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AbstrAct

Changes in the renin-angiotensin system, known for its critical role in the regulation of 
blood pressure and sodium homeostasis, may contribute to aging and age-related dis-
eases. While the systemic renin-angiotensin system is suppressed during aging, little is 
known about its regulation and activity within tissues. Yet, this knowledge is required to 
successively treat and/or prevent renal disease in the elderly. In this study, we tested the 
use of the renin activatable near-infrared fluorescent probe ReninSense680™ to facilitate 
non-invasive imaging of renin activity in vivo. First, we validated the specificity of the 
probe, by detecting increased intrarenal activity after losartan treatment and the virtual 
absence of fluorescence in renin knock-out mice. Second, age-related kidney pathology, 
tubular anisokaryosis, glomerulosclerosis and increased apoptosis was confirmed in kid-
neys of 12, 18 and 24-week-old Ercc1d/- mice, while initial renal development was normal. 
Next, we examined the in vivo renin activity in these Ercc1d/- mice. Interestingly, increased 
intrarenal renin activity was detected by ReninSense in Ercc1d/- compared to WT mice, 
while plasma renin activity was lower. Hence, this study demonstrates that intrarenal RAS 
activity does not necessarily run in parallel with circulating renin in the aging mouse. In 
addition, our study supports the use of this probe for longitudinal imaging of altered RAS 
signaling in aging.
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IntroductIon

Aging is a natural biological process that is associated with diverse detrimental changes in 
cells and tissues, ultimately leading to loss of organ function. Progressive deterioration of 
the renal structure is part of the normal aging process, including loss of renal mass, loss of 
tubules and increase in the incidence of glomerulosclerosis and tubulointerstitial fibrosis.1 
Besides sclerosis and loss of most of the glomeruli, the remaining glomeruli often exhibit 
impaired filtration ability. Accordingly, many elderly suffer from a decline in renal func-
tion, often shown as a progressive decrease in glomerular filtration rate and renal blood 
flow. These age-related structural and functional changes may predispose the kidney to 
acute kidney injury or progressive chronic kidney disease.2

The renin-angiotensin system (RAS) has long been recognized for its critical role in 
the regulation of blood pressure and fluid homeostasis. Changes in the responsiveness and 
activity of the RAS have been shown to play an important role in aging, as well as in renal 
disease as it predisposes the elderly to acute kidney injury and chronic kidney disease.3-7 
It is suggested that overexposure to the RAS hormone angiotensin (Ang) II causes DNA 
damage as well as cellular senescence and/or apoptosis; processes known to play a role in 
aging and disease.8, 9 Moreover, interference in the RAS system by using RAS blockers has 
been proposed to extend lifespan and to prevent age-associated changes.10 However, not 
all elderly respond well to RAS blockade and related adverse events include acute kidney 
injury, hyperkalemia and hypotension.11, 12 Thus, we need more insight into the regulation 
of the RAS during aging, in order to successively treat and/or prevent renal disease in the 
elderly population.

Although Ang II is considered to be the principal effector molecule of the RAS, 
renin is the rate-limiting enzyme in the cascade and plays an essential role in regulating 
RAS activity. Several classes of drugs blocking renin activity have been shown to have 
renoprotective actions.13 Currently, plasma renin activity is used as the clinical marker 
for systemic RAS activity, and previous studies have shown that circulating renin is sup-
pressed with advancing age.7, 14 However, multiple studies reported on the existence of 
so-called tissue RAS, which may act independently of the systemic RAS.15 Indeed, RAS 
components in the kidney did not always change in parallel with RAS components in the 
circulation.16 In fact, inappropriate activation of the intrarenal RAS might underlie the 
pathogenesis of hypertension and renal injury (reviewed within Kobori et al.).17 Thus, next 
to systematic plasma renin activity measurements more emphasis should be placed on 
quantifying tissue RAS activity. As it is difficult to measure tissue RAS components in vivo, 
non-invasive imaging of local renin activity would help to evaluate the possible role of 
tissue renin activity in disease development and progression. Moreover, the development 
of new non-invasive imaging methods with the use of near-infrared fluorescent (NIRF) 
probes could lead to better detection and treatment options in the future.  
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It has previously been shown that kidneys of the progeroid Ercc1d/- mouse model 
display severe tubular attenuation and degeneration with marked anisokaryosis.18, 19 More-
over, Schermer et al.20  showed that age-related transcriptional changes were present in 
the glomeruli of Ercc1d/- mice, thus suggesting that the progeroid Ercc1d/- mouse model 
is a valuable tool to study age-related glomerular pathologies. To investigate age-related 
changes in the intrarenal RAS in vivo, we applied the renin activatable NIRF probe Renin-
Sense680™ allowing non-invasive imaging of renin activity in the progeroid Ercc1d/- mouse 
model.21

MAterIAl And Methods

All animal experiments were performed under the regulation and permission of the 
Animal Care Committee, conforming to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (NIH Publication No. 8523, 
revised 1985). As required by Dutch law, formal permission to generate and use genetically 
modified animals was obtained from the responsible local and national authorities (DEC 
118-11-05 and DEC 139-12-16). 

experimental animals 

Animals used in this study were male and female Ercc1d/- mutants and their wild-type 
Ercc1+/+ littermates (WT) in an F1 hybrid FVB/N-C57BL/6J background. The generation of 
nucleotide excision repair-deficient Ercc1d/- mice has been previously described.22 Ren1c 
homozygous null mice (RenKO; 3 females and 1 male) were generated as described before 
(C57BL/6J background) and sacrificed at the age of 3-6 months.23 A separate group of WT 
mice were divided into two groups, which were either given losartan (100 mg/kg/day) in 
drinking water, or drinking water only from 5 weeks of age until the age of 12 weeks when 
the animals were sacrificed.  

All mice were housed under standard laboratory conditions (temperature 23±1°C, 
12-hour light-dark cycle) and maintained on standard chow (Special Diets Services, Essex, 
UK) with ad libitum access to water. Since Ercc1d/- mice are smaller, water bottles with long 
nozzles were used and food was administered within the cages from four weeks of age.

In vivo microct-FMt imaging of renin activity

Ercc1d/- and WT mice, treated with or losartan or placebo, were injected intravenously 
with ReninSense680™ (2 nmol/100µl per 25 gram bodyweight) (Perkin Elmer Inc., Akron, 
Ohio, USA) 24 hours post FMT imaging. Mice were anesthetized (1.5-2.5% isoflurane, O2 
1 L/min) and depilated to minimize the interference of fur on the fluorescent signal. To 
improve detection of intrarenal renin activity, mice were injected with the NIRF probe 
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Annexin-Vivo750™ (Perkin Elmer Inc.) 2 hours post FMT imaging to visualize the kidneys 
and/or imaged with the microCT to allow co-registration of anatomical data with the in 
vivo fluorescence. Before FMT imaging, mice were injected in the tail vein with the iodine 
contrast agent eXIA160 (Binitio Biomedical Inc., Ottawa, Canada) for microCT imaging. 
Mice were positioned in the animal imaging cassette, restrained to prevent movement 
during imaging and imaged by using the Quantum FX imaging system (microCT) (Perkin 
Elmer Inc.). After microCT imaging, mice remained under anesthesia and the cassette 
was transferred to the FMT 2500 fluorescence tomography in vivo imaging system (Perkin 
Elmer Inc.). FMT imaging was performed using 680 and 700 nm excitation and emis-
sion wavelengths, respectively, 24 hours after injection. The multimodal animal imaging 
cassette facilitates the co-registration of microCT and FMT data through fiducial land-
marks. Fusion of microCT and FMT images was done using the TrueQuant 4.0 software 
(Perkin Elmer Inc.). The position of the kidney was determined by the accumulation of 
the fluorescence of Annexin-Vivo750™ in the kidney and/or based on the distribution of 
the iodine contrast visualized with the microCT, which allowed quantification of in vivo 
fluorescence of ReninSense680™.

tissue collection and ex vivo fluorescent imaging of excised kidneys

Mice were euthanized after in vivo microCT-FMT imaging by isoflurane overdose. Blood 
samples were harvested by cardiac puncture, transferred to EDTA coagulation vials and 
centrifuged at 4600 rpm for 10 minutes to collect plasma. Next, kidneys were excised, 
emersion fixated in formalin and assessed for ex vivo tissue epifluorecence using the FMT 
system and the Odyssey® CLx imaging system (LI-COR® Biosciences, Lincoln, Nebraska, 
USA). A separate group of Ercc1d/- and WT mice were sacrificed, kidneys were excised, snap 
frozen in liquid nitrogen and stored at -80°C. 

In vitro fluorescent imaging of kidney and plasma renin activity

Activation of ReninSense680™ was determined in plasma (pooled plasma from C57Bl/6J 
mice, GeneTex, Irvine, CA, USA) and kidney lysates. Frozen kidneys of 2 WT and 4 RenKO 
mice were homogenised in PBS using mortar-pestle method. Protein concentration was 
determined using a Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Rockford, IL, 
USA). Samples were pre-incubated in the presence or absence of different concentrations 
of the renin inhibitor aliskiren (10-11 – 10-4 M) at 37°C for 30 minutes. Next, tissue fluores-
cence was assessed by incubation of plasma or kidney lysates with ReninSense680™ (end 
concentration 0.2 pmol/μl) at 37°C in a humidified incubator for 30 hours. Fluorescence 
was measured using the Odyssey® CLx imaging system (excitation settings 700 nm). For 
background subtraction, kidney lysates of RenKO mice together with denatured kidney 
and plasma lysates (by heating the sample for 10 min at 70°C) were incubated with and 
without ReninSense680™. 
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Plasma renin concentration measured by enzyme-kinetic assay

To determine the plasma renin concentration, Ang I generation was quantified in the pres-
ence of excess sheep angiotensinogen.24, 25

histological assessment

Emersion fixated kidneys were embedded in paraffin, sectioned at 5 µm, and mounted 
on Superfrost Plus slides. Cross-sections of the whole kidney including the cortex and 
medulla were stained for haematoxylin and eosin (HE), Periodic acid-Schiff stain (PAS), 
Jones 2 and terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling 
(TUNEL). The number of TUNEL-positive cells in the kidney was determined using 40x 
magnification. 

urine measurements relevant to renal function

Urine was collected and urinary protein, creatinine and urea level were measured accord-
ing to supplier instructions with Pierce BCA Protein Assay kit (Thermo Fisher Scientific, 
Rockford, IL, USA), QuantiChrome Creatinine Assay Kit (Gentaur, Brussels, Belgium) and 
QuantiChrome Urea Assay Kit (Gentaur, Brussels, Belgium), respectively. 

statistical analysis

Data are expressed as the mean±SEM. Differences between groups were evaluated by Stu-
dent’s t-test or ANOVA, and corrected for multiple testing by post-hoc Bonferroni analysis 
when needed. P<0.05 was considered significant. All analyses were performed using IBM 
SPSS Statistics version 20.0 (SPSS Inc., Chicago, IL, USA).

results 

Progeroid Ercc1d/- mice display age-related kidney pathology

We first set out to confirm the age-related kidney pathology in Ercc1d/- mice, for which we 
examined kidneys of 12 and 18-week-old mice. Indeed, from 12 weeks onwards Ercc1d/- mice 
display progressive kidney pathology including tubular degeneration and anisokaryosis 
(Fig. 1a). In addition, they present with signs of kidney aging, shown by reduced prolifera-
tion (data not shown) and increased apoptosis (Fig. 1b) already at 12 weeks of age, which 
was even more pronounced at 18 weeks. Moreover, at 18 weeks of age, hyaline protein-
aceous casts were present within the lumen of the tubules in kidneys of Ercc1d/- mice. 
Renal development of Ercc1d/- kidneys was found to be normal, as 12-week-old animals had 
normal kidney architecture including normal numbers of glomeruli (Fig. 1c). To rule out 
significant renal dysfunction due to the observed pathology, we confirmed that urinary 
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albumin, creatinine and urea levels were unaltered in Ercc1d/- mice compared to WT mice 
(Fig. 2a-c). 

Figure 1. Histopathological changes in the kidney of progeroid Ercc1d/- mice. a. Haematoxylin and eosin 
(HE), Periodic acid-Schiff  stain (PAS) and Jones 2 staining of the kidneys of 12 and 18-week-old Ercc1d/- 
mice and their wild-type (WT) littermates. Histological examination showed signs of kidney aging in 
Ercc1d/-, including anisokaryosis, tubular degeneration and glomerulosclerosis. Moreover, hyaline pro-
teinaceous casts were found within the lumen of the tubules in kidneys of Ercc1d/- mice at 18 weeks of age 
(indicated by the arrow in PAS staining). In all panels, scale bar = 50μm. b. TUNEL staining indicated 
increased apoptotic cell death in Ercc1d/- kidneys. c. The number of glomeruli confi rmed normal kidney 
development from birth in Ercc1d/-. ***P<0.01 vs. WT.
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reninsense selecti vely detects renin acti vity in the kidney in vitro 

To assess the ability of ReninSense680™ to detect both kidney and plasma renin, 
activation of ReninSense was tested in kidney lysates and plasma from WT and Ren1c 
homozygous null (RenKO) mice, with and without co-incubation of the renin inhibitor 
aliskiren. As expected, ReninSense was rapidly activated in kidney lysates of WT mice 
assessed by fl uorescent measurements with the odyssey system. The microplate kidney 
extract fl uorescent assay showed <5% variation between duplicate wells. Aliskiren blocked 
ReninSense activation in a concentration-dependent manner by maximally ≈80% (Fig. 
3a). The half maximal inhibitory concentration (IC50) for aliskiren in kidney lysates was 
approximately 10-7.7 M as measured here with the ReninSense probe (Fig. 3b), i.e. close 
to the IC50 reported earlier for mouse renin.26 The remaining fl uorescent signal in the 
presence of the highest concentration of aliskiren was comparable to the fl uorescence seen 
in kidney extracts from RenKO mice and denatured kidneys, indicating that this is the 
background fl uorescent level of the ReninSense probe, in other words the detection limit 
of this system. When evaluating the ReninSense probe in mouse plasma, fl uorescence 
levels remained in this background range and were unaff ected by aliskiren, indicating that 
the probe cannot be used to measure renin activity in plasma using the odyssey system.   

In vivo imaging of renin upregulati on shown by reninsense 

To address the ability of ReninSense to be cleaved and used as a readout for in vivo renin 
activity, ReninSense activation was examined in WT mice treated either with vehicle or with 
the AT1 receptor antagonist losartan, which is known to increase renin levels. In addition, 
ReninSense activation was measured in RenKO mice. Animals were imaged tomographi-
cally by FMT 2500 24 h after ReninSense injection. To improve detection of intrarenal renin 
activity, mice were injected with the NIRF probe Annexin-Vivo750™ to visualize the kidneys 

Figure 2. Functional renal changes in progeroid Ercc1d/- mice. Urinary albumin (a), creatinine (b) and 
urea (c) was unaltered in Ercc1d/- mice compared to WT mice at 12 and 18 weeks of age.
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and, when possible, also imaged with the microCT to allow co-registration of anatomical 
data with the in vivo fl uorescence (Fig. 4a). Losartan-treated mice showed increased in 
vivo (Fig. 4b) and ex vivo (Fig. 4c) activation of ReninSense in their kidneys compared to 
vehicle treated mice. The increase in renin activity after losartan treatment was validated 
by quantifi cation of the in vivo results (Fig. 4d), increased plasma renin activity (Fig. 4e) 
and increased renin expression levels in the kidney (Fig. 4f). As expected, fl uorescence of 
ReninSense could not be detected in vivo or ex vivo in RenKO mice, which do not express the 
renin gene. These results validate the specifi city of the ReninSense probe for renin activity.

Increased renin acti vity in the kidney of progeroid Ercc1d/- mice in vivo

While it is generally accepted that circulating renin activity is suppressed during aging, 
little is known about the regulation and activity of renin within tissues with increasing 
age. In order to investigate in vivo kidney renin activity during aging, we injected progeroid 
Ercc1d/- mice and their WT littermates with ReninSense. Combined microCT and FMT 
imaging of ReninSense showed increased in vivo intrarenal renin activity in Ercc1d/- mice 
compared to WT mice already from 12 weeks of age onwards, which was signifi cantly 
diff erent at 24 weeks of age (Fig. 5a and b). Quantifi cation of the in vivo fl uorescence 
(Fig. 5b) and ex vivo imaging of the kidneys (Fig. 5c) confi rmed these results. We found 
no diff erences in in vivo renin activity between male and female mice (data not shown). 
Remarkably, plasma renin activity in the Ercc1d/- mice was signifi cantly lower compared to 
WT mice at 24 weeks of age (Fig. 5d), while normal plasma renin activity levels were found 
at 6 weeks of age. 

Figure 3. Specifi c in vitro enzymatic activation of ReninSense by kidney and plasma renin. a. Renin-
Sense was rapidly activated by kidney renin in WT mice. Low levels of fl uorescence were found in 
RenKO kidney lysates comparable to autofl uorescence of the probe. High concentrations of aliskiren 
completely blocked ReninSense activation. b. The half maximal inhibitory concentration (IC50) for 
aliskiren in kidney lysates was 10-7.7 M. Data are mean±SEM of duplicate samples. ***P<0.01 vs. control.
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Figure 4. In vivo activation of ReninSense in kidneys of WT mice, with and without losartan treatment. 
a. Mice were imaged tomographically by FMT 2500 and microCT 24 h after ReninSense injection. Micro 
CT imaging and FMT imaging of Annexin-Vivo allowed accurate localization of the kidneys. Combined 
microCT and FMT imaging of Annexin-Vivo and ReninSense showed in vivo renin activity in the kidneys 
and bladder (clearance of probe). b. Losartan-treated mice showed increased in vivo intrarenal renin 
activity, which was confi rmed by quantifi cation (c). d. Ex vivo imaging of the kidneys by the Odyssey® 
system confi rmed activation of the ReninSense probe in losartan-treated mice. Fluorescence of Renin-
Sense could not be detected in vivo of ex vivo in RenKO mice. e. Losartan treatment increased plasma 
renin activity. f. Increased expression levels of renin in the kidney were found in losartan-treated mice. 
ND, not detectable. Data are mean±SEM of n=3. *P<0.05, ***P<0.01 vs. WT. 
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dIscussIon

Changes in the RAS are associated with the pathophysiology of various cardiovascular and 
renal diseases, and therefore targeting the RAS seems a logical therapeutic approach in 
treatment of these diseases. Indeed, pharmacological RAS blockade has been shown to 
eff ectively slow down the progression of renal disease. However, it is important to note 
that not all patients, e.g. elderly, respond well to RAS blockade. While the systemic RAS 
is suppressed with advancing age, the regulation and activity of tissue RAS during aging 
is not well defi ned. As such, previous reports showed that although the circulating RAS 
is suppressed during normal aging, some components of the intrarenal RAS are elevat-
ed.3, 16, 17, 27-29 Varying tissue RAS activity might, at least in part, explain why elderly respond 

Figure 5. In vivo imaging of renin activity by ReninSense in progeroid Ercc1d/- mice. a. Ercc1d/- mice 
display activated intrarenal renin activity at 24 weeks of age, as evidenced by increased fl uorescence de-
tected with the ReninSense probe when imaged with the microCT and FMT. b. Quantifi cation of the in 
vivo fl uorescence of ReninSense confi rmed increased renin activity in the kidney which was signifi cantly 
diff erent at 24 weeks of age. c. These results were further confi rmed by ex vivo by imaging of the kidneys 
with the Odyssey® system. d. Plasma renin activity measurements showed that Ercc1d/- mice (squares) 
tended to have lower plasma renin activity levels compared to WT mice (circles), which was signifi cantly 
lower at 24 weeks of age. No diff erence in in vivo renin activity was observed between male (blue) and 
female (red) mice. Data are mean±SEM of n=6-12. Diff erences were assessed by one-way ANOVA, fol-
lowed by correction for multiple testing by post-hoc Bonferroni analysis. **P<0.01, ***P<0.01 vs. WT.
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unpredictable to RAS blockade. Therefore, in this study we aimed to evaluate the use of 
the renin activatable near-infrared fluorescent probe ReninSense to facilitate non-invasive 
imaging of renin activity in vivo. In addition, we investigated the activity of plasma as 
well as intrarenal renin in progeroid Ercc1d/- mice with accompanying age-related kidney 
pathology. First, we showed that ReninSense specifically detects renin activity, as fluores-
cence of the probe was increased after losartan treatment, while virtually no fluorescence 
could be detected in RenKO mice. Secondly, this study demonstrated that intrarenal renin 
activity does not necessarily run in parallel with circulating renin in the progeroid aging 
Ercc1d/- mice. 

It is important to note that most of the clinical studies supporting the beneficial 
effects of RAS inhibition do not include participants older than 75 years of age or elderly 
patients that are frail with a high comorbidity burden.30, 31 Not all elderly respond well 
to RAS blockade, and related adverse events include acute kidney injury, hyperkalemia, 
hypotension  and a further decline in glomerular filtration rate.3, 11, 12, 32, 33 Additionally, com-
bination therapy with ACE inhibitors and angiotensin receptor blockers in patients with 
cardiovascular complications is linked to an increased risk of adverse renal outcomes with 
higher rates of hyperkalemia, hypotension, renal dysfunction and no observed benefit 
with respect to overall mortality.34-37 The occurrence of these side effects might be worse in 
the elderly population, as they are prone to develop acute kidney injury and hyperkalemia 
due to the risk of complete RAS inhibition as they already have low plasma renin levels. 
Therefore, caution and close monitoring are recommended when using these drugs in 
elderly patients with kidney dysfunction and the optimal RAS inhibition with respect to 
end organ protection has yet to be determined in the elderly.38 In this respect, it would be 
interesting to see how RAS inhibition would affect the aging kidney alone. In other words, 
study the effect of RAS inhibition in kidney-specific Ercc1 mutant mice, which would 
represent a healthy mouse with aging kidneys. This might answer important questions on 
how the RAS is regulated in the aging kidney, and whether this is a systemic effect or not.

Controversy remains as to whether all RAS components that are required to gener-
ate Ang II locally are produced locally, or are taken up from the circulation.15, 39, 40 In the 
present study, the opposing findings on intrarenal and plasma renin in progeroid Ercc1d/- 
mice supports an independent upregulation of intrarenal RAS. This might be very similar 
in the elderly as their circulating renin is lower with increasing age.7, 14 It remains to be 
seen whether kidney renin levels are increased with age in the elderly population. Interest-
ingly, low plasma renin levels with increased kidney renin levels have also been found 
in diabetic patients.13, 41 Animal models of early diabetic nephropathy identically showed 
decreased plasma renin activity and increases in kidney renin.42-45 Epidemiologic studies 
showed that with age, the incidence and susceptibility of abnormal glucose levels and 
diabetic disease increases, however the mechanisms linking aging and diabetes are not 
well understood.46, 47 It is suggested that increased intrarenal renin is responsible for the 
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development and progression of nephropathy in diabetes, through increased intrarenal 
AT1 receptor signaling.17, 42 Therefore, it would be interesting to investigate whether diabe-
tes is responsible for this increased intrarenal renin and accompanying kidney injury, or 
rather that this increased intrarenal RAS, like diabetes, is in fact an concomitant result of 
the aging process.41 

As the circulating RAS does not necessarily reveal the responsiveness of the RAS 
within tissues, there is a need for reliable methods to assess the RAS within tissues. Whether 
urinary angiotensinogen reflects intrarenal RAS activity is doubtful.48-50 In addition, renal 
plasma flow responses to infused Ang II are used as an indirect measure of intrarenal RAS 
activation in humans, as it correlates inversely with endogenous RAS activity.51-55 However, 
all these methods are indirect measurements of intrarenal RAS activity and currently there 
is no method to directly assess intrarenal RAS activity in humans. Thus, non-invasive 
imaging of the ReninSense probe holds considerable promise to improve the detection 
and localization of local renin activity, including intrarenal renin. Determining local renin 
activity would help to evaluate the complexity of RAS biology and the possible role of local 
renin activity in disease development and progression. Moreover, this method enables 
longitudinal imaging of altered RAS signaling, consequently, disease progression can be 
monitored over time and the effect of (new) interventions can be studied non-invasively. 
In the present study, the fluorescence levels of the ReninSense probe in mouse plasma 
remained in the background range and were unaffected by aliskiren, indicating that the 
probe cannot be used to measure renin activity with the odyssey system. These results are 
consistent with the results demonstrated by Zhang et al., as ReninSense fluorescence in 
mouse plasma in their hands was also unaffected by renin inhibition.21 Only when mice 
were treated with low salt diet, ReninSense fluorescence increased over time and L-810 
treatment in these mice reduced the fluorescence to a level similar to the fluorescence levels 
in untreated mouse plasma, indicating that these measured fluorescence in normal mouse 
plasma actually represented background. We did however, observe that ReninSense was 
rapidly activated in kidney lysates of WT mice and that aliskiren blocked ReninSense acti-
vation by maximally ≈80%. The remaining fluorescent signal in the presence of the highest 
concentration of aliskiren was comparable to the fluorescence seen in kidney extracts from 
RenKO mice and denatured kidneys. This implies that the remaining fluorescent signal 
either represents the background fluorescent level of the ReninSense probe, or represents 
activation of the probe ReninSense by renin-like enzyme (e.g. cathepsins), which might 
also be capable of reacting with the angiotensinogen sequence of the probe. Nevertheless, 
when comparing in vivo and ex vivo kidney activation of ReninSense in RenKO mice, fluo-
rescence did not reach the threshold value an thus could not be detected, while losartan 
significantly increased kidney fluorescence levels in vivo as well as ex vivo, verifying the 
specificity of the probe to measure renin activity in the kidneys of small animals. 
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In conclusion, we have demonstrated that the NIRF probe ReninSense can be used 
to non-invasively visualize and measure intrarenal renin activity. By using this method to 
identify local RAS activity, we might gain important insights into the changes in the RAS 
that occur with age as well as in other (age-related) diseases. Although further study is 
warranted, our observations in the progeroid Ercc1d/- mouse model provide evidence that 
circulating RAS activity does not necessarily run in parallel with intrarenal RAS activity 
during aging, which has important clinical consequences. As this increased intrarenal 
RAS activity, might contribute to the disturbed kidney pathology observed in these mice, 
future investigations should examine the effect of the observed age-dependent changes in 
intrarenal renin activity on kidney deterioration. 

reFerences 

 1. Zhou XJ, Rakheja D, Yu X, Saxena R, Vaziri ND, Silva FG. The aging kidney. Kidney Int. 
2008;74:710-720

 2. Weinstein JR, Anderson S. The aging kidney: Physiological changes. Adv Chronic Kidney Dis. 
2010;17:302-307

 3. Anderson S. Ageing and the renin-angiotensin system. Nephrol Dial Transplant. 1997;12:1093-
1094

 4. Conti S, Cassis P, Benigni A. Aging and the renin-angiotensin system. Hypertension. 
2012;60:878-883

 5. Remuzzi G, Perico N, Macia M, Ruggenenti P. The role of renin-angiotensin-aldosterone 
system in the progression of chronic kidney disease. Kidney Int Suppl. 2005:S57-65

 6. Rodriguez-Romo R, Benitez K, Barrera-Chimal J, Perez-Villalva R, Gomez A, Aguilar-Leon D, 
Rangel-Santiago JF, Huerta S, Gamba G, Uribe N, Bobadilla NA. At1 receptor antagonism be-
fore ischemia prevents the transition of acute kidney injury to chronic kidney disease. Kidney 
International. 2016;89:363-373

 7. Weidmann P, De Myttenaere-Bursztein S, Maxwell MH, de Lima J. Effect on aging on plasma 
renin and aldosterone in normal man. Kidney Int. 1975;8:325-333

 8. Dimmeler S, Rippmann V, Weiland U, Haendeler J, Zeiher AM. Angiotensin ii induces apopto-
sis of human endothelial cells. Protective effect of nitric oxide. Circ Res. 1997;81:970-976

 9. Herbert KE, Mistry Y, Hastings R, Poolman T, Niklason L, Williams B. Angiotensin ii-mediated 
oxidative DNA damage accelerates cellular senescence in cultured human vascular smooth 
muscle cells via telomere-dependent and independent pathways. Circ Res. 2008;102:201-208

 10. de Cavanagh EM, Piotrkowski B, Basso N, Stella I, Inserra F, Ferder L, Fraga CG. Enalapril and 
losartan attenuate mitochondrial dysfunction in aged rats. FASEB J. 2003;17:1096-1098

 11. Turgut F, Balogun RA, Abdel-Rahman EM. Renin-angiotensin-aldosterone system blockade 
effects on the kidney in the elderly: Benefits and limitations. Clin J Am Soc Nephrol. 2010;5:1330-
1339

 12. Yoon HE, Choi BS. The renin-angiotensin system and aging in the kidney. Korean J Intern Med. 
2014;29:291-295

14 Erasmus Medical Center Rotterdam



 13. Hollenberg NK, Fisher ND, Nussberger J, Moukarbel GV, Barkoudah E, Danser AH. Renal re-
sponses to three types of renin-angiotensin system blockers in patients with diabetes mellitus 
on a high-salt diet: A need for higher doses in diabetic patients? J Hypertens. 2011;29:2454-2461

 14. Messerli FH, Sundgaard-Riise K, Ventura HO, Dunn FG, Glade LB, Frohlich ED. Essential 
hypertension in the elderly: Haemodynamics, intravascular volume, plasma renin activity, and 
circulating catecholamine levels. Lancet. 1983;2:983-986

 15. Gibbons GH. The pathophysiology of hypertension: The importance of angiotensin ii in 
cardiovascular remodeling. Am J Hypertens. 1998;11:177S-181S

 16. Navar LG, Imig JD, Zou L, Wang CT. Intrarenal production of angiotensin ii. Semin Nephrol. 
1997;17:412-422

 17. Kobori H, Nangaku M, Navar LG, Nishiyama A. The intrarenal renin-angiotensin system: 
From physiology to the pathobiology of hypertension and kidney disease. Pharmacol Rev. 
2007;59:251-287

 18. Vermeij WP, Hoeijmakers JH, Pothof J. Genome integrity in aging: Human syndromes, mouse 
models, and therapeutic options. Annu Rev Pharmacol Toxicol. 2016;56:427-445

 19. Dolle ME, Kuiper RV, Roodbergen M, Robinson J, de Vlugt S, Wijnhoven SW, Beems RB, de 
la Fonteyne L, de With P, van der Pluijm I, Niedernhofer LJ, Hasty P, Vijg J, Hoeijmakers JH, 
van Steeg H. Broad segmental progeroid changes in short-lived ercc1(-/delta7) mice. Pathobiol 
Aging Age Relat Dis. 2011;1

 20. Schermer B, Bartels V, Frommolt P, Habermann B, Braun F, Schultze JL, Roodbergen M, 
Hoeijmakers JH, Schumacher B, Nurnberg P, Dolle ME, Benzing T, Muller RU, Kurschat CE. 
Transcriptional profiling reveals progeroid ercc1(-/delta) mice as a model system for glomeru-
lar aging. BMC Genomics. 2013;14:559

 21. Zhang J, Preda DV, Vasquez KO, Morin J, Delaney J, Bao B, Percival MD, Xu D, McKay D, Klimas 
M, Bednar B, Sur C, Gao DZ, Madden K, Yared W, Rajopadhye M, Peterson JD. A fluorogenic 
near-infrared imaging agent for quantifying plasma and local tissue renin activity in vivo and 
ex vivo. Am J Physiol Renal Physiol. 2012;303:F593-603

 22. Weeda G, Donker I, de Wit J, Morreau H, Janssens R, Vissers CJ, Nigg A, van Steeg H, Bootsma 
D, Hoeijmakers JH. Disruption of mouse ercc1 results in a novel repair syndrome with growth 
failure, nuclear abnormalities and senescence. Curr Biol. 1997;7:427-439

 23. Takahashi N, Lopez ML, Cowhig JE, Jr., Taylor MA, Hatada T, Riggs E, Lee G, Gomez RA, Kim 
HS, Smithies O. Ren1c homozygous null mice are hypotensive and polyuric, but heterozygotes 
are indistinguishable from wild-type. J Am Soc Nephrol. 2005;16:125-132

 24. Danser AH, van Kesteren CA, Bax WA, Tavenier M, Derkx FH, Saxena PR, Schalekamp MA. 
Prorenin, renin, angiotensinogen, and angiotensin-converting enzyme in normal and failing 
human hearts. Evidence for renin binding. Circulation. 1997;96:220-226

 25. Fraune C, Lange S, Krebs C, Holzel A, Baucke J, Divac N, Schwedhelm E, Streichert T, Velden J, 
Garrelds IM, Danser AH, Frenay AR, van Goor H, Jankowski V, Stahl R, Nguyen G, Wenzel UO. 
At1 antagonism and renin inhibition in mice: Pivotal role of targeting angiotensin ii in chronic 
kidney disease. Am J Physiol Renal Physiol. 2012;303:F1037-1048

 26. Feldman DL, Jin L, Xuan H, Contrepas A, Zhou Y, Webb RL, Mueller DN, Feldt S, Cumin F, 
Maniara W, Persohn E, Schuetz H, Jan Danser AH, Nguyen G. Effects of aliskiren on blood 
pressure, albuminuria, and (pro)renin receptor expression in diabetic tg(mren-2)27 rats. 
Hypertension. 2008;52:130-136

 27. Campbell DJ, Lawrence AC, Towrie A, Kladis A, Valentijn AJ. Differential regulation of angio-
tensin peptide levels in plasma and kidney of the rat. Hypertension. 1991;18:763-773

Kidney renin activity in aging 15



 28. Gilliam-Davis S, Payne VS, Kasper SO, Tommasi EN, Robbins ME, Diz DI. Long-term at1 recep-
tor blockade improves metabolic function and provides renoprotection in fischer-344 rats. Am 
J Physiol Heart Circ Physiol. 2007;293:H1327-1333

 29. Thompson MM, Oyama TT, Kelly FJ, Kennefick TM, Anderson S. Activity and responsiveness 
of the renin-angiotensin system in the aging rat. Am J Physiol Regul Integr Comp Physiol. 
2000;279:R1787-1794

 30. Sarafidis PA, Bakris GL. Does evidence support renin-angiotensin system blockade for slowing 
nephropathy progression in elderly persons? Ann Intern Med. 2009;150:731-733

 31. Suzuki H, Kikuta T, Inoue T, Hamada U. Time to re-evaluate effects of renin-angiotensin 
system inhibitors on renal and cardiovascular outcomes in diabetic nephropathy. World J 
Nephrol. 2015;4:118-126

 32. Ahmed AK, Kamath NS, El Kossi M, El Nahas AM. The impact of stopping inhibitors of the 
renin-angiotensin system in patients with advanced chronic kidney disease. Nephrol Dial 
Transplant. 2010;25:3977-3982

 33. Chaumont M, Pourcelet A, van Nuffelen M, Racape J, Leeman M, Hougardy JM. Acute kidney 
injury in elderly patients with chronic kidney disease: Do angiotensin-converting enzyme 
inhibitors carry a risk? J Clin Hypertens (Greenwich). 2016;18:514-521

 34. Kuenzli A, Bucher HC, Anand I, Arutiunov G, Kum LC, McKelvie R, Afzal R, White M, Nord-
mann AJ. Meta-analysis of combined therapy with angiotensin receptor antagonists versus ace 
inhibitors alone in patients with heart failure. PLoS One. 2010;5:e9946

 35. Mallat SG. Dual renin-angiotensin system inhibition for prevention of renal and cardiovascu-
lar events: Do the latest trials challenge existing evidence? Cardiovasc Diabetol. 2013;12:108

 36. McAlister FA, Zhang J, Tonelli M, Klarenbach S, Manns BJ, Hemmelgarn BR, Alberta Kid-
ney Disease N. The safety of combining angiotensin-converting-enzyme inhibitors with 
angiotensin-receptor blockers in elderly patients: A population-based longitudinal analysis. 
CMAJ. 2011;183:655-662

 37. Phillips CO, Kashani A, Ko DK, Francis G, Krumholz HM. Adverse effects of combination 
angiotensin ii receptor blockers plus angiotensin-converting enzyme inhibitors for left ven-
tricular dysfunction: A quantitative review of data from randomized clinical trials. Arch Intern 
Med. 2007;167:1930-1936

 38. Aronow WS, Fleg JL, Pepine CJ, Artinian NT, Bakris G, Brown AS, Ferdinand KC, Forciea MA, 
Frishman WH, Jaigobin C, Kostis JB, Mancia G, Oparil S, Ortiz E, Reisin E, Rich MW, Schocken 
DD, Weber MA, Wesley DJ, Harrington RA, Force AT. Accf/aha 2011 expert consensus docu-
ment on hypertension in the elderly: A report of the american college of cardiology foundation 
task force on clinical expert consensus documents. Circulation. 2011;123:2434-2506

 39. Bader M, Ganten D. Update on tissue renin-angiotensin systems. J Mol Med (Berl). 2008;86:615-
621

 40. Te Riet L, van Esch JH, Roks AJ, van den Meiracker AH, Danser AH. Hypertension: Renin-
angiotensin-aldosterone system alterations. Circ Res. 2015;116:960-975

 41. Hollenberg NK, Price DA, Fisher ND, Lansang MC, Perkins B, Gordon MS, Williams GH, 
Laffel LM. Glomerular hemodynamics and the renin-angiotensin system in patients with type 
1 diabetes mellitus. Kidney Int. 2003;63:172-178

 42. Carey RM, Siragy HM. The intrarenal renin-angiotensin system and diabetic nephropathy. 
Trends Endocrinol Metab. 2003;14:274-281

 43. Correa-Rotter R, Hostetter TH, Rosenberg ME. Renin and angiotensinogen gene expression in 
experimental diabetes mellitus. Kidney Int. 1992;41:796-804

16 Erasmus Medical Center Rotterdam



 44. Jaffa AA, Chai KX, Chao J, Chao L, Mayfield RK. Effects of diabetes and insulin on expression 
of kallikrein and renin genes in the kidney. Kidney Int. 1992;41:789-795

 45. Zimpelmann J, Kumar D, Levine DZ, Wehbi G, Imig JD, Navar LG, Burns KD. Early diabetes 
mellitus stimulates proximal tubule renin mrna expression in the rat. Kidney Int. 2000;58:2320-
2330

 46. Cowie CC, Rust KF, Ford ES, Eberhardt MS, Byrd-Holt DD, Li C, Williams DE, Gregg EW, 
Bainbridge KE, Saydah SH, Geiss LS. Full accounting of diabetes and pre-diabetes in the u.S. 
Population in 1988-1994 and 2005-2006. Diabetes Care. 2009;32:287-294

 47. Kalyani RR, Egan JM. Diabetes and altered glucose metabolism with aging. Endocrinol Metab 
Clin North Am. 2013;42:333-347

 48. Roksnoer LC, Heijnen BF, Nakano D, Peti-Peterdi J, Walsh SB, Garrelds IM, van Gool JM, Zietse 
R, Struijker-Boudier HA, Hoorn EJ, Danser AH. On the origin of urinary renin: A translational 
approach. Hypertension. 2016;67:927-933

 49. Roksnoer LC, Verdonk K, van den Meiracker AH, Hoorn EJ, Zietse R, Danser AH. Urinary 
markers of intrarenal renin-angiotensin system activity in vivo. Curr Hypertens Rep. 2013;15:81-
88

 50. van den Heuvel M, Batenburg WW, Jainandunsing S, Garrelds IM, van Gool JM, Feelders RA, 
van den Meiracker AH, Danser AH. Urinary renin, but not angiotensinogen or aldosterone, 
reflects the renal renin-angiotensin-aldosterone system activity and the efficacy of renin-
angiotensin-aldosterone system blockade in the kidney. J Hypertens. 2011;29:2147-2155

 51. Fisher ND, Price DA, Litchfield WR, Williams GH, Hollenberg NK. Renal response to captopril 
reflects state of local renin system in healthy humans. Kidney Int. 1999;56:635-641

 52. Hollenberg NK, Chenitz WR, Adams DF, Williams GH. Reciprocal influence of salt intake 
on adrenal glomerulosa and renal vascular responses to angiotensin ii in normal man. J Clin 
Invest. 1974;54:34-42

 53. Hollenberg NK, Williams GH, Burger B, Chenitz W, Hoosmand I, Adams DF. Renal blood flow 
and its response to angiotensin ii. An interaction between oral contraceptive agents, sodium 
intake, and the renin-angiotensin system in healthy young women. Circ Res. 1976;38:35-40

 54. Hollenberg NK, Williams GH, Taub KJ, Ishikawa I, Brown C, Adams DF. Renal vascular response 
to interruption of the renin-angiotensin system in normal man. Kidney Int. 1977;12:285-293

 55. Shoback DM, Williams GH, Moore TJ, Dluhy RG, Podolsky S, Hollenberg NK. Defect in the 
sodium-modulated tissue responsiveness to angiotensin ii in essential hypertension. J Clin 
Invest. 1983;72:2115-2124

Kidney renin activity in aging 17


