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Abstract
Background/Aims: Angiotensin converting enzyme 2 (ACE2) is highly expressed in the 
kidney and recognized to be renoprotective by degrading Angiotensin II to Angiotensin (1-
7) in diabetic nephropathy. However, little is known about the role of urinary ACE2 (UACE2) 
in diabetes. The present study was performed to evaluate UACE2 levels in type 2 diabetic 
patients with various degrees of albuminuria and its associations with metabolic parameters. 
The effect of RAS inhibitors on UACE2 excretion was also assessed. Methods: A total of 132 
type 2 diabetic patients with different degrees of albuminuria and 34 healthy volunteers were 
studied. UACE2 levels and activity were measured. Results: Compared to healthy controls, 
UACE2 to creatinine (UACE2/Cr) levels were significantly increased in both albuminuric and 
non-albuminuric diabetic patients. UACE2/Cr levels were much higher in hypertensive diabetic 
patients compared with their normotensive counterparts and treatment with RAS inhibitors 
markedly attenuated the augmentation. Furthermore, UACE2/Cr was positively correlated with 
fasting blood glucose, hemoglobin A1C (HbA1C), triglyceride, and total cholesterol. In multiple 
regression analysis, UACE2/Cr was independently predicted by HbA1C and RAS inhibitors 
treatment. Conclusions: UACE2 increased in type 2 diabetic patients with various degrees of 
albuminuria and RAS inhibitors suppresses UACE2 excretion. UACE2 might potentially function 
as a marker for monitoring the metabolic status and therapeutic response of RAS inhibitors 
in diabetes.

Introduction

Diabetic nephropathy (DN) is a leading cause of end stage renal disease and associated 
with increased risk of cardiovascular disease and all-cause mortality [1, 2]. Over-activation 
of the angiotensin converting enzyme (ACE) - angiotensin II (Ang II) – AT1 receptor axis 
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in the intrarenal renin angiotensin system (RAS) is considered to play a pivotal role in the 
progression of DN. In recent years, ACE2 has been identified to be an important component 
of the RAS [3, 4]. ACE2 is a membrane-bound metallopeptidase that shares 42% sequence 
homology with ACE. Unlike ACE, which cleaves C-terminal dipeptides from Ang I to generate 
Ang II, ACE2 maintains the balance of the RAS by removing single amino acid from the 
C-terminus of Ang II to generate Ang (1–7). Moreover, ACE2 could convert Ang I to Ang (1-9), 
which could be further cleaved by ACE to form Ang (1-7) [3-5]. Ang (1–7) is recognized as a 
novel renoprotective peptide by mediating vasodilatory, natriuretic and antifibrotic effects 
through binding to the Mas receptor [6].

In kidneys, ACE2 is known to localize mainly to the apical border of the proximal 
convoluted tubules [7]. Studies involving STZ diabetic rats, db/db diabetic mice and patients 
with DN demonstrated decreased ACE2 expression in renal tissues [7-9]. Furthermore, high 
glucose down-regulated ACE2 expression in cultured tubular epithelial cells via the TGF- β 
pathway [10]. On the other hand, ACE2 overexpression or recombinant ACE2 administration 
ameliorated kidney injury in diabetic animal models [11, 12]. Collectively, ACE2 might be 
highly involved in the pathogenesis of DN and thus a promising diagnostic and therapeutic 
target of DN.

Recently, soluble ACE2 in urine, which is most likely due to proteolytic shedding 
of its ectodomain from cells along the nephron, has been detected in several clinical and 
experimental studies [13-17]. It was reported that urinary ACE2 (UACE2) levels were 
significantly increased in patients with chronic kidney disease (CKD) and in renal transplant 
recipients compared with healthy subjects [13, 14]. In a more recent study, Park and 
colleagues demonstrated that UACE2 levels were much higher in insulin-resistant subjects 
with impaired fasting glucose (IFG), impaired glucose tolerance (IGT), and type 2 diabetes 
mellitus (T2DM) than in the normal glucose tolerance (NGT) group [15]. Moreover, a positive 
relationship between mRNA expression of ACE2 in urinary cell pellets and the degree of 
proteinuria was observed in patients with type 2 DN [18]. However, it's worth pointing out 
that ACE2 mRNA expression in urinary sediment do not reflect the levels of soluble ACE2 
cleaved from tubular cells. So the changes of urinary soluble ACE2 excretion in DN patients 
and its association with the severity and progression of DN are still not fully elucidated.

The aim of this study was therefore to examine UACE2 concentrations in type 2 diabetic 
patients with different grades of proteinuria. In addition, we also evaluated the associations 
between UACE2 levels and various metabolic parameters. 

Materials and Methods

Subjects
The study protocol was approved by the Peking University Biomedical Ethics Committee (Beijing, 

China). A total of 179 patients hospitalized for T2DM in Peking University Third Hospital between 
September 2013 and December 2013 were recruited. The exclusion criteria included patients with primary 
glomerulonephritis, renal artery stenosis, estimated glomerular  filtration rate (eGFR) below 30 ml/min, 
cerebrovascular disease, heart failure, liver dysfunction, malignancy, and pregnant women. Consequently, 
132 diabetic patients (54 patients with normotension and 78 with hypertension) and another 34 healthy 
volunteers were enrolled in the study. Diabetic patients were divided into three groups according to the 
levels of urinary albumin to creatinine ratio (UALB/Cr): T2DM with normoalbuminuria (UALB/Cr < 30 
mg/g, n = 48), T2DM with microalbuminuria (30 mg/g < UALB/Cr < 300 mg/g, n = 41), and T2DM with 
macroalbuminuria (UALB/Cr > 300 mg/g, n = 43) [19]. 

Clinical data	
Seated blood pressures were measured using a sphygmomanometer after at least 5 min of rest in two 

different days and the results were averaged. Clinical parameters were measured by standard methods in 
our clinical laboratory. UACE2 and urinary albumin (UALB) were detected on the same urine specimens and 
adjusted with same sample creatinine and expressed as UACE2/Cr or UALB/Cr. eGFR was calculated using 
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the Modification of Diet in Renal Disease (MDRD) Formula: eGFR = 175 × [serum creatinine (mg/dl)]–1.154 × 
age–0.203 (× 0.742 if female).

Sample collections and urinary ACE2 measurement by ELISA
Morning spot urine samples were obtained when the participants were free of fever or infections. 

Urine specimens (without protease inhibitor) were immediately centrifuged at 3000 rpm for 10 min at 4°C 
and aliquoted to store at -80°C until use. Urinary concentrations of ACE2 were measured with human ACE2 
enzyme-linked immunosorbent assay (ELISA) kits (Cat. # AG-45A-0022EK-KI01, AdipoGen, Seoul, Korea) 
following the manufacturer’s instructions. Briefly, 100 μl of urine sample (1:2 dilution with ELISA buffer) 
was added to each well of the plates and incubated at 37°C for 1 h. Then the plates were washed three times 
and incubated with detection antibody against human ACE2 at 37°C for 1 h. After washing, a colorimetric 
reaction was performed using horseradish peroxidase labeled streptavidin at 37°C for 1 h. Then 100 μl of 
TMB solution was added to each well and incubated in dark at room temperature for 30 min. Finally, the 
reaction was stopped with sulfuric acid and the absorbance values were measured at 450 nm with a Model 
680 microplate reader (Bio-Rad, Hercules, CA, USA). The assay was repeated twice and the values were 
averaged.

Detection of urinary ACE2 activity
Urinary ACE2 activity was measured using a fluorescent substrate-based assay as previously described 

[20]. Briefly, urine aliquots (20 µl) were incubated on 96-well plates with the reaction buffer (50 mM MES, 
300 mM NaCl, 10 µM ZnCl2, 1 mM N-ethylmaleimide, 1 mM phenylmethylsulfonyl fluoride) and 50 µM of 
the ACE2 substrate Mca-Ala-Pro-Lys(Dnp)-OH (Enzo Life Sciences, NY, USA) , with or without 1 µM of the 
ACE2 inhibitor DX600 (Phoenix Pharmaceuticals, CA, USA). The total volume for each well was 100 μl. 
After incubation at room temperature for 2 hrs, fluorescence was measured using a Modulus™ single-tube 
multimode reader (Turner Biosystems, CA, USA) with an excitation wavelength of 320 nm and an emission 
wavelength of 405 nm. ACE2 activity was determined by subtracting the absorbance value in the presence 
of DX600 from those in its absence. Results were corrected for the urinary creatinine concentration and 
presented as RFU /μg Cr/hr.

Western blot analysis for urinary ACE2
Urine samples each containing 10 µg of creatinine were separated on 10% sodium dodecyl-sulfate 

polyacrylamide gel. After electroblotted to a nitrocellulose membrane and blocking for 1 hour, the proteins 
were incubated overnight at 4°C with rabbit anti-ACE2 (1:1000, Cat. # ab108252, Abcam, Cambridge, 
UK) followed by incubation with HRP-conjugated donkey anti-rabbit (1:2000, Jackson Immuno-Research, 
USA) secondary antibody. Signals were visualized using the SuperSignal West Pico chemiluminescence kit 
(Perbio, Cramlington, Northumberland, UK). 

Statistical analysis
Data are presented as the means ± standard deviation and analyzed using SPSS 16.0 for Windows. 

One-way analysis of variance (ANOVA) was used for comparisons of continuous variables and χ2 tests 
for comparison of categorical variables. Pearson correlation analyses were performed to identify the 
associations of UACE2/Cr and clinical parameters. Backward multiple regression analyses were adopted 
to calculate the influence of the potential risk predictors on the UACE2/Cr levels. P values < 0.05 were 
considered statistically significant.

Results

Subjects profiles and laboratory data
The demographics and laboratory data of all participants are illustrated in Table 1.

UACE2 levels in diabetic patients and healthy volunteers
Figure 1 exhibits UACE2/Cr levels in patients with T2DM and healthy controls. UACE2/Cr 
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The relative abundance of the ACE2 protein band at both ~120 kDa and ~70 kDa were 
remarkably increased in urine from diabetic patients as compared to urine from healthy 
controls (Figure 3B).

Table 1. Characteristics of 132 diabetic patients and 34 healthy controls

Fig. 1. UACE2/Cr levels in diabetic patients and he-
althy controls. UACE2/Cr levels were significantly 
higher in diabetic patients compared to healthy con-
trols but comparable among patients with different 
degrees of albuminuria. * P < 0.001 vs. Control group.

levels were significantly higher in diabetic 
patients with normoalbuminuria compared 
with healthy subjects (33.64 ± 20.97 
μg/g vs. 6.29 ± 5.18 μg/g, P < 0.001), 
indicating that UACE2 increases early in 
the premicroalbuminuric phase of diabetes. 
However, no significant change was observed 
in UACE2/Cr levels among T2DM patients 
with different degrees of albuminuria.

ACE2 enzyme activity in urine
Consistent with UACE2 levels measured 

by ELISA, we found increased ACE2 enzyme 
activity in urine from both albuminuric 
and non-albuminuric diabetic patients as 
compared to healthy controls. Again, there 
was no difference in urinary ACE2 activity 
among diabetic patients with different 
degrees of albuminuria (Figure 2).

Western blot analysis for urinary ACE2
A doublet of ~120 kDa and ~70 kDa 

bands were observed in the urine of diabetic 
patients, whereas a single ~120 kDa band 
was visible in the control group (Figure 3A). 
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UACE2 levels in hypertensive T2DM 
patients with/without RAS blockade
To further identify the effect of 

hypertension and RAS blockade on UACE2 
excretion, T2DM patients were divided into 
three subgroups: normotensive patients 
(T2DM+ non-HTN, n=54), hypertensive 
patients treated with antihypertensive drugs 
other than RAS inhibitors (T2DM+ HTN+ 
non-RASI, n=20), and hypertensive patients 
with RAS inhibitors (T2DM+ HTN+RASI, 
n=58). Table 2 showed the characteristics 
of hypertensive patients with RAS inhibitors 

Fig. 3. Western blot analysis of ACE2 in urine 
samples from diabetic patients and healthy cont-
rols. A single band of ~120 kDa was seen in urine 
sample from healthy subject (3A, lane 1). For compa-
rison, two distinct bands (~120 kDa and ~70 kDa) 
were observed in urine samples from diabetic pati-
ents with normoalbuminuria (3A, lane 2), microal-
buminuria (3A, lane 3) and macroalbuminuria (3A, 
lane 4). Both ~70 and ~120 kDa ACE2-immunore-
active proteins were significantly increased in urine 
from diabetic patients as compared to healthy cont-
rols (3B). * P < 0.01 vs. Control group.

and other antihypertensive drugs. UACE2/Cr levels were significantly enhanced in 
normotensive T2DM patients compared with healthy subjects (38.29 ± 17.47 μg/g vs. 6.29 ± 
5.18 μg/g, P<0.001) and displayed a further increase in hypertensive T2DM patients without 
RAS blockade (52.92 ± 24.02 μg/g vs. 38.29 ± 17.47 μg/g, P = 0.048). Importantly, treatment 
with RAS inhibitors markedly ameliorated the elevation of UACE2 excretion (32.35 ± 20.77 
μg/g vs. 52.92 ± 24.02 μg/g, P = 0.001) (Figure 4).

Single regression analyses
Figure 5 demonstrates single regression analyses for UACE2/Cr with clinical parame-

ters. In patients with T2DM, UACE2/Cr levels were not correlated with age, gender, body 
mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure (DBP), serum al-
bumin (ALB), serum creatinine (Scr), uric acid (UA), log(UALB/Cr) levels or eGFR. However 
UACE2/Cr levels were significantly correlated positively with fasting blood glucose (FBG), 
hemoglobin A1C (HbA1C), total cholesterol (TC) and triglyceride (TG). 

Fig. 2. ACE2 enzyme activity in urine. Urinary ACE2 
activity in diabetic patients was markedly higher 
than that in the control group. No significant change 
was observed in urinary ACE2 activity among dia-
betic patients with different degrees of albuminuria. 
* P < 0.001 vs. Control group.

A

B
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Fig. 4. UACE2 levels in normotensive and hyper-
tensive T2DM patients with/without RAS blockade. 
UACE2/Cr levels were significantly enhanced in hy-
pertensive T2DM patients compared with normo-
tensive T2DM patients and RAS inhibitors marked-
ly suppressed the elevation. * P < 0.001 vs. Control 
group, # P < 0.05 vs. T2DM + non-HTN group, △ P < 
0.01 vs. T2DM + HTN + non-RASI group.

Fig. 5. Single regression analyses for UACE2/Cr. 
UACE2/Cr levels were significantly correlated posi-
tively with FBG (A, r = 0.245, P = 0.027), HbA1C (B, r 
= 0.272, P = 0.014), TC (C, r = 0.334, P = 0.004) and 
TG (D, r = 0.340, P = 0.005).

Table 2. Comparison of hy-
pertensive diabetic patients 
with and without RAS inhi-
bitors

Multiple regression analyses
Factors with significant single correlation with UACE2/Cr levels were adopted as expla-

natory variables in multiple regression analyses. The original model included FBG, HbA1C, 
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Discussion

Three major findings were noted in this study. First, UACE2/Cr levels increased signifi-
cantly in T2DM patients compared with healthy controls. However, no difference of UACE2/
Cr levels was observed in albuminuric T2DM patients compared with their normoalbuminu-
ric counterparts. Secondly, UACE2/Cr levels were much greater in hypertensive T2DM pati-
ents than both normotensive T2DM patients and healthy subjects. In particular, RAS blocka-
de could prevent the augmentation of UACE2. Thirdly, UACE2/Cr levels were significantly 
correlated with FBG, HbA1C, TC, and TG, and independently predicted by HbA1C levels and 
RAS inhibitors treatment in diabetic patients.

ACE2 is abundantly expressed in the kidney, predominantly localized to the apical 
surface of proximal tubular cells where it is proteolytically cleaved within its ectodomain 
to release a soluble form in the urine [7, 21]. The degradation fragment of ACE2 was found 
to be about 70 kDa and the glycosylated form 120 kDa [4, 13, 16, 22]. A majority of studies, 
except the one from Ye M, have confirmed that tubular ACE2 decreased significantly in 
diabetic patients and animal models [7-9]. On the other hand, UACE2 excretion significantly 
increased in uncomplicated type 1 diabetic patients, insulin-resistant subjects, CKD patients 
and renal transplant recipients, indicating it might be a potential marker for diabetes and 
kidney disease [13-15, 23]. Consistent with these studies, we showed that UACE2/Cr levels 
were much higher in type 2 DN patients. Importantly, UACE2/Cr levels increased remarkably 
even in diabetic patients without albuminuria, suggesting that augmented UACE2 excretion 
is likely to precede the onset of albuminuria in type 2 diabetic patients. Nevertheless, due to 
the cross-sectional design of the study, one cannot exclude the possibility that albuminuria 
has once appeared and presently regressed in the non-albuminuric patients. In addition, 
it should be noted that it is a limitation that protease inhibitor was not added to the urine 
samples when ACE2 was detected.

It has been previously reported that a disintegrin and metalloproteinase 17 (ADAM17), 
a transmembrane glycoprotein involved in proteolytical cleavage of numerous cell-surface 
proteins, is responsible for the enhanced ectodomain shedding of ACE2 in vitro [24-
26]. More recently, several investigations revealed significant increase in renal ADAM17 
expression and UACE2 excretion in diabetic mice, which were reversed by chronic treatment 
with insulin or the insulin sensitizer rosiglitazone [17, 27, 28]. Also, high glucose increased 
ADAM17 activity and ACE2 shedding in cultured mouse proximal tubular cells [22]. In the 
present study, UACE2/Cr levels were significantly correlated positively with FBG and HbA1C. 
Multiple regression analysis showed that UACE2/Cr appears to be independently predicted 
by HbA1C levels. Moreover, both approximately 120 kDa and 70 kDa of ACE2 were observed 
in the urine from diabetic patients, indicating increased degradation and glycosylation of 
ACE2. Taken together, it is plausible to speculate that hyperglycemia might up-regulate renal 
ADAM17 expression and thus leads to increased ACE2 shedding from tubular epithelial cells 
in type 2 DM patients. The exact mechanisms underlying ACE2 shedding in different stages 
of diabetes need to be further elucidated.

Table 3. Multiple regression analyses for UACE2/CrTC, TG, hypertension 
and use of RAS inhibi-
tors. As a result, FBG, TC, 
TG and hypertension 
were excluded. UACE2/
Cr was independently 
predicted by HbA1C le-
vels and the use of RAS 
inhibitors in diabetic 
patients (Table 3).
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A particular concern is whether ACE2 could be filtered through the glomerular basement 
membrane in DN patients with disrupted filtration barrier. In diabetic mice with albuminuria, 
soluble recombinant ACE2 infusion failed to increase UACE2 levels [16]. Indeed, plasma ACE2 
is undetectable in healthy individuals due to the presence of an endogenous inhibitor or little 
constitutive shedding from the plasma membrane [29, 30]. In a recent study, Chodavarapu 
et al. confirmed the absence of circulatory ACE2 in experimental diabetic mice [17]. 
Furthermore, the high molecular weight of soluble ACE2 (120kDa) indicates that little could 
filtrate across the glomerular barrier. Consistent with these results, our findings showed that 
UACE2/Cr levels were comparable among patients with different grades of proteinuria and 
there was no association between UACE2/Cr and log(UALB/Cr) levels. Altogether, these data 
indicate that, in patients with type 2 DN, UACE2 is more likely of tubular origin instead of 
filtrating from circulation.

Another important finding of our study was that UACE2/Cr levels were much higher 
in hypertensive T2DM patients compared to their normotensive counterparts. On the other 
hand, treatment with RAS blockers significantly attenuated the augmentation of UACE2/Cr 
levels in hypertensive diabetic patients. Based on these results we suggest that, in addition 
to their antihypertensive effects, RAS inhibitors might be useful in preventing tubular ACE2 
shedding by blocking intrarenal Ang II in patients with DN. Our hypothesis is also supported 
by another study that pharmacologic inhibition of AT1 receptor considerably attenuated Ang 
II induced renal ADAM17 overexpression in subtotally nephrectomized mice [31]. These 
data highlight the potential role of UACE2 as a marker for assessing the therapeutic response 
of renoprotective antihypertensive drugs. However, it should be noted that published data 
on this area are conflicting. Reports by Mizuiri et al. and Wysocki et al. showed no change 
in UACE2 excretion after RAS inhibitors administration in CKD patients and db/db diabetic 
mice [13, 16]. We interpret with caution that different disease states and periods might 
be responsible for the discrepancy. Prospective studies are needed to provide additional 
information on this issue.

Conclusion

In summary, the present study demonstrates that increased UACE2 levels are 
significantly correlated with FBG, HbA1C, TG, TC and RAS blockade could attenuate the 
augmentation, suggesting UACE2 to be a noninvasive indicator for the metabolic status and 
therapeutic response of RAS inhibitors in DN patients. Given the renoprotective effects of 
ACE2, pharmacologic inhibition of its shedding from renal tubular cells might be a potential 
therapeutic target for DN.
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