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ORIGINAL RESEARCH

Plasminogen Deficiency and Amiloride 
Mitigate Angiotensin II–Induced 
Hypertension in Type 1 Diabetic Mice 
Suggesting Effects Through the Epithelial 
Sodium Channel
Henrik Andersen, MD, PhD; Maria Høj Hansen, MSc; Kristian B. Buhl , MD, PhD; Mette Stæhr , MSc, PhD; 
Ulla G. Friis, MSc, PhD; Camilla Enggaard; Shanya Supramaniyam, MSc; Ida K. Lund, MSc, PhD;  
 Per Svenningsen, MSc, PhD; Pernille B. L. Hansen, MSc, PhD; Boye L. Jensen , MD, PhD

BACKGROUND: Diabetic nephropathy is a common diabetes mellitus complication associated with hypertension, proteinuria, 
and excretion of urinary plasmin that activates the epithelial sodium channel, ENaC, in vitro. Here we hypothesized that the 
deletion of plasminogen and amiloride treatment protect against hypertension in diabetes mellitus.

METHODS AND RESULTS: Male plasminogen knockout (plasminogen-deficient [Plg−/−]) and wild-type mice were rendered di-
abetic with streptozotocin. Arterial blood pressure was recorded continuously by indwelling catheters before and during 
10 days of angiotensin II infusion (ANGII; 30–60 ng/kg per minute). The effect of amiloride infusion (2 mg/kg per day, 4 days) 
was tested in wild-type, diabetic ANGII-treated mice. Streptozotocin increased plasma and urine glucose concentrations and 
24-hour urine albumin and plasminogen excretion. Diabetic Plg−/− mice displayed larger baseline albuminuria and absence 
of urine plasminogen. Baseline mean arterial blood pressure did not differ between groups. Although ANGII elevated blood 
pressure in wild-type, diabetic wild-type, and Plg−/− control mice, ANGII did not change blood pressure in diabetic Plg−/− mice. 
Compared with ANGII infusion alone, wild-type ANGII-infused diabetic mice showed blood pressure reduction upon amiloride 
treatment. There was no difference in plasma renin, ANGII, aldosterone, tissue prorenin receptor, renal inflammation, and 
fibrosis between groups. Urine from wild-type mice evoked larger amiloride-sensitive current than urine from Plg−/− mice with 
or without diabetes mellitus. Full-length γ-ENaC and α-ENaC subunit abundances were not changed in kidney homogenates, 
but the 70 kDa γ-ENaC cleavage product was increased in diabetic versus nondiabetic mice.

CONCLUSIONS: Plasmin promotes hypertension in diabetes mellitus with albuminuria likely through the epithelial sodium channel.

Key Words: albuminuria ■ aldosterone ■ protease ■ renin ■ sodium channels

Diabetic nephropathy affects 10% to 30% of pa-
tients with diabetes mellitus1 and is character-
ized by albuminuria, progressive decline of renal 

function, and, at the tissue level, fibrosis.1,2 Albuminuria 
is a significant predictor of adverse renal and car-
diovascular outcome3 and is often associated with 

hypertension. Hypertension in patients with diabetes 
mellitus is "salt sensitive"4,5 and characterized by im-
paired renal salt excretion and normal to suppressed 
renin-angiotensin system levels.6–9 Albuminuria in di-
abetes mellitus is accompanied by aberrant filtration 
of plasminogen from plasma to the tubular fluid,10,11 
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where it is activated to plasmin, a feature common to 
other states with albuminuria.12,13 Plasmin may subse-
quently activate the epithelial sodium channel (ENaC) 
proteolytically because in vitro, "near-silent" ENaC 
channels are aberrantly activated by plasmin-medi-
ated proteolysis.12,14,15 Because dysregulated ENaC is 
sufficient to precipitate hypertension as in Liddle syn-
drome,16 it is of interest that in patients with type 1 and 
type 2 diabetes mellitus, urine plasmin correlated with 
blood pressure,10,11 and in a prospective study, urine 
plasminogen predicted blood pressure and mortality 
in patients with type 1 diabetes mellitus.17 Urine from 
patients with diabetes mellitus activated ENaC current 
in vitro.10,11 In rats with metabolic syndrome, plasmino-
gen and plasmin urine excretion were increased.15 The 
ENaC inhibitor amiloride led to significant natriuresis 
and blood pressure reduction in patients with type 1 
diabetes mellitus with nephropathy18 and attenuated 
hypertension in patients with treatment-resistant type 
2 diabetes mellitus.19,20 Together, this points to a po-
tential causal role of plasmin in diabetes mellitus–as-
sociated hypertension. Also, plasmin promoted renal 
fibrosis directly21 potentially by activation of latent 
transforming growth factor (TGF)-β.22 Diabetes melli-
tus promoted monocyte egress in kidneys.23 Plasmin 
promoted inflammation24 and supported nerve growth 

in diabetes mellitus25; all are effects that could sus-
tain hypertension and renal injury. The present study 
tests the primary hypothesis that diabetes mellitus is 
associated with plasmin-driven ENaC-dependent hy-
pertension and, secondary, by leukocyte egress and 
inflammation. Plasminogen-deficient (Plg−/−) mice26 
were employed to examine whether the absence of 
plasmin(ogen) conferred protection from angiotensin 
II (ANGII)–induced hypertension in the streptozoto-
cin-induced type 1 diabetes mellitus model. A com-
plementary pharmacologic approach with amiloride 
administration was employed in diabetic wild-type 
(WT) mice.

METHODS
An overview of the experimental series and total use 
of mice is presented in Figure S1. The data that sup-
port the findings of this study are available from the 
corresponding author upon reasonable request. The 
methods used for analyses will be shared, and materi-
als will be available at request.

Animal Experiments
Animal care followed the guidelines of the National 
Institutes of Health, and the Danish National Animal 
Experiments Inspectorate and the local institutional 
board at the Animal Facility at University of Southern 
Denmark approved the experimental protocol (ap-
proval number 2012-15-2934-00126). Heterozygous 
plasminogen±mice on the FVB/n background26 were 
crossed to breed plasminogen WT and knockout mice 
on pure FVB background. In addition, FVB/n WT mice 
were purchased from Envigo (Indianapolis, IN). Plg−/− 
develop rectal prolapse.26–28 In our hands, 9% of mice 
were terminated as a result of rectal prolapse. Thus, 
the protocol was initiated as early as possible after 
weaning, and only male mice aged 3 to 4 weeks were 
used and entered the study (Figure S1A). Mice had ac-
cess to rodent chow with a sodium content of 0.2% 
(Altromin, Lage, Germany) and tap water. When placed 
in metabolic cages, mice were fed similar rodent chow 
pellets that were pulverized and blended with agar 
(ratio 1:30; 0.5% sodium; A7002, Sigma-Aldrich, MO). 
A total of 79 and 60 mice entered protocols 1 and 2, 
respectively, and of these, 38 (48%) and 22 (37%) com-
pleted the protocols. Drop out was caused by surgi-
cal challenges associated with the lack of plasmin and 
manifest diabetes mellitus, as described in Figure S1A.

Streptozotocin Injections and 24-Hour 
Urine Collections
WT and knockout mice were rendered diabetic by strep-
tozotocin injections (55 mg/kg per day for 5 consecutive 

CLINICAL PERSPECTIVE

What Is New?
• Functional plasminogen was necessary to sus-

tain angiotensin II–induced hypertension in a 
murine model of streptozotocin-induced type 1 
diabetes mellitus, but not in nondiabetic control 
mice, and the epithelial sodium channel blocker 
diuretic amiloride mitigated angiotensin II–in-
duced hypertension in wild-type mice with type 
1 diabetes mellitus and albuminuria.

What Are the Clinical Implications?
• Impaired renal sodium excretion by plasmin–

epithelial sodium channel interaction in kidney 
tubules may have a pathogenic role for hyper-
tension in diabetes mellitus with albuminuria. 
Plasmin activity and the epithelial sodium chan-
nel may be relevant targets for antihypertensive 
therapy.

Nonstandard Abbreviations and Acronyms

ANGII angiotensin II
ENaC epithelial sodium channel
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days, fasting mice), whereas mice receiving vehicle (ve-
hicle, sodium citrate buffer, pH 4.5) served as controls. 
Four groups of mice were compared: diabetic WT (WT 
streptozotocin), nondiabetic WT (WT vehicle), diabetic 
knockout (streptozotocin), and nondiabetic knockout 
(knockout vehicle). Mice were housed individually in 
metabolic cages for one 24-hour urine collection after 3 
to 4 weeks of diabetes mellitus (Figure S1B). Bodyweight 
and fasting blood glucose (after 6 hours) were monitored 
daily during injections and weekly after that. In protocol 
2, only WT mice were treated with streptozotocin and 
underwent the same blood pressure protocol as de-
scribed in "Blood Pressure Measurements in Conscious 
Mice". In the last 4 days of the protocol, amiloride was 
infused at 2 mg/kg per day (Figure S1C).

Blood Pressure Measurements in 
Conscious Mice
After 4 weeks of diabetes mellitus, mean arterial blood 
pressure (MAP) and heart rate (HR) were recorded 
continuously at baseline (2 days) and in response to 
ANGII and amiloride by chronic indwelling catheters 
placed in the femoral artery and vein as previously de-
scribed29–31 (Figure S1B and S1C).

Experimental Protocol 1—Effect of Plasminogen 
Gene Deletion on ANGII-Induced Hypertension 
in Diabetes Mellitus

The catheters were exteriorized through a subcutane-
ous tunnel and connected to a swivel device enabling 
the mice to move freely. Because of the thrombogenic-
ity associated with the deletion of plasminogen, the 
maintenance of catheter patency was a major chal-
lenge, and a heparin solution (100  IU/mL in isotonic 
glucose) was infused continuously from the onset of 
surgery and onward at the arterial and venous side at 
10 μL/h. To minimize bleeding from the incised areas 
of the femoral artery and vein attributed to impaired 
wound healing in the knockout mice,32,33 a surgical mi-
cropatch (TachoSil, Nycomed GmbH, Vienna, Austria) 
was applied. Mice were allowed 5  days of recovery 
before measurements of MAP and HR were initiated 
through the arterial line connected to a pressure trans-
ducer (Föhr Medical Instruments, Hessen, Germany). 
Data were collected at 100  Hz using LabView soft-
ware (National Instruments, Austin, TX). After 2 days 
of baseline measurements, ANGII was infused intrave-
nously (30 ng/kg per minute) for 8 days. Urine collec-
tion could not be obtained postsurgery because of the 
physical constraints imposed by the permanent cath-
eters. A blood sample of 200 μL was drawn through 
the arterial line in resting mice for renin and aldoster-
one measurements in an EDTA-coated vial. At termi-
nation, a 500 μL blood sample was drawn, and mice 

were euthanized by cervical dislocation, and organs 
were harvested and weighed. Plasma was stored at 
−80°C until analyses. The rate of success was 49% 
and 47% in the WT and knockout groups.

Experimental Protocol 2—Effect of Amiloride 
on ANGII-Induced Hypertension in Diabetic 
WT Mice

Mice followed the same protocol as described previ-
ously with minor modifications. The surgical patch was 
omitted in the WT mice to minimize restriction of the 
blood supply following the procedure because local 
necrosis at the site of incision was otherwise a chal-
lenge. After 2 days of baseline measurements, ANGII 
was infused intravenously at 60 ng/kg per minute for 
7 days. The higher dose was used in this protocol to 
obtain a robust blood pressure increase before antihy-
pertensive intervention. At the 4th day of ANGII infu-
sion, amiloride (2  mg/kg per day) was added to the 
ANGII solution in half of the mice, whereas controls 
were given ANGII/vehicle, and this infusion was main-
tained throughout. The rate of success was 37% as a 
result of low postsurgery survival.

Plasma and Urine Analyses
Plasma Na+ and K+ levels were measured by 
flame photometry using ILS-943 (Instrumentation 
Laboratory, Lexington MA). Plasma creatinine con-
centrations were determined by spectrophotometry 
using Microlab 300 (Vital Scientific BV, AC Dieren, 
The Netherlands). Plasma renin34 and ANGII con-
centrations35 were determined by radioimmunoassay 
as published previously. Plasma aldosterone levels 
were measured by enzyme-linked immunosorbent 
assay according to the manufacturer’s instructions 
(LDN Labor Diagnostika Nord GmbH & COKo. KG, 
Nordhorn, Germany, reference number MS E-5200). 
The 24-hour urinary albumin excretion was deter-
mined by enzyme-linked immunosorbent assay 
(Mouse Albumin ELISA Kit number E99-134, Bethyl 
Laboratories Inc., Montgomery, TX) according to the 
manufacturer’s protocol.

Reverse Transcription–Quantitative 
Polymerase Chain Reaction Analysis
RNA was isolated from mouse aorta and kidneys by 
TRIzol reagent (Invitrogen, Carlsbad, CA) and reverse 
transcribed using Superscript and oligo (1708891, 
iScript cDNA Synthesis Kit, Bio-Rad, Hercules,CA). 
Real-time polymerase chain reaction was done ei-
ther with iQ SYBR green supermix (Bio-Rad) on a 
Mx3000P quantitative polymerase chain reaction 
system (Stratagene, Santa Clara, CA) or with iTaqTM 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 11, 2020

https://www.google.com/search?q=Hercules,%2BCalifornia&stick=H4sIAAAAAAAAAONgVuLQz9U3KKwsLHzEaMwt8PLHPWEprUlrTl5jVOHiCs7IL3fNK8ksqRQS42KDsnikuLjgmngWsYp4pBYll-akFusoOCfmZKblF-VlJgIADeD4flkAAAA
https://www.google.com/search?q=Hercules,%2BCalifornia&stick=H4sIAAAAAAAAAONgVuLQz9U3KKwsLHzEaMwt8PLHPWEprUlrTl5jVOHiCs7IL3fNK8ksqRQS42KDsnikuLjgmngWsYp4pBYll-akFusoOCfmZKblF-VlJgIADeD4flkAAAA


J Am Heart Assoc. 2020;9:e016387. DOI: 10.1161/JAHA.120.016387 4

Andersen et al Plasminogen and Hypertension in Diabetes Mellitus

universal SYRB green supermix (Bio-Rad) on a 
AriaMx real-time polymerase chain reaction system 
(Agilent Technologies, Santa Clara, CA). The quanti-
tative polymerase chain reaction system consisted of 
40 cycles (95°C 3/15 minutes and 40 cycles of 95°C 
20  seconds, 60°C 20  seconds, and 72°C 20  sec-
onds). Specific primers were used for the ANGII 
receptor subtypes AT1A/AT1B and AT2, respectively. 
Mouse primers are as follows: AT1a/AT1b GenBank 
number NM_177322 and NM_175086 covers 110 bp 
sense 5′-TTTGTCATGATCCCTACTCTCTACA-3 and 
antisense 5′-CTGGCCACAGTCTTCAGCTT-3′. AT2  
GenBank number NM_007429 covers 142 bp sense  
5′-CGGGAGCTGAGTAAGCTGAT-3′ and antisense  
5′-GACGGCTGCTGGTAATGTTT-3′. 60S Ribosomal 
protein L41 (RPL41) GenBank number NM_018860 cov-
ers 160 bp sense 5′-TCTTAGCGCCATCTTCCT TG-3′ 
and antisense 5′-AGCATCCCTCACTTCTGCTC-3′. 
Toll-like Receptor-4 (TLR4) GenBank number  
NM_021297 covers 179  bp sense 5′-CAGCAAAGT 
CCCTGATGACA-3′ and antisense 5′-AGAGGTGGT 
GTAAGCCATGC-3′. Tumor Necrosis Factor (TNF) 
GenBank number NM_013693 covers 130 bp sense  
5′-GCCTCTTCTCATTCCTGCTT-3′ and antisense  
5′-AGGGGTCTGGGCCATAGAACT-3′. RAR-related  
orphan receptor gamma (RORγ) GenBank number  
NM_001293734 covers bp sense 5′-AGAGACAC 
CACCGGACATCT-3′ and antisense 5′-GCACCCCT 
CACAGGTGATAA-3′. CD45 GenBank number NM_016933  
covers bp sense 5′-GCAAAAGCCATCGGATCAAT-3′ 
and antisense 5′-CAATGGTGACCACACTGGAG-3′. 
Negative controls included water and RNA without 
reverse transcription.

Immunoblotting
Western immunoblotting was performed as described 
previously.10 Briefly, the membrane was incubated with 
primary antibodies (polyclonal rabbit anti-α smooth 
muscle actin antibody, 1:1000, ab5694, Abcam, 
Cambridge, UK; polyclonal rabbit anti-nephrin an-
tibody, 1:1000, ab58968, Abcam; polyclonal rabbit 
anti-mouse plasminogen, 1:1000, ab154560, Abcam; 
polyclonal rabbit anti-pro-renin receptor antibody, 
1:1000, ab40790, Abcam; polyclonal rabbit anti-trans-
forming growth factor β 1, 1:1000, ab92486, Abcam; 
polyclonal rabbit anti-rat ENaC γ antibody, SPC-405, 
1:1000; polyclonal rabbit anti-rat α ENaC antibody, 
1:1000 catalog number SPC-403; both ENaC antibod-
ies were from StressMarq, Victoria, Canada) for 1 hour 
at room temperature or at 4°C overnight. Horseradish 
peroxidase (HRP)-conjugated anti-rabbit (1:2000, 
DakoCytomation, Glostrup, Denmark) served as a sec-
ondary antibody. Urine samples were normalized by 
volume by loading a constant fraction (4‰) of 24-hour 
urine volume before Western immunoblotting. Kidney 

tissue was cut into small pieces with a scalpel and ho-
mogenized in lysis buffer (sucrose, imidazole), EDTA 
dinatriumsalt (pH 7.2), and protease inhibitor (Roche 
[Indianapolis, IN] Complete Mini Protease Inhibitor 
cocktail tablet) with an electric grinder. Samples were 
centrifuged at 4°C for 10 minutes at 6000g, and pro-
tein concentration was determined in the supernatant. 
Protein concentration was determined by Bradford 
assay (Bio-Rad protein assay) following the standard 
protocol by the manufacturer. In initial experiments, 
increasing amount of protein were loaded to roughly 
estimate the range where signal related to abundance. 
Typically 30 to 60 μg protein was loaded.

Single-Cell Patch-Clamp Experiments
Patch-clamp experiments were conducted in the 
whole-cell configuration on M-1 cortical collecting 
duct cells (American Type Culture Collection, Borås, 
Sweden) as previously described.10,13 Briefly, the cur-
rent was monitored by the response to a voltage step 
to −160 mV for 200 milliseconds from a holding poten-
tial of −60 mV, and after 30 to 60 seconds, the cell was 
flushed with urine and the current monitored.

Immunohistochemistry
Sections were deparaffinized and rehydrated in a series 
of ethanol. To reveal antigens, sections were heated to 
97°C in citrate buffer. Sections were washed in TRIS-
Buffered Saline (TBS) (20  mmol/L Tris·HCl [Sigma], 
137 mmol/L NaCl [Sigma], pH 7.6), and a solution of 
H2O2 in TBS was used to block endogenous peroxidase 
enzymes. Sections were rinsed in TBST (0.05% Tween-
20 in TBS), blocked in TBST+5% milk, and incubated 
overnight at 4°C with primary antibody (monoclonal rat-
anti-CD45 antibody, 1:100, catalogue number 550539, 
BD Pharmingen, San Diego, CA) dissolved in TBST with 
5% milk. Sections were rinsed in TBST and incubated 
1 hour at RT with HRP-conjugated secondary antibod-
ies (polyclonal goat-anti-rat and anti-rabbit antibodies, 
1:1000, DakoCytomation) dissolved in TBST with 5% 
skimmed milk. Sections were rinsed in TBST before 
binding of antibody was visualized using 3,3′-diamin-
obenzidine tetrahydrochloride hydrate solution (Sigma, 
D5637). Sections were counterstained with Mayer’s 
hematoxylin, dehydrated, and mounted using Aquatex. 
Sections were analyzed with light microscopy using an 
Olympus BX51 microscope. Pictures were obtained 
using an Olympus DP26 digital camera.

Immunofluorescence Labeling
Labeling with immunofluorescent antibodies was 
done as described previously with minor modifica-
tions. Sections were boiled in citrate buffer using a 
microwave oven and incubated in primary antibody 
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(polyclonal rabbit-anti-noradrenalin antibody, 1:100, 
ab8887, Abcam). Negative controls were incubated in 
TBST with 5% skimmed milk without added primary 
antibody. Sections incubated with 4′,6-diamidino-
2-phenylindole, dihydrochloride (1:1000, not shown), 
and fluorescent secondary antibody (polyclonal don-
key anti-rabbit Alexa 568 antibody, 1:500, A10042, 
Thermo-Fisher Scientific, Waltham, MA) dissolved in 
TBST. Sections were washed in TBST and mounted 
with DakoCytomation fluorescent mounting medium. 
Sections were analyzed with an pE-300white LED 
Illumination Systems (Cool LED) equipped Olympus 
BX51 microscope and images acquired with an 
Olympus DP26 digital camera.

Masson-Tricrome Staining
Sections were deparaffinized and rehydrated in a series 
of ethanol before being placed in following sequence 
of solutions: Bouin’s fixative (picric acid, formaldehyde, 
and concentrated acetic acid) at 60°C, 1  hour; run-
ning water, 10 minutes; Weigert’s hematoxylin working 
solution, 10 minutes; running water, 10 minutes; dem-
ineralized water, 1 minute; chromotrop 2R-acid fuch-
sin (2/3 chromotrope 2R 1:100 solution in 1% acetic 
acid and 1/3 acid fuchsin 1:100 solution in 1% acetic 
acid), 10  minutes; demineralized water, 10  seconds; 
1% phosphomolybdic acid (dissolved in demineralized 
water), 5  minutes; and 2,5 methyl blue (dissolved in 
acetic acid), 5 minutes. The sections were dehydrated 
in a series of ethanol and were mounted with pertex. 
Sections were analyzed with light microscopy using 
an Olympus BX51 microscope, and pictures were ob-
tained using an Olympus DP26 digital camera.

Statistical Analysis
Measurements of MAP with indwelling catheters 
in inbred mice and continuous sampling usually 
yields MAP values of 90 to 105  mm  Hg with a SD 
<10  mm  Hg.29-31 A minimal relevant difference of 
10 mm Hg is considered biologically significant, which 
provides a standardized difference of 1 to 1.2. With a 
power of 90%, this allows detection of a difference at 
a 5% significance level by the use of circa 20 mice with 
10 in each experimental group. Normally distributed 
data were presented as means±SEM. Non-normally 
distributed data were log-transformed (natural log) 
if this induced normal distribution. Log-transformed 
data are presented in semilogarithmic diagrams 
with geometric means±95% CI. If log-transformation 
did not induce normal distribution, data were pre-
sented as medians±95% CI. Groups were compared 
by 2-way analysis of variance (ANOVA) followed by 

Figure 1. Effect of streptozotocin (STZ) treatment on 
plasma glucose and urinary excretion of albumin and 
plasminogen in wild-type (WT) and plasminogen deficient 
(Plg−/−) mice.
A, Diabetic wildtypes (WT STZ, n=10) and Plg−/− (KO STZ, n=7) 
mice displayed a progressive increase in plasma glucose over 
4 weeks, whereas nondiabetic controls (WT VEH, n=14; KO VEH, 
n=4) continued to be at the same level as the baseline. B, The 
24-four hour urine albumin excretion was measured 3  weeks 
after streptozotocin treatment. Urine albumin was significantly 
elevated by streptozotocin treatment compared with vehicle 
in both genotypes (WT STZ, n=8, and KO STZ, n=5; WT VEH, 
n=10, and KO VEH, n=6). Albuminuria was significantly higher in 
KO VEH compared with WT VEH. **P<0.01 ****P<0.0001, Mann–
Whitney. C, Immunoblotting demonstrated plasminogen in 
plasma and 24-hour urine from diabetic WT (WT STZ) mice as a 
band migrating at ≈90 to 100 kDa, which was absent in urine from 
Plg−/− (KO) mice. In the bottom blot, the proteins migrated a little 
slower at the right margin, which caused the apparent different 
molecular weight.

A

B

C
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post hoc Bonferroni multiple comparison test. The 
2 factors included in the model were genotype (WT 
versus plasminogen knockout) and experimental di-
abetes mellitus (vehicle versus streptozotocin). The 
effect of amiloride infusion on blood pressure with 
time was evaluated by repeated-measures ANOVA. 

The effect of ANGII on blood pressure was evaluated 
within each group by comparison of the blood pres-
sure value at baseline (mean of days 1–2) and after 
ANGII infusion (mean of days 6–9) by paired t test. 
When comparing only 2 groups, a t test with Welch 
correction was used. If log-transformation resulted 

Figure 2. Effect of streptozotocin-induced diabetes mellitus (STZ) and angiotensin II (ANGII) infusion on arterial blood 
pressure in wild-type (WT) and plasminogen-deficient (Plg−/−) mice.
A,Traces show mean arterial blood pressure at baseline (day [D] and night [N] 1–2) and in response to ANGII-infused intravenously 
for 8 days in diabetic WT (WT STZ, n=7) and knockout mice (KO STZ, n=6) and control WT (WT VEH, n=12) and knockout mice (KO 
VEH, n=8). B, ANGII increased mean arterial blood pressure significantly in WT vehicle, WT streptozotocin, and knockout vehicle. 
The response was abolished in knockout streptozotocin, and mean arterial blood pressure was significantly lower in knockout 
streptozotocin compared with WT streptozotocin and knockout vehicle. Baseline corresponded to mean of days 1 to 2 and ANGII 
to mean of days 6 to 9 (when the response in mean arterial blood pressure to ANGII reached a plateau) in (A). *P<0.05, **P<0.01 
(compared between groups), ***P<0.001 (compared within or between groups), ****P<0.0001. D1=day 1 (6 am to 6 pm), N1=night 1, etc.
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in normally distributed data, these were analyzed as 
described previously. If log-transformation did not re-
solve this, nontransformed data were analyzed with 

the nonparametric Mann–Whitney test. P<0.05 was 
considered statistically significant. GraphPad Prism 
6.04 for Windows was used.

Figure 3. Effect of amiloride infusion on blood pressure in angiotensin II (ANGII)–infused wild-type (WT) mice with diabetes mellitus (STZ).
A, Traces show mean arterial blood pressure in diabetic WT mice at baseline (day [D] and night [N] 1–2), in response to ANGII infused 
intravenously for 7 days (D and N 3–9) with (WT STZ amiloride, n=8) or without (WT STZ controls, n=7) amiloride (Amil) for 4 days (D 
and N 6–9). Mean arterial blood pressure was significantly lower in WT streptozotocin Amil from N7 when evaluated by repeated-
measures analysis of variance. B, ANGII increased mean arterial blood pressure significantly and similarly in both groups before Amil 
intervention. Following Amil treatment, mean arterial blood pressure decreased and was no longer different from baseline. Baseline 
corresponded to days 1 to 2, ANGII to days 4 to 5, and with Amil (ANGII w Amil) or controls without (ANGII w/o Amil) corresponded to 
days 8 to 9. **P<0.01, ***P<0.001, ****P<0.0001. D1=day 1 (6 am to 6 pm), N1=night 1, etc.
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RESULTS
Streptozotocin-Induced Diabetes Mellitus 
in WT and Plasminogen−/− Mice
Baseline metabolic parameters (Table S1), including 
fasting blood glucose (Figures 1A, S2A), were simi-
lar between groups. WT streptozotocin and knock-
out streptozotocin mice displayed hyperglycemia 
(Figure  S2A), polydipsia, and polyuria compared 
with nondiabetic controls (Table S1). Streptozotocin 
WT mice exhibited lower p-Na+ concentration de-
spite polyphagia; differences not seen in Plg−/− mice 
(Table  S1). The 24-hour urinary albumin excretion 
was significantly augmented in diabetic WT strepto-
zotocin (n=8, P<0.0001) and knockout streptozotocin 
mice (n=5, P<0.01) compared with nondiabetic con-
trols (WT vehicle, n=10, and knockout vehicle, n=6; 
Figure  1B). Albuminuria was significantly more pro-
nounced in knockout vehicle compared with WT ve-
hicle (P<0.01; Figure 1B), whereas plasma creatinine 
was not different between groups (Table S1). Diabetic 
WT displayed renal hypertrophy, whereas no differ-
ences occurred in knockout mice (Table  S1). The 
heart/body weight ratio was not different between 
groups. A protein migrating just below 100 kDa cor-
responding to intact plasminogen was present in 
plasma from WT, but not Plg−/− (Figure 1C). In urine 
from diabetic mice, a band at 90 to 100 kDa comi-
grating with plasma plasminogen was demonstrated 
in WT mice, but not Plg−/− and not in WT control 
mice (Figure  1C). In protocol 2, WT streptozotocin 
mice displayed hyperglycemia similar to protocol 1 
(Figure S2B and S2C; P<0.001). Renal hypertrophy, 
hyperglycemia, and heart/body weight ratio were not 
affected by 4 days of treatment with amiloride in WT 
streptozotocin (Table S2).

Effect of Streptozotocin-Induced Diabetes 
Mellitus and ANGII Infusion on Blood 
Pressure in Plg−/− and WT Mice
Baseline MAP was similar between groups (Figure 2). 
ANGII increased MAP by ≈20 to 25 mm Hg in WT strep-
tozotocin (P<0.001, n=7), knockout vehicle (P<0.001, 

n=8), and WT vehicle (P=0.05, n=12) mice (Figure 2A). 
In knockout streptozotocin, MAP remained unaltered 
by ANGII (Figure 2A) and was significantly lower rela-
tive to WT streptozotocin (P<0.01) and knockout vehi-
cle (P<0.01), but not different from WT vehicle (P=0.1) 
(Figure 2B). The baseline HR was lower in WT strep-
tozotocin compared with WT vehicle and knockout 
streptozotocin mice (Figure S3A and S3B). ANGII did 
not affect HR. Diurnal variation in HR was virtually ab-
sent in knockout streptozotocin and knockout vehicle 
mice.

Effect of Amiloride on ANGII-Induced 
Hypertension in Diabetic WT Mice
Baseline MAP was similar before ANGII infusion 
(Figure  3A and 3B). ANGII induced a significant 
and similar increase in MAP compared with base-
line (P=0.0003 and P<0.0001 for control and ami-
loride, respectively; Figure 3B). Infusion of amiloride 
on top of ANGII after 3 days led to a significant de-
crease in MAP by ≈10  mm  Hg (Figure  3A). ANGII 
vehicle showed a maintained level of hypertension 
(Figure  3A). Amiloride over the whole period low-
ered MAP to a level that did not differ from control 
(P=0.002; Figure 3B). HR was not affected by ami-
loride infusion (Figure S4).

ENaC Abundance and Activation of 
Amiloride-Sensitive Current by Urine in 
WT and Plg−/− Mice
Using single-cell bioassay in vitro, urine from 
aging male WT vehicle mice induced significantly 
larger inward current compared with knock-
out vehicle mice (P<0.0001, n=5 in both groups; 
Figure  4A and 4B). Pretreatment with amiloride 
(2  μmol/L) and α2-antiplasmin (1  μmol/L) before 
the addition of urine from aging WT mice abol-
ished the inward current elicited by urine (P<0.01 
and P<0.0001, respectively, n=5; Figure  4A and 
4B). Urine from diabetic WT mice evoked a sig-
nificantly larger amiloride-sensitive inward current 
relative to urine from diabetic knockout (P<0.01, 

Figure 4. Effect of proteolytic activity in urine from diabetic and plasminogen-deficient (Plg−/−) mice on inward current in M1 
cells and abundance of γ-epithelial sodium channel (ENaC) and α-ENaC subunits in kidney tissue.
A, Patch-clamp current trace of M1 cell before (gray line) and after (black line) addition of 24-hour urine aliquot from a diabetic wild-
type (WT) mouse. B, Urine from aging WT vehicle mice (n=5 in all groups) significantly stimulated inward current. Pretreatment with 
amiloride (Amil, 2 μmol/L) or α2-antiplasmin (AP, 1 μmol/L) abolished inward current evoked by urine. The response with urine from 
knockout vehicle mice was impaired compared with WT mice. ****P<0.0001. C, 24-hour urine from WT streptozotocin mice stimulated 
significantly Amil-sensitive inward current relative to knockout streptozotocin (n=5 in all groups). Urine samples from streptozotocin 
animals were dilute as a result of significant 5 to 6 times greater diuresis (Table S1). **P<0.01. (D-H) Immunoblot analysis of kidney 
homogenates from the vehicle (VEH) and diabetic (STZ) treated wild-type (WT) and Plg-/- (KO) mice for ϒ-ENaC (D) and α-ENaC (H). 
SIze markers are shown in kilo Daltons (kDa). Concentration-response with an increasing amount of homogenate protein shows a 
linear relation with densitometry for γ-ENaC (D) and α-ENaC (H). The predicted sizes of full-length glycosylated proteins are 85-90 kDa. 
E shows a representative blot for γ-ENaC and F-G shows the densitometric evaluation of full length protein migrating at 80-85 kDa and 
proteolytic product at 65-70 kDa. * P≤0.05, n=10 (WT-STZ), n=8 (KO VEH), n= 6 (KO-STZ).
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n=5 in both groups; Figure  4C). Next, the cleav-
age pattern of γ-ENaC in kidney homogenates 
was tested. An antibody directed against the 
C-terminal part of γ-ENaC reacted concentra-
tion dependently (20–60  μg protein) with a pro-
tein in kidney homogenate that migrated at 80 to 
85 kDa compatible with full-length intact γ-ENaC 
and proteins that migrated at 65 to 70  kDa and 
weakly at 50 kDa corresponding to cleaved moi-
eties of γ-ENaC (Figure  4D and Figure  S5). The 
65 to 70  kDa cleaved variant increased in abun-
dance in streptozotocin WT mice compared with 
vehicle mice (Figure  4E and 4G; additional blots 
shown in supplement), whereas the 50  kDa was 
not changed significantly (Figure  S5). The abun-
dance of β-actin protein in the homogenates was 
not different (Figure S5C). Immunoblotting for the 
α-ENaC subunit with an N-terminal antibody re-
sulted in a significant product migrating at 85 kDa 
corresponding to full length and a faster migrat-
ing, weaker band at 30 kDa corresponding to the 
furin-cleaved moiety (Figure  4H and Figure  S6). 
There were no significant changes in abundance 
between groups in the 85 kDa and the 30 kDa pro-
tein when compared with WT vehicle (Figure S6A 
through S6C). There was no difference in plasma 
concentration of ANGII between the ANGII-
infused groups, and renin and aldosterone were 
also not changed (Figure 5A through 5C). The kid-
ney tissue level of PRR (prorenin receptor) pro-
tein was similar between groups (Figure  5D and 
5E). Plasma renin was not affected by amiloride in 
ANGII-infused hypertensive WT mice (Figure S7). 
ANGII receptor AT1A/AT1B and AT2 subtype mRNA 
levels were similar in the aorta in the 4 groups 
(Figure S8).

Effect of Diabetes Mellitus and Deletion 
of Plasminogen on Renal Sympathetic 
Nerves
Immunofluorescence labeling of kidney sections for 
norepinephrine showed significant perivascular labe-
ling in arteries and smaller intrarenal resistance arter-
ies and arterioles and less marked peritubular signals 
with no apparent differences between vehicle and 

Figure 5. Effect of diabetes mellitus and plasminogen 
deletion on plasma renin, angiotensin II (ANGII), and 
aldosterone concentrations and kidney PRR (prorenin 
receptor) abundance in ANGII-infused mice.
A, Renin, (B) ANGII, and (C) aldosterone levels were measured 
in plasma drawn from resting conscious mice after 8  days of 
ANGII infusion in diabetic wild-type (WT STZ) and knockout 
mice (KO STZ) and control WT (WT VEH) and knockout mice 
(KO VEH). D, Immunoblot; E, densitometry analysis of the PRR 
protein abundance in kidney tissue homogenate. There were no 
differences between groups.
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streptozotocin mice. Signals in knockout mice, espe-
cially in knockout streptozotocin, were less widespread 
and present in few larger arteries only (Figure  S9A). 
Kidney tissue norepinephrine concentration, as as-
sessed by enzyme-linked immunosorbent assay, was 
significantly higher in the knockouts compared with 
WT control mice, but not WT diabetes mellitus mice 
(Figure S9B).

Effect of Diabetes Mellitus and 
Plasminogen Deletion on Renal 
Inflammation and Fibrosis
In kidney homogenate, α-smooth muscle cell actin 
and nephrin protein abundances were not different 
between groups (Figure S10A and S10B). Collagen ac-
cumulation in kidney sections did not differ between 
groups by trichrome Masson staining (Figure  S10C). 
CD45-positive leukocytes in kidney sections were few 
with no apparent difference in tissue labeling pattern 
between groups (Figure S11A), and in accord, kidney 
mRNA abundance of CD45, RORγ, and TLR4 and 
housekeeping gene control RPL41 did not differ sig-
nificantly between groups (Figure S11B through S11E). 
The TNFα mRNA level was increased significantly in 
knockout streptozotocin compared with WT strepto-
zotocin (Figure  S11F). The latent form of the TGFβ1 
protein was detected in all kidneys by immunoblotting 
with no significant difference in abundance between 
groups. No active TGFβ1 was detected (Figure S11G 
and S11H).

DISCUSSION
The present study showed that plasminogen-deficient 
mice were protected against ANGII hypertension in 
diabetes mellitus, an effect recapitulated by amiloride 
administration in diabetic mice with ANGII-induced hy-
pertension. Diabetes mellitus caused albuminuria36 that 
was amplified in Plg−/− mice and accompanied by plas-
minogen/plasmin in urine in WT mice with the ability of 
urine to activate ENaC current and kidney tissue γ-ENaC 
cleavage. This was mitigated in Plg−/− mice. Diabetes 
mellitus with albuminuria did not per se elevate blood 
pressure in WT mice, which is a typical observation in 
rodent diabetes mellitus models.37 The findings are com-
patible with the contribution of plasmin/ENaC to ANGII-
induced hypertension in diabetic mice with albuminuria.

To our knowledge, blood pressure has not been 
measured previously in Plg−/− mice. Similar to the 
Plg−/− mice, urokinase-type plasminogen activator–
deficient mice displayed no blood pressure differ-
ence from WT—at least after ureter obstruction.38 In 
mice lacking plasminogen activator inhibitor or tis-
sue-type plasminogen activator, blood pressure at 

baseline was not different, and ANGII-hypertension 
was similar after 7  days.39 In summary, the fibrino-
lytic cascade does not contribute to baseline blood 
pressure regulation in mice. Plasmin contributes to 
extracellular matrix turnover and wound healing,40 
and the baseline albuminuria in Plg−/− could be re-
lated to impaired collagen turnover in the filtration 
barrier as in, for example, Alport syndrome. On the 
other hand, a surplus of plasmin inflicts podocyte in-
jury in vitro.41 Albuminuria and thus plasminogenuria 
increased significantly with diabetes mellitus in WT 
mice. The plasmin-ENaC interaction could become 
progressively more relevant for ANGII-induced hyper-
tension with the development of diabetes mellitus and 
more overt albuminuria compared with nondiabetic 
Plg−/−. A temporal change between mediator organs 
for ANGII hypertension is established: initially, it de-
pends on vascular receptors and reaches a level of 
hypertension similar to the present observations, but 
the vascular contribution then recedes after few days 
and maintained hypertension requires AT1 signaling in 
kidneys.42 The antihypertensive effect of amiloride in 
WT diabetic ANGII-hypertensive mice would support 
the interpretation of progressive importance of kidney 
effects and suggest that ENaC is a common target for 
plasminogen and amiloride.

The phenotype associated with Plg−/− constituted 
a major experimental challenge with impaired wound 
healing40 and a tendency to thrombus formation at 
implanted indwelling catheters,26 which was further 
aggravated by superimposed diabetes mellitus. Thus, 
the experimental completion rate of Plg−/− was <50%. 
Moreover, the FVB genetic background is particularly 
susceptible to diabetes mellitus confirmed by signifi-
cant hyperglycemia and 50 times increase in albumin-
uria36,43 even before ANGII infusion. The FVB strain has 
a similar sensitivity to ANGII-induced hypertension44 
as other conventional strains (Swiss–Webster45 and 
C57BL/6J mice46).

The protection afforded by Plg−/− was not ac-
counted for by differences in attained plasma con-
centrations of ANGII, renin, or aldosterone and by 
differences in vascular ANGII receptor expression 
and the kidney tissue prorenin receptor PRR. PRR is 
required for sustained ANGII hypertension in mice.47 
The absence of plasmin in urine was associated with 
attenuated ENaC current activation in vitro, show-
ing that despite other soluble proteases in urine, for 
example, kallikrein48,49 and prostasin,10 plasmin is 
likely the dominant ENaC-activating protease acting 
either alone or in a cascade with prostasin.14 Kidney 
tissue full-length γ-ENaC and α-ENaC abundances 
were not changed in diabetes mellitus in the pres-
ent or previous studies,50–52 but a 70-kDa γ-ENaC 
cleavage fragment53 increased in abundance simi-
lar to observations in diabetic rats.50 Administration 
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of amiloride to WT diabetic mice with established 
ANGII-induced hypertension lowered blood pressure 
to a level not different from baseline. This underlines 
the importance of ENaC, although mice exhibited 
polyuria and lower plasma Na+. In patients, dia-
betic albuminuria is associated with salt-sensitivity  
of blood pressure.4 We have shown in intervention 
studies that amiloride was an efficient add-on to 
achieve blood pressure control in patients, both with 
type 1 and type 2 diabetes mellitus and treatment 
"resistant" hypertension, compatible with a patho-
genic role for ENaC.19,20 In both patient studies, ami-
loride lowered albuminuria, but whether this was a 
direct protective effect on the glomerular barrier or 
related to the pressure lowering remained an open 
question.18,19 The present data from an experimental 
murine diabetes mellitus model with superimposed 
ANGII infusion are relevant to provide proof of con-
cept for a role for plasmin in hypertension. The data 
suggest a causal explanation as to why ENaC is a 
relevant additional pharmacologically modifiable tar-
get to lower blood pressure in diabetes mellitus with 
albuminuria. Streptozotocin diabetes mellitus was 
associated with renal nerve fiber loss in rats54 and 
deletion of urokinase-type plasminogen activator, 
tissue-type plasminogen activator, or plasminogen 
attenuated nerve regeneration following mechanical 
injury.25 Kidney labeling indicated less dense peri-
vascular presence of norepinephrine in Plg−/−, but 
tissue norepinephrine concentration was signifi-
cantly elevated in Plg−/− compared with WT, both 
with and without diabetes mellitus. Thus, remod-
eling and loss of renal sympathetic nerve terminals 
could have contributed to protection seen in Plg−/−. 
Diabetes mellitus is associated with macrophage 
accumulation in the kidney,23 and plasmin may ac-
tivate TLR4 and latent TGFβ.22,24 Plasmin promotes 
leukocyte migration across the endothelium and 
TNF release,24 but these parameters were either not 
different (transforming growth factor, leukocytes, 
CD45) or elevated in Plg−/− (TNF mRNA) kidneys and 
were less likely to account for the lower blood pres-
sure in Plg−/−. In summary, plasminogen disruption 
conferred protection from ANGII-induced hyperten-
sion in diabetes mellitus with albuminuria. Because 
urine from diabetic Plg−/− mice showed attenuated 
ability to activate amiloride-sensitive ENaC current 
in vitro and amiloride administration in vivo lowered 
blood pressure in ANGII hypertensive diabetic mice, 
ENaC activity contributes to hypertension in this ex-
perimental murine diabetes mellitus model.

PERSPECTIVES
The protection from ANGII-induced hypertension con-
ferred by plasminogen gene disruption and amiloride 

treatment is relevant for patients with diabetes melli-
tus with micro-albuminuria or macro-albuminuria who 
display urinary plasmin excretion.10 Amiloride inhibits 
ENaC directly and urokinase-type plasminogen activa-
tor,55 which converts plasminogen into active plasmin. 
Accordingly, amiloride causes significant natriuresis 
and blood pressure reduction in patients with type 
1 diabetes mellitus with and without nephropathy18 
and is an attractive add-on to obtain blood pressure 
control.
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Table S1. Phenotypical characterization of diabetic (STZ) and control (VEH) WT and KO 

mice. 

In experimental protocol 1, body weight is reported before diabetes induction (baseline) and after 3-

4 weeks of diabetes. Mice were placed in metabolic cages to estimate 24-h urine output, food and 

water intake and feces after at least 3 weeks of diabetes. Weight of heart and both kidneys 

normalized to body weight are reported after terminating the experiments after 8 days ANGII 

infusion. ** p < 0.01, **** p < 0.0001 (compared within the same genotype). Electrolytes and 

creatinine were determined at termination of experiments. 

Phenotypical characterization of mice 

WT VEH WT STZ KO VEH KO STZ 

Body weight (g) 

- at baseline 22.4±1.0 (n=7) 21.6±0.5 (n=7) 17.8±0.7 (n=2) 20.7±1.1 (n=5) 

- after 3 weeks 26.4±0.8 (n=7) 24.0±0.4 (n=7) 23.4±0.2 (n=2) 23.8±1.0 (n=5) 

Water intake (mL) 1.0±0.1 (n=15) 8.0±1.4**** 

(n=11) 

1.1±0.1 (n=5) 8.9±1.7** 

(n=8) 

Urine output (mL) 2.3±0.2 (n=15) 13.5±1.5**** 

(n=11) 

2.4±0.4 (n=5) 14.6±1.6**** 

(n=8) 

Food intake (g) 10.1±0.7 (n=15) 13.5±0.6** 

(n=11) 

11.5±0.3 (n=5) 13.8±0.8 (n=8) 

Feces (g) 3.5±0.4 (n=15) 4.6±0.3 (n=11) 4.1±0.4 (n=5) 5.6±0.9 (n=8) 

Heart/body weight 

(mg/g) 

4.5±0.1 (n=9) 4.3±0.1 (n=8) 4.7±0.2 (n=7) 4.0±0.5 (n=6) 

Kidneys/body 17.3±0.5 (n=9) 21.4±0.9** 17.8±0.5 (n=7) 19.2±1.1 (n=6) 
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weight (mg/g) (n=8) 

P-Na+ (mmol/L) 143±0.3 (n=10) 136±2.1** (n=7) 141±1.1 (n=8) 138±1.8 (n=5) 

P-K+ (mmol/L) 7.0±0.4 (n=10) 6.7±0.2 (n=7) 7.3±0.8 (n=8) 7.0±0.7 (n=5) 

P-creatinine

(µmol/L) 

22±0.7 (n=10) 27±5.3 (n=5) 21±0.6 (n=7) 24±2.2 (n=6) 
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Table S2. Phenotypical characterization of diabetic (STZ) WT mice after 8 days of ANGII 

infusion (ANGII) with (w) or without (w/o) an addition of amiloride (Amil) for 5 days. 

In Experimental protocol 2, body weight was reported before diabetes (baseline) and after 3 weeks 

of diabetes. Weight of heart and both kidneys normalized to body weight was after 8 days of ANGII 

with (w) or without (w/o) an addition of amiloride (Amil) for 4 days. There was no significant 

difference between ANGII w or w/o Amil. 

WT-STZ ANGII w/o WT-STZ ANGII w Amil 

Body weight (g) 

- at baseline 20.17±0.4 (n=7) 20.6±0.7 (n=8) 

- after 3 weeks 24.9±0.4 (n=7) 26.7±0.8 (n=8) 

Heart/body weight (mg/g) 4.5±0.2 (n=7) 4.5±0.2 (n=8) 

Kidneys/body weight (mg/g) 21.0±1.2 (n=7) 19.47±0.6 (n=8) D
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Figure S1. (A) Flow chart depicting use of mice from experimental protocol 1 and 2 . (B+C) Time 

line of protocol 1 and 2, respectively: mice (FVB, aged 3-4 weeks) received injections with 

streptozotocin (STZ) or vehicle for five consecutive days. Three weeks after last injection, mice 

were placed in metabolic cages for one 24 h urine collection. One week later, chronic indwelling 

catheters were placed in the femoral artery and vein for continuous blood pressure (BP) recordings, 

infusion of ANGII (30 ng/kg/min) or ANGII (60 ng/kg/min) with and without (controls) amiloride 

(±Amil, 2mg/kg/day) and blood sampling. Mice were allowed 5 days of recovery before BP 

measurements and 2 days of baseline recordings before initiation of ANGII infusion. When mice 

were lost it was either during surgery or shortly after implantation of catheters since both Plg-/- 

genotype and diabetes were associated with impaired survival.  
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Figure S2. 

(A) Fasting blood glucose was significantly higher in diabetic WT (WT STZ, n=5) and Plg -/-

(KO STZ, n=5) mice compared to non-diabetic controls (WT VEH, n=8, and KO VEH,

n=2, respectively) beginning at 7 days after last STZ injection. **** p < 0.0001 (compared

within the same genotype).

(B-C) Fasting blood glucose in mice from series 2 during STZ injection (day -4 to 0) and four 

weeks past injections. Measurements are from diabetic wildtype mice before infusion with ANGII 

with (WT STZ Amiloride, n=8) or without (WT STZ controls, n=7) amiloride. Four weeks after 

streptozotocin treatment (STZ, day 28), fasting blood glucose was significantly increased compared 

to baseline (day -4). Mice assigned to either WT STZ Control or WT STZ Amiloride did not differ 

at baseline or in diabetes development after 4 weeks. *** p<0.001. 
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Figure S3. 

(A) Traces show mean heart rate (HR) at baseline (day (D) and night (N) 1-2) and in response to

angiotensin II (ANGII) infused intravenously (30 ng/kg/min) for 8 days in streptozotocin

treated diabetic wildtype mice (WT STZ, n=7) and Plg -/-  mice (KO STZ, n=6) and vehicle

treated wildtype mice (WT VEH, n=12) and Plg -/- (KO VEH, n=8). (B) HR was

significantly lower in WT STZ compared within both treatment and genotype, before and

after ANGII. Baseline corresponded to days 1-2 and ANGII to days 6-9 (when response in

MAP to ANGII reached a plateau) in (A). * p < 0.05, D1 = day 1 (6 a.m. to 6 p.m.), N1 =

night 1 etc.
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Figure S4. 

(A) Traces show mean heart rate (HR) at baseline (day (D) and night (N) 1-2) and in response to 

angiotensin II (ANGII, D and N 3-9) infused intravenously (60 ng/kg/min) for 7 days with (WT 

STZ Amiloride, n=8) or without (STZ WT Control, n=7) addition of amiloride (2mg/kg/day) for 4 

days (D and N 6-9), in diabetic wildtype mice (WT STZ). (B) HR tended to decrease after ANGII 

but remained statistically unaltered by ANGII and amiloride. Baseline corresponded to HR of days 

1-2, ANGII to days 4-5 and with amiloride (AngII w Amil) or controls without (AngII w/o Amil) 

corresponded to days 8-9. D1 = day 1 (6 a.m. to 6 p.m.), N1 = night 1 etc.  
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Figure S5. 

(A) Immunoblot analysis of γENaC in kidney tissue homogenates from vehicle (VEH) and diabetic 

(STZ) wildtype (WT) and Plg -/- (KO) mice. Size markers are shown in kilodaltons (kDa). B shows 

densitometric evaluation of the faint 50 kDa cleavage product (n=5 in all groups). There were no 

significant differences between groups. C Shows western blotting for beta actin using homogenates 

as above in A. There were no differences between groups. 
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Figure S6. 

(A) Immunoblot analysis of α-ENaC in kidney tissue homogenates from vehicle (VEH) and diabetic 

(STZ) wildtype (WT) and Plg -/- (KO) mice. At short exposure time, the dominant band migrated 

corresponding to predicted full length at 85-90 kDa while longer exposures revealed a weaker band 

migrating at ca 30 kDa corresponding to furin-cleaved protein detected at the N-terminal by the 

antibody. Size markers are shown in kilodaltons (kDa). B shows densitometric evaluation of the 

faint 85 and 30 kDa cleavage product (n=6 in all groups). There were no significant differences 

between groups.  
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Figure S7. Plasma renin concentration was measured in plasma drawn from resting conscious mice 

before termination of experiments after 8 days of ANGII infusion with and without amiloride in 

diabetic wildtype mice. There were no differences between groups.  
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Figure S8. 

(A-C) mRNA abundances of (A) “housekeeping” gene product ribosomal protein L41 (RPL41) in 

kidney tissue from the 4 experimental groups, (B) angiotensin II type 1 receptor A and B 

(AT1A/BR) and (C) angiotensin II type 2 receptor (AT2r) in aorta from diabetic wildtype mice 

(WT STZ, n=7) and Plg -/-  mice (KO STZ, n=5) and vehicle treated wildtype mice (WT VEH, 

n=10) and Plg -/- (KO VEH, n=8). There were no differences between groups. 
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Figure S9. 

A) Immunofluorescent staining of noradrenalin (red) in kidney tissue of wildtype and Plg -/- mice 4 

weeks after vehicle or STZ treatment. Pictures are representative of the tendency seen in n=2 KO 

STZ and n=3 from WT STZ, WT VEH and KO VEH. From left to right: negative control, 

norepinephrine, 16x in silico magnification of dotted square insert from previous picture. White 

scale bar in lower right corner: 100 μm. Norepinephrine staining resulted in distinct signal from 

perivascular and peritubular structures particularly in cortex of WT VEH and WT STZ. There was a 

tendency to a less widespread signal in KO VEH that was further aggravated in KO STZ (lowest 

row). B) Diagram shows norepinephrine concentration in kidney tissue expressed per mg protein. 

N=7-10 in each group. Norepinephrine content was elevated in Plg-/- mice irrespective of diabetes. 

* p < 0.05; ** p < 0.01 
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Figure S10. 

(A) Immunoblot and densitometry analysis for the glomerular filtration barrier protein nephrin. (B) 

Immunoblot and densitometry analysis of the mesenchymal marker α-smooth muscle cell actin 

(αSMA) showed no difference between groups. (C) Trichrome Masson staining of kidney tissue 

from wildtype and Plg-/- mice 4 weeks after vehicle or STZ treatment. Pictures are representative of 

the tendency seen in n=3 mice from each group. Glomeruli are marked with G (left) and vessels are 

shown at the right side. Staining showed collagen accumulation (blue) in some of the glomeruli in 

the WT STZ mice, whereas no collagen was observed around glomeruli in either of the remaining 

groups. No differences between groups were observed in collagen accumulation in other areas of 

the kidney Thus perivascular connective tissue was not altered (4 pictures in right panel). Black 

scalebar in lower right corners: 50 μm. 
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Figure S11. 

Inflammatory cells and mediators in kidney tissue of vehicle and STZ-treated wildtype and Plg-/- 

mice 4 weeks after vehicle or STZ treatment (A) Immunohistochemistry staining of tissue sections 

for the leukocyte marker, receptor CD45. Black scale bar in lower right corners: 50 μm. Bottom: 

16x magnification of dotted square in picture above. black arrows: CD45 positive cells. n=3 pr. 

group. Regardless of STZ/VEH treatment WT mice showed a tendency to have multiple clusters of 

CD45 positive cells in perivascular areas, whereas KO mice had only very few, scattered CD45 

positive cells. (B-F) mRNA abundances of (B) “housekeeping” gene product ribosomal protein 

L41( RPL41), (C) qPCR analysis of the leukocyte marker CD45, there was no difference in 

abundance; (D) transcription factor TH17 cell marker RORγ, (E) receptor of the innate immune 

system TLR4 and (F) pro-inflammatory cytokine TNFα. TNF mRNA abundance was significantly 

increased in KO STZ compared to WT STZ. No other significant difference was found in mRNA 

abundance. (G-H) Immunoblot analysis: (G) immunoblot and (H) densitometry analysis of 

immunoblot for cytokine TGFβ1. Human cortex pool (HCP) was used as positive control and 

shows active (13 kDa) and inactive (44 kDa) TGFβ1. No active TGFβ1 was revealed in either 
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group. No significant difference was found in inactive TGFβ1. * p<0.05
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