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Angiotensin-converting enzyme 2 (ACE2) gene therapy aimed at counteracting pancreatic ACE2
depletion improves glucose regulation in two diabetic mouse models: db/db mice and angiotensin
II-infused mice. A disintegrin and metalloproteinase 17 (ADAM17) can cause shedding of ACE2
from the cell membrane. The aim of our studies was to determine whether ADAM17 depletes ACE2
levels in pancreatic islets and �-cells. Dynamics of ADAM17-mediated ACE2 shedding were inves-
tigated in 832/13 insulinoma cells. Within a wide range of ACE2 expression levels, including the
level observed in mouse pancreatic islets, overexpression of ADAM17 increases shed ACE2 and
decreases cellular ACE2 levels. We provide a mathematical description of shed and cellular ACE2
activities as a function of the ADAM17 activity. The effect of ADAM17 on the cellular ACE2 content
was relatively modest with an absolute control strength value less than 0.25 and approaching 0 at
low ADAM17 activities. Although we found that ADAM17 and ACE2 are both expressed in pan-
creatic islets, the �-cell is not the major cell type expressing ACE2 in islets. During diabetes pro-
gression in 8-, 12-, and 15-week-old db/db mice, ACE2 mRNA and ACE2 activity levels in pancreatic
islets were not decreased over time nor significantly decreased compared with nondiabetic db/m
mice. Levels of ADAM17 mRNA and ADAM17 activity were also not significantly changed. Inhib-
iting basal ADAM17 activity in mouse islets failed to affect ACE2 levels. We conclude that whereas
ADAM17 has the ability to shed ACE2, ADAM17 does not deplete ACE2 from pancreatic islets in
diabetic db/db mice. (Endocrinology 156: 4411–4425, 2015)

Angiotensin-converting enzyme 2 (ACE2) is an enzyme
that mostly hydrolyzes angiotensin-II (Ang-II) into

angiotensin-(1–7) (1, 2). Our laboratory has previously
reported that gene therapy with an adenovirus for ACE2
expression, delivered to the pancreas, counteracts hyper-
glycemia induced by Ang-II infusion (3). Pancreatic ACE2
gene therapy also improves glycemia in the obese diabetic
db/db mouse (4). Conversely, ACE2 knockout mice ex-
hibit defects in glucose homeostasis and pancreatic �-cell
function such as glucose intolerance, defective first-phase
glucose-stimulated insulin secretion, and reduced insulin
expression (5, 6). ACE2 has further showed beneficial ef-
fects on various cardiovascular diseases, leading to inves-
tigation into increasing ACE2 activity by recombinant

ACE2 or stimulators of activity (7, 8). ACE2 levels might
also be elevated by inhibiting degradation mechanisms, of
which the most researched so far has been shedding of
ACE2 by a disintegrin and metalloproteinase 17
(ADAM17), also known as TNF�-converting enzyme
(TACE). ADAM17 has the ability to cleave catalytically
active ACE2 from the cell surface into the extracellular
environment (9). ADAM17-mediated proteolysis of
ACE2 has been reported to be associated with loss of cel-
lular ACE2 from neurons and myocytes (10, 11). Com-
pared with nondiabetic db/m controls, diabetic db/db
mice have increased urinary content of a truncated ACE2
form, which was suggested to arise from shedding due to
elevated renal ADAM17 levels (12). We recently hypoth-
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esized that elevated levels of ADAM17 in diabetes might
lead to loss of ACE2 from pancreatic islets by shedding
(13). We have investigated this hypothesis by quantifying
the dynamic relationship between ACE2 and ADAM17 in
832/13 insulinoma cells, by assessing the levels of ACE2
and ADAM17 in pancreatic islets from diabetic db/db
mice, and by determining the effect of endogenous
ADAM17 on ACE2 levels in pancreatic islets.

Materials and Methods

Cells and animals
Rat 832/13 insulinoma cells (14) (a kind gift from Dr Chris-

topher B. Newgard, Duke University Medical Center, Durham,
North Carolina) were maintained as described (15) in a medium
containing fetal bovine serum from Life Technologies (catalog
number 16000–044. The rat origin has been previously
confirmed (16). Male db/db (BKS.Cg-Dock7�m��/
�Lepr�db�/J) mice homozygous for Lepr�db� on a
C57BLKS/J background and age-matched male db/m mice
heterozygous for Lepr�db� were purchased from The Jackson
Laboratory. One week before the animals were killed, body
weight and fasting blood glucose was measured, after an over-
night fasting, with a TRUEtrack blood glucose monitoring sys-
tem (Nipro Diagnostics). Animals were killed at ages of 8 weeks
(56 and 57 d), 12 weeks (84 and 85 d), and 15 weeks (107 and
108 d). Plasma from whole blood was collected and stored at
�80°C until analysis. Plasma glucose was determined with a
glucose assay kit (GAGO20–1kt from Sigma-Aldrich). Pancre-
atic islets were isolated from individual mice (17). The whole islet
population picked from each mouse was used for either RNA
isolation or ACE2 protein assays. Mice of strain B6.Cg-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, with the coding se-
quence for a red fluorescing protein, tdTomato, downstream
from a loxP-flanked transcriptional STOP cassette inserted in the
Rosa26 locus, and transgenic mice with Cre recombinase under
the control of the rat insulin 2 promoter (strain B6.Cg-Tg[Ins2-
cre]25Mgn/J) were purchased from The Jackson Laboratory. We
term these genes Tom and Ins2-Cre in this paper. These trans-
genic mice were bred to generate double and single heterozy-
gotes. Pancreatic islets were isolated from these animals as well
as from wild-type C57BL/6J mice. Animal procedures were ap-
proved by the Institutional Animal Care and Use Committee at
the Louisiana State University Health Sciences Center-New
Orleans.

Plasmids
Expression plasmids for human ACE2 (hACE2/pcDNA3.1)

and mouse ACE2 (mACE2/pcDNA3.1) were previously de-
scribed (16). A plasmid for a fusion protein of human ACE2 and
green fluorescent protein (GFP) was from Origene. A plasmid for
mouse ADAM17 (pAd17) was purchased from Addgene (cata-
log number 19141) (18). A plasmid for the E406A mutant of
ADAM17 (pAd17E406A) was generated by in vitro mutagenesis
changing a GAA to a GCA codon. The plasmid pACE2-Tom for
CAG promoter-driven coexpression of mACE2 and tdTomato
was generated based on pCAGEN (plasmid number 11160) from
Addgene. Additional SacI and MluI restriction sites were inserted

into the multicloning site. The mouse ACE2 coding sequence was
amplified from mACE2/pcDNA3.1 and cloned between SacI and
MluI restriction sites. The tdTomato coding sequence preceded
by an internal ribosome entry site was amplified from LeGO-iT2
(Addgene, plasmid number 27343) and cloned between MluI
and NotI restriction sites. Other plasmids used were
pcDNA3.1(�) (Invitrogen/Life Technologies) and pEGFP-C3
(CLONTECH) for cytomegalovirus (CMV) promoter-driven
expression of enhanced GFP.

Transfections
Rat insulinoma 832/13 cells were transfected in six-well

plates as previously described (16) with varying amounts of ex-
pression plasmids. To study shedding, the medium was changed
the day after transfection. After 24 hours, the medium was col-
lected and centrifuged at 20 800 � g for 5 minutes at 4°C, after
which an aliquot of the supernatant was recovered for the mea-
surement of shed ACE2. Cells were scraped from the plates,
washed with Dulbecco’s PBS, and suspended in various buffers
according to use. To study protein stability after the 24-hour
incubation, the medium was changed to maintenance medium
containing 50 �M cycloheximide with sampling at different time
points.

Flow cytometry
Rat insulinoma 832/13 cells transfected with plasmids

pEGFP-C3 and pACE2-Tom were analyzed for green and red
fluorescence on FACSAria and LSRII (BD Biosciences) flow cy-
tometers after excitation at 488 nm using GFP and phycoerythrin
channels. Aiming for single islet cells, pancreatic islets were dis-
sociated by trypsinization and multiple pipettings, followed by
washing in Dulbecco’s PBS. Cells were assessed for red tdTomato
fluorescence. Cells were sorted on FACSAria flow cytometers
into red and non-red fractions, which were subsequently pro-
cessed for RNA isolation or ACE2 extraction.

Western blotting
Cellular and shed ACE2 were detected using an antibody

against the ectodomain of human ACE2 (AF933; R&D Sys-
tems). This antibody also detects mouse ACE2 in Western blots,
although with less band intensity than human ACE2. ADAM17
was detected with an anti-ADAM17 antibody (ab2051; Abcam).
The epitopes recognized by this antibody are identical in mouse
and rat ADAM17 (Table 2). Images were captured on an Im-
ageQuant LAS 4000 (GE Healthcare). Bands were quantified
with ImageJ version 1.47 (National Institutes of Health,
Bethesda, Maryland) and normalized relative to the average in-
tensity of bands of interest on each blot. Protein size was deter-
mined relative to the MagicMark XP Western protein standard
(Invitrogen). Presented blots have samples in order, whereas rep-
licate blots had samples randomized across wells to minimize any
systematical errors.

Quantitative RT-PCR
RNA from 832/13 cells was isolated with TRI Reagent (Mo-

lecular Research Center, Inc, Cincinnati, Ohio) and treated with
TURBO DNA-free (Life Technologies). RNA from islets and
islet cell fractions was isolated with an RNeasy minikit
(QIAGEN). Target mRNAs were assayed using Power SYBR
Green RNA-to-CT one-step kit (Life Technologies) relative to
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�-actin mRNA or 18S rRNA. The assays were conducted on a
LightCycler 480 II (Roche). The targets with their associated
forward and reverse primer sequences listed in the 5�-3� direction
were as follows: mouse ACE2, gaggataagcctaaaatcagctcttg and
tcggaacaggaacatttcgtt; mouse and rat ADAM17, cgtggttggt-
gagcctgact and ttatattctgccccatctgtgttg; mouse insulin 2, gagcag-
gtgaccttcagacctt and ctgggtagtggtgggtctagttg; mouse glucagon,
cagaggagaaccccagatcatt and cctgtgagtggcgtttgtctt; mouse soma-
tostatin, cccagactccgtcagtttctg and gggcatcattctctgtctggtt;
mouse 18S rRNA, cggacaggattgacagattg and caaatcgctccaccaac-
taa; and rat �-actin, agatgacccagatcatgtttgaga and ccagagg
catacagggacaac.

ACE2 activity
ACE2 activity was measured from protein extracts using the

fluorogenic substrate Mca-APK(Dnp) as previously described
(19). Activities are expressed in fluorescence units per minute.
DX600 was omitted from the measurements of ACE2 from
transfected 832/13 cells because the enzyme activity cleaving
Mca-APK(Dnp) is almost entirely due to ACE2 in these cells (16).
A calibrator that was an ACE2 extract of 832/13 cells transfected
with 2 �g/well mACE2/pcDNA3.1 was included to minimize
plate-to-plate variations of the assay.

ADAM17 activity
Protein extracts used for determining ACE2 activity were also

used to determine ADAM17 activities. We measured activity
with the SensoLyte 520 TACE (�-secretase) activity assay kit
(catalog number 72085; Anaspec Inc). This activity was termed
SensoLyte activity. We used 10 �L protein extract and 90 �L of
the SensoLyte substrate. Fluorescence at 520 nm after excitation
at 490 nm was measured for 1 hour at room temperature and the
slopes were calculated. The SensoLyte activity was calculated as
the slope in the presence of the TACE inhibitor from the kit
subtracted from the slope in the absence of the TACE inhibitor.
A more specific ADAM17 assay was conducted with 10 �L pro-
tein extract and 90 �L 10 mM CaCl2; 25 mM Tris-HCl,
pH 8.0, with a final concentration of 5 �M Dabcyl-
SPLAQAVRSSK(5FAM)-NH2 (BioZyme Inc); and �100 nM of
the ADAM17-specific inhibitor DPC-333 (20) (a kind gift from
Bristol-Meyers Squibb). Fluorescence at 530 nm after excitation
at 485 nm was measured for 1 hour at 37°C, and slopes in flu-
orescence development were calculated between the 10- and 60-
minute time points. Calibrators (protein lysate of 832/13 cells
transfected with pAd17) were included to minimize the plate-
to-plate variations of the assay.

Control strength
The control strength, also known as the control coefficient, of

a parameter P on shed ACE2 and cellular ACE2 activity is de-
fined as the fractional change in ACE2 levels in response to frac-
tional changes in the levels of the parameter, ie, (d ACE2/
ACE2)/(d P/P) 	 d ln(ACE2)/d ln(P) (21). The control strength
isdeterminedas the slopeofaplotof thenatural logarithmofACE2
activity vs the natural logarithm of P or by direct calculation from
mathematical expressions of ACE2 as a function of P.

Statistics
Data are presented as means � SE. According to the exper-

imental designs, data were analyzed by paired t tests, t tests, or

an ANOVA with post hoc comparisons of means with Bonfer-
ronis’s adjustments for multiple comparisons, when appropri-
ate. The statistical analysis and curve fitting (nonlinear regres-
sion) were performed using Prism 5.03 (GraphPad Software).

Results

ACE2 shedding occurs in insulinoma cells
overexpressing ACE2

We tested whether ACE2 shedding can occur in the
832/13 cell line, which is a commonly used model for
pancreatic �-cells. Because the endogenous levels of ACE2
protein are very low in 832/13 cells (16), we transiently
transfected cells with mACE2 and hACE2 expression plas-
mids. In the original description of ADAM17-mediated
ACE2 shedding (9), the small size difference between in-
tact and shed ACE2 makes it difficult to clearly distinguish
between these two forms. To unambiguously detect
whether shedding occurs in 832/13 cells, we also trans-
fected cells with a plasmid for expression of a larger fusion
protein with GFP attached to the C terminal of hACE2.
The shed form of the hACE2-GFP fusion protein should
have the same size as shed hACE2. A comparison of Figure
1, A and B, reveals that an approximately 102-kDa shed
ACE2 form from both hACE2 and the hACE2-GFP fusion
protein is present in the cell culture medium after a 24-
hour incubation. A less intense band of the larger hACE2-
GFP fusion protein represents ACE2 protein presumably
released by other sources than shedding, which might in-
clude membrane debris from dead cells or small extracel-
lular membrane particles that were not removed by cen-
trifugation. An approximately 94-kDa shed form of
mACE2 is also apparent and distinguished from the 102-
kDa full-length mACE2. Increasing concentrations of the
ADAM17 expression plasmid led to significantly in-
creased concentrations of ADAM17 proteins with sizes of
approximately 103 kDa and 88 kDa (Figure 1, C and F).
The 103- and 88-kDa forms possibly correspond to pro-
ADAM17 and mature ADAM17 (22). However, it is also
possible that both are active forms with different glyco-
sylation patterns. For the highest concentration of pAd17
expression (2 �g/well), there were significantly increased
concentrations of shed ACE2 (Figure 1, B and E). No con-
sistent effects of overexpression of ADAM17 on the three
types of cellular ACE2 were observed (Figure 1D).

Shed ACE2 is quantified by its hydrolytic activity
Shed ACE2 contains the catalytic domain of ACE2, and

different shed ACE2 forms were reported to possess the
same specific activity (23). After a 24-hour incubation, cell
culture medium from cells transfected with ACE2 expres-
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sion plasmids had hydrolytic activity against Mca-AP-
K(Dnp) that could be inhibited greater than 90% by the
ACE2-specific inhibitor DX600, demonstrating that the
hydrolytic activity is due to ACE2 (Figure 2A). Surpris-
ingly, the maintenance medium for the 832/13 cells also
had ACE2 activity, which comes from the fetal bovine
serum. This medium activity is not affected by incubation
at 37°C or by incubation with untransfected 832/13 cells
(Figure 2B). Thus, the difference in hydrolytic activity be-
tween the medium from transfected cells and from the
maintenance medium represent the ACE2 activity released
from the cells during the incubation period. The shed
ACE2 activity was significantly increased at the highest
level of the ADAM17 expression plasmid (Figure 2C).

ADAM17 decreases cellular ACE2 levels
With the empty expression plasmid pcDNA3.1(�) as

control for the ADAM17 expression plasmid, there was
no significant decrease in the cellular ACE2 levels despite

the increased shedding of ACE2 (Figure 1, A and D). Be-
cause the expression plasmids all include the CMV pro-
moter, there is the potential for competition for transcrip-
tion factors in cotransfection experiments (squelching).
Transfections with 2 �g pcDNA3.1(�) furthermore con-
tain 1.45-fold more plasmid molecules than transfections
with 2 �g pAd17 due to the size difference between the two
plasmids (5427and
7863bp, respectively).We therefore
speculated that the pAd17 and pcDNA3.1(�) plasmids
had different squelching effects on ACE2 expression. A
new control plasmid, pAd17E406A, encoding the cata-
lytically inactive E406A mutant of ADAM17 (24), was
generated and compared with the other plasmids in
cotransfections with the mouse expression plasmid
mACE2/pcDNA3.1. Cells transfected with pAd17 and
pAd17E406A did not differ significantly in the expression
levels of ADAM17 mRNA that were much higher (�100-
fold) than the expression level in cells transfected with

Figure 1. Shedding of ACE2 in insulinoma cells. The 832/13 cells were cotransfected with 0.5 �g ACE2 expression plasmids per well and the
indicated amounts of the ADAM17 expression plasmid pAd17 or pcDNA3.1(�) in two experiments, with each treatment given to duplicate wells.
A–C, Western blots of cellular ACE2, ACE2 released into the cell culture medium, and cellular ADAM17, respectively. D–F, Densitometric analyses
of band intensities observed in the Western blots for cellular ACE2, shed ACE2, and cellular ADAM17, respectively. Bands were normalized relative
to the average intensity of bands of interest on each blot, which was set at a value of 100. *,***, P � .05, P � .001 vs 0 �g pAd17; ###, P �
.001 vs 0.5 �g pAd17 for post hoc contrasts of means after an ANOVA.
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pcDNA3.1(�) (Figure 3A). The levels of ACE2 mRNA
were also similar for pAd17 and pAd17E406A but were
approximately twice as high as in the cells transfected

with pcDNA3.1(�) (Figure 3A). This confirms that
pcDNA3.1(�) differs from the ADAM17 plasmids in their
effect on ACE2 expression in our experimental set-up.

To see how the overexpression of ADAM17 affects
ACE2 shedding at different expression levels of ACE2, we
transfected cells with 2 �g ADAM17 expression plasmid
or the control plasmids per well and cotransfected cells
with varying amounts (4, 20, 100, and 500 ng/well) of
mACE2/pcDNA3.1 Overexpression of hydrolytically ac-
tive ADAM17 was confirmed with the SensoLyte
ADAM17 activity kit (Anaspec Inc) (Figure 3B). However,
the increase in ADAM17 activity after transfection with
pAd17 was only 3.7- to 5.2-fold, which is low compared
with the greater than 200-fold increase observed for
ADAM17 mRNA and the 21-fold and 16-fold increases,
respectively, for the 103- and 88-kDa ADAM17 proteins
(Figures 1, C and F, and 3A). Because neither the substrate
nor the inhibitor in the SensoLyte kit is completely specific
for ADAM17, we designed an alternative assay with DPC-
333, which is highly specific for ADAM17 (20). With this
assay, pAd17 resulted in an approximately 20-fold in-
crease in ADAM17 activity compared with the controls
(Figure 3C).

Increasing concentrations of mACE2/pcDNA3.1 led to
increased levels of both shed and cellular ACE2 activity
(Figure 3, D and E). The range of cellular ACE2 activities
achieved in the transfection experiments include the en-
dogenous ACE2 activity level observed in mouse pancre-
atic islets. Except for the lowest concentration of mACE2/
pcDNA3.1, in which the shed ACE2 is difficult to
determine against the background of ACE2 in the main-
tenance medium, the concentration of shed ACE2 is sig-
nificantly higher with the overexpression of active
ADAM17 than for the controls, as was similarly demon-
strated for other cell types by Lambert et al (9). Shedding
with pAd17E406A tended to be higher than with
pcDNA3.1(�), which is a likely result of higher ACE2
expression. For the three highest levels of mACE2/
pcDNA3.1, the cellular ACE2 level was significantly
lower for pAd17 than for pAd17E406A, which is attrib-
uted to increased shedding. The cellular ACE2 level for
pAd17E406A was also significantly higher than for
pcDNA3.1(�), which reflects the difference in ACE2 syn-
thesis occurring with the two plasmids.

The ratio of total secreted ACE2 activity to total cel-
lular ACE2 activity is clearly increased with the overex-
pression of active ADAM17 (Figure 3F). During the in-
cubation period, the total amount of ADAM17 activity
was fairly stable, whereas ACE2 activity increased 64%
(Figure 3G). Thus, ADAM17 overexpression causes at
least one full turnover of ACE2 activities from the cellular
to the extracellular compartment within 24 hours. We

Figure 2. Enzymatic activity of shed ACE2. A, Maintenance medium
for 832/13 cells and select culture broths from the experiments
outlined in Figure 1 were tested for hydrolytic activity against the ACE2
substrate Mca-APK(Dnp) in the absence and presence of the ACE2-
specific inhibitor DX600. B, The ACE2 activities of 832/13 maintenance
medium stored at 4°C, after an overnight incubation at 37°C, and
after an overnight incubation with untransfected 832/13 cells at 37°C,
were compared by measuring six aliquots of each. C, The ACE2
activities of the cell culture media from the experiments outlined in
Figure 1 were determined. **,***, P � .01, P � .001 vs 0 �g pAd17;
#, ###, P � .05, P � .001 vs 0.5 �g pAd17 for post hoc contrasts of
means after an ANOVA.

doi: 10.1210/en.2015-1556 press.endocrine.org/journal/endo 4415



conclude that the overexpression of ADAM17 has the po-
tential to decrease cellular ACE2 levels by shedding within
a wide range of ACE2 expression levels, including the level
occurring in mouse pancreatic islets.

To see whether ADAM17 affects only shedding of
ACE2 in the same cell as itself or whether shedding from
neighboring cells is possible, we transfected cells individ-
ually with either mACE2/pcDNA3.1(�) or one of the
ADAM17 expression plasmids. The next day, the trans-
fected cells were trypsinized and mixed for subsequent
coincubation of the individually transfected cells. Despite

significant changes in ADAM17 activities, there were no
differences in cellular and shed ACE2 activities between
mixed cell populations with active and inactive ADAM17
(Figure 3H). The increase in shed ACE2 by ADAM17
overexpression (Figure 3D) is thus caused by ACE2 ex-
pressed in the same cell as ADAM17.

Depicting the natural logarithm of ACE2 activities
against the natural logarithm of the amount of mACE2/
pcDNA3.1 used in the transfections shows near straight
lines for both cellular and shed ACE2 (Figure 3I). The
control strengths of the ACE2 expression plasmid on

Figure 3. Overexpressed ADAM17 affects ACE2 levels. A, ACE2 and ADAM17 mRNA concentrations were determined from four experiments in
which 832/13 cells were transfected with 0.5 �g/well mACE2/pcDNA3.1 and cotransfected with 2 �g/well of pAd17, pAd17E406A (an expression
plasmid for inactive ADAM17), or pcDNA3.1(�). B–F, In six experiments, 832/13 cells were transfected with 4, 20, 100, or 500 ng
mACE2/pcDNA3.1 per well and cotransfected with 2 �g/well of pAd17, pAd17E406A, or pcDNA3.1(�). We measured the activity (SensoLyte
activity) with a SensoLyte ADAM17 activity kit (B), the activity by a more specific ADAM17 assay (C), the shed ACE2 activity (D), and the cellular
ACE2 activity (E) compared with the average ACE2 activity level from five wild-type mice. We calculated the ratio of total shed ACE2 activity to
total cellular ACE2 (F). G, The total cellular ACE2 and ADAM17 activities were determined at the beginning and end of a 24-hour incubation
period for 832/13 cells that were cotransfected four times with 25 ng mACE2/pcDNA3.1 and 2 �g pAd17 per well. H, 832/13 cells were
individually transfected with 25 ng/well mACE2/pcDNA3.1, 2 �g/well pAd17, and 2 �g/well pAd17E406A. The next day, cells were trypsinized and
mixed for coculture of ACE2-expressing cells and cells overexpressing either active or inactive ADAM17. We measured ADAM17 activity, cellular
ACE2 activity, and shed ACE2 activity. I, The control strengths of the amount of the ACE2 expression plasmid mACE2/pcDNA3.1 on cellular and
shed ACE2 are determined as the slopes of the indicated regression lines for the natural logarithms of ACE2 activities plotted against the natural
logarithms of the amount of mACE2/pcDNA3.1. Data were analyzed by an ANOVA (A–F) and t tests (H). Due to the large range in SDs for ACE2
activity measurements occurring with the different levels of the ACE2 expression plasmids, separate ANOVAs for the ACE2 parameters were
conducted for each level of mACE2/pcDNA3.1(�) (D–F). *, **, ***, P � .05, P � .01, P � .001 vs. pAd17E406A.
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ACE2 activity levels are estimated as the slopes of these
lines. For cellular ACE2, they were 0.96, 0.96, and 0.92
for pAd17E406A, pAd17, and pcDNA3.1(�), respec-
tively. For shed ACE2, the control strengths were 0.83,
0.96, and 0.73, respectively. These numbers, close to
�1.0, indicate a strong positive effect of the ACE2 syn-
thesis rate on both the cellular and shed ACE2 levels.

Overexpression of ADAM17 decreases ACE2
stability

The large transfer of ACE2 to the extracellular com-
partment by ADAM17 overexpression suggests that
ADAM17 decreases the protein stability of cellular ACE2.
We measured stability by determining the total content of
cellular ACE2 activity after the inhibition of protein syn-
thesis by cycloheximide. The initial half-lives were calcu-
lated from exponential degradation curves fitted to data
between the 0- and 8-hour time points. Cells overexpress-
ing active ADAM17 had a significantly (P � .01) lower
half-life of ACE2 activity (12.8 � 0.2 h) than cells trans-
fected with pAd1E406A (17.2 � 0.9 h) (Figure 4A).
Whereas active ADAM17 continues to shed ACE2 in this
time period (Figure 4C), the total ADAM17 activity is
itself substantially degraded with a half-life of 6.7 � 0.5
hours (Figure 4B).

Control strength of ADAM17 on ACE2 expression
We aimed to determine the control strength of

ADAM17 on ACE2 shedding and cellular ACE2 expres-
sion at ACE2 levels typical for mouse pancreatic islets. For
example, how much does a relative change in ADAM17
activity affect relative changes in ACE2 levels? For this
purpose, wells with 832/13 cells were transfected with 25
ng mACE2/pcDNA3.1 and 2 �g of a mix of expression
plasmids for active and inactive ADAM17 in different ra-
tios. ADAM17 activity for the whole-cell population in-
creases linearly with the amount of pAd17 for active
ADAM17 used in the transfections (Figure 5A), whereas
shed and cellular ACE2 activities increase and decrease,
respectively, before approaching a plateau (Figure 5B).
The ADAM17 activity for the cells that become trans-
fected with the ADAM17 expression plasmids is calcu-
lated as the measured activity for pAD17E406A alone plus
the measured activity for the ADAM17 mix divided by the
transfection efficiency. The transfection efficiency is esti-
mated from 832/13 cells transfected with 25 ng mACE2/
pcDNA3.1 and 2 �g of a plasmid for enhanced green flu-
orescent protein (eGFP) expression from the CMV
promoter. The fraction of cells with green fluorescence
was measured by flow cytometry (Figure 5C, upper right
panel), giving an average transfection rate of 46.8% from
five experiments. The fraction of cells transfected with

mACE2/pcDNA3.1 that was cotransfected with the
ADAM17 expression plasmids was estimated by transfec-
tion of cells with 0.5 �g pACE2-Tom and cotransfection

Figure 4. Effect of ADAM17-mediated ACE2 shedding on ACE2
protein stability. The 832/13 cells that were cotransfected in four
experiments with 100 �g/well mACE2/pcDNA3.1 and 2 �g/well of
either pAd17 or pAd17E406A were treated with cycloheximide. The
total ACE2 activity (A) and ADAM17 activity (B) were measured for up
to 21 hours. Exponential decay curves were fitted to the data between
the 0- and 8-hour time points. The ratio of total shed ACE2 to total
cellular ACE2 activity was also determined (C). *, ***, P � .05, P �
.001 vs pAd17E406A for post hoc contrasts after an ANOVA.
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with 2 �g of either pAd17 or 2 �g pEGFP-C3 per well. The
population of purely red fluorescent cells seen in the lower
left panel of Figure 5C is more than 99% shifted to cells
coexpressing red and green fluorescence when pEGFP-C3
is cotransfected (Figure 5C, lower right panel). With 25 ng
pACE2-Tom per well in cotransfections, the level of red
fluorescence was lower, but cotransfection efficiency was
still greater than 99% (data not shown). Thus, it is rea-
sonable to assume that practically all cells transfected with
mACE2 will also be transfected with the ADAM17 ex-
pression plasmids and susceptible to effects of the
ADAM17 proteins.

Depictions of shed and cellular ACE2 activity as func-
tions of the estimated ADAM17 activity of transfected
cells suggest that saturation kinetics can describe the re-
lationships. Analogous to Michaelis-Menten kinetics, we

fitted curves ACE2 	 A0 � Amax * ADAM17/(ADAM17
� K0.5), where A0 is the ACE2 activity for ADAM17 ac-
tivity 	 0, Amax is the maximal change from A0 at satu-
rating levels of ADAM17, and K0.5 is the ADAM17 ac-
tivity for reaching an ACE2 level of (A0 � Amax)/2. As
shown in Figure 5, D and E, these models can be fitted well
to the data. The control strengths of ADAM17 on shed
and cellular ACE2 are then calculated from these model
fits as follows: (d(ACE2)/d(ADAM17)) * (ADAM17/
ACE2) 	 �ADAM17 * Amax * K0.5 * (ADAM17 �
K0.5)�1 * (A0 * (ADAM17 � K0.5) �Amax * ADAM17)�1.
The control strengths are illustrated in Figure 5F. For both
shed and cellular ACE2, the control strengths have abso-
lute values smaller than0.25.Thecontrol strength for shed
ACE2 is low due to ACE2 activity released into the me-
dium, even when the ADAM17 activity is 0, suggesting

Figure 5. Determination of the control strength of ADAM17 on ACE2 activity. 832/13 cells were cotransfected with 25 ng/well
mACE2/pcDNA3.1 and 2 �g/well of a mix of pAd17 and pAd17E406A. The pAd17 content in the mix were 0, 0.4, 0.8, 1.2, 1.6, and 2 �g/well in
four experiments and 0, 0.05, 0.1, 0.2, 0,4, and 2 �g/well in eight experiments. ADAM17 activities (A) and ACE2 activities (B) were measured. C,
For estimation of transfection efficiencies, green fluorescent 832/13 cells transfected with 2 �g pEGFP-C3 and 25 ng mACE/pcDNA3.1 were
determined as in the upper right panel compared with control cells in the upper left panel. To estimate cotransfection efficiency, cells
cotransfected with a plasmid encoding the red fluorescent tdTomato and pAd17 (lower left panel) were compared to cells cotransfected with
plasmids for eGFP and tdTomato expression (lower right panel). For the different amounts of pAd17 used in the transfection experiments, shed
ACE2 (D) and cellular ACE2 (E) were plotted against the estimated ADAM17 activity of the transfected cells, ie, corrected for the transfection
efficiency. Curves describing saturation kinetics were fitted to the data. F, Based on the model fits, the control strengths were calculated and
plotted as a function of the ADAM17 activity of transfected cells.
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that other enzymes or mechanisms contribute to ACE2 ac-
tivity appearing in the medium. It should also be noticed that
the control strength of ADAM17 for cellular ACE2 ap-
proaches 0 for very low ADAM17 activities. We conclude
that in these conditions, only large relative changes in
ADAM17 activity will markedly affect cellular ACE2 levels.

The �-cell is not the main cell type expressing
ACE2 in islets

We generated double-heterozygous mice (Ins2-
CRE�/�, Tom�/�) that within the pancreas should ex-
press high levels of the red fluorescent tdTomato protein
exclusively in �-cells. Compared with single-heterozygous
Ins2-CRE�/� or Tom�/� mice, double-heterozygous mice
indeed possess a cell population from pancreatic islets
with very high red fluorescence (Figure 6A, lower panel).

From the mice with �-cell-restricted tdTomato fluores-
cence, red and non-red fluorescent cells were sorted from

each other and used for RNA isolation or ACE2 protein
assays. Figure 6B shows that the red fluorescent cells ex-
press more insulin 2 mRNA and less glucagon and soma-
tostatin mRNA than the non-red cells, demonstrating the
enrichment of the red fluorescent population for �-cells
and the depletion of �- and �-cells. Surprisingly, there was
much less ACE2 mRNA in the �-cell-enriched population
than among the non-red cells (5% of the concentration for
non-red cells). The concentration of ADAM17 mRNA in
the �-cell-enriched population was also significantly
smaller (56% of the concentration for non-red cells). Fur-
thermore, the ACE2 activity in the �-cell-enriched popu-
lation was only 12% of the ACE2 activity in non-red cells
(Figure 6C).

We conclude that ACE2 and ADAM17 are both ex-
pressed in mouse pancreatic islets but mostly in
non-�-cells.

Figure 6. ACE2 and ADAM17 in mouse pancreatic islet cells. A, Dispersed islet cells were assessed for red tdTomato fluorescence. The lower
panel shows a cell subpopulation with high red fluorescence that is sorted from the non-red cells. B, Quantitative RT-PCR was performed to
measure ACE2, ADAM17, insulin 2, glucagon, and somatostatin mRNA for sorted red and non-red islet cells from four female Tom�/�,
Ins2-Cre�/� mice. C, ACE2 activity was determined for sorted red and non-red islet cells from two female and one male Tom�/�, Ins2-Cre�/�

mice. *, **, P � .05, P � .01 vs non-red cells as determined by paired t tests.
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Expression of islet ACE2 and ADAM17 in diabetes
We previously suggested that islet ACE2, determined

by immunohistochemistry, was up-regulated in 8-week-
old db/db mice compared with control mice and tended to
be down-regulated in 16-week-old mice. There was fur-
thermore a sharp decline in ACE2 protein levels between
8- and 16-week-old mice (4). We hypothesized that these
changes were due to changes in ADAM17 expression. Ex-
pression levels of ACE2 and ADAM17 in db/db and db/m
mice were compared at 8, 12, and 15 weeks of age. As
expected, db/db mice had higher body weight and fasting
blood glucose levels than controls as well as a higher non-
fasted plasma glucose level (Table 1). Fasting blood glu-
cose was measured 1 week before euthanasia to avoid any
short-term effects of the fasting on islet ACE2 and
ADAM17 expression. Plasma ACE2 activity was used as
an index of whole-animal shedding of ACE2 into the cir-
culation (Supplemental Figure 1). The highest level was
observed in the oldest db/db mice but failed to reach sta-
tistical significance after Bonferroni correction.

The db/db mice showed a decrease in islet insulin 2
mRNA expression over time (Figure 7C), whereas there
were no significant changes in ACE2 and ADAM17
mRNA concentrations over time or between genotypes
(Figure 7, A and B). Islet ACE2 activity also showed no
significant changes between groups (Figure 7D).
ADAM17 activity was at the detection limit of the assay,

with no significant differences between groups (Figure
7E). In the absence of DPC-333, the hydrolytic activity of
the fluorogenic substrate was significantly increased in
db/db mice (Figure 7F), likely due to an up-regulation of
other proteases than ADAM17. We conclude that ACE2
and ADAM17 expression in pancreatic islets is stable and
not altered in db/db mice compared with nondiabetic con-
trols. This contrasts with the regulation in liver, skeletal
muscle, and adipose tissue, in which the db/db mice show
a different expression of ACE2 mRNA relative to db/m
mice. ADAM17 mRNA expression was furthermore in-
creased in adipose tissue of db/db mice (Supplemental Fig-
ure 2).

Endogenous ADAM17 levels in pancreatic islets do
not affect ACE2 levels

According to the dynamic model in Figure 5, ADAM17
activity in mouse pancreatic islets is predicted to be too
low to affect ACE2 content. We tested this prediction by
inhibiting basal ADAM17 activity with DPC-333. When
832/13 cells are transfected with the mACE2 expression
plasmid and cotransfected with pAd17 or pAd17E406A,
the depletion of cellular ACE2 and increased ACE2 shed-
ding caused by the overexpression of active ADAM17 is
prevented by 1 �M DPC-333, demonstrating its effective-
ness (Figure 8, A and B). A slight decrease in shedding by
DPC-333 when inactive ADAM17 is overexpressed may

Table 1. Metabolic Parameters of db/m and db/db Mice

db/m db/db db/m db/db db/m db/db

Age, wk 8 8 12 12 15 15
Body weight, g 23.8 � 0.3 35.2 � 0.6a 26.7 � 0.7 46.1 � 0.9a 27.2 � 0.5 46.9 � 1.3a

Fasting blood glucose, mg/dL 46.1 � 2.8 85.8 � 6.2 85.5 � 10.4 206.4 � 18.6a 71.9 � 5.9 233.9 � 19.2a

Nonfasted plasma glucose, mg/dL 249.6 � 15.9 517.9 � 21.8a 244.0 � 11.9 792.4 � 25.3a 265.1 � 13.7 734.8 � 25.7a

Values represent mean � SEM. There were eight mice per group, except for only seven db/db mice at 12 weeks. A two-way ANOVA with
Bonferroni’s post hoc test was performed. Age and nonfasted plasma glucose data were gathered at time mice were killed. Other parameters
were measured 1 week before mice were killed.
a P � .001 vs age-matched db/m mice.

Table 2. Antibody Table

Peptide/Protein
Target

Antigen Sequence
(if Known) Name of Antibody Provider

Species Raised
(Monoclonal or
Polyclonal)

Dilution
Used

ACE2 Human ACE-2 ectodomain
affinity purified
polyclonal antibody

R&D Systems, number
AF933

Goat, polyclonal 1:1000

ADAM17 ASFKLQRQNRVDSKETE Anti-ADAM17 antibody Abcam, number ab2051 Rabbit, polyclonal 1:2000
Goat IgG Donkey antigoat IgG H&L

(HRP)
Abcam, number ab6885 Donkey, polyclonal 1:5000

Rabbit IgG ECL rabbit IgG, HRP-linked
whole antibody
from donkey

GE Healthcare Life
Sciences, number
NA934V

Donkey, polyclonal 1:20 000

Abbreviations: ECL, enhanced chemiluminescence; HRP, horseradish peroxidase.
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be due to inhibition of the endogenous ADAM17 in
832/13 cells.

Pancreatic islets from wild-type C57BL/6 mice were
incubated for 24 hours in the absence and presence of
DPC-333. After incubation, the ADAM17 activity level in
the absence of DPC-333 was essentially undetectable
(0.4 � 9.6 and 0.2 � 12.0 fluorescence units/min/�g pro-
tein for males and females, respectively), and DPC-333
had no effect on cellular or shed ACE2 (Figure 8, C and D).
The islet ACE2 level of females was significantly increased
compared with males (P � .001). We conclude that the
basal levels of ADAM17 in the pancreatic islets do not
affect the cellular ACE2 levels.

Discussion

We have previously demonstrated that pancreatic ACE2
gene therapy improves glycemic control in animal models
of diabetes (3, 4). The level of ACE2 in a cell will be de-
termined by the balance of synthesis and degradation of
ACE2. The most researched degradation process so far has
been shedding of ACE2 by ADAM17. We investigated the
hypothesis that loss of ACE2 from pancreatic islets during
diabetes is caused by enhanced shedding due to elevated
levels of ADAM17 (13).

We established 832/13 cells overexpressing ADAM17
and ACE2 as a model system to study the dynamics of the
shedding process. It shows that ADAM17 has the poten-
tial to decrease cellular ACE2 levels.

With the DPC-333-based ADAM17 activity assay, the
endogenous ADAM17 activity of 832/13 cells is close to
the detection limit of the assay. Still, there is a detectable
content of shed ACE2 in the absence of overexpressed
ADAM17, likely generated by other proteases that can
cleave ACE2 (25, 26). Shedding by other proteases than
ADAM17, eg, the constitutive shedding of ACE2 in Huh7
and HEK-ACE2 cells, has indeed been reported (9).

We have quantified the size of the effect that ADAM17
has on ACE2 expression by determining the control
strengths in 832/13 cells. For cellular ACE2, the control
strengths were in the interval (�0.25; 0). Accordingly,
only relatively large increases in ADAM17 activity would
result in marked decreases in ACE2 levels. For example, a
2-fold increase in ADAM17 would at most cause a 16%
decrease in ACE2. In striking contrast, the high control
strength of the synthesis rate suggests that a 2-fold increase
in the ACE2 synthesis rate will increase the cellular ACE2
levels by at least 89%. The control strength of ADAM17
on shed ACE2 was also quite small in the interval (0;
�0.25), primarily due to a high background of shedding

Figure 7. Expression of ACE2 and ADAM17 in diabetes. RNA from pancreatic islets was isolated from db/db and db/m mice. There were four
mice in each group, except for only three db/db mice at 12 weeks of age. The concentrations of ACE2 mRNA (A), ADAM17 mRNA (B), and insulin
2 mRNA (C) were determined. Protein extracts from pancreatic islets were isolated from db/db and db/m mice with four mice in each group. ACE2
activities (D) and ADAM17 activities (E) were measured. F, The hydrolytic activity against the ADAM17 substrate in the absence of the ADAM17
inhibitor, DPC-333, was increased in db/db mice. *, ***, P � .05, P � .001 vs db/m mice in the same age group for post hoc contrasts of means
after a two-way ANOVA.
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caused by enzymes that are apparently not ADAM17. If
the background is subtracted to show ACE2 shed specif-
ically by ADAM17, the control strength would be close to
�1.0 at low ADAM17 activity levels and decrease to 0 as
saturation occurs. The apparent K0.5 value for shed ACE2
seems lower than for cellular ACE2. The cause for this is
currently unknown. Interestingly, there are ADAM17 ac-
tivity levels as observed with 0.4 �g/well pAd17 in Figure
5B in which the shed ACE2 is increased 92%, but cellular
ACE2 is decreased by only 16%. This is reminiscent of
results obtained with Huh-7 cells in which the calmodulin
inhibitors led to a significant 50% increase in shed ACE2
activity but no significant decrease in cellular ACE2 ac-
tivity (27). We calculated the control strengths for
ADAM17 activity levels that were corrected for the trans-
fection efficiency. The ACE2 activities were not similarly

corrected. But because a correction for the transfection
efficiency would change the ACE2 activities by only a con-
stant, the control strengths that are based on relative
changes would be unaltered. The actual values of the con-
trol strengths of ADAM17 on ACE2 expression in other
tissues and cell types may differ from those found with
832/13 cells due to, for example, cell type-specific com-
petition between ADAM17 and other proteins for access
to ACE2 or cell type-specific processes that promote or
hinder the physical proximity between ADAM17 and
ACE2.

ACE2 stability was decreased after the overexpression
of ADAM17. The effect of ADAM17 might be underes-
timated because ADAM17 is degraded faster than ACE2
after inhibition of protein synthesis. However, shedding
by ADAM17 and other proteases is not the only mecha-

Figure 8. Effects of inhibiting ADAM17 activity on ACE2 expression. 832/13 cells were transfected in four experiments with 100 ng/well mACE2/
pcDNA3.1 and cotransfected with 2 �g/well of pAd17 or pAd17E406A. After transfection, cells were incubated in the absence or presence of 1
�M DPC-333. We determined the cellular ACE2 activity (A) and calculated the ratio of total shed ACE2 activity to total cellular ACE2 (B).
*, **, ***, P � .05, P � .01, P � .001 vs no DPC-333; ###, P � .001 vs pAd17 in the absence of DPC-333 for post hoc contrasts of means after
an ANOVA. Pancreatic islets were isolated from C57BL/6 mice aged 4–12 months. Pools of islets from four mice each were generated for a total
of three pools from male mice and two pools from female mice. Aliquots of the islets were incubated for 24 hours in RPMI 1640 medium without
serum. We determined the cellular ACE2 activity (C) and calculated the ratio of total shed ACE2 activity to total cellular ACE2 (D). There were no
significant differences for post hoc contrasts of means in the absence and presence of DPC-333 after an ANOVA, but the main effect for sex was
significant at P � .001 for cellular ACE2 activity.
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nism degrading ACE2. We recently reported that inter-
nalization and lysosomal degradation decrease ACE2 lev-
els in response to Ang-II and demonstrated that ACE2 was
ubiquitinated (28). Inhibition of the proteasome pathway
by MG132 has further been shown to increase ACE2 pro-
tein levels (29). Because less than 5% of pancreatic islet
ACE2 was released to the extracellular compartment
within 24 hours (Figure 8D), we speculate that these path-
ways, rather than shedding, are involved in the normal
turnover of ACE2 protein in islets. It is not known whether
this profile would be affected in any pathological condi-
tions in which endogenous ADAM17 would be
overexpressed.

ADAM17 cleaves ACE2 only when ADAM17 and
ACE2 are coexpressed in the same cell. Both ACE2 and
ADAM17 are expressed in mouse islets, at least at the
mRNA level. However, the ACE2 mRNA and ACE2 ac-
tivity levels were markedly lower in a �-cell-enriched pop-
ulation relative to the alternate cell population. Islet ACE2
therefore seems expressed mainly in non-�-cells of pan-
creatic islets. This can explain our previous observation of
much higher ACE2 expression in the total population of
islet cells compared with insulinoma cell lines (19). It will
be of interest in future studies to identify the islet cell type
expressing high levels of ACE2 and assess the biological
role that ACE2 might play in that cell type. RNA sequenc-
ing analysis of human islets indicated even lower levels of
ACE2 mRNA in �-cell-enriched populations than in
�-cell-enriched populations (30). Islet ACE2 expression
may occur mainly in somatostatin-secreting cells, as re-
ported using immunohistochemistry of rat islets (31).
However, this would need to be verified by a more quan-
titative approach.

Our hypothesis describing loss of ACE2 from pancre-
atic islets during diabetes as a result of enhanced
ADAM17-mediated shedding (13) could not be validated
in diabetic db/db mice because ADAM17 activity did not
increase in the islets of these mice. There were no signif-
icant differences between genotypes or over time for ACE2
mRNA, ACE2 activity, ADAM17 mRNA, and ADAM17
activity. The ADAM17 activity was at the limit of detec-
tion so there might have been small changes in activity that
went undetected. Still, we demonstrated that basal
ADAM17 activity in islets is simply too low to affect ACE2
levels. A similar lack of change in expression in ACE2
mRNA and activity was observed in high-fat diet-fed, hy-
perglycemic mice compared with regular diet-fed mice
(data not shown), underscoring the remarkable robust-
ness of islet ACE2 expression in the face of diabetic phe-
notypes. However, with the depletion of total islet mass as
diabetes progresses, it is likely that loss of islets and their

associated ACE2 contribute to an overall decrease of
ACE2 levels in the whole pancreas.

Sex differences in ACE2 expression with estrogen af-
fecting expression has been described (32, 33). We ob-
served a higher expression of ACE2 in pancreatic islets in
females than males. Verification will require further stud-
ies. In contrast to a previous study (12), our methodology
allowed the robust quantification of plasma ACE2 activ-
ity. More studies are needed to determine whether pro-
longed diabetes increases the circulating level of ACE2,
reflecting possible shedding, as suggested by the plasma
ACE2 activities.

Our observations of low ACE2 expression in �-cells, at
least in the context of tdTomato-expressing mice, and no
decrease of ACE2 expression over time and in db/db mice
seem at odds with previous findings based on immuno-
histochemistry (3, 4, 31). A technical advantage of our
new measurements is that they do not depend on antibody
specificity. Whereas the specificity of commercial antibod-
ies is sufficient to detect overexpressed ACE2 in Western
blots, nonspecific staining in immunohistochemistry may
mask staining caused by ACE2 in tissues and cell types
with low ACE2 expression, such as �-cells. Because we
have measured the ACE2 mRNA and ACE2 activity in the
total population of islets collected from each individual
mouse, there is also less risk of bias in selection of islets for
analysis.

We conclude that islet ACE2 is not generally depleted
in diabetes beyond the reduction in islet mass that occurs
during the disease. Thus, the beneficial effects of exoge-
nous ACE2 that we have observed, leading to improved
glycemic regulation (3, 4) including protection from oxi-
dative stress, improved islet glucose-stimulated insulin se-
cretion, increased �-cell proliferation, and reduced apo-
ptosis, seem not simply due to counteracting a local ACE2
depletion in islets but seem rather due to a more general
organ or whole-animal environment in which elevated
ACE2 activity protects �-cell function through a local
change in the balance between Ang-II and Ang-(1–7). Even
though we did not observe changes in blood flow to the
whole pancreas (3), islet function could potentially also be
affected by altered islet blood flow as has been reported
(34).

Unless the regulation of ACE2 in human islets differs
substantially from the regulation in mice islets, our study
indicates that therapy based on preventing ADAM17-me-
diated ACE2 shedding in pancreatic islets is not a prom-
ising avenue for treatment of diabetes. On the other hand,
elevation of the ACE2 synthesis rate in the pancreas can be
predicted to lead to a concomitant increase in ACE2 levels
with associated positive effects on glycemic regulation.
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Further research into the regulation of ACE2 synthesis is
therefore highly warranted.
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