
Hypertension

1138  October 2021 Hypertension. 2021;78:1138–1149. DOI: 10.1161/HYPERTENSIONAHA.121.17674

Hypertension is available at www.ahajournals.org/journal/hyp

 
Correspondence to: Masato Furuhashi, MD, PhD, Department of Cardiovascular, Renal and Metabolic Medicine, Sapporo Medical University School of Medicine. S-1, 
W-16, Chuo-ku, Sapporo 060-8543, Japan. Email furuhasi@sapmed.ac.jp
The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.121.17674.
For Sources of Funding and Disclosures, see page 1148.
© 2021 American Heart Association, Inc.

COVID-19

Distinct Regulation of U-ACE2 and P-ACE2 
(Urinary and Plasma Angiotensin-Converting 
Enzyme 2) in a Japanese General Population
Masato Furuhashi , Akiko Sakai, Marenao Tanaka, Yukimura Higashiura, Kazuma Mori, Masayuki Koyama,  
Hirofumi Ohnishi, Shigeyuki Saitoh, Kazuaki Shimamoto

ABSTRACT: Severe acute respiratory syndrome coronavirus 2 in coronavirus disease 2019 invades the host through ACE 
(angiotensin-converting enzyme) 2 as the host cellular receptor for a viral spike protein. ACE2 converts angiotensin II to 
angiotensin-(1–7) and cleaved ACE2 is detectable in urine and plasma. However, regulation of U-ACE2 (urinary ACE2) 
and P-ACE2 (plasma ACE2) and their alterations by renin-angiotensin-aldosterone system inhibitors remain unclear. We 
simultaneously investigated U-ACE2 and P-ACE2 in 605 Japanese participants (male/female: 280/325, mean age: 65±15 
years) in the Tanno-Sobetsu cohort study in 2017. Males had significantly lower U-ACE2 and higher P-ACE2 than did 
females. There was no significant correlation between U-ACE2 and P-ACE2. P-ACE2 was significantly lower in subjects 
treated with renin-angiotensin-aldosterone system inhibitors than in those not treated with renin-angiotensin-aldosterone 
system inhibitors, but there was no significant difference in U-ACE2 between the groups. Multivariable regression analyses 
showed that female sex, high levels of systolic blood pressure, hemoglobin A1c, and urinary albumin-to-creatinine ratio, and 
low uric acid level were independent predictors of high U-ACE2 level and that high levels of γ-glutamyl transpeptidase, 
estimated glomerular filtration rate, and uric acid were independent predictors of high P-ACE2 level. In conclusion, U-ACE2 
and P-ACE2 are distinctly regulated and the use of renin-angiotensin-aldosterone system inhibitors is not an independent 
predictor of their levels in a Japanese general population. U-ACE2 is associated with high blood pressure, high glucose level, 
and microalbuminuria, and low urate level, whereas P-ACE2 is associated with liver dysfunction, high glomerular filtration 
rate, and high urate level. (Hypertension. 2021;78:1138–1149. DOI: 10.1161/HYPERTENSIONAHA.121.17674.)  

• Data Supplement
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Coronavirus disease 2019 (COVID-19) caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) started in Wuhan, Hubei, China in December 

20191 and has become a worldwide pandemic, leading to 
global threats to health and economic stability. It has been 
shown that SARS-CoV-2 invades the host through ACE 
(angiotensin-converting enzyme) 2, a type I transmembrane 
glycoprotein, as the host cellular receptor for a viral spike 
protein.2 SARS-CoV-2 has been reported to be infected 
by endocytosis of ACE2-binding SARS-CoV-23–5 and 
TMPRSS2 (transmembrane protease serine 2)-mediated 
cleavage of SARS-CoV-2 accompanied by ACE2.2,4,5

ACE2 is broadly expressed in the heart, kidneys, 
intestine, liver, and alveolar epithelial cells of the lungs6,7 
(Figure S1A in the Data Supplement: data shown by 
the Genotype-Tissue Expression project). ACE2, a 
membrane-bound enzyme, is distinctly shed from the 
membrane by ADAM17 (a disintegrin and metallopro-
teinase 17), and a soluble form of ACE2 exists in body 
fluids.8 ACE2 is an important modulator of the renin-
angiotensin-aldosterone system (RAAS) by reducing 
angiotensin II levels and increasing the generation of 
angiotensin-(1–7),9,10 leading to reduction of vasocon-
striction, sodium retention, inflammation, and fibrosis 
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through the MAS (MAS1 proto-oncogene) receptor.11 It 
has recently been reported that several RAAS inhibitors, 
including ACE inhibitors, angiotensin II receptor blockers, 
and mineralocorticoid receptor antagonists, increase the 
expression and activity of ACE2 in rodent models.12,13 We 
previously showed in a case-control analysis that olmes-
artan, an angiotensin II receptor blocker, may increase 
U-ACE2 (urinary ACE2) in hypertensive patients.14

ACE2 is detectable in urine,15 which most likely 
reflects its release from proximal tubules,16 but not its 

filtration through the glomerulus, since the full-length 
sequence for human ACE2 encodes an 805-amino-
acid protein with a calculated mass of 92.4 kDa and 
the glycosylated form of ACE2 is 120 kDa.9 It has 
recently been suggested that U-ACE2 could be a 
potential biomarker of kidney disease.17 U-ACE2 level 
was elevated in patients with renal diseases including 
diabetic nephropathy and in patients who had under-
gone renal transplantation,18–20 indicating a possible 
role of U-ACE2 as a noninvasive disease biomarker. It 
has also been reported that U-ACE2 is independently 
associated with microalbuminuria14,21 and estimated 
salt intake in humans.14

However, determinants of P-ACE2 (plasma ACE2) 
measured by using an immunoassay based on prox-
imity extension assay technology, in which data are 
expressed as relative quantification, have been reported 
to include sex, ancestry, body mass index, and diabe-
tes in a subset of participants in the PURE (Prospec-
tive Urban Rural Epidemiology) prospective study.22 
P-ACE2 level was higher in men than in women, and 
the level in East Asia was the highest.22,23 Furthermore, 
use of an ACE inhibitor or an angiotensin II recep-
tor blocker was not associated with higher P-ACE2 
concentration.22,23 P-ACE2 has also been reported to 
be associated with increased risk of major cardiovas-
cular events,22 heart failure,24 and stroke.25 Notably, 
it has recently been reported that P-ACE2 level was 
unchanged in patients with COVID-19.26

However, regulation of P-ACE2 and U-ACE2 
measured simultaneously and alterations in their lev-
els caused by RAAS inhibitors have not been fully 
addressed, especially in a general population. In the 
present study, we investigated levels of U-ACE2 and 
P-ACE2 and regulatory effects of RAAS inhibitors on 
levels of U-ACE2 and P-ACE2 in a Japanese general 
population.

Nonstandard Abbreviations and Acronyms

ACE angiotensin-converting enzyme
ADAM17 a disintegrin and metalloproteinase 17
AIC Akaike information criterion
ALT alanine transaminase
AST aspartate transaminase
BNP brain natriuretic peptide
COVID-19 coronavirus disease 2019
eGFR estimated glomerular filtration rate
FEACE2 fractional excretion of ACE2
GGT γ-glutamyl transpeptidase
HbA1c hemoglobin A1c
HDL high-density lipoprotein
LDL low-density lipoprotein
P-ACE2 plasma ACE2
PURE Prospective Urban Rural Epidemiology
RAAS renin-angiotensin-aldosterone system
SARS-CoV-2  severe acute respiratory syndrome 

coronavirus 2
TMPRSS2 transmembrane protease serine 2
U-ACE2 urinary ACE2
U-ACR urinary albumin-to-creatinine ratio

Novelty and Significance

What Is New?
• This is the first study showing regulation of P-ACE2 

(plasma angiotensin-converting enzyme 2) and 
U-ACE2 (urinary ACE2) measured simultaneously and 
alterations in their levels caused by renin-angiotensin-
aldosterone system inhibitors in a general population.

What Is Relevant?
• ACE2 plays a crucial role in protection against organ 

damage, including renal and cardiovascular diseases, 
and levels of soluble ACE2 cleaved in fluids are 
reflected by physiological and pathological conditions. 
There is a distinct regulation of U-ACE2 and P-ACE2.

Summary
U-ACE2 and P-ACE2 are distinctly regulated, and 
the use of renin-angiotensin-aldosterone system 
inhibitors is not an independent modulator of their 
levels in a Japanese general population. Male indi-
viduals have significantly lower U-ACE2 level and 
higher P-ACE2 level than do female individuals, and 
there is no significant correlation between U-ACE2 
and P-ACE2. U-ACE2 is associated with high blood 
pressure, high glucose level and microalbuminuria, 
and low urate level. However, P-ACE2 is associated 
with liver dysfunction, high glomerular filtration rate, 
and high urate level.
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METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Study Subjects
In the Tanno-Sobetsu Study, a study with a population-based 
cohort, a total of 605 Japanese subjects (male/female: 
280/325, mean age: 65±15 years) were recruited from resi-
dents of Sobetsu Town who received annual health examina-
tions in 2017. This study was performed with the approval of the 
Ethical Committee of Sapporo Medical University and conformed 
to the principles outlined in the Declaration of Helsinki. Written 
informed consent was received from all of the study subjects.

Measurements
Medical checkups were performed early in the morning after 
an overnight fast as previously described.27 Blood pressure was 
measured using an automated sphygmomanometer (HEM-907, 
Omron Co, Kyoto, Japan), and average blood pressure was used 
for analysis. Body mass index was calculated as body weight (kg) 
divided by the square of body height (meters). Urine and periph-
eral venous blood samples were immediately analyzed or stored 
at −80 °C until biochemical analyses. Measurements of biochemi-
cal parameters were performed as previously reported.27

Concentrations of U-ACE2 and P-ACE2 were measured 
using a commercially available ELISA kit (R&D Systems, 
Minneapolis, MN). The intra-assay and interassay coefficient 
variances in the kit were <10%. U-ACE2 level was normal-
ized by urinary creatinine level (µg/gCr). Fractional excre-
tion of ACE2 (FEACE2, %), which quantifies the percent of 
filtered ACE2 that is excreted into urine, was calculated 
from the standard formula: ([U-ACE2]×[plasma creatinine])/
([P-ACE2]×[urinary creatinine])×100. Creatinine and lipid 
profiles, including total cholesterol, HDL (high-density lipopro-
tein) cholesterol, and triglycerides, were determined by enzy-
matic methods. LDL (low-density lipoprotein) cholesterol level 
was calculated by the Friedewald equation.28 Homeostasis 
model assessment of insulin resistance was calculated by 
the following formula29: homeostasis model assessment of 
insulin resistance=insulin (µU/mL)×glucose (mg/dL)/405. 
Hemoglobin A1c (HbA1c) was determined by a latex coagu-
lation method and expressed in National Glycohemoglobin 
Standardization Program scale. BNP (brain natriuretic peptide) 
was measured using a commercially available immunoassay kit 
(Shionogi & Co, Osaka, Japan). Estimated glomerular filtration 
rate (eGFR; mL/min per 73 m2) was calculated by an equation 
for Japanese30: 194×Cr (−1.094)×age (−0.287)×0.739 (if female). 
Urinary albumin-to-creatinine ratio (U-ACR; mg/gCr) was used 
as an index of microalbuminuria.

A self-administered questionnaire survey was performed 
to obtain information on current smoking habit, alcohol drink-
ing habit, and use of drugs for diabetes, hypertension, and 
dyslipidemia. Hypertension was diagnosed as systolic blood 
pressure ≥140 mm Hg, diastolic blood pressure ≥ 90 mm Hg, 
or self-reported use of antihypertensive drugs. Diabetes was 
diagnosed in accordance with the guidelines of the American 
Diabetes Association31: fasting plasma glucose ≥126 mg/
dL, HbA1c ≥6.5%, or self-reported use of antidiabetic drugs. 
Dyslipidemia was diagnosed as LDL cholesterol ≥140 mg/dL, 

HDL cholesterol <40 mg/dL, triglycerides ≥150 mg/dL, or 
self-reported use of antidyslipidemic drugs.

Statistical Analysis
Numeric variables are expressed as means±SD for normal dis-
tributions or medians (interquartile ranges) for skewed variables. 
The distribution of each parameter was tested for its normal-
ity using the Shapiro-Wilk W test, and non-normally distributed 
parameters were logarithmically transformed for regression 
analyses. Intergroup differences in percentages of demographic 
parameters were examined by the χ2 test. Comparisons between 
two groups for parametric and nonparametric parameters were 
performed by using Student t test and the Mann-Whitney U test, 
respectively. The correlation between two variables was evaluated 
using Pearson correlation coefficient. Multivariable regression 
analysis was performed to identify independent determinants of 
the level of U-ACE2, P-ACE2 or FEACE2 using age, sex, use of 
RAAS inhibitors including ACE inhibitors, angiotensin II receptor 
blockers and mineralocorticoid receptor antagonists, and the vari-
ables with a significant correlation as independent predictors after 
consideration of multicollinearity, showing the t ratio calculated as 
the ratio of regression coefficient and SE of regression coefficient 
and the percentage of variance in the level of U-ACE2, P-ACE2 or 
FEACE2 that they explained (R2). Among the candidate models, 
the best-fit model using Akaike information criterion (AIC) for 
each dependent variable was selected. A P value of <0.05 was 
considered statistically significant. All data were analyzed by using 
JMP 15.2.1 for Macintosh (SAS Institute, Cary, NC).

RESULTS
Basal Characteristics of the Study Subjects
Basal characteristics of the recruited subjects are shown 
in Table 1. Male subjects had significantly larger body 
mass index and waist circumference, higher frequencies 
of habits of smoking and alcohol drinking, higher levels 
of systolic and diastolic blood pressures, AST (aspartate 
transaminase), ALT (alanine transaminase), GGT (γ-
glutamyl transpeptidase), eGFR, uric acid, triglycerides 
and fasting glucose and significantly lower levels of total 
cholesterol, LDL cholesterol, and HDL cholesterol than 
did female subjects. There was no significant sex differ-
ence in frequencies of hypertension, diabetes, and dyslip-
idemia. The frequency of hyperuricemia was significantly 
higher in male subjects than in female subjects. The use 
of RAAS inhibitors (n=137) consisted of ACE inhibitors 
(n=10), angiotensin II receptor blockers (n=127), and 
mineralocorticoid receptor antagonists cotreated with 
an angiotensin II receptor blocker (n=2). There was no 
sex difference in use of RAAS inhibitors including ACE 
inhibitors, angiotensin II receptor blockers, and mineralo-
corticoid receptor antagonists.

Comparisons and Correlations of U-ACE2
U-ACE2 was significantly higher in female subjects 
than in male subjects (Figure 1A). U-ACE2 levels were 
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significantly lower in subjects with a smoking habit, 
alcohol drinking habit, and hyperuricemia than in those 
with each control, respectively (Table S1). U-ACE2 
levels were significantly higher in subjects with hyper-
tension and diabetes than in those with each control, 
respectively (Table S1). There was no significant differ-
ence in U-ACE2 level between subjects treated with 

RAAS inhibitors and those not treated with RAAS inhib-
itors (Figure 1B, Table S1).

As shown in Table 2, U-ACE2 level was positively cor-
related with age, systolic blood pressure (Figure 1C), and 
levels of fasting glucose, HbA1c (Figure 1D), and U-ACR 
(Figure 1E) and was negatively correlated with levels of 
GGT and uric acid (Figure 1F). There was no significant 

Table 1. Characteristics of the Recruited Subjects

Parameters Total (n=605) Male (n=280) Female (n=325) P value

Age, y 65±15 65±15 65±15 0.766

Body mass index 23.5±3.9 24.1±3.7 23.0±4.1 0.001

Waist circumference, cm 85.0±10.9 86.7±10.8 83.5±10.9 <0.001

Systolic blood pressure, mm Hg 137±21 138±19 137±23 0.755

Diastolic blood pressure, mm Hg 77±11 78±11 76±11 0.011

Current smoking habit 97 (16.0) 65 (23.2) 32 (9.8) <0.001

Alcohol drinking habit 261 (43.1) 166 (59.3) 95 (29.2) <0.001

Disease

 Hypertension 350 (57.9) 167 (59.6) 183 (56.3) 0.407

 Diabetes 69 (11.4) 38 (13.6) 31 (9.5) 0.120

 Dyslipidemia 336 (55.5) 146 (52.1) 190 (58.5) 0.119

 Hyperuricemia 76 (12.6) 66 (23.6) 10 (3.1) <0.001

Medications

 ACE inhibitor 10 (1.7) 6 (2.1) 4 (1.2) 0.380

 ARB 127 (21.0) 61 (21.8) 66 (20.3) 0.656

 MRA 2 (0.3) 2 (0.7) 0 (0) 0.127

 CCB 154 (25.5) 73 (26.1) 81 (24.9) 0.747

 Diuretic 23 (3.8) 14 (5.0) 9 (2.8) 0.153

Biochemical data

 AST, IU/L 24 (21–28) 25 (21–30) 23 (20–26) <0.001

 ALT, IU/L 19 (15–26) 23 (17–30) 17 (14–22) <0.001

 GGT, IU/L 22 (16–34) 28 (20–43) 18 (15–26) <0.001

 eGFR, mL/min per 1.73 m2 67±14 68±15 66±13 0.028

 Uric acid, mg/dL 5.3±1.3 6.0±1.2 4.8±1.1 <0.001

 Total cholesterol, mg/dL 207±35 199±32 214±36 <0.001

 LDL cholesterol, mg/dL 120±29 116±28 124±30 <0.001

 HDL cholesterol, mg/dL 65±19 59±16 70±20 <0.001

 Triglycerides, mg/dL 90 (67–123) 93 (68–135) 88 (65–113) 0.011

 Fasting glucose, mg/dL 95 (89–104) 98 (91–108) 93 (87–101) <0.001

 Insulin, µU/mL 4.9 (3.4–7.2) 4.8 (3.4–6.8) 5.0 (3.3–7.3) 0.083

 HOMA-R 0.39 (0.29–0.51) 0.40 (0.30–0.52) 0.39 (0.28–0.49) 0.220

 HbA1c % 5.5 (5.3–5.8) 5.5 (5.3–5.9) 5.5 (5.3–5.8) 0.189

 BNP, pg/mL 17 (10–30) 17 (10–31) 17 (10–29) 0.881

 U-ACR, mg/gCr 5.1 (2.4–12.6) 4.0 (1.9–10.6) 6.0 (3.1–13.6) 0.001

 P-ACE2, pg/mL 633 (457–873) 736 (525–1052) 563 (400–744) <0.001

 U-ACE2, µg/gCr 1.6 (0.7–7.0) 1.2 (0.6–4.7) 2.4 (1.0–9.8) <0.001

 FEACE2, % 2.2 (0.8–7.8) 1.5 (0.6–5.5) 3.0 (1.2–10.9) <0.001

Variables are expressed as number (%), means±SD, or medians (interquartile ranges). ACE indicates angiotensin-convert-
ing enzyme; ACR, albumin-to-creatinine ratio; ALT, alanine transaminase; ARB, angiotensin receptor blocker; AST, aspartate 
transaminase; BNP, brain natriuretic peptide; CCB, calcium channel blocker; Cr, creatinine; eGFR, estimated glomerular filtra-
tion rate; FEACE2, fractional excretion of ACE2; GGT, γ-glutamyl transpeptidase; HbA1c, hemoglobin A1c; HDL, high-density 
lipoprotein; HOMA-R, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein; MRA, mineralocor-
ticoid receptor antagonist; P, plasma; and U, urinary.
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correlation of U-ACE2 with BNP or P-ACE2 (Table 2). 
When the subjects were divided by sex, similar correla-
tions were observed (Table 2).

Comparisons and Correlations of Plasma ACE2
P-ACE2 level was significantly higher in male subjects than 
in female subjects (Figure 2A). P-ACE2 levels were signifi-
cantly higher in subjects with an alcohol drinking habit and 
hyperuricemia than in those with each control, respectively 

(Table S2). P-ACE2 level was significantly lower in subjects 
treated with RAAS inhibitors than in those not treated with 
RAAS inhibitors (Figure 2B, Table S2).

As shown in Table 3, P-ACE2 level was positively cor-
related with levels of AST, ALT, GGT (Figure 2C), eGFR 
(Figure 2D), uric acid (Figure 2E), and triglycerides. There 
were no significant correlations of P-ACE2 level with 
parameters of glucose metabolism, BNP, U-ACR, and 
U-ACE2 (Figure 2F). When the subjects were divided by 
sex, similar correlations were observed (Table 3).

Figure 1. Comparisons and correlations of U-ACE2 (urinary angiotensin-converting enzyme 2) 
A and B, Comparisons of U-ACE2 levels are shown by box plots in male subjects (n=280) and female subjects (n=325; A) and in subjects 
treated with RAAS (renin-angiotensin-aldosterone system) inhibitors including angiotensin-converting enzyme inhibitors, angiotensin II receptor 
blockers, and mineralocorticoid receptor antagonists (n=139, male/female: 69/70) and those not treated with RAAS inhibitors (n=466, male/
female: 211/255; B). C–F, Systolic blood pressure (SBP) (C), logarithmically transformed (log) hemoglobin A1c (D), log urinary albumin-to-
creatinine ratio (U-ACR; E), and uric acid (F) were plotted against log U-ACE2 in each subject. Open circle: males (n=280), closed circle: 
females (n=325). *P<0.05.
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Independent Associations of U-ACE2 and 
P-ACE2 With Parameters
After adjustment of age, sex, and use of RAAS 
inhibitors, U-ACE2 level was significantly associ-
ated with systolic blood pressure and levels of uric 
acid, fasting glucose, HbA1c, and U-ACR (Table S3). 
As a consideration of multicollinearity, HbA1c (AIC: 
1195), but not fasting glucose (AIC: 1199), was 
incorporated in further analyses for U-ACE2. Mul-
tivariable regression analysis as the best-fit model 
showed that female sex, high levels of systolic blood 
pressure, HbA1c, and U-ACR, and low uric acid level 
were independent predictors of high U-ACE2 level 
(AIC: 1187; Table 4).

On the other hand, after adjustment of age, sex, and 
use of RAAS inhibitors, P-ACE2 level was significantly 
associated with levels of AST, ALT, GGT, eGFR, uric acid, 
and triglycerides (Table S3). As a consideration of multi-
collinearity, GGT (AIC: 1446), but not AST (AIC: 1463) or 
ALT (AIC: 1464), was incorporated in further analyses for 
P-ACE2. Multivariable regression analysis as the best-fit 
model showed that high levels of GGT, eGFR, and uric 
acid were independent predictors of high P-ACE2 level 
(AIC: 1442; Table 4).

Comparisons, Correlations, and Independent 
Associations of FEACE2
The median level of FEACE2, a marker of the per-
centage of filtered ACE2 that is excreted into urine, 
was 2.2% (interquartile range, 0.8–7.8), and it was 
significantly higher in females (3.0% [1.2–10.9]) than 
in males (1.5% [0.6–5.5]; Table 1). Levels of FEACE2 
were significantly higher in subjects with a smok-
ing habit, hypertension, and diabetes than in those 
with each control, respectively (Table S4). Levels of 
FEACE2 were significantly lower in subjects with an 
alcohol drinking habit and hyperuricemia than in those 
with each control, respectively. FEACE2 was signifi-
cantly higher in subjects treated with RAAS inhibitors 
than in those not treated with RAAS inhibitors.

FEACE2 was positively corelated with age, systolic 
blood pressure, and levels of fasting glucose, HbA1c, 
U-ACR, and U-ACE2 and was negatively correlated with 
levels of AST, ALT, GGT, uric acid, and P-ACE2 (Table 
S5). Multivariable regression analyses after adjustment 
of age, sex, eGFR, and use of RAAS inhibitors showed 
that high levels of systolic blood pressure and HbA1c 
and low levels of GGT and uric acid were independent 
predictors of FEACE2 (Table S6).

Table 2. Correlation Analyses for Log U-ACE2

Variables

Total (n=605) Male (n=280) Female (n=325)

r P value r P value r P value

Age 0.210 <0.001 0.138 0.021 0.273 <0.001

Body mass index 0.005 0.895 −0.041 0.499 0.091 0.101

Waist circumference −0.003 0.934 −0.017 0.783 0.063 0.259

Systolic blood pressure 0.207 <0.001 0.166 0.005 0.247 <0.001

Diastolic blood pressure 0.066 0.104 0.041 0.493 0.129 0.020

Log AST 0.010 0.805 0.019 0.756 0.068 0.219

Log ALT −0.053 0.196 0.005 0.936 0.019 0.731

Log GGT −0.092 0.024 0.005 0.930 −0.052 0.346

eGFR −0.003 0.939 −0.012 0.839 0.042 0.450

Uric acid −0.251 <0.001 −0.222 <0.001 −0.139 0.012

Total cholesterol −0.005 0.907 −0.058 0.335 −0.046 0.408

LDL cholesterol 0.017 0.675 −0.045 0.454 0.012 0.834

HDL cholesterol −0.013 0.747 −0.013 0.833 −0.119 0.033

Log triglycerides 0.025 0.547 0.018 0.767 0.097 0.080

Log fasting glucose 0.135 0.001 0.155 0.010 0.202 <0.001

Log insulin −0.004 0.933 −0.034 0.663 0.025 0.729

Log HOMA-R 0.024 0.653 0.004 0.955 0.071 0.320

Log HbA1c 0.213 <0.001 0.252 <0.001 0.235 <0.001

Log BNP 0.041 0.320 0.056 0.368 0.032 0.578

Log U-ACR 0.233 <0.001 0.199 0.001 0.237 <0.001

Log P-ACE2 0.034 0.399 0.036 0.550 0.104 0.062

ACE2 indicates angiotensin-converting enzyme 2; ACR, albumin-to-creatinine ratio; ALT, alanine transaminase; AST, aspar-
tate transaminase; BNP, brain natriuretic peptide; eGFR, estimated glomerular filtration rate; GGT, γ-glutamyl transpeptidase; 
HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; HOMA-R, homeostasis model assessment of insulin resistance; LDL, 
low-density lipoprotein; P, plasma; and U, urinary.
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DISCUSSION
The present study for the first time showed regulation of 
both U-ACE2 and P-ACE2 measured simultaneously in a 
relatively large number of subjects (n=605). Male subjects 
had significantly lower U-ACE2 level and higher P-ACE2 
level than did female subjects, and there was no signifi-
cant correlation between levels of U-ACE2 and P-ACE2. 
Multivariable regression analyses showed that female sex, 
high levels of systolic blood pressure, HbA1c, and U-ACR, 
and low uric acid level were independent predictors of 

high U-ACE2 level. On the other hand, high levels of GGT, 
eGFR, and uric acid were independent predictors of high 
P-ACE2 level. Therefore, there was an obviously distinct 
regulation of U-ACE2 and P-ACE2 in a Japanese gen-
eral population. It has been shown that ACE2 plays a 
crucial role in protection against organ damage including 
renal and cardiovascular diseases.32,33 ACE2 is mainly a 
membrane-anchored tissue enzyme, and levels of soluble 
ACE2 cleaved by ADAM17 have been reported to be rela-
tively low in local fluids and circulation.34 It has been shown 
that levels of soluble ACE2 in several fluids are reflected 

Figure 2. Comparisons and correlations of P-ACE2 (plasma angiotensin-converting enzyme 2)
A and B, Comparisons of P-ACE2 levels are shown by box plots in male subjects (n=280) and female subjects (n=325, A) and in subjects 
treated with RAAS (renin-angiotensin-aldosterone system) inhibitors including angiotensin-converting enzyme inhibitors, angiotensin II receptor 
blockers, and mineralocorticoid receptor antagonists (n=139, male/female: 69/70) and those not treated with RAAS inhibitors (n=466, male/
female: 211/255; B). *P<0.05. C– F. Logarithmically transformed (log) GGT (γ-glutamyl transpeptidase; C), estimated glomerular filtration rate 
(eGFR; D), uric acid (E), and log U-ACE2 (urinary ACE2) (F) were plotted against log P-ACE2 in each subject. Open circle: males (n=280), 
closed circle: females (n=325). 
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by physiological and pathological conditions,35 implying 
that amounts of U-ACE2 and P-ACE2 are compensatory 
responses of renal and several local tissues to insults.

It has been reported that P-ACE2 is higher in male sub-
jects than in female subjects,22,24 although sex difference in 
U-ACE2 levels was not examined in previous studies.14,18–21 
It was shown that the highest-ranked determinants of 
P-ACE2 concentrations were sex and geographic ancestry 
in the PURE study from 14 countries across 5 continents 
including Africa, Asia, Europe, North America, and South 
America, and it was shown that East Asians had the high-
est P-ACE levels.22 The ACE2 gene maps on chromosome 
X (Xp22.2).9 One of the 2 X chromosomes is randomly 
inactivated in females during development, a phenomenon 
called X chromosome inactivation. Although most genes 
are silenced, about 15% of X-linked human genes escape 
from the inactivation.36 The escape from X chromosome 
inactivation is not uniform across different tissues, and 
≈10% of gene escape occurs selectively in specific tis-
sues.36,37 A recent systematic survey of the landscape of 
human X-linked gene inactivation using RNA sequencing-
based approaches showed that ACE2 presents remark-
able differences in male-female expression levels.38 Tissue 
differences in the escape of X chromosome inactivation 
can directly translate into tissue-specific sex biases in 

gene expression of ACE2. It has also been reported that 
expression and activity of ACE2 change throughout life 
in a sex-specific manner and that estrogen regulates the 
expression and activity of ACE2 in a tissue-dependent 
manner.39 The escape of X chromosome inactivation and 
tissue-dependent regulation by estrogen of ACE2 may 
lead to the sex difference in U-ACE2 and P-ACE2.

ACE2 is highly expressed in the kidney, particularly 
within cells of the proximal tubule.16,40,41 It has been sug-
gested that the elevated U-ACE2 is derived from the kid-
ney rather than glomerular filtration from P-ACE2 because 
of the molecular weight of ACE2 (92.4–120 kDa)9 and 
the lack of increased ACE2 activity in urine by infusion of 
recombinant ACE2.17 In the present study, the median level 
of FEACE2, a marker of the percentage of filtered ACE2 
that is excreted into urine, was 2.2% (Table 1), indicating 
that a part of ACE2 is filtered at the glomeruli and excreted 
into urine. Furthermore, high levels of systolic blood pres-
sure and HbA1c were independent predictors of FEACE2 
(Table S6). Glomerular hypertension, which has been 
reported to be induced by high blood pressure and high 
blood glucose level,42 may increase FEACE2, though the 
main source of U-ACE2 is derived from the kidney.

Deletion or inhibition of ACE2 was shown to be 
associated with albuminuria in diabetic mice43,44 and the 

Table 3. Correlation Analyses for Log P-ACE2

Variables

Total (n=605) Male (n=280) Female (n=325)

r P value r P value r P value

Age −0.062 0.129 −0.078 0.191 −0.047 0.398

Body mass index 0.056 0.170 0.039 0.520 0.026 0.637

Waist circumference 0.054 0.187 0.038 0.522 0.020 0.716

Systolic blood pressure −0.035 0.393 −0.084 0.162 −0.008 0.881

Diastolic blood pressure 0.038 0.355 0.031 0.604 0.010 0.855

Log AST 0.185 <0.001 0.279 <0.001 0.061 0.271

Log ALT 0.216 <0.001 0.277 <0.001 0.079 0.157

Log GGT 0.286 <0.001 0.356 <0.001 0.135 0.015

eGFR 0.117 0.004 0.079 0.188 0.125 0.024

Uric acid 0.190 <0.001 0.200 0.001 0.053 0.338

Total cholesterol −0.046 0.258 −0.017 0.781 −0.002 0.971

LDL cholesterol −0.063 0.124 −0.064 0.283 −0.018 0.746

HDL cholesterol −0.074 0.069 −0.024 0.694 −0.025 0.660

Log triglycerides 0.108 0.008 0.161 0.007 0.010 0.862

Log fasting glucose 0.069 0.092 0.037 0.540 0.040 0.472

Log insulin 0.014 0.786 0.008 0.922 0.018 0.805

Log HOMA-R 0.043 0.415 0.025 0.750 0.030 0.672

Log HbA1c 0.001 0.978 −0.079 0.189 0.048 0.391

Log BNP 0.023 0.583 −0.003 0.968 0.042 0.455

Log U-ACR 0.068 0.095 0.043 0.469 0.135 0.015

Log U-ACE2 0.034 0.399 0.036 0.550 0.104 0.062

ACE2 indicates angiotensin-converting enzyme 2; ACR, albumin-to-creatinine ratio; ALT, alanine transaminase; AST, aspar-
tate transaminase; BNP, brain natriuretic peptide; eGFR, estimated glomerular filtration rate; GGT, γ-glutamyl transpeptidase; 
HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; HOMA-R, homeostasis model assessment of insulin resistance; LDL, 
low-density lipoprotein; P, plasma; and U, urinary.
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development of angiotensin II–dependent renal damage.45 
Administration of human recombinant ACE2 reduced 
blood pressure and attenuated glomerular injury in rodent 
models.46,47 ACE2 delivery by a recombinant protein or 
virus ameliorated the progression of diabetes-related 
complications such as nephropathy and retinopathy.48–50 
Taken together, the earlier findings indicate that ACE2 
is an endogenous protector against the progression of 
hypertension, diabetes, and chronic kidney disease.18,40 
It has been reported that U-ACE2 is positively associ-
ated with systolic blood pressure, parameters of glucose 
metabolism, and U-ACR.14,21,51 We confirmed independent 
and positive associations of U-ACE2 with systolic blood 
pressure, HbA1c, and U-ACR in the present study.

On the other hand, there was no significant correla-
tion between U-ACE2 and eGFR in the present study. 
Interestingly, there was a positive association of eGFR 
with P-ACE2 but not with U-ACE2, suggesting that a 
high rate of glomerular filtration, but not renal dysfunc-
tion, is an independent modulator of P-ACE2. Glomeru-
lar hyperfiltration as increased filtration per nephron unit 
has been reported to be a risk factor for the progression 
of chronic kidney disease and cardiovascular disease.52 
P-ACE2 level might be a burden marker of single neph-
ron filtration, though the mean level of eGFR (67±14 
mL/min per 1.73 m2) was not high in the present study. 
The significance of an independent and positive associa-
tion between P-ACE and eGFR remains unclear.

It has been reported that determinants of P-ACE2 
include body mass index, diabetes, and increased risk of 

major cardiovascular events including heart failure.22,24 
However, there were no significant associations of P-ACE2 
level with body mass index, fasting glucose, HbA1c, and 
BNP in the present study. Different backgrounds of the 
recruited subjects may have caused the discrepancy in 
results since approximately half of the recruited subjects 
(n=290, 47.9%) in the present study were untreated and 
possibly healthy subjects. On the other hand, P-ACE2 was 
positively correlated with levels of AST, ALT and GGT, and 
GGT was an independent predictor of P-ACE2 in multi-
variable regression analysis. To the best of our knowledge, 
the present study is the first study showing an associa-
tion of P-ACE2 with liver dysfunction. Under normal con-
ditions, ACE2 expression in the liver is lower than that in 
other organs including the heart, kidneys, and intestine6,7 
(Figure S1A). However, it has been reported that expres-
sion of ACE2 is increased in chronic liver diseases includ-
ing hepatic fibrosis.53,54 The degree of expression and the 
biologic relevance of ACE2 may vary depending on the tis-
sue and clinical state.37 As another possible mechanism, 
activation of ADAM17 in liver injury may cause increased 
P-ACE2, although the public database of the Genotype-
Tissue Expression project showed that the expression level 
of ADAM17 (Figure S1B), but not that of TMPRSS2 (Fig-
ure S1C) as another ACE2-related protease in connection 
with SARS-CoV-2 infection, is relatively low in the liver.

Notably, there were opposite correlations of uric acid 
level with U-ACE2 and P-ACE2. There were independently 
negative and positive associations of uric acid with U-ACE2 
and P-ACE2, respectively. The mechanism underlying the 

Table 4. Multivariable Regression Analyses for Log U-ACE2 and Log P-ACE2

Variables
Regression 
coefficient SE

Standardized 
regression 
coefficient (β) t P value

For log U-ACE2

 Age 0.006 0.004 0.071 1.57 0.118

 Sex (male) −0.163 0.058 −0.120 −2.78 0.006

 Use of RAAS inhibitor −0.047 0.064 −0.029 −0.75 0.456

 Systolic blood pressure 0.008 0.003 0.124 2.72 0.007

 Uric acid −0.202 0.045 −0.193 −4.50 <0.001

 Log HbA1c 2.246 0.575 0.158 3.91 <0.001

 Log U−ACR 0.093 0.064 0.089 2.04 0.042

 R2=0.167, AIC=1187    

For log P-ACE2

 Age 0.002 0.003 0.003 0.57 0.568

 Sex (male) 0.041 0.039 0.048 1.04 0.298

 Use of RAAS inhibitor −0.015 0.041 −0.015 −0.37 0.714

 Log GGT 0.293 0.058 0.219 5.02 <0.001

 eGFR 0.007 0.003 0.113 2.22 0.027

 Uric acid 0.066 0.032 0.101 2.08 0.038

 R2=0.102, AIC=1442    

ACE2 indicates angiotensin-converting enzyme 2; ACR, albumin-to-creatinine ratio; AIC, Akaike information criterion; 
eGFR, estimated glomerular filtration rate; GGT, γ-glutamyl transpeptidase; HbA1c, hemoglobin A1c; P, plasma; RAAS, 
renin-angiotensin-aldosterone system; and U, urinary.
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opposite associations for uric acid is unclear. The main 
cause of hyperuricemia is reduced urate excretion from 
the kidneys,55 although quantification of urate excretion 
was not performed in the present study. A high serum level 
of uric acid itself may cause insults in several tissues of the 
body, leading to an increase in P-ACE2. However, a high 
serum level of uric acid mainly due to reduced urate excre-
tion in urine may reduce the production of ACE2 in kidneys 
by low urinary urate. In addition, because uric acid level 
has been shown to be significantly higher in male subjects 
than in female subjects,55–57 the sex difference in levels of 
P-ACE2 and U-ACE2 might be, at least in part, due to the 
difference in plasma and urine levels of uric acid. Notably, 
it has recently been reported that uric acid level was an 
independent predictor of deterioration of COVID-19.58 A 
potential role of interaction between uric acid and ACE2 
might be associated with deterioration of COVID-19. Fur-
ther investigations about the relationship between ACE2 
and uric acid need to be performed in the future.

Earlier studies did not show significant effects of 
RAAS inhibitors on P-ACE222,23 and U-ACE219,21 except 
for a study on the effects of olmesartan on U-ACE2.14 
In the present study, P-ACE2, but not U-ACE2, was sig-
nificantly lower in subjects treated with RAAS inhibitors 
than in those not treated with RAAS inhibitors, although 
the mechanism remains unknown. However, the use of 
RAAS inhibitors was not an independent predictor of 
U-ACE2 or P-ACE2 in multivariable regression analyses. 
The effects were analyzed for multiple RAAS inhibitors 
including several ACE inhibitors, angiotensin II recep-
tor blockers, and mineralocorticoid receptor antagonists 
and not specific to each drug in the present and previ-
ous studies. Interventional investigations for each drug 
among RAAS inhibitors need to be performed.

It has been suggested that a soluble recombinant ACE2 
protein intercepts the virus from binding to membrane-
anchored ACE2 in the cell plasma membrane.59 Restoration 
of ACE2 through administration of recombinant ACE2 was 
reported to reverse lung injury in mouse models of other 
viral infections.60 Clinical trials to test whether administration 
of recombinant ACE2 protein may be beneficial in restor-
ing balance to the RAAS network and potentially prevent-
ing organ injury have also been arranged in patients with 
COVID-19 (https://www.clinicaltrials.gov; Unique identifiers: 
NCT04287686 and NCT04335136).5 However, viral entry 
through angiotensin II type 1 receptor and arginine vaso-
pressin receptor 1B with ADAM17-mediated cleavage of 
ACE2 has recently been reported as a novel mechanism of 
SARS-CoV-2 infection.61 It has recently been reported that 
P-ACE2 level was unchanged in patients with COVID-19.26 
However, the time course of P-ACE2 levels was not inves-
tigated. Further investigations of the association between 
ACE2 levels and COVID-19 are needed in the future.

Whether possible induction of ACE2 by RAAS inhibi-
tors is beneficial or harmful for SARS-CoV-2 infection 
and for deterioration of lung injury in COVID-19 patients 

remains unclear.5 Recently, BRACE CORONA (Block-
ers of Angiotensin Receptor and Angiotensin-Converting 
Enzyme inhibitors suspension in hospitalized patients with 
coronavirus infection) and REPLACE COVID (Random-
ized Elimination or ProLongation of Angiotensin Convert-
ing Enzyme inhibitors and angiotensin receptor blockers 
in Coronavirus Disease 2019) randomized controlled trials 
showed that continuous administration of ACE inhibitors 
and angiotensin II receptor blockers can be safe in patients 
admitted to hospital with COVID-19.62,63 However, de novo 
effects of ACE inhibitors and angiotensin II receptor block-
ers on COVID-19 in subjects not receiving RAAS inhibitors 
are still unclear. Furthermore, effects of MR antagonists on 
COVID-19 have not been fully investigated.

The present study has some limitations. First, this study 
was a cross-sectional design, and the results of the pres-
ent study relied on correlation analyses. It remains unclear 
whether there are direct relationships of U-ACE2 and 
P-ACE2 with the independent parameters. Second, the 
relationships between changes in U-ACE2 and P-ACE2 
and time course of each parameter were not investigated 
in the present study. Prospective longitudinal studies are 
necessary for determining the significance of U-ACE2 
and P-ACE2 in a general population. Third, we could not 
measure other components of RAAS, including angio-
tensinogen, renin, ACE, angiotensin II, and aldosterone, 
because there were not sufficient amounts of remain-
ing blood and urine samples in the present study. Fourth, 
gene polymorphisms of ACE2 were not investigated in the 
present study, and they need to be examined in the future 
to provide fundamental evidence of the associations of 
U-ACE2 and P-ACE2 with ACE2 polymorphisms. Lastly, 
because only Japanese people and mainly elderly sub-
jects were enrolled, the results of the present study might 
not be applicable to other races and young people.

In conclusion, U-ACE2 and P-ACE2 are distinctly regu-
lated, and the use of RAAS inhibitors is not an independent 
modulator of their levels in a Japanese general population. 
Male individuals have significantly lower U-ACE2 level 
and higher P-ACE2 level than do female individuals, and 
there is no significant correlation between U-ACE2 and 
P-ACE2. U-ACE2 is associated with high blood pressure, 
high glucose level and microalbuminuria, and low urate 
level, whereas P-ACE2 is associated with liver dysfunc-
tion, high glomerular filtration rate, and high urate level.

PERSPECTIVES
ACE2 plays a crucial role in protection against organ 
damage including renal and cardiovascular diseases. 
ACE2 is mainly a membrane-anchored tissue enzyme, 
and levels of soluble ACE2 cleaved by ADAM17 are 
reflected by physiological and pathological conditions, 
implying that amounts of U-ACE2 and P-ACE2 are com-
pensatory responses of renal and several local tissues 
to insults. Earlier studies showed that U-ACE2 is asso-
ciated with hypertension, diabetes and chronic kidney 
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disease and that P-ACE2 is associated with body mass 
index, diabetes, and increased risk of major cardiovas-
cular events including heart failure. In the present study 
using a Japanese general population, U-ACE2 was simi-
larly associated with high blood pressure, high glucose 
level, and microalbuminuria. However, P-ACE2 was dif-
ferentially associated with liver dysfunction but was not 
associated with body mass index and parameters of glu-
cose metabolism and heart failure. Notably, there were 
opposite correlations of uric acid level with U-ACE2 and 
P-ACE2. A further understanding of the distinct regula-
tion of U-ACE2 and P-ACE2 may enable the develop-
ment of new therapeutic strategies for metabolic and 
cardiovascular diseases as well as COVID-19.
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