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Abstract 27 28 
Aldosterone sensitivity is defined as an outcome variable for a given circulating level of 29 
aldosterone. In basic and translational studies, aldosterone sensitivity has been measured in 30 
differential tissue responses, e.g., lower urine sodium and higher urine potassium, as an index 31 
of renal response; in clinical studies aldosterone sensitivity has been measured in differential 32 
blood pressure responses. The concept of aldosterone sensitivity disrupts the conventional 33 
wisdom of the renin-angiotensin-aldosterone system and has the potential to uncover novel 34 
mechanisms of hypertension. We review basic and translational science studies that uncovered 35 
differential renal responses to aldosterone and connect this earlier work to more recent 36 
observational studies and randomized trials that have demonstrated differential blood pressure 37 
responses for a given level of aldosterone in healthy and hypertensive persons. Black race and 38 
older age are associated with higher aldosterone sensitivity and blood pressure. We also 39 
discuss gaps in the field and how future basic and clinical studies might inform mechanisms of 40 
differential sensitivity. 41 42 43 44 45 46 47 48 49 50 51 52 



Introduction 53 
 54 
Aldosterone sensitivity is a term used predominantly in research settings, not having become 55 
part of our clinical lexicon. The discussion of variable responses to aldosterone begins with 56 
addressing the causes of low-renin hypertension, a common and consequential condition. 57 
Twenty to thirty percent of all patients with hypertension have low renin -– the proportion is even 58 
higher in Black Americans (18, 48, 49). Furthermore, when associated with primary 59 
aldosteronism, low-renin states are associated with cardiovascular events(49). Within low-renin 60 
hypertension, there are several different pathophysiologic phenotypes that can be characterized 61 
as high, normal, or low aldosterone states. Distinguishing among these forms of hypertension is 62 
important as diagnostic tests and treatment strategies may differ.  63 
 64 
On one end of the spectrum lie low-renin/high-aldosterone states, composed largely of primary 65 
aldosteronism (or Conn’s syndrome), characterized by autonomous secretion of aldosterone by 66 
one or both adrenal glands, of which there are both sporadic and, more rarely, familial forms. 67 
Primary aldosteronism is responsible for hypertension in 5-10% of all diagnosed patients and 68 
closer to 20% of those with resistant hypertension(19, 20, 77). Furthermore, patients with 69 
primary aldosteronism experience higher rates of mortality, cardiovascular events, and 70 
progressive kidney disease, as well as lower health-related quality of life relative to patients with 71 
“essential” or otherwise unspecified hypertension(5, 21, 43, 47, 70). Management of primary 72 
aldosteronism typically requires unilateral adrenalectomy or medical therapy with 73 
mineralocorticoid receptor antagonists or inhibitors of the epithelial sodium channel, ENaC. 74 
 75 
On the other end of the spectrum are low-renin/low-aldosterone states, including acquired and 76 
genetic conditions, and are referred to as syndromes of apparent mineralocorticoid excess. 77 
Acquired forms include Cushing’s syndrome and pharmacologic inhibition of 11-beta-78 



hydroxysteroid dehydrogenase 2, namely glycyrrhizic acid-containing black licorice(30)  or, 79 
more recently, posaconazole(53). Genetic conditions include loss-of-function of 11-beta-80 
hydroxysteroid dehydrogenase 2(46) and Liddle syndrome (gain-of-function mutation in 81 
ENaC)(10, 20, 44, 72). 82 
 83 
The majority of patients with low-renin hypertension fall between these two extremes of overt 84 
hyperaldosteronism or a syndrome of apparent mineralocorticoid excess. These patients have a 85 
low level of renin and low-to-normal aldosterone and do not have a clear etiology for 86 
hypertension. Previously, this phenotype may be labeled as subclinical hyperaldosteronism or 87 
“essential” hypertension. When this biochemical profile is associated with resistant 88 
hypertension, the PATHWAY-2 study demonstrated that this cohort is more sensitive to 89 
mineralocorticoid receptor antagonists or ENaC inhibitors than to other antihypertensive 90 
agents(81, 82). For patients of this phenotype, we outline the concept of “aldosterone 91 
sensitivity”, how it may account for elevated blood pressure, and how it may affect outcomes 92 
(Figure 1). 93 
 94 
Aldosterone sensitivity is defined as an outcome variable for a given circulating level of 95 
aldosterone(33). In basic and translational studies, aldosterone sensitivity has been defined by 96 
end-organ responsiveness (e.g., changes in urine sodium and potassium). For clinical studies, 97 
aldosterone sensitivity has been defined by the degree of blood pressure elevation for a given 98 
level of aldosterone. Notably, the physiologic mechanisms of aldosterone sensitivity (for 99 
example, increased MR vs. ENaC expression) are not yet known. Based on the consequences 100 
of low-renin hypertension, as noted above, differences in sensitivity to aldosterone are of clinical 101 
significance. There are several small-scale studies in animals and humans that support a 102 
compelling theory of sensitivity, and that motivate further work to elucidate mechanisms, which 103 
could lead novel diagnostics and treatment strategies.  104 



 105 
Basic and Translational studies demonstrating renal sensitivity to aldosterone 106 
 107 
Several key studies from the 1970s provided early evidence suggesting that the kidney may 108 
have variable responses to aldosterone under a variety of conditions.   109 
 110 
In 1976, Kolanowski et al. evaluated- in 12 obese women-  the influence of fasting on natriuretic 111 
response to an aldosterone infusion(42). The authors noted that in the early days of a fast, 112 
participants who received an aldosterone infusion showed an attenuated antinatriuretic 113 
response (40% lower) compared to the same participants prior to their fast, suggesting some 114 
state-dependent influence on end-organ responsiveness and decreased sensitivity to a given 115 
level of aldosterone.  116 
 117 
Starting in 1977, Adams et al. published results from several studies exploring other factors that 118 
might influence renal sensitivity to aldosterone in rats(1-3). In the first of these studies, female 119 
rats were fed a high vs. low potassium diet, followed by bilateral adrenalectomy(1). The 120 
investigators then supplemented the animals with sodium and glucocorticoids, and 121 
subsequently injected a series of varying concentrations of aldosterone. They then measured 122 
urine levels of sodium and potassium to determine the renal response to aldosterone. The rats 123 
were then injected with tritium-labeled aldosterone (3H-aldosterone) and sacrificed to investigate 124 
patterns of mineralocorticoid receptor expression in renal tubular epithelial cells. The results of 125 
this study demonstrated that in high vs. low potassium-fed rats, there was an increased renal 126 
response to a given dose of aldosterone, measured by an increase in the urine potassium: 127 
sodium ratio. The authors did not detect a significant difference in mineralocorticoid receptor 128 
expression between these groups. A subsequent study within the same paper demonstrated an 129 
increase in responsiveness to fixed levels of aldosterone in adrenalectomized rats who were 130 



given increased levels of 5-alpha dihydrocortisol, a cortisol metabolite with minimal 131 
mineralocorticoid effect(2). These findings together further support the notion that there are 132 
possible physiologic influences on the kidney’s ability to respond to a given level of aldosterone, 133 
and that adjusting these influences may also adjust the renal sensitivity to aldosterone.  134 135 
In 1979 Adams et al. demonstrated a significant variance in the effect of a given level of 136 
aldosterone on end-organ responsiveness. These authors evaluated 13 hypertensive patients to 137 
assess whether there were differences in end-organ responsiveness to aldosterone, and 138 
whether this could contribute to their development of hypertension(3). This study was conducted 139 
in three phases, and at the end of each, they measured plasma levels of aldosterone and renin 140 
and urine levels of sodium and potassium to assess renal response to aldosterone (i.e., ratio of 141 
urine potassium: sodium after an aldosterone infusion normalized to the ratio pre-infusion). The 142 
authors also measured trans-rectal potential difference to assess rectal response to aldosterone 143 
(i.e. using a trans-rectal electrode, the maximal potential difference four to six hours after 144 
aldosterone infusion).  The first phase had all patients on low-sodium diets for four days prior to 145 
measuring renal and rectal responses to aldosterone(11, 12, 27). For the next several days, 146 
patients were treated with a normal sodium diet at the end of which they received an infusion of 147 
aldosterone and a repeat of these measurements. Lastly, they received spironolactone for three 148 
more days with a repeat of the same measurements. The results demonstrated a direct 149 
correlation between the renal response and rectal response to aldosterone infusion (Figure 2). 150 
Notably, patients demonstrated a wide range (6-fold) of these responses, suggesting that a 151 
fixed level of aldosterone led to a variable end-organ effect in two aldosterone-sensitive tissues. 152 
These data support the notion that patients with hypertension can have an integrated 153 
mineralocorticoid effect that is determined by both the plasma hormone concentration, and the 154 
kidney’s response. 155 156 



Overall, this series of research studies demonstrated that there are several factors that 157 
modulate the kidney’s ability to respond to a given level of aldosterone, and that different 158 
persons may inherently have different end-organ responses. Of note, other studies have shown 159 
variability in upstream factors along the renin-angiotensin-aldosterone axis(4), though these 160 
mechanisms would result in differences in aldosterone secretion. These factors include dietary 161 
sodium intake, sympathetic stimulation of renin, and angiotensin II-mediated aldosterone 162 
secretion. Changes in sodium reabsorption are widely recognized to contribute significantly to 163 
blood pressure(23, 46, 58), but the implications of renal sensitivity to aldosterone still require 164 
further investigation. Notably, Adam et al. demonstrated that responsiveness across organ 165 
systems directly correlated(3). Taken together, these data support the notion that there are 166 
patients who are particularly sensitive to aldosterone, and that perhaps this has 167 
pathophysiologic effects on sodium balance and blood pressure regulation. 168 
 169 
Clinical studies on blood pressure sensitivity to aldosterone 170 
While earlier studies demonstrated components of renal sensitivity to aldosterone and how this 171 
sensitivity differs across patients, they did not evaluate how this sensitivity might impact blood 172 
pressure.  More recent clinical studies have sought to assess how renal sensitivity to 173 
aldosterone might translate into blood pressure sensitivity as well. 174 
 175 
Blood pressure sensitivity to aldosterone is a newer concept, proposed initially by Tu et al. 176 
based on observations of the differential blood pressure response in Blacks vs. whites to the 177 
mineralocorticoid, 9α-fludrocortisone, used to mimic hyperaldosteronism(60, 75). Findings from 178 
the experiment were later reinforced by data from observational studies of young Blacks and 179 
whites prospectively followed for 20 years from childhood to adulthood. A central observation 180 
throughout these studies is that blood pressure increases disproportionately in response to 181 



aldosterone (i.e., an increased aldosterone sensitivity), especially in Blacks, and that 182 
aldosterone sensitivity increases with age.  183 
 184 
Race/ethnicity differences in blood pressure sensitivity to aldosterone 185 
In Blacks, there is an increased prevalence of hypertension despite lower levels of aldosterone. 186 
In 1989, Pratt et al. demonstrated in this cohort that Black children had, on average, 40% less 187 
aldosterone secreted than white children(60). They also observed that, on average, Black 188 
children had higher blood pressures than white children, suggesting a difference in 189 
aldosterone’s influence on blood pressure. 190 
 191 
In 2014, Tu et al. published results from this cohort, when study participants reached adulthood, 192 
specifically focusing on racial differences between Blacks and whites and the influence of 193 
aldosterone on blood pressure as well as responsiveness to 9α-fludrocortisone, an exogenous 194 
mineralocorticoid(75). These investigators initially enrolled children ages 5-17 years old in 1986 195 
from Indianapolis schools. These participants underwent testing of plasma renin activity and 196 
aldosterone concentrations, as well as blood pressure recordings, which were repeated 197 
periodically over the ensuing years. Of note, the authors did not evaluate the effect of dietary 198 
sodium on measurements of plasma renin activity and plasma aldosterone concentrations. The 199 
same participants were invited back in 2008 to undergo the same testing, at this point excluding 200 
participants that were already on antihypertensive treatment. For children of the same age, 201 
Blacks had significantly lower levels of aldosterone, plasma renin activity, and a higher 202 
aldosterone-to-renin ratio than whites. In adults, a very similar pattern was observed. The 203 
authors reported a strong blood pressure association with plasma aldosterone concentration, in 204 
Blacks but not in whites, especially when plasma renin activity levels were low. Again, patterns 205 
were consistent in children as well as in adults. The observation that aldosterone was able to 206 
elicit a stronger blood pressure response when renin was low, points to the influence of 207 



extracellular fluid volume expansion on blood pressure in these participants.      208 
 209 
In the same study, Tu et al. also enrolled healthy participants to undergo treatment with 9α-210 
fludrocortisone, and measured blood pressure responses with an ambulatory blood pressure 211 
monitor(75). After administration of fludrocortisone, Blacks experienced a significant increase in 212 
systolic blood pressure of ~5-6mmHg, in weight gain, and in elevation of B-type natriuretic 213 
peptide levels, which served as a surrogate for intravascular volume expansion. In contrast, 214 
none of these changes were observed in whites. Of note, aldosterone levels decreased in 215 
response to fludrocortisone treatment in both groups; however the change was much larger in 216 
Blacks. These two studies together suggest that at all ages, Blacks have increased blood 217 
pressure sensitivity to mineralocorticoids than whites. 218 
 219 
In 2017 Tu et al. published another study using data from this cohort investigating the effect of 220 
varying aldosterone levels on plasma potassium in Black and white participants(74). The study 221 
compared blood pressure, plasma renin activity, plasma aldosterone and serum potassium 222 
levels in adults and children of Black or white race. They demonstrated, that on average, Black 223 
participants had lower plasma renin activity and lower plasma aldosterone concentrations in 224 
comparison to whites, regardless of age. Black children also had higher mean systolic and 225 
diastolic blood pressures compared to white children. Despite these factors, mean serum 226 
potassium concentrations were nearly identical when comparing Black versus white adults as 227 
well as when comparing Black versus white children. They speculated that Blacks required a 228 
lower level of aldosterone to maintain serum potassium in a physiologically optimal range, at the 229 
expense of elevated blood pressure. 230 
 231 
These studies focused on racial differences in blood pressure and physiologic responses to 232 
mineralocorticoids. Blacks showed higher aldosterone responsiveness to blood pressure, 233 



potassium handling and extracellular volume expansion. These studies also suggested that 234 
these differences were evident in childhood and preserved into adulthood, and provide an 235 
opportunity to also explore the role of age on responsiveness to aldosterone. 236 
 237 
Age-related differences in blood pressure sensitivity to aldosterone 238 
With increasing age, the incidence of hypertension increases but plasma aldosterone 239 
concentrations decrease(36, 45, 50, 78). To assess for age-related changes in blood pressure 240 
sensitivity to aldosterone, it is first useful to consider that with age, aldosterone production is 241 
increasingly independent of the renin-angiotensin axis. In a series of elegant studies, Nanba 242 
and colleagues demonstrated that with low dietary sodium, aldosterone was less effectively 243 
stimulated, and with high dietary sodium, aldosterone was less effectively suppressed(50, 51). 244 
The aldosterone-to-renin ratio also increased with age. In a parallel cohort, the magnitude of 245 
CYP11B2 (aldosterone synthase) expression in adrenal tissue decreased with age, consistent 246 
with lower overall aldosterone production; however histologic data showed an increase in the 247 
area of presumably autonomous aldosterone-producing cell clusters.  248 
 249 
Tu et al.  demonstrated age-related effects on aldosterone sensitivity and blood pressure in the 250 
Indianapolis cohort(76). Estimating the magnitude of the association between plasma 251 
concentrations of aldosterone and blood pressure as a function of age, again comparing Blacks 252 
and whites (Figure 3). In Blacks, the authors demonstrated higher systolic and diastolic blood 253 
pressures for the level of plasma aldosterone, an association that strengthened with age. This 254 
change was not nearly as robust in whites. Both Blacks and whites demonstrated decreased 255 
plasma and urine aldosterone concentrations, plasma renin activity, and an increased 256 
aldosterone-to-renin ratio (though this rate of increase was greater in Blacks) among persons 257 
older in age. This study demonstrated that aldosterone sensitivity may also increase with age, 258 
particularly in Blacks. This cohort was healthy and quite young even in adulthood (<= 37 years), 259 



and younger than the cohorts studied by Nanba et al.(50, 51). Taken together, an age-related 260 
increase in blood pressure sensitivity to aldosterone may occur prior to the detection of clinical 261 
hypertension and may synergize with autonomous aldosterone production to contribute to the 262 
development of age-related hypertension. 263 
 264 
Clinical studies of the mineralocorticoid receptor as a target for resistant hypertension 265 
 266 
Patients with resistant hypertension should be screened for primary aldosteronism according to 267 
multiple available hypertension guidelines including the recent American Heart Association/ 268 
American College of Cardiology 2017 guidelines and the European Society of 269 
Cardiology/European Society of Hypertension 2018 guidelines(20, 80, 83). Interestingly, recent 270 
data suggest that screening rates for primary aldosteronism among patients with resistant 271 
hypertension are low in clinical practice(40, 62, 69). However, there is still a significant 272 
proportion of patients with resistant hypertension who do not carry a diagnosis of primary 273 
aldosteronism who may benefit from mineralocorticoid receptor antagonists, many of whom fall 274 
into the category of low-renin hypertension(17, 28, 37, 49, 54). 275 
 276 
Small studies demonstrating efficacy of mineralocorticoid receptor antagonists in resistant 277 
hypertension 278 
Initially small-scale studies were designed to evaluate the utility of mineralocorticoid receptor 279 
blockade in management of resistant hypertension.  280 
 281 
In 2002 Ouzan et al. published a study examining the efficacy of spironolactone in reducing 282 
blood pressure in 25 patients with resistant hypertension(57). They classified patients as having 283 
resistant hypertension if maximally treated with more than two anti-hypertensive agents with 284 
persistently elevated blood pressure, though on average, patients were on three anti-285 



hypertensives at the time of enrollment. Patients were excluded if they had previously been 286 
treated with spironolactone. Patients were then treated with 1mg/kg of spironolactone, which 287 
was either added to their regimen or replaced an angiotensin converting enzyme inhibitor. 288 
Patients were then monitored with an ambulatory blood pressure device, and once they 289 
achieved blood pressure control, they were continued on spironolactone as their providers 290 
eliminated other antihypertensives in their regimen. After one month, 23 of 25 patients achieved 291 
blood pressures under 140/90 mmHg, and by two months all patients had achieved this blood 292 
pressure goal. Average systolic blood pressures dropped from 152 mmHg to 128 mmHg. 293 
Furthermore, the average antihypertensive regimen was significantly reduced from 3.2 294 
medications to 2.1 in the three-month period with five patients achieving adequate control on 295 
spironolactone monotherapy. While the group did not measure plasma concentrations of 296 
aldosterone, the authors demonstrated the efficacy of spironolactone in controlling blood 297 
pressures in patients with resistant hypertension and were even able to trim their regimens 298 
down once spironolactone was introduced. 299 
 300 
Nishizaka et al. sought to evaluate spironolactone as an add-on therapy in 76 patients with 301 
resistant hypertension in 2003(54). The patients were all held to stricter criteria for resistant 302 
hypertension than in the previously described study – they all had to be on at least three anti-303 
hypertensives, one of which was a diuretic. Patients were started on low-dose spironolactone 304 
and followed for 6 months. Of the 76 patients, 56 had low-renin hypertension and 34 were found 305 
to have primary aldosteronism. Patients experienced a significant decrease in blood pressure 306 
with the addition of spironolactone with a mean decrease of 25 mmHg in systolic pressures over 307 
a six-month period. Similar effects were seen regardless of whether patients had primary 308 
aldosteronism, although those with primary aldosteronism did on average require higher doses 309 
of spironolactone to meet efficacy. 310 
 311 



In 2005, Saha et al. explored the effects of ENaC inhibition on management of hypertension in 312 
Black patients with hypertension not controlled by calcium channel blockers and more 313 
proximally-acting diuretics(63). They conducted a study of factorial design and randomized 314 
Black patients who were already taking a calcium channel blocker plus either a loop or 315 
thiazide/thiazide-type diuretic into groups taking either a direct ENaC inhibitor (amiloride), an 316 
indirect inhibitor by antagonism of the mineralocorticoid receptor (spironolactone), a 317 
combination of the two or placebo. Patients were excluded if they had elevated baseline 318 
creatinine or if they had a plasma renin activity >0.56 ng/L in order to focus on patients whose 319 
hypertension was more volume-dependent. Patients underwent therapy for nine weeks, and 98 320 
patients were included in the analysis. The study found that amiloride reduced systolic and 321 
diastolic pressures by 9.8 ±1.6 and 3.4±1.0 mmHg, respectively – for spironolactone, blood 322 
pressures were decreased by 4.6 and 1.8mmHg, respectively. The combination had an additive 323 
effect without observed interaction. This study further demonstrated that in the Black population, 324 
patients with lower plasma renin activity experienced augmented blood pressure control by 325 
inhibitors of the ENaC pathway. 326 327 
These studies demonstrated the effects of mineralocorticoid receptor antagonists for 328 
management of patients with resistant hypertension. Furthermore, Nishizaka et al. studied a 329 
population with a high proportion of low-renin hypertension without primary aldosteronism who 330 
also benefited from the medication. Similar effects have been demonstrated with eplerenone in 331 
patients with resistant hypertension(20, 79). 332 333 
PATHWAY-2 Trial 334 
Until 2015 there had been no large-scale randomized trials to explore mineralocorticoid receptor 335 
antagonism as a treatment for resistant hypertension. A meta-analysis by Dahal et al. in 2015 336 
had concluded, largely from observational data, that aldosterone antagonism was an effective 337 



therapy in treatment of resistant hypertension(24). However, in 2015 the PATHWAY-2 group 338 
published a large clinical trial to demonstrate this effect. 339 
 340 
The intention of PATHWAY-2 was to compare spironolactone to other add-on therapies for 341 
patients with resistant hypertension(81). The investigators enrolled patients between 18 and  342 
79 years old who remained hypertensive after maximal doses on three medications (ACE 343 
inhibitor, calcium channel blocker, and a diuretic). Patients with a diagnosis of primary 344 
aldosteronism were excluded. PATHWAY-2 trial patients were initially treated with a month of 345 
placebo, and then randomized into 12-week cycles through four groups of treatment – placebo, 346 
spironolactone, doxazosin, or bisoprolol as add-ons to their existing therapy. Patients were then 347 
invited to a 12-week open-label cycle with amiloride. Primary outcomes were the difference 348 
between blood pressures in spironolactone vs. placebo groups, as well as difference between 349 
home blood pressures in spironolactone vs. other medication treatment groups. The authors 350 
also measured plasma renin activity and aldosterone in patients prior to randomization to 351 
examine whether these measurements would correlate with responses to spironolactone. 352 
 353 
The findings of this trial demonstrated that spironolactone produced the strongest reduction in 354 
systolic and diastolic blood pressures compared to placebo, bisoprolol, and doxazosin. 355 
Furthermore, the blood pressure response with spironolactone was inversely correlated with 356 
plasma renin concentration; the largest change in blood pressure was found in patients with 357 
low-renin states. However, regardless of plasma renin concentration, the majority of patients 358 
had a larger reduction in blood pressure with spironolactone. Almost 60% of enrolled patients 359 
achieved adequate blood pressure control, defined as home systolic blood pressure < 135 360 
mmHg with the addition of spironolactone during the three months in which they took this 361 
medication. 362 
 363 



Substudies were conducted on the PATHWAY-2 population to elucidate mechanistic 364 
explanations for the effect of spironolactone on resistant hypertension(82). In the spironolactone 365 
group, investigators showed that the higher the baseline aldosterone: renin ratio, the greater the 366 
reduction in blood pressure was observed. They also were able to predict based on the plasma 367 
renin concentration alone, though to a lesser degree; plasma aldosterone provided less 368 
discriminatory power. Neither plasma renin concentration nor aldosterone predicted the 369 
response to other antihypertensive agents. Also, using thoracic electrical bioimpedance 370 
cardiography, patients who were treated with spironolactone had the largest reduction in 371 
thoracic fluid volumes rather than through systemic vasodilation, implicating natriuresis as a 372 
mechanism of the superior benefit observed with spironolactone. Furthermore, patients 373 
demonstrated an equivalent blood pressure response with spironolactone compared to 374 
amiloride, implicating ENaC as the main target of spironolactone (Figure 4). Changes in ENaC 375 
activity may alter renal and therefore, blood pressure sensitivity to aldosterone; however, ENaC 376 
is expressed in other tissues(58). Therefore, although these data are congruent with those of 377 
Adam et al.(3), parallel assessment of renal and blood pressure sensitivity within the same 378 
cohort is needed. 379 380 
The PATHWAY-2 trial demonstrated several findings. First, there is a significant improvement in 381 
blood pressure control when patients with resistant hypertension add mineralocorticoid receptor 382 
antagonists to their regimen(81). Second, this benefit can be predicted by the level of plasma 383 
renin concentration and even more so by the aldosterone-to-renin ratio. Taken together with 384 
findings by Brown et al.(17), these studies show that within the subset of patients with resistant 385 
hypertension, primary and subclinical hyperaldosteronism may be underrecognized. A possible 386 
mechanism for this form of hypertension may be two-fold: (1) independent low-level aldosterone 387 
secretion as shown by Nanba et al.(50, 51) and (2) an accentuated response (or sensitivity) to 388 
aldosterone. One might consider this duality a “syndrome of inappropriate aldosterone action” 389 



wherein normal or near normal plasma concentrations of aldosterone are higher than what 390 
would be required to maintain plasma volume, blood pressure, and cardiac output.   391 
 392 
Implications for future basic and clinical research 393 
 394 
The basic and clinical research studies described herein demonstrate a wide range of 395 
responses to aldosterone or to blockade of its action via mineralocorticoid receptor antagonists 396 
or ENaC inhibitors. Multiple investigators spanning decades of research have shown that 397 
regulation of ENaC activity plays a pivotal role in aldosterone-mediated sodium reabsorption 398 
and hypertension(14, 71). Other pathways downstream of aldosterone contribute to blood 399 
pressure regulation, including the indirect, via potassium, and direct regulation of sodium-400 
chloride co-transport in the distal convoluted tubule and more recently, pendrin in the 401 
intercalated cells(9, 59, 61). Extrarenal actions of aldosterone and ENaC are also operative in 402 
blood pressure regulation and contributed to end-organ effects on the cardiovascular 403 
system(55, 58). 404 
 405 
Thus far, in clinical practice, with the rare exceptions of the syndrome of apparent 406 
mineralocorticoid excess, direct inhibition of ENaC is rarely used. However, the largest subset of 407 
low-renin hypertension may be appropriate candidates for blockade of aldosterone action 408 
whether by mineralocorticoid receptor antagonists or ENaC inhibition. Genetic forms of the 409 
Liddle phenotype are likely more common than appreciated and warrant ENaC inhibition(6, 41, 410 
73). 411 
 412 
Blood pressure sensitivity to aldosterone may exist across a broad spectrum that differs across 413 
race/ethnic groups and perhaps, within persons. Tu et al. have compared a small cohort of 414 
Blacks vs. whites, but where other race/ethnic groups fall along this spectrum is unknown. 415 



Oliver, et al. reported that Yanomami people have very high levels of plasma aldosterone (and 416 
plasma renin activity) but virtually no hypertension(56) - within the context of our current 417 
discussion, this would suggest low aldosterone sensitivity among the Yanomami population. 418 
This phenomenon may be the result of their ‘no-salt, high-potassium’ diet, but nonetheless, 419 
represents a contrast to Blacks, and requires further study to better understand potential 420 
mechanisms.  421 
 422 
From the perspective of basic and translational research, we speculate that differences in renal 423 
sensitivity to aldosterone may be due to increases in mineralocorticoid receptor expression, 424 
either within a cell or along the nephron, or a higher tonic level of activity or an amplified 425 
response to a fixed dose of aldosterone. Topics for future basic research must bridge the gap 426 
between our knowledge of aldosterone signaling in the distal nephron, mechanisms of 427 
differential renal sensitivity to aldosterone, and cohorts with differential blood pressure 428 
sensitivity to aldosterone (e.g., Black vs. white, and older vs. younger patients).  ENaC subunits 429 
exhibiting Liddle’s syndrome mutations demonstrate what would be maximal aldosterone 430 
sensitivity on one end of a continuum (Figure 1). While the few kindreds of Liddle’s syndrome 431 
patients have not been assayed, preclinical models of Liddle’s syndrome mutations demonstrate 432 
higher responses to aldosterone than wild-type ENaC in vitro(7, 52) and in vivo(13, 25).  433 
 434 
Potential areas of exploration include but are not limited to: 1) mineralocorticoid receptor 435 
activity; 2) downstream mediators of aldosterone action, SGK1-Nedd4-2-ENaC; 3) abundance 436 
of MR and ENaC-expressing cells; and (4) other aldosterone-mediated transporters of sodium 437 
and chloride. MR expression can be regulated by ubiquitination(31). Regulation of MR is 438 
primarily via ligand binding (primarily aldosterone or cortisol), but rare mutations in MR may alter 439 
ligand affinity and lead to aberrant MR activation(35). Also, rare mutations and more common 440 
polymorphisms in 11β-HSD2, the rate-limiting enzyme that provides specificity for aldosterone 441 



(vs. cortisol) to bind MR, can lead to variable severity of hypertension(32). More subtle 442 
regulation of 11β-HSD2 abundance or activity may also influence MR activation(16, 32). 443 
Increased MR responsiveness may occur through binding of a small GTPase, Rac-1. This 444 
enhancer of MR activation has been implicated in salt-sensitive hypertension(66), proteinuric 445 
kidney disease(67), and  heart failure(8). Dephosphorylation of MR in intercalated cells, 446 
mediated by angiotensin II or hypokalemia can increase pendrin abundance and contribute to 447 
hypertension(9, 59, 65, 68). MR can have genomic and nongenomic effects. One of the most 448 
well-characterized genomic effects is rapid up-regulation of SGK1(22, 31). SGK1 is a MR-449 
dependent mediator of ENaC-mediated sodium transport by phosphorylation and inhibition of 450 
Nedd4-2, a potent inhibitor of ENaC, implicated in the pathogenesis of Liddle’s syndrome(15, 451 
26). SGK1 activation or Nedd4-2 deletion may also increase hypertension via increased ENaC 452 
activity in principal cells(38, 39, 64). We also speculate that differences in the number of MR 453 
and ENaC-expressing cells in the collecting duct, as observed with stimuli of tubular remodeling, 454 
may be another factor in aldosterone sensitivity(29, 84). Aldosterone may also stimulate 455 
hypertension independent of ENaC, e.g., via sodium-chloride co-transporters and pendrin(9, 59, 456 
61). 457 
 458 
From the perspective of clinical research, it will be important to elucidate whether aldosterone 459 
sensitivity differs in healthy persons alone as demonstrated by Pratt and colleagues, or across a 460 
population of patients with hypertension as suggested by Adam et al.(3, 75, 76).  461 
Novel measures to assess for changes in aldosterone sensitivity in large cohorts will also 462 
advance the field. Assessment of a renal, or rectal response to a controlled aldosterone infusion 463 
is not pragmatic in clinical medicine. Response to mineralocorticoid receptor antagonists may 464 
be useful but may not address effects of aldosterone sensitivity on medium-term (e.g., left 465 
ventricular hypertrophy) or long-term cardiovascular events (e.g., myocardial infarction, atrial 466 
fibrillation, heart failure, stroke, or kidney disease). Perhaps a metric based on both 467 



epidemiologic and clinical data that incorporates blood pressure with plasma renin activity, 468 
aldosterone, and potassium would be a valuable surrogate. The implications of demonstrating 469 
and accounting for changes in blood pressure sensitivity to aldosterone would fundamentally 470 
alter how we currently interpret plasma aldosterone for the diagnosis of Conn’s syndrome or 471 
syndromes of apparent mineralocorticoid excess(34). 472 
 473 
Other endocrine systems harbor differential sensitivity to hormones (e.g., insulin resistance and 474 
growth hormone resistance), so it is not surprising that sensitivity to aldosterone exists. 475 
However, despite our knowledge of the renin-angiotensin-aldosterone system, there is still much 476 
to learn about downstream aldosterone action and its clinical utility in addressing cardiovascular 477 
health.  478 
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Figure legends: 768 
Figure 1:  769 
Spectrum of low-renin hypertension. Low-renin hypertension is comprised of 20-25% of all 770 
patients with hypertension. Among these patients, approximately 40% have Conn’s syndrome or 771 
primary aldosteronism have the highest circulating aldosterone with normal to low sensitivity 772 
(white bar). Approximately 2% have a syndrome of apparent mineralocorticoid excess, arguably 773 
have the lowest aldosterone levels with the highest effective level of aldosterone (blue bar). The 774 
majority of patients fall between these extremes and have (1) subclinical hyperaldosteronism for 775 
which a proportion may have heightened aldosterone sensitivity or (2) essential hypertension 776 
(red bar). APA, aldosterone-producing adenoma; BAH-bilateral adrenal hyperplasia; AME, 777 
apparent mineralocorticoid excess. 778 
 779 
Figure 2: 780 
(A) The relationship between the responses of the kidney and rectum to an aldosterone 781 
infusion. Black squares represent individual values in the patients and (X), repeat studies in four 782 
of the patients after being on spironolactone 100 mg three times a day for four days. The 783 
correlation between the two responses was highly significant (P < 0.001). (B) The relationship 784 
between 24-hour urine [K+]/[Na+] (as a measure of the integrated aldosterone effect) and the 785 
predicted aldosterone activity (obtained by multiplying the log of the 24-hour urinary aldosterone 786 
excretion by the rectal response, r1). The relationship was highly significant (P < 0.02). Adapted 787 
from Adam, et al., 1979(3). 788 
 789 
Figure 3: 790 
Age-specific estimates of the aldosterone-systolic blood pressure (SBP) association in Blacks 791 
and whites. A and B, Magnitudes of the estimated aldosterone-SBP association significantly 792 
increased with age in Blacks (P<0.01) but not in whites. The 2 estimated regression coefficient 793 



curves were significantly different per bootstrap test (P=0.023). C and D, Age-specific estimates 794 
of the aldosterone-diastolic BP (DBP) in whites and in Blacks. Shaded regions represent 95% 795 
pointwise confidence intervals of the mean curves. Adapted from Tu et al. 2018(76). 796 797 
Figure 4: 798 
Correlations of plasma aldosterone, renin, and ARR, with blood pressure response to 799 
spironolactone averaged (mean) across the 6-week and 12-week visits of each treatment cycle 800 
(A) Relation between baseline plasma renin, aldosterone, and the ARR and the home systolic801 
blood pressure response to spironolactone. (B) Best-fit relation between plasma aldosterone 802 
and renin concentrations at baseline. Regression equations for change in systolic blood 803 
pressure (y): y=(–25·20)+6·86 × (log10renin), r²=0·116 (proportion of variance accounted for by 804 
the model); y=8·92–9·85 × (log10aldosterone), r²=0·034; and y=(–8·87)–6·87 × (log10ARR), 805 
r²=0·138. Regression equation for aldosterone vs renin: log10aldosterone=2·60–0·279 × 806 
(log10renin) + 0·081 × (log10renin)², r²=0·043. ARR=aldosterone-to-renin ratio. Adapted from 807 
Williams et al. 2018(82). 808 











Aldosterone sensitivity: an opportunity to 
explore the pathogenesis of hypertension

Review

CONCLUSION Variable responses to aldosterone have been demonstrated in patients.
Black race and older age are associated with higher aldosterone sensitivity and blood 
pressure. Mechanistic studies of end-organ response to aldosterone and clinical biomarkers for 
aldosterone response are needed to inform the pathogenesis of low-renin hypertension.doi here 

Several factors 
modulate the 
kidney’s ability to 
respond to a given 
level of aldosterone

-Aldosterone action is an
integration of aldosterone
secretion and tissue response

-Recent discoveries including
regulation of MR may underlie
aldosterone sensitivity

Basic and Translational studies

Clinical studies

Different 
persons have 
different 
responses

BP increases 
disproportionately 
in response to 
aldosterone, mainly 
in blacks and 
sensitivity 
increases with age

A significant proportion of patients 
with low-renin resistant 
hypertension and normal 
aldosterone, benefit from 
mineralocorticoid receptors 
antagonists or ENaC inhibitors
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