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Abstract
Purpose  Cancer treatment with alpha-emitter-based radioligand therapies (α-RLTs) demonstrates promising tumor responses. 
Radiolabeled peptides are filtered through glomeruli, followed by potential reabsorption of a fraction by proximal tubules, 
which may cause acute kidney injury (AKI) and chronic kidney disease (CKD). Because tubular cells are considered the 
primary site of radiopeptides’ renal reabsorption and potential injury, the current use of kidney biomarkers of glomerular 
functional loss limits the evaluation of possible nephrotoxicity and its early detection. This study aimed to investigate whether 
urinary secretion of tubular injury biomarkers could be used as an additional non-invasive sensitive diagnostic tool to identify 
unrecognizable tubular damage and risk of long-term α-RLT nephrotoxicity.
Methods  A bifunctional cyclic peptide, melanocortin 1 ligand (MC1L), labeled with [203Pb]Pb-MC1L, was used for [212Pb]
Pb-MC1L biodistribution and absorbed dose measurements in CD-1 Elite mice. Mice were treated with [212Pb]Pb-MC1L 
in a dose-escalation study up to levels of radioactivity intended to induce kidney injury. The approach enabled prospective 
kidney functional and injury biomarker evaluation and late kidney histological analysis to validate these biomarkers.
Results  Biodistribution analysis identified [212Pb]Pb-MC1L reabsorption in kidneys with a dose deposition of 2.8, 8.9, and 
20 Gy for 0.9, 3.0, and 6.7 MBq injected [212Pb]Pb-MC1L doses, respectively. As expected, mice receiving 6.7 MBq had 
significant weight loss and CKD evidence based on serum creatinine, cystatin C, and kidney histological alterations 28 weeks 
after treatment. A dose-dependent urinary neutrophil gelatinase-associated lipocalin (NGAL, tubular injury biomarker) 
urinary excretion the day after [212Pb]Pb-MC1L treatment highly correlated with the severity of late tubulointerstitial injury 
and histological findings.
Conclusion  Urine NGAL secretion could be a potential early diagnostic tool to identify unrecognized tubular damage and 
predict long-term α-RLT-related nephrotoxicity.

Keywords  Radiopeptide ligand therapies · Alpha-emitter · Dosimetry · Nephrotoxicity · Biomarkers · NGAL

Introduction

Radioligand therapies (RLTs) have emerged as a form of 
therapy in oncology that has the potential to be transforma-
tive for cancer patients. These radiopharmaceuticals con-
sist of a radionuclide coupled to a small peptide ligand that 
binds to cell membrane targets with high affinity and speci-
ficity, making these agents attractive as cancer therapeutics 

(Fig. 1a). Unlike external beam radiation therapy (EBRT), 
these targeted forms of systemic radiotherapy enable radio-
nuclides to be delivered directly to cancer cells. Examples 
of FDA-approved radiopharmaceuticals that are signifi-
cantly improving outcomes for cancer patients include beta 
(β)-particle-emitting RLT LUTATHERA® (i.e., [177Lu]
Lu-DOTATATE) for advanced neuroendocrine tumors 
(NETs) and PLUVICTO® (i.e., [177Lu]Lu-PSMA-617) for 
metastatic castrate-resistant prostate cancer (mCRPC) tar-
geting somatostatin receptor type 2 (SSTR2) and prostate-
specific membrane antigen (PSMA), respectively. RLTs are 
also effective in other SSTR-expressing tumors, such as 
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paraganglioma and pheochromocytoma, thyroid carcinoma, 
and meningioma [1]. The use of other ligands for overex-
pressed receptor targets has been demonstrated in breast, 
colon, myeloma, and ovarian cancer [1]; melanoma [2]; and 
hematological malignancies [3]. There is a significant dif-
ference in the observed efficacy of RLTs that is dependent 
on the radionuclide utilized. Compared to FDA-approved 
β-emitter drugs, recent studies using alpha (α)-emitter 
RLTs (e.g., 212Pb, 225Ac, 211At) in patients with NET and 
mCRPC demonstrate greater tumor cell cytotoxicity, includ-
ing patients with refractory disease following β-RLT [4]. 
Fundamentally, the advantages of α-emitters lie in the 
higher linear-energy transfer (LET) (~ 100 keV/µm), which 
induces double-strand DNA breaks (DSB) and a concomi-
tant increase in ionizations (primary and secondary) along 
their short path length in the cellular tissue microenviron-
ment [5]. The deposition of energy over extremely short path 
length results in a significantly increased incidence of lethal 
DSB, high relative biological effectiveness (RBE), improved 
tumor-cell-cytotoxicity, and activation of anti-tumor immu-
nity [6]. Among commercially available α-emitters, [212Pb] 
(half-life T1/2 10.6 h) is produced using a [224Ra]/[212Pb] 
generator system that enables nimble on-demand production 
of [212Pb]Pb-based radiopharmaceuticals [7]. In the case of 
[212Pb], the isotope [203Pb] (T1/2 51.9 h) can be used as a 

single-photon emission computerized tomography (SPECT) 
imaging diagnostic companion to provide detailed dosimetry 
that guides [212Pb] therapy dosing [8]. The [203Pb]/[212Pb] 
radionuclide pair has the advantage that elementally iden-
tical imaging surrogate [203Pb] can guide [212Pb] therapy 
(Fig. 1b). Here, we establish biomarkers that can be used in 
the pre-clinical setting to connect surrogate imaging infor-
mation to the potential for acute kidney injury (AKI) to 
more effectively use the imaging data to establish appropri-
ate therapeutic dosing strategies. It is envisioned that these 
data can lead not only to more effective dose planning for 
clinical translation of new RLTs but for a broader spectrum 
of pharmaceutical drug candidates for clinical introduction 
for cancer therapy.

While emerging research demonstrates the potentially 
transformative impact of α-particle RLT for cancer treat-
ment, kidneys are often treatment-limiting due to their role 
in the bioelimination of unbound therapeutic agents. While 
agents can be pharmacologically designed to minimize the 
reabsorption, biomarkers that provide information on the 
potential for nephrotoxicity are needed because current eval-
uation is limited to late post-therapy histological findings 
and estimation of glomerular filtration rate (eGFR) using 
the endogenous marker of kidney function serum creatinine 
(sCr). Fortunately, due to their relatively small size (< 5.5 
kDa) and hydrophilic nature, radiolabeled peptides are rap-
idly filtered through glomeruli. However, a fraction can be 
reabsorbed in tubular cells, which may lead to injury [9]. 
Studies in tubule-specific megalin knockout mice demon-
strate that proximal tubules are primarily, but not exclu-
sively, responsible for radiopeptide uptake within the kid-
neys [10]. Because of the short travel distance of emitted 
particles (low-energy β < 1.7 mm1; α < 80 µm), the radia-
tion exposure from RLT, especially α-RLT, may be highly 
localized in the proximal tubular area rather than glomeruli. 
This suggestion is further supported by prior pre-clinical 
studies evaluating nephrotoxicity of alpha- and beta-emitter 
RLT that demonstrated the presence of tubulointerstitial dis-
ease as early as 10 weeks, without significant glomerular 
changes, which progressively worsens and leads to severe 
chronic kidney disease (CKD) 7 months after therapy [11, 
12]. This observation is consistent with the known patho-
physiology of AKI-induced CKD, wherein primary tubular 
cells that fail to repair after severe or recurrent injuries adopt 
a pro-fibrotic and pro-inflammatory phenotype that drives 
progressive kidney damage resulting in structural abnor-
malities including fibrosis, vascular rarefaction, tubular loss, 
glomerulosclerosis, and a chronic inflammatory infiltrate, 
with subsequent renal function decline [13]. Thus, primary 

Fig. 1   a Schematic representation of [212Pb]Pb-labeled melanocortin 
1 ligand (MC1L), melanoma cell expressing melanocortin 1 recep-
tor (MC1R), and alpha-melanocyte-stimulating hormone (α-MSH) 
analog. b Schematic representation of [212Pb] and [203Pb] nuclides 
decay

1  Low-energy beta emitters ([177Lu], [67Cu], [131I]), does not include 
higher energy emitters ([90Y], [89Sr], [32P], etc.).
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tubular damage alone could be the etiology of RLT-induced 
long-term kidney toxicity.

Current nephrotoxicity screening for assessing phar-
maceutical-treated patients and mice for establishing 
potential kidney injury depends mainly on prospective 
sCr measurement and its routine use to calculate eGFR. 
Kidney toxicity in patients receiving RLT is expected 
to be associated with patchy loss of tubule cells, focal 
areas of proximal tubular dilation, and distal tubular 
casts, together with measurements of cellular regen-
eration [14]. Serum creatinine is a delayed and insensi-
tive biomarker of kidney function decline that does not 
reflect the degree of tubulointerstitial damage. Addi-
tionally, long-term toxicity evaluation is limited by the 
patient population’s poor survival. In comparison, uri-
nary biomarkers such as neutrophil gelatinase-associated 
lipocalin (NGAL), kidney injury molecule 1 (KIM-1), 
and epidermal growth factor (EGF) have been used to 
detect AKI early in patients with normal sCr (subclini-
cal AKI) and to evaluate overall tubular health [15]. 
The change in their urinary secretion pattern has been 
used to identify patients at risk of progressive CKD [16]. 
Predictive biomarkers could accurately identify patients 
with subclinical kidney injury and those at risk of AKI 
and CKD following RLT treatment.

Regulatory bodies currently employ 23 Gy in kidneys 
as the absorbed dose limit, derived from EBRT, despite 
significant differences in the form and interaction of radi-
oactivity emissions associated with RLT vs. EBRT. For 
example, the typical dose rate for EBRT is ~ 1 Gy/min, 
whereas the absorbed dose from RLT is delivered over 
multiple days, even weeks, depending on the half-life of 
the radionuclide, resulting in a slower dose rate (mGy/
min). Although conventional EBRT dose limits may dif-
fer from those encountered with RLT, dosimetry-based 
therapy remains a potentially powerful tool for personal-
izing RLT. Specifically, in RLT, a biologically effective 
dose of 40 Gy to the kidney has been suggested to be safe 
in patients without risk factors for kidney disease and 28 
Gy in those at risk of kidney injury [17]. A more precise 
understanding of the nature of kidney-delivered doses 
may help maximize cancer therapy and reduce long-term 
kidney toxicity according to individual patient tolerabil-
ity. However, this approach is limited by the need for 
more information on tubular damage caused by a specific 
kidney-absorbed dose not provided by sCr measurement. 
Thus, the purpose of this study was to investigate the 
urinary secretion pattern of tubular injury biomarkers fol-
lowing injection of a [212Pb]Pb-based RLT in a murine 
model. In this dose-escalation study, a bifunctional cyclic 
peptide, melanocortin 1 ligand (MC1L), was labeled 
with [203Pb]Pb-MC1L to determine the distribution and 
absorbed dose of [212Pb]Pb-MC1L at levels intended to 

induce AKI, followed by a comprehensive nephrotoxicity 
analysis including novel urine secretion pattern of kidney 
injury biomarkers in CD-1 Elite mice. To explore poten-
tial absorbed dose tolerated in humans, we performed 
human dosimetry scaling up from mice. It is envisioned 
that combining biomarkers and dosimetry can lead to a 
more detailed understanding of the use of [203Pb]-based 
imaging as a quantitative guide for [212Pb] therapy plan-
ning and a personalized approach to cancer therapy.

Methods

Reagents and materials

Detailed information on reagents and material used in this 
study can be found in the Supplemental Methods section.

Radiochemistry, in vivo biodistribution of [203Pb]
Pb‑MC1L, and dosimetry of [212Pb]Pb‑MC1L

Radiochemistry radiolabeling and quality control of 
[203Pb]/[212Pb]Pb-MC1L were performed as previously 
described [6] and are detailed in the Supplemental Meth-
ods section. Biodistribution of [203Pb]Pb-MC1L in nor-
mal organs/tissues was determined in male CD-1 Elite 
mice. All animal studies followed the Guide for the Care 
and Use of Laboratory Animals and were approved by 
the University of Iowa Animal Care and Use Committee. 
Mice were injected with 74 MBq [203Pb]Pb-MC1L (2–100 
pmol injected peptide) in 100 µL saline via tail vein and 
were subsequently euthanized at 0.5, 1.5, 3, and 24 h post-
injection for organs/tissues resection (n = 4–6 at each time 
point). Radioactivity in each organ was measured on a 
Cobra II automated gamma counter and decay corrected. 
Data were normalized and expressed as percent injected 
dose per gram of tissue (%ID/g). The absorbed dose from 
[212Pb]Pb-MC1L injection in mouse and human was calcu-
lated using the [203Pb]Pb-MC1L surrogate biodistribution 
data using typical medical internal radiation dose (MIRD) 
absorbed fraction methods within the OLINDA/EXM v2.2 
software. Detailed dosimetry calculations are described in 
the Supplemental Methods section.

Treatment to evaluate alpha‑emitter toxicity

Male CD-1 Elite mice were treated with a dose-escalation 
regiment to evaluate toxicity at levels intended to cause 
kidney injury. Mice were administered either 0.0 (vehicle), 
0.9, 3.0, or 6.7 MBq [212Pb]Pb-MC1L (injected peptide 
mass 0.0–0.6 nmole, n = 6 per group) as single injection via 
tail vein on day 0. No lysine co-injection was conducted 
to ensure kidney damage induction by [212Pb]Pb-MC1L. 
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Following treatments, the body weight of individual ani-
mals was measured twice weekly during the acute stage (i.e., 
the first 3 weeks post-injection) and once per week in later 
stages.

Hematotoxicity, blood chemistry, and cardiotoxicity

Hematotoxicity, liver toxicity, and cardiac structure and 
function were assessed as described in the Supplemental 
Methods section.

Urine nephrotoxicity biomarkers

Biomarkers of kidney injury and tubular health were meas-
ured in urine samples collected using metabolic cages at 
1 week (days 1 and 3), 8 weeks, and 28 weeks (7 months) 
post-[212Pb]Pb-MC1L injection. Murine metabolic cages 
from Hatteras Instruments (Grantsboro, NC) were kindly 
provided by Dr. Jonathan Nizar at the Department of Inter-
nal Medicine at The University of Iowa. After collection, 
urine samples were kept on ice and centrifuged at 2000 
rpm for 5 min to remove particulates, and the supernatant 
was stored in a − 80 °C freezer until the analysis day. Urine 
NGAL, KIM-1, EGF, and protein and creatinine levels 
were measured as detailed in the Supplemental Methods 
section.

Kidney histological analysis

Twenty-eight weeks post [212Pb]Pb-MC1L injection, 
mice were euthanized. Kidneys were fixed in 4% para-
formaldehyde and embedded in paraffin. Tissue Sects. (5 
µm thick) were stained with periodic acid-Schiff (PAS) 
for tubular injury (TI), glomeruli changes (GC), and 
interstitial inflammation (IF) semiquantitative evalu-
ation. To measure renal interstitial fibrosis, paraffin-
embedded kidney sections were stained with Mas-
son’s trichrome. A blinded pathologist performed scoring 
as described in Supplemental Table 1.

Statistical and correlation analysis

Statistical analysis was conducted on GraphPad Prism 8 
(GraphPad Software, San Diego, CA, USA). Two-way 
ANOVA was applied in CBC, serum chemistry, and serum 
biomarkers *p < 0.05. The Kruskal–Wallis test was applied 
for histological score analysis, with * p < 0.05. Urine bio-
markers and body weight statistical analysis was made by 
two-way ANOVA mixed-effect analysis with *p < 0.05. 
Correlation analysis was made by computed nonparametric 
Spearman correlation for urine biomarkers and multiparam-
eter correlation.

Results

Biodistribution of [203Pb]Pb‑MC1L and dosimetry 
of [212Pb]Pb‑MC1L

To determine [212Pb]Pb-MC1L absorbed dose in critical 
organs (e.g., kidneys), we employed [203Pb]Pb-MC1L 
as a dosimetry surrogate in the in vivo biodistribution 
study in male CD-1 Elite mice. Following i.v. injection 
of 74 kBq [203Pb]Pb-MC1L, there was a rapid [203Pb]Pb-
MC1L clearance through the kidneys and bladder (8.2%; 
Fig. 2a). Within 1.5 h post-injection, the remaining [203Pb]
Pb-MC1L in blood was 0.06%ID/g. The highest kidney 
accumulation (8.2%ID/g) was at 0.5 h post-injection, 
with minimal accumulation in other organs. As intended, 
[203Pb]Pb-MC1L retention in kidneys was relatively low 
(1.9%ID/g at 24 h) but higher than in other organs, result-
ing in higher radiation exposure, enabling our evaluation 
of biomarkers. We used this information to perform a 
dosimetry analysis within the MIRD schema to determine 
the absorbed dose in the kidneys resulting from admin-
istering [212Pb]Pb-MC1L in male CD-1 mice. Based on 
the OLINDA/EXM 2.2 35-g mouse phantom, the average 
absorbed dose per injected activity in kidneys was 2.99 
Gy/MBq, among which 92.7% resulted from α-radiation 
(Fig. 2b), with an estimated tubular and glomerular dose 
per administered activity of 4.85 Gy/MBq and 12.51 Gy/
MBq, respectively (implementation of the Hobbs et al. 
model is detailed in the Supplemental Methods) [18]. 
Thus, the kidney-absorbed doses in male CD-1 mice deliv-
ered from 0.9, 3.0, and 6.7 MBq [212Pb]Pb-MC1L were 
2.8, 8.9, and 20 Gy on average. Detailed murine dosimetry 
results are summarized in Supplemental Tables 5 and 6. 
Finally, to determine a human absorbed dose from this 
therapy, we performed dosimetry in human subjects scal-
ing up from mice as described in Supplemental Methods. 
Co-localizing progeny with parent [212Pb], the predicted 
human absorbed radiation dose in kidneys was 5.34 mGy/
MBq, among which 4.76 mGy/MBq is contributed by 
α-radiation. Due to the rapid clearance and minimal accu-
mulation in bone, the predicted human absorbed dose 
in red marrow was 0.26 mGy/MBq. Murine and human 
dosimetry results are summarized in Fig. 3 and Supple-
mental Tables 6 and 7, respectively.

Systemic, cardiac, and liver toxicity

To identify [212Pb]Pb-MC1L chronic toxicity complica-
tions, the study was completed at 28 weeks after treatment, 
as this represents one-third of the expected lifespan of 
these animals (Fig. 4a). No acute weight loss was observed 
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Fig. 2   a Biodistribution of 
[203Pb]Pb-MC1L in male CD-1 
Elite mice. b Kidney dosimetry 
of [212Pb]Pb-MC1L in male 
CD-1 Elite mice

Fig. 3   a Representative figure of how radiation dose was estimated in humans. b Dosimetry analysis of [212Pb]Pb-MC1L in female and male 
human subject Phantoms in OLINDA/EXM 2.0
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in any [212Pb]Pb-MC1L-treated mice. However, mice 
treated with 6.7 MBq of [212Pb]Pb-MC1L demonstrated 
a lack of weight gain that initiated about 50 days post-
treatment and was significantly different compared to the 
control group after 28 weeks (45.8 ± 5.8 g vs. 59.8 ± 11.2 
g, p = 0.0056, Fig. 4b).

Cardiac structure and function were analyzed by 
echocardiogram at 8 and 28 weeks post-treatment. No 
significant cardiac structural or functional changes were 
identified with the evaluation of heart rate, left ventricu-
lar mass, end-diastolic volume, and ejection fraction in 
[212Pb]Pb-MC1L-treated mice (Supplemental Fig. 1).

There was no significant change in the liver injury 
markers ALT, AST, and ALP (Fig. 4c–e) in the first 8 
weeks post-treatment. There was a higher concentration 
of AST and ALT in animals treated with 3.0 MBq [212Pb]
Pb-MC1L but not in animals treated with 6.7 MBq at 
28 weeks post-treatment. However, there was no dose-
dependent change in liver injury marker concentrations 
with levels lower than the threshold of severe hepatocel-
lular injury based on Hy’s law (≥ three-fold rise in AST, 
ALT), which correlates with the low [203Pb]Pb-MC1L liver 
uptake observed (Fig. 2a).

Renal toxicity evaluation

The presentation of radiation-induced nephrotoxicity is usu-
ally late in both pre-clinical models and humans. Consistent 
with kidneys being frequently a treatment-limiting organ for 
RLTs, we observed rapid and high kidney uptake in our bio-
distribution and dosimetry studies (Fig. 2a), which led us to 
perform an in-depth kidney toxicity evaluation. In the first 8 
weeks post-treatment, there was no evidence of kidney tox-
icity by measuring the serum endogenous kidney function 
biomarkers BUN and creatinine. At 28 weeks post-treatment, 
BUN and sCr were significantly elevated in animals treated 
with 3.0 and 6.7 MBq, but not 0.9 MBq [212Pb]Pb-MC1L 
compared to control mice (Fig. 5a, b). To address the low 
sCr sensitivity for kidney dysfunction detection in mice [19], 
we also measured serum cystatin C as a superior surrogate 
marker of kidney function at 28 weeks. Elevated cystatin C 
was only observed in animals injected with 6.7 MBq [212Pb]
Pb-MC1L, but not in other groups (Fig. 5c). Kidney histologi-
cal analysis at 28 weeks following [212Pb]Pb-MC1L treatment 
demonstrated a significant increase in tubular injury, intersti-
tial inflammation, glomerular changes, and fibrosis in mice 
treated with 6.7 MBq compared to control mice (Fig. 5d, e). 

Fig. 4   a Experiment design. b Body weight in male CD-1 Elite. c–e Liver function measurement by serum chemistry analysis. Statistical analy-
sis was made by two-way ANOVA analysis with *p < 0.05
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There was some evidence of tubulointerstitial injury in other 
treated groups that appeared to be dose-dependent; however, 
it was non-statistically significant (Fig. 5e). Using an injury 
score from 0 to 4 in all histological changes (Supplemental 
Table 1), the injury to the glomerular region was less severe 
than to the tubular and interstitial regions (Fig. 5e). Our 
findings highlight that kidney toxicity is more severe in the 
tubulointerstitium, is dose-dependent, and presents late after 
treatment. Moreover, we demonstrated that current diagnos-
tic tools to evaluate nephrotoxicity are unchanged early after 

treatment and present late once significant irreversible kidney 
damage and fibrosis occur. Using our findings and based on 
exponential-power regression similar to Barone et al. [20], 
we found that 50% normal tissue complication probability 
(NTCP) for our study is approximately 8.0–9.5 Gy, depending 
on the biological data used for modeling (fibrosis, late creati-
nine rise, late uNGAL rise). These results are approximately 
consistent with the range of expected RBE factors, and our 
results may inform subsequent murine experimental designs 
for alpha-emitting radiopharmaceuticals.

Fig. 5   a BUN (blood urea nitrogen), b serum  creatinine, and c 
serum  cystatin C kidney function markers. d Representative images 
of kidney sections stained by PAS (periodic acid-Schiff) and Mas-
son’s  trichrome, scale bar 50 µm. e Tubular injury (TI), interstitial 
inflammation (IF), glomerular changes (GC), and fibrosis (FIB) his-

tological scoring of kidney sections from CD-1 Elite mice at the end-
of-study. Statistical analysis was made by two-way ANOVA analysis 
for serum biomarkers and the Kruskal–Wallis test for histological 
score analysis, with *p < 0.05
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Urine biomarkers for AKI and correlation analysis

To test the hypothesis that RLTs cause early tubular injury 
that is not identified by conventional kidney function mark-
ers and that the severity of the earlier injury could corre-
late with long-term kidney toxicity, we measured a panel 
of novel biomarkers of tubular injury (NGAL and KIM-1) 
and tubular health (EGF) in [212Pb]Pb-MC1L-treated mice. 
We collected urine in the acute injury phase (days 1 and 3) 
and prospectively at 8 and 28 weeks after [212Pb]Pb-MC1L 
injection to measure urine NGAL, KIM-1, and EGF levels 
(Fig. 6). We also measured urine protein to creatinine ratio 
(UPC), a marker of hyperfiltration and a surrogate marker of 
glomerular damage routinely used to identify CKD progres-
sion risk [21].

There was a dose-dependent significant increase in urine 
NGAL (uNGAL) excretion on day 1 compared to the control 
group (Fig. 6a). The increase in uNGAL excretion in mice 
with unchanged kidney function biomarkers (BUN, sCr, 
Cystatin C) or proteinuria (UPC, Fig. 6d) suggests the pres-
ence of subclinical AKI caused by tubular injury. Moreover, 
the early increase in uNGAL positively correlated with the 
injected [212Pb]Pb-MC1L dose (r = 0.89, p ≤ 0.0001), with 
the kidney-absorbed dose (r = 0.89, p ≤ 0.001), and with 
the late histological alterations of TI (r = 0.72, p = 0.0002), 
IF (r = 0.66, p = 0.001), GC (r = 0.58, p = 0.004), and FIB 
(r = 0.75, p ≤ 0.0001) 28 weeks post-treatment (Fig.  7, 
yellow rectangle, Supplemental Fig. 2). The correlation 
between uNGAL secretion and late kidney findings could 
suggest that the severity of tubular cell injury could be a 
driver of CKD progression.

High urinary levels of EGF (uEGF) reflect functional 
tubular mass and regeneration potential [22] and promote 
tubular cell proliferation modulating the recovery from acute 
kidney injury [23]. There was a significant increase in uEGF 

secretion on days 1 and 3 post-treatment in mice receiving 
3.0 MBq and 6.7 MBq, respectively. Conversely, there was 
a lower urinary secretion at 28 weeks in mice treated with 
3.0 and 6.7 MBq, consistent with tubulointerstitial damage 
(Fig. 6b), suggesting lower tubular health [22]. The proxi-
mal tubule injury biomarker KIM-1 appeared to be elevated 
in acute and chronic stages. However, the concentrations 
were highly variable; the urinary excretion did not have an 
apparent dose-dependent increment in the acute phase and 
was only significant at 28 weeks in the group receiving the 
highest dose (6.7 MBq) (Fig. 6c).

UPC ratio was not statistically significant at any time 
point. However, it showed a dose-dependent trend toward 
increasing proteinuria at 28 weeks when there was already 
evidence of kidney dysfunction by sCr and cystatin C 
(Fig. 6d). Our results demonstrated that biomarkers of tubu-
lar injury and tubular health are more sensitive than endog-
enous biomarkers of kidney function to detect early [212Pb]
Pb-MC1L-mediated injury.

Bone marrow toxicity

To evaluate bone marrow toxicity, we performed CBC analy-
sis at 3 and 28 weeks following the injection of [212Pb]Pb-
MC1L in male CD-1 Elite mice (n = 6) (Fig. 4a). At 3 weeks 
post-injection, there was no significant change in any indica-
tive biomarker of acute bone marrow toxicity (i.e., WBC, 
neutrophil, lymphocyte, hemoglobin, and RBC), indicating 
no acute hematotoxicity resulted from [212Pb]Pb-MC1L 
treatment (Fig. 8). At the conclusion of the study (28 weeks), 
no significant change was observed in WBC, neutrophils, 
or lymphocytes in any group of mice treated with [212Pb]
Pb-MC1L compared with the control cohort (Fig. 8a–c). 
However, there was an isolated reduction of hemoglobin 
and RBC at 28 weeks post-injection of [212Pb]Pb-MC1L in 

Fig. 6   Urine biomarkers. a 
NGAL (neutrophil gelatinase-
associated lipocalin). b EGF 
(epidermal growth factor). 
c KIM-1 (kidney injury 
molecule 1). d UPC (urine 
protein:creatinine ratio). Sta-
tistical analysis was made by 
two-way ANOVA mixed-effect 
analysis with *p < 0.05
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mice treated with 3 and 6 MBq (Fig. 8d, e). Based on renal 
findings with evidence of CKD by histology and functional 
biomarkers at this stage, the isolated changes in hemoglobin 
and RBC could be secondary to anemia of CKD and not due 
to bone marrow toxicity.

Discussion

In this study, we report for the first time the use of urinary 
biomarkers of tubulointerstitial disease to identify subclin-
ical AKI and predict CKD associated with α-emitter RLT 
in a murine model. Using [203Pb]Pb-MC1L to characterize 
the distribution and absorbed dose of [212Pb]Pb-MC1L, 
kidneys appear to have the highest uptake. The dose depo-
sitions in kidneys from injection of 0.9, 3.0, and 6.7 MBq 
[212Pb]Pb-MC1L were, on average, 2.8, 8.9, and 20 Gy, 
respectively. The injected activities were selected to cover 

low, medium, and high kidney doses intended to induce 
AKI. A dose-escalation toxicity study in mice was well 
tolerated based on body weight measurement with lack 
of significant hematotoxicity and liver toxicity. However, 
we observed the development of late CKD in mice treated 
with higher [212Pb]Pb-MC1L doses based on the profile 
change of kidney function biomarkers and the kidney his-
tological alterations found 28 weeks after treatment. There 
was a significant dose-dependent urinary excretion of the 
tubular injury biomarker uNGAL the day after [212Pb]Pb-
MC1L treatment that highly correlated with the severity 
of tubulointerstitial injury and late kidney function bio-
markers. Despite the lack of early changes in conventional 
endogenous kidney function biomarkers (BUN, sCr, and 
serum cystatin C), the early concurrent increase in tubular 
injury suggests that early subclinical tubular injury could 
explain the long-term renal dysfunction observed at 28 
weeks.

Fig. 7   Correlation analysis of injected dose, kidney damage scores, uNGAL (yellow rectangle), UPC, BUN, and sCr at each time point. Statisti-
cal analysis was made by computed nonparametric Spearman correlation for urine biomarkers and multiparameter correlation
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Dosimetry is a strategy that facilitates the determination 
of doses administered to normal organs, including those 
more sensitive to RLT toxicity. In the present study, we 
administered [212Pb]Pb-labeled peptide [212Pb]Pb-MC1L 
via i.v. injection to deliver α-radiation. MC1L is a syn-
thetic peptide of 7 amino acids cyclized via Cu-mediated 
click chemistry. As an analog of alpha-melanocortin stim-
ulating hormone (α-MSH), MC1L binds with melanocortin 
receptor 1 (MC1R) overexpressed in metastatic melanoma. 
Within this paradigm, the 10.6-h half-life of [212Pb] decay 
matches the relatively shorter biological half-life of small 
peptides compared with the long biological half-lives of 
antibodies [24]. Cyclotron-produced gamma-ray-emitting 
radionuclide [203Pb] was used as an elementally identical 
imaging surrogate for [212Pb] [7]. [203Pb]Pb-MC1L surro-
gate was injected in the same animal model to determine 
the in vivo biodistribution for calculating the dosimetry 
of [203Pb]Pb-MC1L in normal organs. Our prior studies 
have demonstrated excellent chelation kinetics and stabil-
ity with PSC for [212Pb] and [212Bi] [8]. However, previ-
ous literature has shown that during a fraction of [212Pb] 
disintegrations, the daughter [212Bi] cations are released 
from the chelator [25]. Based on the known kinetics of 
bismuth, it is likely that some released ions will accumu-
late and decay in the liver and kidneys. Therefore, doses 
to these structures may be underestimated when utilizing 
[203Pb] as a dosimetric surrogate without accounting for 
these effects.

Due to its rapid clearance, we observed low [203Pb]Pb-
MC1L liver and blood uptake and retention. We did not 
observe significant liver toxicity after [212Pb]Pb-MC1L 
treatment like in previous reports using [177Lu]Lu-DOTA-
TATE [26]. Some cases of hematological toxicity (grade 
3/4) and dose-dependent acute hematological toxicity have 
been reported in patients receiving [177Lu]Lu-DOTATATE 
[27] and [225Ac]Ac-DOTATOC [28] therapy. Hematologi-
cal toxicity after RLTs increases in patients with baseline 
nephrotoxicity (transient or persistent elevation in sCr), 
probably due to the prolonged circulation time of the 
radiopeptide in patients with poor kidney function, which 
increases bone marrow exposure to radiation [29]. Our 
study showed a late reduction in hemoglobin and RBC 
28 weeks after [212Pb]Pb-MC1L treatment in mice with 
evidence of kidney dysfunction based on BUN and sCr 
measurements. Because anemia is common in patients with 
CKD due to reduced kidney erythropoietin production, our 
findings suggest the late reduction in hemoglobin and RBC 
after [212Pb]Pb-MC1L treatment was secondary to anemia 
of CKD.

The understanding of RLT-associated nephrotoxicity in 
patients is limited and primarily evaluated by measuring 
endogenous kidney functional biomarkers, like sCr, that do 
not assess the severity or localization of tubulointerstitial 
damage. During steady-state conditions, sCr is commonly 
used to estimate GFR. More than half of the kidney mass 
must be impaired to detect an increase in sCr as a kidney 

Fig. 8   Complete blood counts. a White blood cells (WBC). b Neutrophils. c Lymphocytes. d Hemoglobin. e Red blood cells (RBC). Statistical 
analysis was made by two-way ANOVA analysis with *p < 0.05
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dysfunction biomarker [30], explaining the late increase in 
functional biomarkers after [212Pb]Pb-MC1L treatment as 
evidence of the histological CKD progression. Moreover, 
sCr levels are affected by tubular secretion and reabsorption, 
kidney generation, extrarenal elimination, certain medica-
tions, and patient gender, age, diet, and muscle mass, which 
results in an overestimation of GFR and does not reflect 
accurately intrinsic kidney injury [31]. The reports of kid-
ney toxicity in α-emitters are limited, and sCr restrictions 
may explain the controversy in nephrotoxicity development. 
In a study of 39 patients receiving [225Ac]Ac-DOTATOC 
α-RLT, only 22 were suitable to evaluate long-term kidney 
function due to tumor progression or change in therapy. 
Over a median of 57 months (range 18–90 months), they 
observed an average eGFR-loss of 8.4 mL/min (9.9%) per 
year, and treatment-related kidney failure occurred in two 
patients after a delay of > 4 years [32]. The lack of accuracy 
in nephrotoxicity detection, mainly by sCr-based eGFR, 
led to the conclusion that kidney failure is independent of 
administered radioactivity and other clinical risk factors are 
significant or the main contributors [32–34]. Following find-
ings in humans, we did not observe any early changes in the 
conventional kidney function biomarkers BUN and creati-
nine. We only found late significant changes at 28 weeks 
in mice treated with [212Pb]Pb-MC1L at 3.0 and 6.7 MBq, 
consistent with a kidney-absorbed dose of ~ 8.9 and ~ 20 
Gy, respectively. Even though no RBE scaling was used in 
this work to avoid ambiguity, and all doses are presented 
as physical absorbed dose to the structure of interest, these 
results are in accordance with pre-clinical studies using 
[213Bi]Bi-DOTATATE (RBE of 4–5 for acute renal toxicity), 
where the calculated renal LD50, at which 50% of the treated 
animals would develop acute nephrotoxicity, was 20 ± 8 Gy 
[35]. Kidney functional biomarkers (BUN and sCr) do not 
directly detect injury in the tubular epithelium, the lead-
ing site of injury in most forms of AKI, that, without treat-
ment, can progress to CKD [13]. In line with radiopeptide 
reabsorption by proximal tubular cells, pre-clinical data in 
mice and rat models have shown evidence of long-term tubu-
lointerstitial disease after β-RLTs and α-RLT in the absence 
of severe glomerular pathology or sCr changes [11, 12]. In 
this context, the delayed change in kidney function biomark-
ers and the lack of information on tubular injury result in 
poor accuracy in diagnosing acute structural kidney damage 
associated with RLT treatment and could result in missing 
valuable treatment windows to prevent CKD progression.

Biomarkers of tubular injury and health [36] are more 
frequently used to diagnose AKI before the loss of filtration 
function (kidney function biomarkers changes), supporting 
their potential incorporation into nephrotoxic evaluation in 
RLT patients. Urinary biomarkers of tubular health (EGF) 
and injury (KIM-1 and NGAL) measurements in mice treated 
with [212Pb]Pb-MC1L showed an early increase in NGAL 

and EGF excretion. NGAL is a protein reabsorbed by proxi-
mal tubules and released by the damaged distal tubules in 
response to acute tubular injury, which can be detected in the 
urine within hours of tubular injury [37]. Thus, an increase 
in urine NGAL reflects both distal tubular injury that causes 
an increase in NGAL production to the urine and systemic 
circulation and proximal tubular damage that results in a 
lack of NGAL reabsorption by proximal tubular cells [38]. 
We demonstrate that uNGAL excretion was significantly 
increased after [212Pb]Pb-MC1L treatment with a dose-
dependent pattern on day 1 after treatment. Moreover, its 
increased urinary excretion was highly correlated with tissue 
damage at 28 weeks, similar to the long-term serum NGAL 
increase observed in mice receiving the α-emitter [213Bi]Bi-
DOTATATE [35]. The early elevation in uNGAL indicates 
a dose-dependent [212Pb]Pb-MC1L-induced tubular injury 
that correlates with long-term kidney toxicity. The observed 
early increase in tubular injury biomarkers with a lack of 
changes in kidney function biomarkers is used to diagnose 
a subclinical AKI condition [39]. This condition is usually 
asymptomatic and has been associated with a two- to three-
fold increased risk of death or the need for kidney support 
therapy compared to patients with normal levels of sCr and 
tubular damage biomarkers [40]. EGF expression is specific 
for the ascending limb of Henle and distal tubules and has 
been associated with enhanced tubular cell regeneration and 
repair, accelerating kidney recovery after injury [23, 41]. 
uEGF is decreased in various kidney diseases in humans, 
including patients with CKD [42]. We found a significant 
initial increase in uEGF excretion in the 3 MBq and 6.7 MBq 
that was then significantly reduced at 28 weeks after treat-
ment, suggesting an adequate initial response to injury with a 
lower late tubular reserve 28 weeks after treatment compared 
to the control group. Finally, KIM-1 is a protein expressed in 
proximal tubular epithelial cells rarely expressed in organs 
other than kidneys, whose increased urine level is a sensitive 
indicator for early proximal tubular injury, particularly for 
ischemic or nephrotoxic AKI patients [43]. We found a trend 
toward an increase in uKIM-1 after [212Pb]Pb-MC1L treat-
ment that persisted and was significant in the mice treated 
with 6.7 MBq after 28 weeks. The urinary biomarker patterns 
suggest that proximal tubule cells might not be the only tubu-
lar segment affected by [212Pb]Pb-MC1L treatment.

We recognize some limitations in our study design. 
Studies evaluating long-term radiation-induced toxicity 
can be extended up to 36 weeks post-therapy [44], and 
our study concluded at 28 weeks (~ 7 months). However, 
the average mouse lifespan is about 24 months [45], and a 
follow-up of 7 months post-treatment represents approxi-
mately one-third of their lifespan. In murine CKD mod-
els, where it is expected to have a gradual renal function 
decline, mice are followed between 1 and 6 months post-
injury to evaluate chronic changes in tissue, including 
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fibrosis [46]. Because mice treated with 6.7 MBq had sig-
nificant changes in kidney function biomarkers suggest-
ing clinically meaningful renal function decline, we con-
cluded our study at 28 weeks to ensure adequate survival 
in each group to compare histological findings. We found 
significant fibrosis in that group (score 3 of 4), supporting 
adequate time to identify fibrosis in this model.

The results from this dose-escalation pre-clinical toxic-
ity study propose that increased uNGAL secretion could be 
an additional diagnostic tool to identify patients developing 
α-RLT subclinical AKI and at risk of CKD. The changes in 
uEGF suggest that proximal tubule cells might not be the only 
tubular segment affected by α-RLT and highlight how potential 
early tubular damage could be an essential driver of long-term 
α-RLT-related nephrotoxicity. Together with the conventional 
clinical predictors of kidney health (sCr, cystatin C, UPC), 
urine biomarkers of tubular injury (i.e., NGAL) and tubular 
health (i.e., EGF) in combination with dosimetry could be used 
to personalize α-RLT and provide higher doses to those patients 
without evidence of tubulointerstitial injury. On the contrary, 
in patients where therapy is still required and highly benefi-
cial, it would empower practitioners to discuss the long-term 
risk with patients and ensure early and close CKD follow-up to 
improve their outcomes, as previously proposed. More studies 
using dosimetry and evaluating biomarkers of tubulointerstitial 
disease in RLTs are needed to identify the timing of tubular 
injury at specific renal dosages and guide future toxicity mecha-
nistic studies. This approach could facilitate tumor treatment 
maximization, development of nephroprotective therapies, and 
identification of patients at risk of long-term toxicity.
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