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ABSTRACT

Objective: The objective of this study is to evaluate the correlation between the fat-to-muscle ratio (FMR) and insulin resistance
(IR) with aldosterone production among patients with idiopathic hyperaldosteronism (IHA).

Methods: Patients with primary aldosteronism were screened from those with secondary hypertension and then subtyped via
adrenal venous sampling. A total of 199 patients with IHA and 186 with essential hypertension (EH) (controls) were studied.
Baseline clinical characteristics, including data on diabetes and ITHA, were collected. The FMR was evaluated based on the
distribution of adipose tissue and muscle, measured by a body composition analyzer.

Results: The prevalence of diabetes and prediabetes was significantly higher in patients with THA compared to those with
essential hypertension. IHA patients also had significantly higher hemoglobin Alc(HbAlc) levels, homeostatic model assess-
ment of insulin resistance (HOMA-IR), and much lower quantitative insulin sensitivity check index scores than the EH group.
FMR was positively associated with fasting insulin, HOMA-IR, aldosterone-to-renin ratio (ARR), and age. A higher FMR was
linked to the prevalence of IHA, with a stepwise increase in risk observed from the lowest to the highest quartiles of FMR.
Logistic regression analysis showed that both HOMA-IR and body mass index contributed to the elevated FMR. IHA may result
from a substantial loss of muscle mass accompanied by fat accumulation.

Discussion: In this retrospective study, our findings suggest that FMR could serve as a valuable metric for early intervention
and comanagement strategies in patients at risk of sarcopenic obesity. This approach could help block the progression from
aldosterone-producing cell clusters to IHA, potentially inhibiting aldosterone overproduction in such patients.

1 | Introduction obesity compared to those with APA, although the underlying
cause is still not fully elucidated.

Primary aldosteronism (PA) is the most common endocrine
cause of secondary hypertension and is associated with

increased cardiovascular morbidity [1]. The pathogenesis of

Adrenal hyperplasia is surrounded by perirenal adipose tissue and
contains islets of adipocytes intermingled with adrenocortical

the most common bilateral form of PA, idiopathic hyper-
aldosteronism (IHA), is believed to differ from that of
aldosterone-producing adenoma (APA). Patients with THA
exhibit more metabolic disorders and a higher prevalence of

cells, facilitating cell-to-cell communication. The interactions
between adipocytes and steroidogenic cells appear to be
bidirectional [2]. It has been identified that peri- and intra-adrenal
adipocytes may exert control over aldosterone production [3].
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Metabolic syndrome is more frequent in patients with PA than in
those with essential hypertension (EH). Hypertension is strongly
associated with metabolic syndrome through pathophysiological
mechanisms involving obesity [4]. There is a significant rela-
tionship between higher body fat percentage and PA. Among
patients with PA, the prevalence of obesity is significantly higher
in [HA patients than in APA patients [5]. Additionally, aldos-
terone concentration has been found to decrease following weight
loss in severely to morbidly obese individuals [6]. It is suggested
[7] that obesity-related factors may contribute to the pathogenesis
of THA, and a positive association between plasma aldosterone
concentration (PAC) and visceral fat area has been observed in
patients with THA only [6]. However, these studies did not con-
sider fat and muscle together; factors such as sarcopenic obesity
(SO) and insulin resistance (IR) have not yet been evaluated,
despite their potential relevance to aldosterone production and
adrenal hyperplasia. It has been reported that the fat-to-muscle
ratio (FMR) is associated with IR and cardiometabolic disorders
in diabetic patients [8]. These considerations prompted us to
evaluate the distribution of adipose tissue and muscle in THA
patients. We aim to elucidate the correlation between FMR and
IR with aldosterone production, with the goal of offering lifestyle
recommendations that integrate both muscle and fat components
to prevent the pathogenesis of THA.

2 | Patients and Methods
2.1 | Patients

This was a retrospective observational study involving 385 pa-
tients, including 199 patients with IHA and 186 with EH, who
served as the control group. The two subgroups were selected
from a larger patient population consecutively referred to our
institution over the past three years, and were matched for sex,
age, and body mass index (BMI). Patients were excluded if they
met any of the following criteria: (1) other known causes of
secondary hypertension; (2) severe renal insufficiency, defined
as an estimated glomerular filtration rate (eGFR) < 30 ml/min/
1.73 m2, calculated using the CKD-EPI formula; or (3) severe
heart failure, classified as New York Heart Association (NYHA)
functional class III or above.

Before examination, anti-hypertensive medications that could
influence plasma PAC and plasma renin activity (PRA) were
discontinued and replaced with calcium channel blockers or
a-blockers. PAC and PRA were measured using chemilum-
inescence detection, and urinary sodium and potassium excretion
were determined using the ion-selective electrode (ISE) method.

This study was approved by the Ethical Committee of the Affil-
iated Hospital of Qingdao University, and written informed
consent was obtained from all patients participating in the study.

2.2 | Anthropometric Measurements

BMI (kg/m?2) was calculated using height and body weight upon
admission. Waist circumference (WC) was measured at the
umbilical level. Obesity was defined as a BMI > 25 kg/m2 ac-
cording to the 2016 Japanese guidelines for the management of

obesity. Central obesity, an essential component of metabolic
syndrome, was defined as WC > 85 cm for men and > 90 cm for
women, based on Japanese criteria [9].

Body composition was assessed using a body composition
analyzer (InBody 170, BIOSPACE, China). This single-
frequency device utilizes eight polar electrodes and a single-
point load-cell weighing system on the scale platform to provide
separate body mass readings for different body segments. An
algorithm incorporating impedance, age, and height was used
to estimate total and regional body fat and fat-free mass. Fat
mass, skeletal muscle mass, percentage body fat (PBF), and
visceral fat area (VFA) were measured and recorded. Total fat
and lean mass percentages, as well as appendicular lean mass
(ALM), were calculated using standard formulas [10]. The
skeletal muscle mass index (SMI) was calculated by dividing
appendicular skeletal muscle mass (kg) by height squared (m2).
The FMR was calculated as body fat mass (kg) divided by
muscle mass (kg) [11, 12].

2.3 | Screeing and Confirmatory Test for PA

The diagnostic procedure for PA at our hospital follows the
guidelines established by the Working Group on Endocrine
Hypertension of the European Society of Hypertension [13] and
the expert consensus of the Chinese Society of Endocrinology
[14]. Briefly, hypertensive patients with an aldosterone-renin
ratio (ARR)>20ng/mIU and a plasma PAC > 10ng/dL un-
derwent either a captopril challenge test or a saline infusion test
to confirm the diagnosis of PA. All medications were dis-
continued for 3 weeks (at least 6 weeks for spironolactone). In
cases where antihypertensive treatment could not be dis-
continued, calcium-channel blockers and/or a-receptor block-
ers were administered at the necessary doses to maintain blood
pressure control.

2.4 | Subtype Classification for PA

All patients with a confirmed diagnosis of PA underwent
adrenal computed tomography (CT) scanning for preliminary
classification. Adrenal CT findings were categorized into the
following possibilities: (1) normal-appearing adrenal glands; (2)
unilateral adrenal macroadenoma (> 1cm); (3) bilateral ade-
nomas with either macro- or microcharacteristics; or (4) mini-
mal, unilateral adrenal limb thickening. It is particularly
challenging to distinguish between subtypes in cases of small,
inconspicuous APAs or nodular hyperplasia due to significant
overlap in quantitative CT findings between APA and IHA.
Therefore, patients willing to undergo adrenalectomy were re-
ferred for adrenal vein sampling (AVS).

The criterion used to determine the lateralization of aldosterone
hypersecretion was established according to consensus guide-
lines [13-15]. The selectivity index (SI) for both the right and
left adrenal veins was calculated as the ratio of each adrenal
vein's cortisol level to the peripheral cortisol level. AVS was
considered successful if the SI was greater than 2.0. The later-
alization of aldosterone hypersecretion was assessed using the
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lateralization index (LI), which is the ratio of the aldosterone-
to-cortisol concentration on the dominant side to that on the
contralateral side. Lateralization was defined as an LI > 2.

2.5 | Evaluation for Insulin Sensitivity

Insulin sensitivity was assessed using three different methods
based on 75g OGTT values. The homeostasis model assessment
of insulin resistance (HOMA-IR) was calculated as the product of
fasting plasma insulin (uU/ml) and plasma glucose (mmol/l),
divided by 22.5. Insulin sensitivity was also evaluated using the
quantitative insulin sensitivity check index (QUICKI), proposed
by Katz et al., calculated as 1/[log (fasting plasma insulin) + log
(fasting plasma glucose)]. Additionally, the insulin sensitivity
index (ISI) proposed by Matsuda and DeFronzo [16] was calcu-
lated as ISI composite = 10,000/v([mean plasma insulin X mean
plasma glucose during OGTT] X [fasting plasma glucose X fasting
plasma insulin]). IC, IA, GAD, and IA-2 antibodies were mea-
sured to exclude type 1 diabetes.

Patients were evaluated when normokalemic and on normal
sodium intake, assessed by measurement of 24-h urinary sodium
excretion.

2.6 | Statistical Analysis

All analyzes were performed using SPSS version 25 (IBM Corp.,
released 2017). Continuous variables were expressed as
mean + SD or median and interquartile range, as appropriate.
Correlations were analyzed using the Spearman rank correla-
tion coefficient. Continuous variables were compared using
the t-test or the Mann-Whitney U test, depending on the data
distribution. The comparison of frequencies between two
groups was estimated using the chi-square test or Fisher's exact
test, as appropriate. Categorical variables were analyzed using
the chi-square test or Fisher's exact test. Two-tailed p-values of
< 0.05 were considered statistically significant.

Given that FMR may be correlated with aldosterone production,
we conducted further analyzes stratified by FMR. To evaluate
the correlation between FMR quartiles and aldosterone secre-
tion in THA, logistic regression was used to calculate univariate
and multivariate logistic regression coefficients.

3 | Results
3.1 | Baseline Characteristics

Demographic, anthropometric, and biochemical characteristics
of the IHA and EH patients are presented in Table 1. The mean
age in the IHA group was 65.04 +10.09 years, which was sig-
nificantly higher than that in the EH group (61.11 + 11.49 years).
THA patients had significantly higher PAC and ARR compared to
the EH group, as well as lower serum K+ and PRA levels
(p<0.05 and p <0.001, respectively). However, there were no
significant differences between the two groups in terms of total
cholesterol (TC), triglycerides (TG), uric acid, and eGFR.

Among the metabolic parameters, the prevalence of diabetes
and prediabetes was significantly higher in THA patients than
in EH patients. Additionally, IHA patients exhibited signifi-
cantly higher HbAlc, fasting insulin levels, and HOMA-IR
compared to the EH group. Accordingly, QUICKI was much
lower in the IHA group than in the EH group. Other labora-
tory values showed no statistically significant differences
between the two groups.

3.2 | The Distribution of Adipose Tissues and
Muscles in IHA Patients

THA patients had significantly higher BMI compared to the EH
group (p <0.05) in Table 2. Additionally, the IHA group ex-
hibited higher VFA and lower appendicular lean mass (ALM)
than the EH group (p <0.05), leading to a significantly lower
ALM/BMI ratio in ITHA patients (all p < 0.05). Furthermore, the
percentage of body fat (PBF) was 28.05+ 7.65% in the IHA
group, which was significantly higher than that in the EH group
(24.27 +£ 8.45%, p <0.001). Finally, the FMR (FMR) was also
significantly different between IHA and EH patients [0.41 (0.32,
0.51) vs. 0.36 (0.27, 0.50), respectively, p < 0.05]. Other labora-
tory values showed no statistically significant differences
between the two groups.

3.3 | Relationship Between FMR and RAAS in
IHA Patients

The correlation of FMR with RAAS and biochemical metabolic
variables is shown in Table 3. FMR was positively associated
with fasting insulin, HOMA-IR, ARR, and age, regardless of
gender. In contrast, FMR was inversely associated with PRA.

3.4 | FMR Quartile

As shown in Table 4, both HOMA-IR and BMI contributed to
the elevated FMR. Additionally, multinomial logistic regression
analysis demonstrated that the multivariable-adjusted odds
ratios for ARR in FMR quartile 4 compared to quartiles 1, 2, and
3 were 6.710, 0.082, 1.701, and 3.269, respectively. No signifi-
cant differences were observed in the trend analysis for other
variables when stratified by FMR quartiles.

4 | Discussion

Our study demonstrated that THA patients had significantly
higher HbAlc and fasting glucose levels compared to the EH
group. Correspondingly, the prevalence of diabetes and pre-
diabetes was significantly higher in IHA patients than in EH
patients, consistent with our previous findings [17]. It is known
that the prevalence of obesity and diabetes is higher in THA
than in APA, and insulin resistance (IR) is a leading cause of
glucose intolerance in IHA [18]. In this study, fasting insulin
levels and HOMA-IR were significantly higher in IHA patients
compared to the EH group, while QUICKI was significantly
lower. Notably, our previous study also indicated that THA
subjects had a higher prevalence of insulin resistance than EH
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TABLE 1 | Baseline characteristics of patients with IHA and EH.

IHA (n=199) EH (n=186) p-value
Age (years) 65.04 +10.09 61.11+11.49 <0.05
Sex (male/female) 111/88 115/71 > 0.05
Presence of type 2 diabetes (%) 44.22 33.87 <0.01
Presence of prediabetes (%) 42.71 32.26 <0.01
SBP (mmHg) 178.03 +22.29 173.87 +£23.73 > 0.05
DBP (mmHg) 100.00 + 16.85 103.33 £15.43 > 0.05
PAC (pg/mL) 140.60 (105.34, 102.90 (78.69, 138.90) <0.05

176.75)

PRA (ng/mL/h) 0.17 (0.09, 0.34) 1.99 (0.79, 3.09) < 0.001
ARR 57.02 (36.54, 142.66) 6.84 (3.54, 11.92) <0.001
Serum potassium (mmol/L) 3.73 £ 0.46 3.80 +0.35 <0.05
TC (mmol/L) 4.88+1.05 5.03 +£0.96 > 0.05
HDL (mmol/L) 1.34+0.21 1.41+0.25 >0.05
LDL (mmol/L) 2.76 +0.77 2.83+0.79 > 0.05
TG (mmol/L) 1.37 (0.98, 2.10) 1.42 (1.07, 2.31) >0.05
Uric acid (mmol/L) 356.68 + 83.01 363.70 + 97.31 > 0.05
eGFR (%) 73.33 +13.65 73.93 +13.89 > 0.05
HbAlc (%) 6.70 (6.26, 7.11) 6.20 (5.60, 7.10) <0.001
FPG (mmol/l) 5.87 (5.18, 6.55) 5.41 (4.73, 6.23) <0.001
Insulin (uU/ml) 11.76 (7.86, 17.15) 10.00 (6.60, 14.10) <0.05
HOMA-IR 3.21 (1.94, 4.81) 2.35 (1.52, 3.67) <0.01
QUICKI 0.23 (0.21, 0.26) 0.25 (0.23, 0.28) <0.01

Data were presented as mean + SD, median (interquartile range), or number (%). IHA, idiopathic hyperaldosteronism; BMI, body mass index; SBP, systolic blood pressure;
DBP, diastolic blood pressure; PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone-renin ratio; BMI, body mass index; FPG, fasting
plasma glucose; HOMA-IR, HOMA of insulin resistance; QUICKI, quantitative insulin sensitivity check index.

TABLE 2 | Anthropometric characteristics and body composition patterns in IHA and EH patients.

IHA (n=199) EH (n =186) p-value
BMI (kg/m?) 26.34 +3.39 25.75 + 2.86 <0.05
WC (cm) 83.72 +10.86 84.13 +9.48 > 0.05
BMR 1529.00 (1329.00, 1758.00) 1578.50 (1399.50, 1711.75) > 0.05
VFA (sz) 75.40 (60.20, 95.90) 70.96 (52.54, 92.96) <0.05
BF (kg) 20.18 (16.20, 24.57) 19.30 (15.55, 23.38) >0.05
PBF (%) 28.05+7.65 24.27 + 8.45 < 0.001
ALM (kg) 28.85 (23.35, 34.69) 30.77 £ 6.21 <0.05
ALM/BMI 1.09 (0.95, 1.26) 1.18 +0.22 < 0.001
FMR 0.41 (0.32, 0.51) 0.36 (0.27, 0.50) <0.05

BMI, Body Mass Index; WC, waist circumference; BMR, basal metabolic rate; VFA, visceral fat area; ALM, Appendicular lean mass; BF, body fat; PBF, percentage of body

fat; FMR, fat-to-muscle ratio.

subjects. Thus, IR emerges as a major contributor to the
increased risk of aldosterone production.

The etiology of THA is not yet fully understood. Several studies
have shown that the prevalence of obesity is significantly higher
in patients with IHA than in those with EH [6], and ITHA pa-
tients tend to have higher BMI and VFA than APA patients,

which is often associated with subclinical hypercortisolism.
These findings suggest that there may be a unique metabolic
cause of IHA that differs from APA and EH. However, there has
been a lack of studies examining subtype-specific metabolic
risks and body composition in THA patients. To our knowledge,
this is the first study to explore the relationship between FMR
and aldosterone levels in THA patients [19].
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TABLE 3 | Correlations of FMR with metabolism parameters and RAAS in patients with IHA with diabetes or prediabetes.

HbAlc INS PRA PAC BMI
(%) FBG mmol/1) (rU/ml) HOMA-IR (ng/mL/h) (pg/mL) ARR (kg/m?) Age (y)
T 0.262 0.353 0.408* 0.167* —0.431* 0.564 0.130* —0.019 0.825*
p 0.530 0.389 0.015 0.043 0.0285 0.145 0.032 0.963 0.011

*Statistically significant differences with p value < 0.05; r, correlation coefficient; PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, plasma
aldosterone-to-renin ratio; HbAlc, glycated hemoglobin; FBG, Fasting blood glucose; INS, Fasting Insulin; HOMA-IR, HOMA of insulin resistance.

TABLE 4 | Univariate and multivariate logistic regression analysis
of predictive factors associated with FMR in THA.

Q1 Q2 Q3 Q4

BMI (kg/m?) —0.104* —0.083  0.09* 0.113*
PAC (pg/mL) 0.004  —0.001 —0.001  —0.001
PRA (ng/mL/h) —0.096 —0.161 —0209  0.394
ARR 0.082%  1.701*  3.269**  6.710%*
HbAlc (%) 0209 —0.112 —0.36 0.214
HOMA-IR 0.915  2.019%*%  4.474%F  20.245%
QUICKI —0.095  0.074  0.009 -0.193

*Statistically significant differences with p value < 0.05; BMI, Body Mass Index;
PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, plasma
aldosterone-to-renin ratio; HbAlc, glycated hemoglobin; HOMA-IR, HOMA of
insulin resistance; QUICKI, quantitative insulin sensitivity check index.

The present results suggest that obesity-related factors contribute
to the pathogenesis of ITHA [6], though the effects of adiposity
on PA development have shown conflicting results. Additionally,
an increase in muscle mass has been linked to reduced IR and
protection against the development of type 2 diabetes. Aldosterone
has been associated with sarcopenia, and lower skeletal muscle
mass has been observed in patients with PA [20, 21]. Myosteatosis
and sarcopenia are linked to autonomous cortisol secretion in
APA patients, which leading to a higher prevalence of obesity,
diabetes and increased cardiovascular events [22]. Autonomous
cortisol secretion may result in increased intermuscular adipose
tissue area (IMAT) and reduced skeletal mass. Urinary aldosterone
was related to sarcopenic indices and may be involved in the
pathogenesis of sarcopenia [23]. Therefore, myosteatosis and sar-
copenia is a crucial but overlooked complication of PA [24].

However, the protective effects of muscle and the impact of
substantial muscle loss combined with fat accumulation on the
pathogenesis of IHA have not been clearly elucidated. FMR has
emerged as a promising metric for assessing the imbalance
between muscle and fat. While a growing number of studies have
examined the role of FMR in cognitive dysfunction [25, 26], there
is a notable gap in research on patients with hypertension.

In this study, we investigated the association between aldoster-
one and FMR in IHA and EH patients. We found that IHA
patients had significantly higher VFA and PBF, along with lower
ALM, compared to the EH group. Correspondingly, FMR was
significantly higher in THA patients. FMR was positively associ-
ated with fasting insulin, HOMA-IR, and ARR, while being
inversely associated with PRA. Univariate and multivariate
logistic regression analysis demonstrated that HOMA-IR and
BMI contributed to the elevated FMR.

Several potential mechanisms for the interaction between FMR
and aldosterone production can be hypothesized. A decrease in
muscle mass is often linked to chronic inflammation and pro-
inflammatory states, which can lead to activation of mineral-
ocorticoid receptors and endothelial dysfunction [27]. Addition-
ally, skeletal muscle is the primary site of insulin-mediated
glucose uptake, and lower muscle mass is clearly associated with
decreased insulin sensitivity [28]. As IR is a well-known factor
associated with increased aldosterone production and mineral-
ocorticoid receptor activation, this relationship may further ex-
plain the connection between muscle mass and aldosterone.

Ehrhart-Bornstein et al. [29] reported that secretory products
from isolated human adipocytes stimulate aldosterone secretion
from human adrenocortical cells. The candidate mediators
responsible for stimulating aldosterone secretion have been
identified as CTRP1, leptin, and resistin [30]. Hyperinsulinemia
has also been reported as a contributor to the activation of the
renin-angiotensin-aldosterone system (RAAS) [31]. Conse-
quently, high FMR is thought to induce hyperaldosteronism
through the actions of adipocytokines and activation of the
RAAS. Simultaneously, hyperaldosteronism may exacerbate IR
by promoting adipose maturation and muscle loss via miner-
alocorticoid receptor activation, creating a vicious cycle [6].

Several studies have explored the correlation between FMR
quartiles and the risks of related diseases, such as chronic
kidney disease and diabetes. Notably, these studies have
found a sequential increase in risks from the lowest to the
highest quartiles of FMR [32]. Supporting this, our results also
showed that higher FMR was associated with a higher preva-
lence of IHA, with the multivariable-adjusted odds ratios for
ARR being the highest in FMR tertile 4 compared to the lower
tertiles. Logistic regression analysis further indicated that
HOMA-IR and BMI contributed to the elevated FMR. The
combination of BMI and FMR highlights the important roles of
muscle loss and insulin resistance in the development of hy-
peraldosteronism. Given the interaction between FMR and
aldosterone, we emphasize the protective role of muscle and
recommend monitoring the distribution and ratio of body com-
position in THA patients.

PA is becoming increasingly common in the elderly [33], and
age over 60 is a known risk factor for PA. Recent studies have
confirmed that renin-independent aldosteronism and dysregu-
lated aldosterone physiology are more prevalent with advancing
age [34]. Consistently, our study found that IHA is more com-
mon in older patients compared to EH, which may be due to an
increased incidence of metabolic syndrome and higher FMR
[7], as well as a decrease in PRA from reduced production and
an increase in PAC from autonomous secretion of aldosterone
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by aldosterone-producing cell clusters (APCCs). APCCs have
been proposed as a transitional step toward PA, and their
accumulation with age may contribute to the increased preva-
lence of IHA in older adults [35]. The increase in visceral fat
and the decrease in skeletal muscle mass, which are specific to
aging, further elevate the risk of ITHA pathogenesis. Thus,
adjusting lifestyle and intervening to improve insulin resistance
and sarcopenia or pre-sarcopenia status may offer a novel,
personalized treatment strategy for THA.

Our study underscores the independent relationship between
FMR and the heightened risk of IHA, especially in older pa-
tients. IHA may result from substantial muscle mass loss
accompanied by fat accumulation. These findings suggest that
FMR could serve as a valuable metric for early intervention and
co-management strategies in patients at risk for sarcopenic
obesity. Additionally, it holds therapeutic prospects that might
potentially block the transition from APCC to IHA and inhibit
aldosterone overproduction in some IHA patients. A limitation
of this study is the lack of long-term follow-up data on inter-
ventions, which should be addressed in future prospective
studies. Further research, including ‘muscular fat mapping,’ is
needed to elucidate skeletal muscle quality's role in preventing
cardiovascular and metabolic sequelae in THA patients.
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