient 
antihypertensive therapy. These forecasted studies are needed to authenticate these findings and understand the applic
ability and clinical value of this comprehensive approach across population groups. Even with the so improved evidence 
it still remains challenging to institutionalize the proposed approach in a cost-effective and easy practical manner.

Institutional Review Board Statement
We acknowledge the institutional approval of the local ethics commission for the study and publication of the case 
details. The study was conducted in accordance with the guidelines of the Declaration of Helsinki and approved by the 
local ethics committee by general consent (Ethics commission of north-eastern Switzerland).

Informed Consent Statement
Informed consent was obtained from the person described and the consent for publication has been obtained from the 
patient.

Data Sharing Statement
Data is available upon reasonable request from the corresponding author.

Funding
There is no funding to report.

Disclosure
Prof. Dr. Martin Flück reports collateral intellectual and technical activities into gene-phenotype relationships from 
Physiogene LLC, outside the submitted work. The authors declare no conflicts of interest.

References
1. Montgomery HE, Marshall R, Hemingway H, et al. Human gene for physical performance. Nature. 1998;393:221–222. doi:10.1038/30374
2. Gayagay G, Yu B, Hambly B, et al. Elite endurance athletes and the ACE I allele–the role of genes in athletic performance. Hum Genet. 

1998;103:48–50. doi:10.1007/s004390050781
3. Danser AH, Schalekamp MADH, Bax WA, et al. Angiotensin-converting enzyme in the human heart: effect of the deletion/insertion polymorphism. 

Circulation. 1995;92:1387–1388. doi:10.1161/01.CIR.92.6.1387
4. Gasser B, Frey WO, Valdivieso P, Scherr J, Spörri J, Flück M. Association of gene variants with seasonal variation in muscle strength and aerobic 

capacity in elite skiers. Genes. 2023;14(6):1165. PMID: 37372345; PMCID: PMC10298717. doi:10.3390/genes14061165
5. Flück M, Vaughan D, Rittweger J, Giraud MN. Post-translational dysregulation of glucose uptake during exhaustive cycling exercise in vastus 

lateralis muscle of healthy homozygous carriers of the ACE deletion allele. Front Physiol. 2022;13:933792. PMID: 36148310; PMCID: 
PMC9488703. doi:10.3389/fphys.2022.933792

6. Kiconco R, Kalyesubula R, Kiwanuka GN. Distribution of the ACE gene polymorphisms in type 2 diabetes mellitus patients, their associations with 
nephropathy biomarkers and metabolic indicators at a Tertiary Hospital in Uganda. Diabetes Metab Syndr Obes. 2024;17:2211–2220. doi:10.2147/ 
DMSO.S462740

7. Susilo H, Pikir BS, Thaha M, et al. The effect of Angiotensin Converting Enzyme (ACE) I/D Polymorphism on atherosclerotic cardiovascular 
disease and cardiovascular mortality risk in non-hemodialyzed chronic kidney disease: the mediating role of plasma ACE level. Genes. 2022;13 
(7):1121. doi:10.3390/genes13071121

8. Rigat B, Hubert C, Alhenc-Gelas F, et al. An insertion/deletion polymorphism in the angiotensin I-converting enzyme gene accounting for half the 
variance of serum enzyme levels. J Clin Invest. 1990;86:1343–1346. doi:10.1172/JCI114844

9. Thompson WR, Binder-Macleod SA. Association of genetic factors with selected measures of physical performance. Phys Ther. 2006;86:585–591. 
doi:10.1093/ptj/86.4.585

10. Mills M, Yang N, Weinberger R, et al. Differential expression of the actin-binding proteins, alpha-actinin-2 and-3, in different species: implications 
for the evolution of functional redundancy. Hum Mol Genet. 2001;10:1335–1346. doi:10.1093/hmg/10.13.1335

11. MacArthur DG, North KN. ACTN3: a genetic influence on muscle function and athletic performance. Exerc Sport Sci Rev. 2007;35:30–34. 
doi:10.1097/JES.0b013e31802d8874

12. Lee EJ. Polymorphic inhibition of human angiotensin I-converting enzyme by enalaprilat. Eur J Clin Pharmacol. 1995;49(3):173–175. 
doi:10.1007/BF00192376

13. Hingorani AD, Stevens PA, Brown MJ, Jia H, Hopper R, Dickerson JC. Renin-angiotensin system gene polymorphisms influence blood pressure 
and the response to angiotensin converting enzyme inhibition. J Hypertension. 1995;13(12):1602–1609.

14. Ha SK, Yong Lee S, Su Park H, et al. ACE DD genotype is more susceptible than ACE II and ID genotypes to the antiproteinuric effect of ACE 
inhibitors in patients with proteinuric non-insulin-dependent diabetes mellitus. Nephrol Dial Transplant. 2000;15(10):1617–1623. doi:10.1093/ndt/ 
15.10.1617

https://doi.org/10.2147/PGPM.S528939                                                                                                                                                                                                                                                                                                                                                                                                                            Pharmacogenomics and Personalized Medicine 2025:18 292

Gasser et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/30374
https://doi.org/10.1007/s004390050781
https://doi.org/10.1161/01.CIR.92.6.1387
https://doi.org/10.3390/genes14061165
https://doi.org/10.3389/fphys.2022.933792
https://doi.org/10.2147/DMSO.S462740
https://doi.org/10.2147/DMSO.S462740
https://doi.org/10.3390/genes13071121
https://doi.org/10.1172/JCI114844
https://doi.org/10.1093/ptj/86.4.585
https://doi.org/10.1093/hmg/10.13.1335
https://doi.org/10.1097/JES.0b013e31802d8874
https://doi.org/10.1007/BF00192376
https://doi.org/10.1093/ndt/15.10.1617
https://doi.org/10.1093/ndt/15.10.1617


15. Gupta S, Chattopadhyaya I, Agrawal BK, Sehajpal PK, Goel RK. Correlation of renin angiotensin system (RAS) candidate gene polymorphisms 
with response to Ramipril in patients with essential hypertension. J Postgrad Med. 2015;61(1):21–26. doi:10.4103/0022-3859.147028

16. Kato N. Ethnic differences in genetic predisposition to hypertension. Hypertens Res. 2012;35:574–581. doi:10.1038/hr.2012.44
17. Han C, Han XK, Liu FC, Huang JF. Ethnic differences in the association between angiotensin-converting enzyme gene insertion/deletion 

polymorphism and peripheral vascular disease: a meta-analysis. Chronic Dis Transl Med. 2017;3(4):230–241. doi:10.1016/j.cdtm.2017.07.002
18. Krishnan R, Sekar D, Subramanium S. Association of angiotensin converting enzyme gene insertion/deletion polymorphism with essential 

hypertension in south Indian population. Genes Dis. 2016;3(2):159–163. doi:10.1016/j.gendis.2016.03.001
19. Hoh BP, Rahman TA, Yusoff K. Natural selection and local adaptation of blood pressure regulation and their perspectives on precision medicine in 

hypertension. Hereditas. 2019;156:1. doi:10.1186/s41065-019-0080-1
20. Farheen S, Basu A, Majumder PP. Haplotype variation in the ACE gene in global populations, with special reference to India, and an alternative 

model of evolution of haplotypes. Hugo J. 2011;5(1–4):35–45. doi:10.1007/s11568-011-9153-6
21. De T, Park CS, Perera MA. Cardiovascular pharmacogenomics: does it matter if you’re Black or White? Annu Rev Pharmacol Toxicol. 

2019;59:577–603. doi:10.1146/annurev-pharmtox-010818-021154
22. Crisan D, Carr J. Angiotensin I-converting enzyme genotype and disease associations. J Mol Diagn. 2000;2(3):105–115. doi:10.1016/S1525- 

1578(10)60624-1
23. Kritchevsky SB, Nicklas BJ, Visser M, et al. Angiotensin-converting enzyme insertion/deletion genotype, exercise, and physical decline. JAMA. 

2005;294(6):691–698. doi:10.1001/jama.294.6.691
24. Wang P, Fedoruk MN, Rupert JL. Keeping pace with ACE: are ACE inhibitors and angiotensin II type 1 receptor antagonists potential doping 

agents? Sports Med. 2008;38(12):1065–1079. PMID: 19026021. doi:10.2165/00007256-200838120-00008
25. Durmic TS, Zdravkovic MD, Djelic MN, et al. Polymorphisms in ACE and ACTN3 genes and blood pressure response to acute exercise in elite 

male athletes from Serbia. Trial Tohoku J Exp Med. 2017;243(4):311–320. doi:10.1620/tjem.243.311
26. Gasser B, Franchi MV, Ruoss S, et al. Accelerated muscle deoxygenation in aerobically fit subjects during exhaustive exercise is associated with the 

ACE insertion allele. Front Sports Act Living. 2022;4:814975. PMID: 35295536; PMCID: PMC8918772. doi:10.3389/fspor.2022.814975
27. Gasser B, Frei A, Niederseer D, Catuogno S, Frey WO, Flück M. Variability in the aerobic fitness-related dependence on respiratory Processes 

during muscle work is associated with the ACE-I/D genotype. Front Sports Act Living. 2022;4:814974. doi:10.3389/fspor.2022.814974
28. Staessen J, Fagard R, Hespel P, Lijnen P, Vanhees L, Amery A. Plasma renin system during exercise in normal men. J Appl Physiol. 1987;63 

(1):188–194. doi:10.1152/jappl.1987.63.1.188
29. Deschamps CL, Connors KE, Klein MS, et al. The ACTN3 R577X polymorphism is associated with cardiometabolic fitness in healthy young 

adults. PLoS One. 2015;10(6):e0130644. PMID: 26107372; PMCID: PMC4480966. doi:10.1371/journal.pone.0130644
30. Jimenez-Candil J, Bermejo J, Yotti R, et al. Effects of angiotensin converting enzyme inhibitors in hypertensive patients with aortic valve stenosis: 

a drug withdrawal study. Heart. 2005;91:1311–1318. doi:10.1136/hrt.2004.047233
31. Mengesha HG, Petrucka P, Spence C, Tafesse TB. Effects of angiotensin converting enzyme gene polymorphism on hypertension in Africa: a 

meta-analysis and systematic review. PLoS One. 2019;14(2):e0211054. doi:10.1371/journal.pone.0211054
32. Ryan TE, Brophy P, Lin CT, et al. Assessment of in vivo skeletal muscle mitochondrial respiratory capacity in humans by near-infrared 

spectroscopy: a comparison with in situ measurements. J Physiol. 2014;592(15):3231–3241. doi:10.1113/jphysiol.2014.274456
33. Mancia G, Fagard R, Narkiewicz K. ESH/ESC guidelines for the management of arterial hypertension. Eur Heart J. 2013;34:2159–2219. 

doi:10.1093/eurheartj/eht151
34. Dickerson JE, Hingorani AD, Ashby MJ, Palmer CR, Brown MJ. Optimisation of antihypertensive treatment by crossover rotation of four major 

classes. Lancet. 1999;353(9169):2008–2013. PMID: 10376615. doi:10.1016/s0140-6736(98)07614-4
35. Fornage M, Amos CI, Kardia S, Sing CF, Turner ST, Boerwinkle E. Variation in the region of the angiotensin-converting enzyme gene influences 

interindividual differences in blood pressure levels in young white males. Circulation. 1998;97(18):1773–1779. PMID: 9603530. doi:10.1161/01. 
cir.97.18.1773

36. LaStayo PC, Pierotti DJ, Pifer J, Hoppeler H, Lindstedt SL. Eccentric ergometry: increases in locomotor muscle size and strength at low training 
intensities. Am J Physiol Regul Integr Comp Physiol. 2000;278(5):R1282–8. doi:10.1152/ajpregu.2000.278.5.R1282

37. Selkow NM, Herman DC, Liu Z, Hertel J, Hart JM, Saliba SA. Microvascular perfusion increases after eccentric exercise of the gastrocnemius. 
J Ultrasound Med. 2013;32(4):653–658. doi:10.7863/jum.2013.32.4.653

38. Gliemann L, Buess R, Nyberg M, et al. Capillary growth, ultrastructure remodelling and exercise training in skeletal muscle of essential 
hypertensive patients. Acta Physiol. 2015;214(2):210–220. PMID: 25846822. doi:10.1111/apha.12501

39. Ortiz M, Katharina AK, Cramer H, et al. Clinical effects of Kneipp hydrotherapy: a systematic review of randomised controlled trials. BMJ Open. 
2023;13(7):e070951. doi:10.1136/bmjopen-2022-070951

40. Flueck M. Myocellular limitations of human performance and their modification through genome-dependent responses at altitude. Exp Physiol. 
2010;95(3):451–462. doi:10.1113/expphysiol.2009.047605

41. O’Toole L, Stewart M, Padfield P, Channer K. Effect of the insertion/deletion polymorphism of the angiotensin-converting enzyme gene on 
response to angiotensin-converting enzyme inhibitors in patients with heart failure. J Cardiovasc Pharmacol. 1998;32(6):988–994. doi:10.1097/ 
00005344-199812000-00017

42. Mathes S, van Ginkel SL, Vaughan D, Valdivieso P, Flück M. Gene-pharmacologial effects on exercise-induced muscle gene expression in healthy 
men. Anat Physiol. 2015;S5. doi:10.4172/2161-0940.S5-005

43. Niu T, Chen X, Xu X. Angiotensin converting enzyme gene insertion/deletion polymorphism and cardiovascular disease: therapeutic implications. 
Drugs. 2002;62(7):977–993. doi:10.2165/00003495-200262070-00001

44. Beard DA. Assessing the validity and utility of the Guyton model of arterial blood pressure control. Hypertension. 2018;72(6):1272–1273. PMID: 
30571241; PMCID: PMC6309792. doi:10.1161/HYPERTENSIONAHA.118.11998

45. Guyton AC, Coleman TG, Cowley AV, et al. Arterial pressure regulation. Overriding dominance of the kidneys in long-term regulation and in 
hypertension. Am J Med. 1972;52(5):584–594. PMID: 4337474. doi:10.1016/0002-9343(72)90050-2

46. Zappa M, Golino M, Verdecchia P, Angeli F. Genetics of hypertension: from monogenic analysis to GETomics. J Cardiovasc Dev Dis. 2024;11 
(5):154. PMID: 38786976; PMCID: PMC11121881. doi:10.3390/jcdd11050154

Pharmacogenomics and Personalized Medicine 2025:18                                                                      https://doi.org/10.2147/PGPM.S528939                                                                                                                                                                                                                                                                                                                                                                                                    293

Gasser et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.4103/0022-3859.147028
https://doi.org/10.1038/hr.2012.44
https://doi.org/10.1016/j.cdtm.2017.07.002
https://doi.org/10.1016/j.gendis.2016.03.001
https://doi.org/10.1186/s41065-019-0080-1
https://doi.org/10.1007/s11568-011-9153-6
https://doi.org/10.1146/annurev-pharmtox-010818-021154
https://doi.org/10.1016/S1525-1578(10)60624-1
https://doi.org/10.1016/S1525-1578(10)60624-1
https://doi.org/10.1001/jama.294.6.691
https://doi.org/10.2165/00007256-200838120-00008
https://doi.org/10.1620/tjem.243.311
https://doi.org/10.3389/fspor.2022.814975
https://doi.org/10.3389/fspor.2022.814974
https://doi.org/10.1152/jappl.1987.63.1.188
https://doi.org/10.1371/journal.pone.0130644
https://doi.org/10.1136/hrt.2004.047233
https://doi.org/10.1371/journal.pone.0211054
https://doi.org/10.1113/jphysiol.2014.274456
https://doi.org/10.1093/eurheartj/eht151
https://doi.org/10.1016/s0140-6736(98)07614-4
https://doi.org/10.1161/01.cir.97.18.1773
https://doi.org/10.1161/01.cir.97.18.1773
https://doi.org/10.1152/ajpregu.2000.278.5.R1282
https://doi.org/10.7863/jum.2013.32.4.653
https://doi.org/10.1111/apha.12501
https://doi.org/10.1136/bmjopen-2022-070951
https://doi.org/10.1113/expphysiol.2009.047605
https://doi.org/10.1097/00005344-199812000-00017
https://doi.org/10.1097/00005344-199812000-00017
https://doi.org/10.4172/2161-0940.S5-005
https://doi.org/10.2165/00003495-200262070-00001
https://doi.org/10.1161/HYPERTENSIONAHA.118.11998
https://doi.org/10.1016/0002-9343(72)90050-2
https://doi.org/10.3390/jcdd11050154


47. Rajagopalan S, Brook RD, Münzel T. Environmental hypertensionology and the mosaic theory of hypertension. Hypertension. 2025;82(4):561–572. 
PMID: 39968647; PMCID: PMC11975430. doi:10.1161/HYPERTENSIONAHA.124.18733

48. Niu W, Qi Y, Gao P, Zhu D. A meta-analysis of the bradykinin B2 receptor gene –58C/T polymorphism with hypertension. Clin Chim Acta. 
2010;411(5–6):324–328. doi:10.1016/j.cca.2009.12.015

49. Ghosh S. Angiotensin-Converting Enzyme (ACE) gene polymorphism and arterial blood pressure among the Tawang Monpa of Eastern Himalayan 
mountains: is there a signature of natural selection? PLoS One. 2023;18(9):e0291810. doi:10.1371/journal.pone.0291810

50. Kosunen HJ, Pakarinen AJ, Kuoppasalmi K, Adlercreutz H. Plasma renin activity, angiotensin II, and aldosterone during intense heat stress. J Appl 
Physiol. 1976;41(3):323–327. doi:10.1152/jappl.1976.41.3.323

51. Arnett DK, Claas SA, Lynch AI. Has pharmacogenetics brought us closer to “personalized medicine” for initial drug treatment of hypertension? 
Curr Opin Cardiol. 2009;24(4):333–339. doi:10.1097/HCO.0b013e32832c58ba

52. Arnett DK, Davis BR, Ford CE, et al. Pharmacogenetic association of the angiotensin-converting enzyme insertion/deletion polymorphism on blood 
pressure and cardiovascular risk in relation to antihypertensive treatment: the Genetics of Hypertension-Associated Treatment (GenHAT) study. 
Circulation. 2005;111(25):3374–3383. doi:10.1161/CIRCULATIONAHA.104.504639

53. Mayet J, Hughes A. Cardiac and vascular pathophysiology in hypertension. Heart. 2003;89(9):1104–1109. doi:10.1136/heart.89.9.1104

Pharmacogenomics and Personalized Medicine                                                                           

Publish your work in this journal 
Pharmacogenomics and Personalized Medicine is an international, peer-reviewed, open access journal characterizing the influence of genotype 
on pharmacology leading to the development of personalized treatment programs and individualized drug selection for improved safety, 
efficacy and sustainability. This journal is indexed on the American Chemical Society’s Chemical Abstracts Service (CAS). The manuscript 
management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www. 
dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/pharmacogenomics-and-personalized-medicine-journal

Pharmacogenomics and Personalized Medicine 2025:18 294

Gasser et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1161/HYPERTENSIONAHA.124.18733
https://doi.org/10.1016/j.cca.2009.12.015
https://doi.org/10.1371/journal.pone.0291810
https://doi.org/10.1152/jappl.1976.41.3.323
https://doi.org/10.1097/HCO.0b013e32832c58ba
https://doi.org/10.1161/CIRCULATIONAHA.104.504639
https://doi.org/10.1136/heart.89.9.1104
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	The Case
	Summary Assessment and Therapeutic Procedure
	Conclusions and Outlook– Development of aGene-Physiologically Based Prognosis for the Optimized Treatment of Hypertension
	Institutional Review Board Statement
	Informed Consent Statement
	Data Sharing Statement
	Funding
	Disclosure

