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Abstract: Peptide-receptor radionuclide therapy (PRRT) is a systemically administrated molecular targeted radia-
tion therapy for treatment of neuroendocrine tumors. Fifteen years of clinical use show that renal toxicity, due to 
glomerular filtration of the peptides followed by local generation of highly reactive free radicals, is the main side-
effect that limits the maximum activity that can be administrated for efficient therapy. α1-microglobulin (A1M) is an 
endogenous radical scavenger shown to prevent radiation-induced in vitro cell damage and protect non-irradiated 
surrounding cells. An important feature of A1M is that, following distribution to the blood, it is equilibrated to the 
extravascular compartments and filtrated in the kidneys. Aiming at developing renal protection against toxic side-
effects of PRRT, we have characterized the pharmacokinetics and biodistribution of intravenously (i.v.) injected 
125I- and non-labelled recombinant human A1M and the 111In- and fluorescence-labelled somatostatin analogue 
octreotide. Both molecules were predominantly localized to the kidneys, displaying a prevailing distribution in the 
cortex. A maximum of 76% of the injected A1M and 46% of the injected octreotide were present per gram kidney 
tissue at 10 to 20 minutes, respectively, after i.v. injection. Immunohistochemistry and fluorescence microscopy 
revealed a dominating co-existence of the two substances in proximal tubules, with a cellular co-localization in the 
epithelial cells. Importantly, analysis of kidney extracts displayed an intact, full-length A1M at least up to 60 minutes 
post-injection (p.i.). In summary, the results show a highly similar pharmacokinetics and biodistribution of A1M and 
octreotide, thus enabling the use of A1M to protect the kidneys tissue during PRRT.
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Introduction

For the past 15 years peptide receptor radionu-
clide therapy (PRRT) has been used to success-
fully treat metastatic neuroendocrine tumors 
[1]. Somatostatin-analogous peptides such as 
octreotide, labelled with therapeutic radionu-
clides, are used to treat somatostatin receptor-
positive tumors [2]. However, renal toxicity and 
chronic kidney insufficiency are typical side 
effects of PRRT. Despite protective measures 
such as infusion of positively charged amino 
acids, a delayed loss of renal function has been 
observed in patients undergoing PRRT due to 
proximal tubular reabsorption and retention in 
the interstitium [1, 3, 4]. It has been observed 

that patients treated with 177Lu-DOTATATE or 
90Y-DOTATOC suffered a creatinine clearance 
loss of 3.8% and 7.3%, respectively, per year 
[5].

Radiobiological mechanisms following radionu-
clide therapy (RNT) include direct effects, such 
as unrepairable DNA damage leading to cell 
death (necrosis and apoptosis) in the targeted 
tissues, but also various forms of secondary 
effects, such as free radical generation and 
subsequent oxidative stress. Radiation-induced 
free radicals are generated as a result of ioniza-
tion of water molecules, DNA, proteins, mem-
branes and other molecules. Radicals may also 
be formed by components released from irradi-
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ated dead cells, for example mitochondrial 
enzymes of the respiratory chain producing 
superoxide radicals. Free radicals and reactive 
oxygen species (ROS) are highly reactive and 
can react with proteins, DNA and other molecu-
lar components to cause oxidation of human 
cells and tissues, thus causing unwanted 
molecular modifications, loss of function and 
cell death. As a result, a “bystander effect” can 
be observed, i.e. a biological response in which 
non-irradiated cells and tissues suffer indirect 
damage. The “bystander effect” is induced by 
propagation of stress factors from the directly 
radiation-exposed cells and manifests as cell 
death, genomic instability and changes in gene 
expression [6-9]. Free radicals and ROS have 
been suggested as important mediators of the 
“bystander effect” [10-12].

The human organism uses antioxidants and 
free radical scavengers in order to protect  
itself against free radicals, ROS and oxidants 
by preventing harmful oxidation reactions [6]. 
Important human antioxidants include the 
enzyme superoxide dismutase (SOD), the 
hydrogen peroxide-degrading enzymes cata-
lase and glutathione peroxidase, and the 
heme-degrading enzyme heme oxygenase-1 
(HO-1). In a series of recent papers, the 26 kDa 
plasma and tissue protein, α1-microglobulin 
(A1M), has been shown to be important in pro-
tecting against oxidative tissue damage by 
functioning both as a scavenger of radicals and 
heme as well as a reductase and inhibitor of 
oxidation [13-17]. Several papers demonstrate 
that A1M protects cell cultures and organ 
explants against oxidative damage [18-20], 
partly by accumulating in mitochondria and pro-
tecting mitochondrial function [21]. Indeed, 
infusion of recombinant human A1M has been 
successfully employed for in vivo treatment of 
the oxidative stress-related diseases pre-
eclampsia [22] and hemoglobin-induced glo-
merular injuries [23] in animal models. Of par-
ticular interest related to this study, A1M also 
suppressed the cell death, apoptosis, and up-
regulation of stress-response genes in the 
“bystander” cells of α particle-irradiated cell 
cultures [24, 25].

In a recent study, it was shown that i.v. adminis-
trated 125I-labelled A1M displayed a quick turn-
over (T1/2 in blood = 2.5 min), and was pre-
dominantly localized to the kidneys within a few 

minutes [26]. Based on that localization and 
the shown protective properties of A1M against 
radiation-induced tissue damage, we propose 
A1M-infusion as a strategy to improve soma-
tostatin analogue-based PRRT by reducing kid-
ney damage side-effects. A prerequisite for 
such an A1M-based co-treatment method is a 
high degree of co-localization of therapeutic 
A1M and the somatostatin analogue. Therefore, 
in this study we correlated the pharmacokinet-
ics and biodistribution of i.v. injected A1M, 125I- 
and non-labelled, with that of the somatostatin 
analogue octreotide, 111In- and fluorescence-
labelled. The molecular co-distribution was 
investigated in vivo on the histological and cel-
lular levels.

Materials and methods

Recombinant human A1M

A1M was expressed in E.coli, purified and re-
folded as described by Kwasek et al [27] but 
with an additional ion-exchange chromatogra-
phy step. This was performed by applying A1M 
to a column of DEAE-Sephadex A-50 (GE 
Healthcare, Uppsala, Sweden) equilibrated with 
20 mM Tris-HCl, pH 8.0. A1M was eluted with a 
linear salt gradient (from 20 mM Tris-HCl, pH 
8.0 to 20 mM Tris-HCl + 0.2 M NaCl) at a flow 
rate of 1 mL/min. A1M-containing fractions, 
according to absorbance at 280 nm, were 
pooled and concentrated.

125I-labelling of A1M

Radiolabelling of A1M with 125I was done using 
the chloramine T method [28]. Briefly, A1M and 
125I (Perkin-Elmer, NEZ033005MC) were mixed 
in 0.5 M sodium phosphate, pH 7.5 at final con-
centrations of 1 mg/mL and 10 mCi/mL, 
respectively. Chloramine T was added to 0.4 
mg/mL and allowed to react on ice for 2 min, 
and the reaction was stopped by adding 
NaHSO3 to 0.8 mg/mL. Protein-bound iodine 
was separated from free iodide by gel-chroma-
tography on a Sephadex G-25 column (PD10, 
GE Healthcare, Buckinghamshire, UK). A spe-
cific activity of around 50-200 kBq/µg protein 
was obtained.

Octreotide

The somatostatin analogue peptide octreotide 
was purchased from Mallinckrodt Pharma- 
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ceuticals (Mallinckrodt, St Louis, MO, USA) and 
labeled with 111In according to instructions from 
the provider. For use in fluorescence experi-
ment, octreotide was purchased pre-labelled 
with HiLyte Fluor 647 (AnaSpec, Seraing, 
Belgium). These compounds are referred to as 
111In-octreotide and octreotide-647, respective-
ly in this article.

Animal studies

All animal experiments were conducted in com-
pliance with the national legislation on labora-
tory animals’ protection and with the approval 
of the Ethics Committee for Animal Research 
(Lund, Sweden). Male and female NMRI normal 
and nude Balb/C mice of 6-8 weeks of age 
(Taconic, Ry, Denmark) were used in this study.

SPECT imaging

Animals were anaesthetized using 2 to 3% iso-
flurane gas (Baxter; Deerfield, IL, USA) and kept 
sedated during imaging in the NanoSPECT/CT 
(Bioscan, Washington DC, USA). Animals were 
injected i.v. with approximately 5 MBq of 125I-
A1M (approximately 1 mg/kg) and 5 MBq of 
111In-octreotide (approximately 0.0.02 mg/kg) 
and imaged 20 minutes p.i. with the NSP-106 
multi-pinhole mouse collimator. For 125I-imag- 
ing, energy windows of 20% were centered over 
the 35 keV photo peak and for 111In-imaging, 
over the 175 and 241 photo peaks. SPECT data 
were reconstructed using HiSPECT software 
(SciVis; Goettingen, Germany). CT imaging was 
performed before each whole-body SPECT. 
Image analysis was performed using the 
VivoQuant post processing software (inviCRO, 
Boston, MA, USA). After SPECT imaging at 1 
hour, animals were euthanized and kidneys 
were resected and embedded in Tissue-Tek® 
O.C.T™ compound (Sakura Finetek; Alphen aan 
den Rijn, The Netherlands) and frozen on dry 
ice. The frozen samples were cryosectioned 
with a thickness of 10 μm for autoradiography 
analysis.

Digital autoradiography

Digital autoradiography was performed using 
the Biomolex 700 imaging system (Biomolex 
AS, Norway). Two groups of normal mice (n=2) 
were i.v. injected with 125I-A1M (0.5 MBq, 0.17 
mg/kg) or 111In-octreotide (0.5 MBq, 4·10-4 mg/
kg). Kidneys were frozen in embedding media 

(O.C.T., Tissue Tek, PA, USA), using dry ice, and 
sectioned in a cryostat (Leica Microsystems 
AB, Sweden) in 50 µm thick sections and 
imaged in the Biomolex system. Images were 
reconstructed as described previously using in 
house software [29].

Biodistribution

Biodistribution studies were conducted to 
determine the pharmacokinetics and biodistri-
bution of 125I-A1M and 111In-octreotide. 125I-
A1M (100 kBq, 0.03 mg/kg) and 111In-octreotide 
(100 kBq, 0.002 mg/kg) were administrated i.v. 
through tail vein injection to NMRI mice (n=3 
per injected molecule and time point). Animals 
were terminated at 10, 20, 40, 60 minutes p.i. 
(both A1M and octreotide studies), 4 and 24 
hours p.i. (octreotide study) and blood and 
organs were sampled, weighed and measured 
in a NaI (TI) well counter (Wallac Wizard 1480 
Wizard, Perkin Elmer). Results were corrected 
for background and radioactive decay. Organ-
specific uptake values were calculated as per-
cent injected activity per gram of tissue (% 
IA/g).

Western blot

SDS-PAGE analysis was performed on kidney 
tissue and serum from animals that had been 
injected i.v. with non-labeled A1M (5 mg/kg). 
Animals were terminated at 10, 20 and 60 min-
utes p.i., blood and kidneys were sampled and 
kidneys were washed and placed in 1 mL PBS. 
Following mechanical tissue homogenization, 
tissue was centrifuged at 10,000× g for 10 min-
utes and the supernatant was transferred to a 
new tube and used for further analysis as 
described below. Serum was obtained from the 
blood samples by centrifugation at 1,000× g 
for 10 minutes. SDS-PAGE gels (4-20% Mini-
Protean TGX Stain-Free, Bio-Rad, Delaware, 
USA) were run under reducing conditions and 
the separated proteins were transferred to 
polyvinylidene difluoride (PVDF) membranes 
(Immobilon-P, Millipore, Bedford, MA, USA) 
using Trans-Blot Turbo transfer system (Bio-
Rad). PVDF membranes were subsequently 
blocked and incubated overnight with the IgG-
fraction of rabbit polyclonal anti-A1M antise-
rum (K: 322, 5 µg/ml) as described previously 
[30], followed by incubation with Alexa Fluor 
647-coupled goat anti-rabbit IgG (diluted 
3000×; Molecular Probes). The membranes 
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were developed using a ChemiDoc MP Imaging 
system (Bio-Rad).

Kidney-sample preparation and immunolabel-
ing of A1M

Following simultaneous i.v. injection of 5 mg/kg 
A1M (non-conjugated) and 3.33 mg/kg octreo-
tide-647 animals were sacrificed at 10, 20, 40, 
60 minutes and 4 hours p.i. All time-points 
were evaluated. Kidneys from 20 minutes and 
4 hours p.i. were used for the detailed analyses 
at the cellular level, including laser confocal 
scanning microscopy (LCSM) and quantitative 
image analyses. All experiments were per-
formed and evaluated on both wild-type and 
nude mice. The analyses show the same label-
ing pattern in both strains. Therefore, data 
obtained from the wild-type strain are present-
ed here. Following euthanization, kidneys were 
removed, directly frozen and embedded in 
Tissue Tec (Sakura Finetek). The tissue blocks 
were sectioned in a cryostat (Microm, HM 500O 
M, Walldorf, GmbH), and sections (10 µm) were 
collected on SuperFrost plus slides (Merck, 
Darmstadt, Germany). Serial sectioning was 
performed, collecting 3-4 sections per slide, of 
which adjacent slides were used for either  
chromogen immunohistochemistry (IHC) or 
immunofluorescence (IF) labeling. Sections 
were post-fixed in 4% paraformaldehyde (PFA, 
Sigma, St. Louis, MO, USA, dissolved in PBS, 
0.1 M, pH 7.4) for 15 minutes, and rinsed in 
PBS2 ×5 minutes.

For single labeling of A1M, i.e. immunohisto-
chemistry using chromogen visualization, sec-
tions were incubated with 0.03% hydrogen per-
oxide (H2O2, Merck, Darmstadt, Germany) for 5 
minutes. Sections for chromogen or fluores-
cence visualization were incubated in PBS con-
taining 1% bovine serum albumin (BSA, Sigma, 
St. Louis, MO, USA) for 30 minutes. Sections 
were then incubated with rabbit anti-human 
A1M (K: 322, IgG), diluted 1:7500 (in PBS con-
taining 1% BSA, 0.02% Triton X-100 (Sigma)) for 
16 hours at 4°C.

For chromogen visualization of A1M, sections 
were incubated with goat anti-rabbit IgG conju-
gated with horseradish peroxidase (HRP, Dako, 
Glostrup, Denmark) for 20 minutes at RT. The 
immunoreaction was performed via incubation 
in a diaminobenzidine (DAB) solution contain-
ing 0.03% H2O2, for 10 minutes at RT. Sections 
were rinsed in PBS (2×10 minutes) and coun-

terstained with hematoxylin (Mayers, Histolab, 
Gothenburg, Sweden) followed by dehydration 
in a graded alcohol series and immersion in 
100% Xylene. Sections were mounted and 
cover slipped in Pertex (Mayers, Histolab).

For immunofluorescence (IF) labeling of A1M, 
used for simultaneous detection of octreo-
tide-647, sections were incubated with rabbit 
anti-human A1M (K: 322, IgG), as described 
above, followed by secondary goat ant-rabbit 
IgG conjugated with Alexa Fluor 488 (AF488, 
Invitrogen, Molecular probes, USA), diluted 
1:150 in PBS containing 1% BSA. Incubations 
were performed for 45 minutes at RT, followed 
by incubation in 4’,6-diamidino-2-phenylindole 
(DAPI, nuclear labeling, Invitrogen, USA) for 15 
minutes at RT. A subset of sections were also 
incubated with phalloidin (binding to F-actin) 
conjugated with the fluorophore Texas Red for 1 
hour at RT to morphologically delineate tubular 
histology. Sections were rinsed in PBS and 
were mounted and cover-slipped in anti-fade 
solution (Prolong Gold, Invitrogen, USA).

Optical detection of A1M and octreotide-647 in 
kidney sections

Chromogen single labeled A1M was visualized 
and digitally documented in a bright-field micro-
scope (Leica DMRE). Digital images were col-
lected with a Leica digital camera (DFC 500). 
Images used for illustrations were corrected for 
color balance, brightness and contrast.

For simultaneous visualization of IF-labeled 
A1M (A1M-AF488) and octreotide-647 at histo-
logical and cellular levels a Zeiss confocal laser 
scanning microscope (CLSM, LSM 510 META, 
Dept. Biology, Lund University) was used. 
Sections were inspected via scanning of emis-
sion from the used fluorophores, i.e. Alexa Fluor 
488 (A1M), HiLyte Fluor 647 (octreotide), Texas 
Red (F-actin) and DAPI (cell nuclei).

The digital image data from confocal microsco-
py, one or several optical section (Z-stacks), 
were collected through regions of the cortex, 
medulla and collecting ducts. The image docu-
mentation was used for calculations of the indi-
vidual presence and co-existence of A1M-
AF488 and octreotide-647 fluorescence. For 
documentation three kidney areas from each 
section were selected as representative regions 
(x/y stage position marked and stored by the 
acquisition software ZEN 2009). Scanning (at 



A1M as a potential radioprotector of kidneys

337	 Am J Nucl Med Mol Imaging 2015;5(4):333-347

1024×1024 pixel frame size) was performed 
with a 20×/0.8 Plan Apochromat objective (pro-
viding 1.8 µm thick optical section with about 
400 nm x/y optical resolution), and with a 
63×/1.4 oil immersion Plan Apochromat objec-
tive (providing 0.9 µm thick optical sections 
with about 250 nm x/y optical resolution). The 
choices of optical sections and scan depths 
were determined from the center position of 
the majority of nuclei (DAPI labeling) in the 
scanned field. Sequential scanning was per-
formed by channels displaying AF488, HiLyte 
Fluor 647, DAPI and Texas Red fluorescence. 
For each channel the renal profile with the high-
est fluorescence intensities was selected as a 
reference, from which the acquisition settings 
(laser power, PMT detector gain, digital offset) 
were optimized and used for all scanned areas. 
Image illustrations presented here are chosen 
from the individual optical sections containing 

areas/structures used for the quantitative 
measurements.

Quantitative image analysis of octreotide and 
A1M in kidney sections

CLSM images of octreotide-647 fluorescence 
and A1M-AF488 IF were used for the quantita-
tive analysis, and the detailed distribution in 
renal structures (from cortex, medulla and col-
lecting ducts) and within ductular epithelial 
cells was investigated. Three areas per CLSM 
image and between 10 and 20 images per ani-
mal were analyzed. The analysis protocol was 
developed to use as a macro-script with ImageJ 
software (Version 1.49 g, Rasband, W.S. 
ImageJ, NIH, USA). Briefly, the CLSM images 
were displayed with “Stack to Images”, present-
ing composites of all channels merged together 
(for AF488, HL647, DAPI and Texas Red). The 
selection of sample areas was made from the 
morphology of tubular structures and depicted 
by nuclear and/or phalloidin labelling. Individual 
regions for measurement were delimited using 
the Lasso function. The green (A1M-AF488) 
and red (octreotide-647) channels were then 
used as input images and the ratio of separate 
green or red pixels or their co-localization was 
investigated using the “co-localization” plug-in.

Statistical analysis

Statistical analysis of co-existence was per-
formed using Origin 9.0 software (Microcal, 
Northampton, MA, USA). The histogram in 
Figures 8 and 9 displays representative data 
obtained from 3 kidneys at each time-point and 
were plotted as mean ± SEM. All other statisti-
cal work was performed using the Excel soft-
ware (Microsoft, WA, USA).

Results

SPECT/CT image analysis

A qualitative SPECT/CT analysis was performed 
for both 111In-Octreotide and 125I-A1M which 
clearly visualizes the activity uptake in the kid-
neys (Figure 1). The SPECT/CT images demon-
strate a high uptake in the kidneys for both mol-
ecules. A visibly higher concentration of both 
125I-A1M and 111In-Octreotide was observed in 
the kidney cortex. A slight uptake of 125I in the 
thyroid can be seen as well, most likely related 
to free iodide. Activity pooled in the bladder has 
been suppressed digitally after image re-con-

Figure 1. SPECT/CT images of normal NMRI mice 
injected with 5 MBq 111In-octreotide (A and B) and 
5 MBq 125I-A1M (C and D) and imaged for 40 min-
utes. Three-dimensional re-constructed whole body 
views (A and C) and planar sections through kidneys 
(B and D) are shown. Kidneys show high uptake and 
an accumulation can be seen in the kidney cortex for 
both molecules. For 125I-A1M, a slight uptake in the 
thyroids can be observed.
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struction for 111In-Octroetide to better demon-
strate the distribution and uptake in kidney.

Biodistribution

Figure 2 shows in vivo biodistribution of 125I-
A1M at 10, 20, 40 and 60 minutes p.i. (Figure 

2A) and of 111In-Octreotide at 10, 20, 40 and 60 
min p.i. as well as 4 and 24 h p.i. (Figure 2B). 
Comparative uptake (% IA/g) of both molecules 
in the kidneys over time is also illustrated 
(Figure 2C). High uptake in the kidneys was 
observed for both 111In-Octreotide and 125I-
A1M, with a maximum of 46% and 75% of the 
injected activity, respectively, at 10 to 20  
minutes p.i., suggesting that the uptake of  
A1M is somewhat faster than the uptake of 
111In-Octreotide. Size distribution of injected 
non-labelled A1M was investigated in serum 
and solubilized kidneys by SDS-PAGE and 
Western blot. As shown in Figure 3, A1M migrat-
ed as a homogeneous band with an apparent 
molecular mass around 25 kDa both in kidney 
tissue and serum at all times, and a minor, faint 
band around 50 kDa. The strong band most 
likely represents monomeric A1M with a theo-
retical molecular mass of 22.6 kDa and the lat-
ter the dimeric form. Highest amounts were 
seen at 10 minutes, supporting the kinetics of 
125I-labelled A1M shown in Figure 2C.

Digital autoradiography

Digital autoradiography results displayed in 
Figure 4 clearly illustrates the localization of 
both molecules in the kidney cortex, mirroring 

Figure 2. Biodistribution of 125I-A1M (A) and 111In-oc-
treotide (B) in normal NMRI mice. (C) shows uptake 
over time for both molecules in the kidneys. Data are 
presented as % IA/g from 4 animals ± SEM.

Figure 3. Presence of full-length A1M in normal NMRI 
mice in kidneys and serum at 10, 20 and 60 min-
utes p.i. Animals were injected i.v. with 150 μg A1M 
and blood and kidneys collected at the indicated 
time-points. The blood was allowed to coagulate and 
serum separated by centrifugation. One kidney was 
homogenized in 1 ml PBS and centrifugated. One 
μl serum and 6 μl supernatant from the kidney ho-
mogenate were applied to SDS-PAGE, transferred to 
PVDF-membranes and blotted with anti-A1M. Each 
lane represents a separate mouse.
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the SPECT/CT results. It can be observed that 
the images are similar at 20 and 60 minutes 
p.i., indicating that the localization of the pep-
tide and protein is completed after 20 minutes. 
No obvious further sub-compartmentalization 
can be observed in these images; notable is 
that activity distribution is not completely 
homogenous in the cortex.

Fluorescence microscopy

A1M immunoreactivity was predominantly dis-
tributed in the cortex, with a gradually decreas-
ing immunoreactivity towards the medulla and 
collecting ducts, at all investigated time points 
p.i. Similarly the intensities of A1M immunore-
active labeling were highest in the cortex, 
weaker in the medulla and weakest in the col-
lecting ducts. The distribution of A1M immuno-
reactivity in selected areas of the kidneys 20 
minutes p.i. is shown in Figures 5 and 6 (left 
panel). Strong labeling was present in a subset 

of tubular structures, morphologically depicted 
to compromise proximal tubules and subsets of 
glomeruli. Fluorescence double labeling of A1M 
and octreotide-A647 demonstrated their tubu-
lar co-existence, as well as their high degree of 
intracellular co-localization (Figures 6-9). In the 
medulla and cortex 20 minutes p.i., there was a 
strong labeling of both molecules, including 
high degree of tubular co-existence and cellular 
co-localization (Figure 7). There was a signifi-
cant decrease in fluorescence detection of 
both molecules at 4 hours p.i., being relatively 
low in the cortex and medulla and absent in the 
collecting ducts (Figure 6). The quantitative 
analysis of the tubular localization of both mol-
ecules (performed from CLSM images 20 min-
utes and 4 hours p.i.) showed a significantly 
high cellular co-localization 20 minutes p.i. 
(Figure 8). The intracellular co-localization of 
A1M and octreotide-A647 was demonstrated 
by comparisons of intensities for individual pix-
els in a designated profile (Figure 9).

Figure 4. Digital autoradiography images of uptake of 111In-octreotide and 125I-A1M in kidneys of normal mice. A. 125I-
A1M, 20 minutes p.i.; B. 125I-A1M, 1 hour p.i.; C. 111In-octreotide, 20 minutes p.i.; D. 111In-octreotide, 1 hour p.i. All 
images show localized uptake in the kidney cortex for both molecules. Note that the scale of each image has been 
adjusted to optimally illustrate the relative distribution of the radionuclides in each kidney section.
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Discussion

Infusion of A1M could potentially reduce the 
renal side effects observed during PRRT with 
improved patient outcome. However, in order to 
design and conduct an adequate pre-clinical 
study, it is of great importance to understand 
and characterize the pharmacokinetics and 
biodistribution of A1M compared with the 
somatostatin analogues used in radionuclide 
therapy of neuroendocrine tumors. In the pres-

ent study, the degree of co-localization of A1M 
and the somatostatin analogue octreotide was 
thoroughly investigated on organ, tissue and 
cellular levels using several imaging techni- 
ques.

The biodistribution and pharmacokinetic 
results showed a high uptake in the kidneys 
with a maximum uptake at 10 to 20 minutes 
p.i. for both A1M and octreotide, with overlap-
ping kinetics during the clearance phase 

Figure 5. Distribution of A1M immunoreactivity in the 
kidney 20 min after i.v. injection. A1M immunoreac-
tivity was detected with the K: 322 anti-A1M anti-
body, using IHC. The left panel shows representative 
areas with A1M-immunoreactivity in the cortex (A), 
medulla (B), and collecting ducts (C), the location of 
these areas is indicated with (A-C) and highlighted 
with boxes in the schematic drawing in the right pan-
el. Scale bar represents 100 µm in (A-C).
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(Figure 2). Mirroring the biodistribution results, 
SPECT imaging shows high uptake in the kid-
neys for both molecules. A higher concentra-
tion of both octreotide and A1M can be 

observed in the kidney cortex as compared to 
the medulla, indicating co-localization in these 
regions already after 20 minutes. This suggest-
ed that the A1M infusion should be done at the 

Figure 6. Distribution of A1M immunoreactivity and octreotide-A647 in the kidney 20 minutes and 4 hours after i.v. 
injection. A1M immunoreactivity was detected with the K: 322 anti-A1M antibody, using IHC (left column; bright-field 
microscopy) or IF (middle and right columns; confocal microscopy) in cortex (A), medulla (B), and collecting ducts (C). 
Distribution of A1M IF (green) and octreotide-A647 (red), and their tubular co-localization (yellow), was investigated 
at 20 minutes (middle) and 4 hours (right) p.i. Cell nuclei were visualized using DAPI (blue). Scale bar represents 
50 µm.
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same time, or shortly after the octreotide injec-
tions. The rapid clearance of A1M from the kid-
neys also indicates that repeated infusions of 
A1M may be needed in order to obtain optimal 
protection of the kidneys.

A noticeable difference in contrast and resolu-
tion can be observed between the 125I-A1M (4A 
and B) and 111In-octreotide (4C and D) autoradi-

ography images. This is due to the different 
emission spectra from the two radionuclides. 
Apart from its low-energy conversion electrons 
(30.6 keV), 125I also emits low energy x-ray pho-
tons at 27.5 and 27.2 keV. These photons large-
ly contributes to the noise in the image and the 
proximity in energy to the conversion electron 
makes them difficult to exclude from the final 
image [29].

Figure 7. Cellular co-localization of A1M IF and octreotide-A647 following i.v. injections. A1M and octreotide-A647 
conjugate were injected i.v. and animals were terminated at 20 minutes following injection. High-resolution (63×/1.4 
objective) confocal microscopic image shows the intracellular distribution of A1M IF (green) and octreotide-A647 
fluorescence (red). Cell nuclei were stained with DAPI (blue), and phalloidin-Texas Red labeling (grey) was used to 
delineate tubular profiles. Resolution of punctuate fluorescence in one cell (A; arrow) was shown by measuring fluo-
rescence intensities along a profile in the cytoplasm just outside the nucleus (B; yellow line), giving the intensities 
along the profile in the red and green channels (C) as an intensity profile (D) with 8 bits (256 intensity levels) per 
channel. Scale bar represents 10 µm.
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Figure 8. Tubular localization of A1M and octreotide-A647 at different p.i. times. A1M and octreotide-A647 con-
jugate were injected i.v. and animals were terminated at 20 minutes (A, C) and 4 hours (B, D) following injection. 
The percentage of co-localized A1M (green) and octreotide-A647 (red) was calculated in selected tubular profiles 
in the cortex, medulla and collecting ducts, in confocal microscopic images (20×/0.8 objective). Cell nuclei were 
visualized using DAPI (blue). Representative profiles (A, B) show different degrees of co-localization (yellow), and 
the co-localization data from all investigated samples are presented as mean ± SEM of representative areas (C, D). 
Scale bar represents 50 µm.
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Several previous IHC investigations have 
reported a localization of endogeneous A1M in 
kidney tissues [31, 32] with a predominant dis-
tribution to the proximal tubules. In this study, 
injected recombinant A1M was localized pri-
marily to the proximal tubules, supporting that 
the protein follows the natural route of endoge-
neous A1M. Here, intracellular localization of 
the injected A1M in the proximal tubular cells 
was demonstrated, and a subset of glomeruli 
were shown to contain A1M. This has not previ-
ously been reported. The protein is expected to 
be filtrated in the glomeruli and the lack of 
detection in previous studies may therefore be 
due to a lower steady state concentration of 
endogeneous A1M as compared to the injected 
bolus amounts of recombinant A1M used here.

A prerequisite for a protective action of A1M is 
of course that the protein is not degraded 
immediately after its distribution to in the kid-
neys. Our study show (Figure 3) that the major-
ity of A1M found in the kidneys display an 
intact, full-length A1M at least up to 60 min-
utes p.i. A natural route of A1M in the kidneys, 
similar to most small plasma proteins, is glo-
merular filtration from blood to the primary 
urine, followed by reabsorption and lysosomal 
degradation in the proximal tubular epithelium 
[33, 34]. Our results suggest however that 
although a large part is expected to be degrad-
ed in the proximal tubular cells, a significant 

amount of A1M may escape degradation and is 
left intact and functional during the first 10-60 
min.

It has previously been shown that alpha-parti-
cle-induced damage to cell cultures is inhibited 
by A1M [24, 25]. Protection was seen on both 
directly irradiated cells and non-irradiated 
bystander cells, and the effect was stronger on 
the latter. Thus, the levels of oxidation markers, 
up-regulation of antioxidation and stress-
response genes, and apoptosis of the bystand-
er cells were reduced by addition of A1M, in 
many cases even down to below the levels of 
non-irradiated cells [24, 25]. It is likely that sev-
eral mechanisms of A1M are involved in the 
protection of irradiated and bystander cells. 1) 
A1M is a potent scavenger of free radicals [15-
18] and may therefore counteract the propaga-
tion of radical- and ROS-mediated damage on 
DNA, proteins and membranes induced by 
exposure to the ionizing irradiation [10-12]. 2) 
A1M has been shown to target mitochondria in 
damaged cells and protect the mitochondrial 
functions during apoptotis, nectrosis and oxida-
tive stress [21]. 3) A1M is a reductase [14] 
shown to have repair functions, i.e. oxidative 
lesions on cells and extracellular matrix were 
shown to be reduced by treatment with A1M 
[19]. Thus, these protective mechanisms of 
A1M may be engaged to inhibit the irradiation-
induced, oxidative stress-related, kidney dam-
age during PRRT.

Figure 9. Cellular co-localization of A1M and octreotide-A647 in cortex at high magnification. A1M and octreotide-
A647 conjugate were injected i.v. and animals were terminated at 20 minutes and 4 hours p.i. The percentage of 
co-localized A1M (green) and octreotide-A647 (red) was calculated in selected tubular profiles in the cortex, in high-
resolution confocal microscopic images (63×/1.4 objective). Cell nuclei were visualized using DAPI (blue). Repre-
sentative profiles (A) show different degrees of intracellular co-localization (yellow), and the co-localization data from 
all investigated samples are presented as mean ± SEM of representative areas (B). Scale bar represents 20 µm.
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In this study, we used 111In-octreotide instead 
of clinically administered radiopharmaceuticals 
such as 177Lu-DOTATATE and 90Y-DOTATOC to 
study co-localization. Being somatostatin ana-
logues, their pharmacokinetics are to be simi-
lar, but a potential discrepancy in distribution 
and uptake over time can be considered. 
Further, we have not yet demonstrated the 
renal protective properties of A1M, as co-local-
ization of the two molecules alone does not 
guarantee such an effect. As a next step in the 
investigation of A1M as a radioprotector of the 
kidneys, further studies need to be performed 
including small animal dosimetry and method 
development to estimate acute and long-term 
renal damage. Several parameters relating to 
functional glomerular and tubular damage will 
be assessed to demonstrate the effects of 
A1M infusion and its protective properties.

Conclusion

In this study we have characterized the phar-
macokinetics and biodistribution of A1M and 
the somatostatin analogue octreotide on both 
a macroscopic and microscopic level. Maximum 
uptake of both molecules occurs after 10-20 
minutes and SPECT imaging showed a co-local-
ization of the two substances in the kidney cor-
tex. On a cellular level, IHC and fluorescence 
microscopy revealed co-existence of both mol-
ecules in the proximal tubuli and co-localization 
in the epithelial cells. The highly comparable 
pharmacokinetics and biodistribution of A1M 
and octreotide and the scavenging properties 
of A1M suggests that A1M is an attractive can-
didate as a potential mean to protect kidney tis-
sue during PRRT.
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