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Implication for health policy/practice/research/medical education:
Peptide receptor radionuclide therapy (PRRT) represents a targeted approach for treating neuroendocrine tumors (NETs) by 
delivering radiation specifically to somatostatin receptor-expressing cells using radiolabeled peptides like 177Lu-DOTATATE. 
Despite its efficacy, a major limitation is radiation nephropathy arising from unintended reabsorption of these peptides in the 
proximal tubules of the kidney, often termed the “proximal tubular trap,” where megalin-mediated endocytosis captures filtered 
radioligands, leading to prolonged radiation exposure and cellular damage. This phenomenon heightens risks particularly 
in patients with preexisting renal impairment, demanding protective strategies to mitigate long-term nephrotoxicity while 
preserving therapeutic benefits.
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Introduction
Peptide receptor radionuclide therapy (PRRT) represents 
a significant advancement in targeted cancer treatment, 
particularly for certain neuroendocrine tumors (NETs). 
This sophisticated approach leverages the biological 
characteristics of cancer cells to deliver radiation precisely 
where it is needed, minimizing damage to surrounding 

healthy tissues (1). At its core, PRRT combines a 
radioactive isotope (radionuclide) with a synthetic 
peptide that specifically binds to receptors abundantly 
present on the surface of tumor cells. The most common 
and well-established application targets somatostatin 
receptors (SSTRs), which are overexpressed in many well-
differentiated NETs originating in the gastrointestinal 

Peptide receptor radionuclide therapy (PRRT) using radiolabeled somatostatin analogs like 
¹⁷⁷Lu-DOTATATE) is highly effective for metastatic neuroendocrine tumors (NETs). However, 
a significant dose-limiting toxicity is radiation-induced nephropathy, primarily driven by a 
phenomenon termed the proximal tubular trap. Following glomerular filtration, radiolabeled 
peptides are avidly reabsorbed by proximal tubular epithelial cells (PTECs) via the megalin/cubilin 
receptor-mediated endocytosis pathway. This intracellular retention concentrates the radionuclide 
within the tubules, leading to prolonged, localized irradiation of renal tissue, particularly the 
radiosensitive proximal tubules and microvasculature. Cumulative radiation exposure causes DNA 
damage, oxidative stress, inflammation, and ultimately progressive tubular atrophy, interstitial 
fibrosis, and glomerulosclerosis, manifesting clinically as declining glomerular filtration rate 
(GFR), proteinuria, and potentially end-stage renal disease months to several years post-therapy.
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tract, pancreas, and lungs (1). The process begins with 
meticulous patient selection using diagnostic imaging, 
typically a gallium-68 DOTATATE or DOTATOC PET/
CT scan. This theranostic principle, using a diagnostic 
scan to predict therapeutic response confirms high 
SSTR expression on the tumors, ensuring the patient is 
a suitable candidate. If positive, the therapeutic phase 
commences (2). The most widely used radionuclide today 
is lutetium-177 (Lu-177), favored for its optimal emission 
profile (beta particles for cell kill and gamma rays for 
imaging) and manageable side effects compared to older 
isotopes like yttrium-90 (3). The Lu-177 is chelated 
to a somatostatin analog peptide, most commonly 
DOTATATE or DOTATOC. Intravenously administered 
radiopharmaceutical circulates through the bloodstream. 
Then peptide component seeks out and binds tightly to the 
SSTRs on the tumor cells (4). Once bound, the attached Lu-
177 decays, emitting beta radiation that damages the DNA 
of the targeted cancer cell and its immediate neighbors, 
effectively destroying the tumor tissue from within (5). 
Previous clinical trials, most notably the NETTER-1 trial 
for midgut NETs, have demonstrated PRRT’s efficacy. 
It significantly prolongs progression-free survival and 
overall survival compared to high-dose somatostatin 
analog therapy alone, while also improving quality of 
life by alleviating tumor-related symptoms like flushing, 
diarrhea, and pain (6). Treatment is usually outpatient-
based, though patients receive intravenous amino acid 
solutions before and during infusion to protect the kidneys, 
the primary dose-limiting organ, from radiation damage 
(7). Common short-term side effects include nausea, 
fatigue, and mild, transient bone marrow suppression 
(1). Long-term risks, though relatively low with modern 
Lu-177 protocols, include potential kidney toxicity and 
a small risk of secondary myelodysplastic syndrome 
or leukemia, necessitating careful patient monitoring 
before, during, and after therapy (8). Given that, PRRT 
is not a cure modality, it is a powerful tool for managing 
advanced, inoperable, or metastatic SSTR-positive NETs, 
often conducted after progression on first-line therapies 
like somatostatin analogs. Its success has spurred research 
into expanding its use to other receptor-positive cancers 
and developing next-generation radiopharmaceuticals 
with different peptides, alpha-emitting radionuclides for 
more potent cell kill in smaller tumors, and combination 
strategies with other systemic therapies (9). As a paradigm 
of personalized, molecularly targeted oncology, PRRT 
exemplifies how understanding tumor biology can be 
harnessed to deliver effective, less toxic cancer treatments, 
offering renewed hope and extended survival for patients 
with specific hard-to-treat malignancies. Its integration 
into multidisciplinary cancer care continues to evolve, 
solidifying its role as a cornerstone therapy for eligible 
NET patients worldwide (10). Previous investigators 
found that, the pharmacokinetic profile of radiolabeled 
peptides used in PRRT, such as 177Lu-DOTATATE and 

90Y-DOTATOC, involves rapid blood clearance and 
glomerular filtration due to their small molecular size 
(11). It should remember that, 177Lu-DOTATATE, now 
a Food and Drug Administration (FDA) and European 
Medicines Agency (EMA)-approved standard for 
gastroenteropancreatic NETs (12). Meanwhile, emits 
medium-energy beta particles with a tissue penetration 
of approximately 2 mm, along with low-energy gamma 
rays is useful for imaging and dosimetry (12). In contrast, 
90Y-DOTATOC emits higher-energy beta particles with a 
longer tissue penetration range of about 11 mm, making 
it potentially more effective for larger tumor masses but 
also associated with a greater risk of renal toxicity due 
to increased off-target radiation exposure (13). Despite 
these differences, both radiolabeled peptides exhibit 
significant renal reabsorption, with studies showing 
177Lu-DOTATATE still accumulating significantly 
in the kidneys, albeit with a better tumor-to-kidney 
ratio compared to 90Y-DOTATOC (14). The kidneys 
play a crucial and complex role in maintaining overall 
body homeostasis, particularly through the intricate 
functions of the nephron, where the proximal tubule 
acts as a highly specialized segment responsible for the 
bulk of reabsorption of filtered substances. This segment 
is anatomically optimized with a dense apical brush 
border and extensive basolateral membrane infoldings, 
significantly increasing its surface area to facilitate its 
diverse transport activities (15). Among its myriad 
functions, the proximal tubule is exceptionally efficient at 
reclaiming filtered peptides and proteins, a critical process 
known as the proximal tubular trap, which prevents their 
loss in urine and maintains systemic protein balance. 
This physiological mechanism, while vital for normal 
renal function, inadvertently becomes a central challenge 
in PRRT for NETs, where it contributes significantly to 
the risk of radiation-induced nephropathy due to the 
accumulation of radiolabeled peptides (15). In this review, 
we aimed to consider radiation nephropathy risks from 
peptide reabsorption in PRRT for NETs.

Search strategy
For this narrative review, the literature search was 
conducted across major scientific databases, including 
PubMed, Google Scholar, the Directory of Open Access 
Journals (DOAJ), Web of Science, EBSCO, Scopus, and 
Embase. The search strategy incorporated a targeted set 
of domain-specific keywords—end-stage renal disease, 
neuroendocrine tumors, peptide receptor radionuclide 
therapy, peptide reabsorption, and radiation nephropathy, 
to capture relevant studies addressing the renal handling 
of radiolabeled peptides and associated nephrotoxic risks. 

A short look at the neuroendocrine tumors
Neuroendocrine tumors originate from enterochromaffin 
cells and express high levels of SSTRs, particularly SSTR2, 
making them amenable to PRRT with analogs such as 
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DOTATATE or DOTATOC chelated to beta-emitters 
like lutetium-177 or yttrium-90 (16). These peptides 
are small, which allowing rapid glomerular filtration 
after intravenous administration, with plasma clearance 
occurring within minutes primarily by kidney excretion 
(4,12). However, some of the filtered load undergoes 
reabsorption in the proximal convoluted tubules (PCT), 
concentrating radioactivity there at levels, which is several 
times higher than in tumors (4,12,17,18). The proximal 
tubular trap refers to this selective retention, driven by 
endocytic receptors on the brush border of PCT epithelial 
cells, which internalize the peptides for lysosomal 
degradation, trapping residualizing radionuclides like 
177Lu-DOTATATE within the cells (4,12,17-19).

Focus on proximal tubular epithelial cells
The proximal tubule, specifically the S1 and S2 segments, 
is uniquely equipped with a highly efficient endocytic 
machinery designed for reclaiming filtered proteins and 
peptides to prevent their wasteful loss in urine (19). This 
machinery centers on two large multi-ligand receptors 
expressed densely on the apical (luminal) brush border 
membrane of proximal tubular epithelial cells (PTECs), 
known as megalin (also known as LRP-2) and cubilin 
(20). Megalin is a giant transmembrane glycoprotein 
belonging to the low-density lipoprotein receptor family, 
while cubilin is a peripheral membrane protein that 
functions in complex with megalin and another protein 
called amnionless (21). Both, megalin and cubilin form 
a powerful receptor system capable of binding a vast 
array of ligands, including albumin, vitamin-binding 
proteins, hormones, enzymes, and importantly, filtered 
peptides like radiolabeled somatostatin analogs (20). After 
glomerular filtration, the radiolabeled peptides in the 
tubular fluid bind with high affinity to megalin and cubilin 
on the PTEC surface. Then, this binding triggers receptor-
mediated endocytosis. The receptor-ligand complexes are 
internalized into clathrin-coated pits, which pinch off 
to form early endosomes within the cell cytoplasm (21). 
Next, the endosomes become mature and eventually fuse 
with lysosomes, as the cell’s digestive organelles filled with 
hydrolytic enzymes (21). Here, the peptide component 
of the radiopharmaceutical may be degraded within the 
lysosome over time (21); however, the radionuclide chelate 
complex firmly bound within a chelator molecule is often 
highly stable and resistant to lysosomal degradation (7). 
This stability becomes a liability in the PTEC; since, the 
radiometal-chelate complex cannot be broken down 
or efficiently exported from the lysosome (7,17,22,23). 
Consequently, it accumulates and is retained within the 
lysosomal compartment of the proximal tubular cell for 
an extended period, potentially weeks or months (7,17,22-
24). During this prolonged retention, the decaying 
radionuclide continuously emits ionizing radiation, beta 
particles in the case of Lu-177 (lutetium-177), which 
directly within the elements of the cell (3). The short path 

length of beta particles means that the radiation energy 
is deposited almost entirely within the PTEC itself and 
its immediate neighbors. This results in a very high local 
radiation dose to the cytoplasm, nucleus, and critical 
organelles of the tubular cell, far exceeding the dose that 
would result from simple passage through the tubule or 
brief exposure during filtration (17,22,25). The lysosome 
principally becomes a radioactive reservoir, irradiating the 
cell from within. This mechanism of receptor-mediated 
uptake followed by lysosomal retention of the non-
degradable radiometal-chelate complex is the defining 
characteristic of the proximal tubular trap (7). It explains 
why the kidneys receive a significantly higher radiation 
dose than would be predicted based solely on blood pool 
activity or glomerular filtration rate (GFR). Without this 
specific reabsorptive and retentive process, renal toxicity 
from PRRT would likely be minimal (11). 

Role of megalin in the uptake of radiolabeled somatostatin 
analogs
Megalin, a 600 kDa multiligand scavenger receptor of 
the low-density lipoprotein receptor family, partners 
with cubilin to orchestrate this uptake, binding diverse 
positively or negatively charged peptides regardless 
of their net charge at physiological pH (26). Studies 
in megalin-deficient mice demonstrate dramatically 
reduced renal uptake of radiolabeled somatostatin 
analogs, confirming megalin’s pivotal role across peptide 
classes used in PRRT (27). After binding, clathrin-coated 
pits invaginate, forming endosomes that mature into 
lysosomes where proteolytic enzymes cleave the peptide, 
but the stable metal-chelate complex of DOTA-Lu remains 
trapped, producing beta particles, which is sufficient to 
damage renal tissue (17,22,27,28). SPECT imaging and 
autoradiography in these models show patchy cortical 
retention, aligning with mosaic megalin knockout 
patterns, underscoring the receptor’s high-capacity, low-
specificity nature (27).

Radiation nephropathy following PRRT
The biological consequences of this trapped radiation are 
profound and form the basis of radiation nephropathy. 
Ionizing radiation damages cells through direct interaction 
with DNA and other critical molecules, and indirectly 
through the generation of reactive oxygen species (29). 
In PTECs, this condition leads to DNA double-strand 
breaks, mitochondrial dysfunction, disruption of cellular 
membranes, and activation of pro-inflammatory and pro-
fibrotic signaling pathways (30). Acutely, high radiation 
doses can cause direct tubular cell death, leading to 
acute kidney injury characterized by a rapid decline in 
GFR, proteinuria, and sometimes enzymuria (elevated 
urinary enzymes like N-acetyl-β-D-glucosaminidase, 
NAG, indicating tubular damage) (31). However, the 
more insidious and clinically significant manifestation 
of radiation nephropathy following PRRT is chronic 
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progressive damage. This typically manifests months to 
years after therapy (11). Persistent radiation-induced 
injury triggers a cascade started by chronic inflammation, 
sustained oxidative stress, activation of fibroblasts, and 
excessive deposition of extracellular matrix proteins. This 
process, which known as tubulointerstitial fibrosis, is the 
hallmark of chronic radiation nephropathy (32). In the 
next step, fibrosis replaces functional tubular tissue and 
disrupts the intricate microarchitecture of the nephron. 
It impairs tubular reabsorptive and secretory functions 
and critically, compromises the peritubular capillary 
network, leading to chronic hypoxia which further fuels 
the fibrotic process (33). The end result is a progressive, 
often irreversible decline in overall kidney function, 
measured as a decrease in renal function. Patients may 
develop hypertension, proteinuria, anemia due to reduced 
erythropoietin production and electrolyte imbalances 
(34). In severe cases, this process can culminate in end-
stage renal disease requiring dialysis or transplantation. 
The latency period and progressive nature make early 
detection and intervention crucial but challenging (35).

Renal pathology of radiation nephropathy
Histopathologically, radiation nephropathy manifests with 
a spectrum of acute and chronic changes in renal biopsies 
(31). Acute changes include epithelial cell degeneration 
and apoptosis in the proximal tubules, often accompanied 
by increased cellular proliferation with abnormally 
large nuclei, an early attempt at repair. This is followed 
by tubular atrophy and interstitial fibrosis, which is a 
hallmark of chronic kidney disease (31). Microvascular 
injury, characterized by endothelial cell swelling and 
rarefaction, is frequently observed and contributes to 
ischemic damage, sometimes progressing to thrombotic 
microangiopathy in the glomeruli and tubulointerstitial 
regions, which can lead to severe chronic kidney disease 
(34). Inflammatory infiltrates, composed of lymphocytes 
and plasma cells, may also be present, exacerbating 
tubular injury. Functionally, these histopathological 
changes lead to a gradual decline in GFR, an increase in 
serum creatinine, and proteinuria, reflecting the impaired 
reabsorptive capacity of the damaged proximal tubules 
(36). Patients may also experience hypertension, azotemia, 
and electrolyte imbalances, including hypophosphatemia 
due to renal phosphate loss (37). Imaging studies, 
such as CT and MRI, can reveal early vascular and 
tubular alterations, with later signs including decreased 
renal cortical volume, irregular corticomedullary 
differentiation, and cortical scarring, indicative of 
progressive fibrosis (38). The incidence and severity of 
radiation nephropathy are influenced by the choice of 
radiopharmaceutical and a range of patient-specific and 
tumor characteristics (11). Early clinical experiences with 
90Y-DOTATOC reported renal toxicity in some patients, 
especially in studies that did not consistently use amino 
acid protection (39). With the advent of 177Lu-DOTATATE 

and improved protective measures, the incidence of severe 
renal toxicity has significantly decreased, with large trials 
like NETTER-1 reporting renal toxicity in few of the 
cases of the 177Lu-DOTATATE group (17,40,41). Overall, 
177Lu-DOTATATE is associated with lower renal toxicity 
compared to 90Y-DOTATOC, which is partly due to its 
shorter beta-energy range, leading to a more non-uniform 
and localized dose distribution in the kidney cortex (17).

Risk factors of radiation nephropathy
Key patient-related risk factors for radiation nephropathy 
include older age (especially > 60 years), pre-existing renal 
dysfunction (e.g., creatinine clearance < 60 mL/min), 
hypertension, diabetes mellitus, and previous nephrotoxic 
chemotherapy. These comorbidities can compromise renal 
reserve and heighten susceptibility to radiation damage 
(42). For instance, a study found that patients with more 
than two risk factors experienced the largest statistically 
significant changes in GFR. Tumor characteristics, 
such as extensive tumor burden or metastases near the 
kidneys, can also increase nephrotoxicity risk by causing 
post-renal obstruction, which delays 177Lu-DOTATATE 
excretion and elevates renal radiation exposure (43). 
Additionally, the cumulative administered activity of the 
radiopharmaceutical directly correlates with the renal 
absorbed dose, increasing the risk with higher total doses 
(44). In fact, the dose-response relationship in PRRT 
is distinct from external beam radiotherapy due to the 
continuous, low-dose-rate internal radiation delivery, 
making traditional external beam radiotherapy thresholds 
(e.g., 23 Gy) less directly applicable (45). Radiobiological 
models, particularly the linear quadratic (LQ) model 
adapted for radionuclide therapy, are used to calculate 
the biological effective dose, which accounts for dose rate, 
repair kinetics, and fractionation (46). Recent studies 
suggest a safe renal biological effective dose threshold of 
approximately 40 Gy for patients without risk factors and 
a lower threshold of 28 Gy for those with comorbidities 
like hypertension and diabetes (31). However, individual 
patient dosimetry reveals significant variability in kidney 
absorbed doses, for example around 2–10 Gy per cycle 
for 177Lu-DOTATATE, demonstrating the need for 
personalized treatment planning (47,48).

Strategies to mitigate nephrotoxicity
To minimize renal uptake and mitigate nephrotoxicity, 
several strategies are employed, with the co-infusion of 
amino acids being the most established clinical standard 
(7). A solution of L-lysine and L-arginine, typically 2.5% 
arginine and lysine in 1 L saline, is infused intravenously 
30–60 minutes before and continuing for approximately 
4 hours during 177Lu-DOTATATE administration (12). 
This competitive inhibition reduces renal reabsorption 
of radiolabeled peptides, effectively lowering the renal 
radiation dose without compromising tumor targeting 
(49). Though transient side effects such as nausea and 
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vomiting can occur (49,50). Other nephroprotective 
agents, like succinylated gelatin (Gelofusine), have 
also been investigated and can further reduce kidney 
uptake through competitive binding to megalin (51,52). 
Molecular modifications of radiolabeled peptides are also 
being explored. Altering peptide charge by incorporating 
negatively charged residues or by PEGylation (polyethylene 
glycol conjugation) can reduce renal retention by 
influencing glomerular filtration and tubular reabsorption 
(7). PEG-coated PLGA [poly(lactic-co-glycolic) acid 
(PLGA)] nanoparticles encapsulating 177Lu-DOTATATE 
have demonstrated significant reductions in renal uptake 
(from 37.89% ID/g to 5.27% ID/g) in preclinical models, 
potentially offering a targeted delivery system that 
minimizes kidney exposure (53). Additionally, the use 
of metabolizable linkers that are enzymatically cleaved 
in the renal brush border could allow for rapid excretion 
of the radiolabel before tubular reabsorption occurs (54). 
Radionuclide selection itself is a protective strategy; the 
shorter beta-particle range of 177Lu compared to 90Y 
inherently leads to less diffuse renal radiation and lower 
nephrotoxicity (11). Moreover, rigorous patient selection, 
personalized renal dosimetry to limit cumulative dose, 
aggressive management of comorbidities, especially 
hypertension with RAAS inhibitors, avoidance of 
nephrotoxins, and lifelong monitoring of renal function 
(31).

Focus of patient’s safety
Current clinical guidelines emphasize a multidisciplinary 
approach for patient selection and management of renal 
risks in PRRT (35). Eligibility criteria include a creatinine 
clearance greater than 40 mL/min (18), adequate 
hematological and liver function, and a Karnofsky 
Performance Scale of at least 60 (55). Patients with moderate 
renal impairment warrant closer monitoring with frequent 
serum creatinine measurements (56). Regular pre- and 
post-PRRT monitoring protocols involve assessing full 
blood count, renal and liver function, typically after each 
cycle and then at 1-, 3-, 6-, and 12-month post-treatment, 
with long-term follow-up continuing for several years 
(57). Imaging follow-up, usually 2–3 and 6 months after 
the last cycle, is crucial for assessing tumor response 
and differentiating true progression from pseudo-
progression (58). Long-term renal outcomes for patients 
treated with PRRT, particularly 177Lu-DOTATATE with 
amino acid protection, show a median annual decline in 
GFR of approximately 3.0–4.5 mL/min/1.73 m², which 
is comparable to the age-associated decline in healthy 
individuals or that observed in other chronic kidney 
diseases (59). While studies report few cases of severe 
renal failure (grade 3–4) with current protocols, long-
term surveillance is vital due to the insidious nature of 
radiation-induced renal malfunction and its potential to 
appear several years post-PRRT (59). Cumulative renal 
radiation dose remains a critical factor, and while a BED 

of 28 Gy is suggested for high-risk patients, individualized 
dosimetry is increasingly recognized as crucial for 
optimizing treatment without exceeding organ tolerance 
(60).

Conclusion
In summary, the proximal tubular trap is not merely a 
biological curiosity; it is the fundamental mechanism 
underpinning the most serious long-term toxicity of an 
otherwise highly effective therapy for NETs. The elegant 
but unfortunate efficiency of the megalin/cubilin receptor 
system in reabsorbing filtered radiolabeled peptides, 
such as those used in PRRT, ensures that significant 
amounts of radioactivity are internalized by PTECs. Once 
internalized, the stable radiometal-chelate complexes resist 
lysosomal degradation and become effectively “trapped,” 
delivering sustained, high-dose internal irradiation over 
days to weeks. This prolonged radiation exposure induces 
double-strand DNA breaks, impairs mitochondrial 
function, and triggers pro-inflammatory and profibrotic 
signaling cascades. Over time, these processes culminate 
in tubular atrophy, interstitial inflammation, and 
progressive fibrosis as the hallmarks of chronic radiation 
nephropathy, which can lead to irreversible loss of kidney 
function. Although co-infusion of cationic amino acids 
(e.g., lysine and arginine) competitively inhibits megalin/
cubilin-mediated uptake and significantly reduces renal 
radiation burden, it does not eliminate risk. Individual 
susceptibility varies widely based on comorbidities such 
as pre-existing chronic kidney disease, hypertension, 
or diabetes, all of which exacerbate renal vulnerability. 
Furthermore, cumulative administered activity, dosing 
intervals, and concurrent exposure to other nephrotoxic 
agents like NSAIDs or contrast media critically influence 
outcomes. 

Authors’ contribution 
Conceptualization: Naeem Nikpour, Zahra Eydizadeh, 
and Rasoul Jafari Arismani.
Data curation: Rasoul Jafari Arismani, Setare Sadeghi, 
and Reza Farzaneh.
Investigation: Naeem Nikpour, Simin Zeinadini, and 
Zahed Karimi.
Supervision: All authors.
Validation: Zahed Karimi and Elham Kebriyaei.
Visualization: Mohammad Mehdi Darzi.
Writing–original draft: All authors.
Writing–review and editing: All authors.

Conflicts of interest
The authors declare that they have no competing interests. 

Declaration of generative AI and AI-assisted technologies 
in the writing process
During the preparation of this work, the authors utilized 
Perplexity to refine grammar points and language 

https://jnephropharmacology.com
https://www.perplexity.ai/


Journal of Nephropharmacology, Volume 15, Issue 2, 2026          https://jnephropharmacology.com6 

Nikpour N et al

style in writing. Subsequently, the authors thoroughly 
reviewed and edited the content as necessary, assuming 
full responsibility for the accuracy and content of the 
publication.

Ethical issues
Ethical issues (including plagiarism, data fabrication, and 
double publication) have been completely observed by the 
authors.

Funding/Support
None.

References
1.	 Merola E, Grana CM. Peptide Receptor Radionuclide 

Therapy (PRRT): Innovations and Improvements. Cancers 
(Basel). 2023;15:2975. doi: 10.3390/cancers15112975. 

2.	 Baum RP, Kulkarni HR. THERANOSTICS: From 
Molecular Imaging Using Ga-68 Labeled Tracers and PET/
CT to Personalized Radionuclide Therapy - The Bad Berka 
Experience. Theranostics. 2012;2:437–47. doi: 10.7150/
thno.3645. 

3.	 Dash A, Pillai MR, Knapp FF, Jr. Production of 177Lu for 
Targeted Radionuclide Therapy: Available Options. Nucl 
Med Mol Imaging. 2015;49:85–107. doi: 10.1007/s13139-
014-0315-z. 

4.	 Uccelli L, Boschi A, Cittanti C, Martini P, Panareo S, Tonini 
E, et al. 90Y/177Lu-DOTATOC: From Preclinical Studies to 
Application in Humans. Pharmaceutics. 2021;13:1463. doi: 
10.3390/pharmaceutics13091463. 

5.	 George SC, Samuel EJJ. Developments in 177Lu-based 
radiopharmaceutical therapy and dosimetry. Front Chem. 
2023;11:1218670. doi: 10.3389/fchem.2023.1218670. 

6.	 Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, 
Chasen B, et al. Phase 3 Trial of 177Lu-Dotatate for Midgut 
Neuroendocrine Tumors. N Engl J Med. 2017;376:125–35. 
doi: 10.1056/NEJMoa1607427. 

7.	 de Roode KE, Joosten L, Behe M. Towards the magic 
radioactive bullet: improving targeted radionuclide 
therapy by reducing the renal retention of radioligands. 
Pharmaceuticals (Basel). 2024;17:256. doi: 10.3390/
ph17020256. 

8.	 Ladrière T, Faudemer J, Levigoureux E, Peyronnet D, 
Desmonts C, Vigne J.  Safety and therapeutic optimization of 
lutetium-177 based radiopharmaceuticals. Pharmaceutics. 
2023;15:1240. doi: 10.3390/pharmaceutics15041240. 

9.	 Hope TA, Pavel M, Bergsland EK. Neuroendocrine tumors 
and peptide receptor radionuclide therapy: when is the 
right time? J Clin Oncol. 2022;40:2818–29. doi: 10.1200/
jco.22.00176. 

10.	 Feijtel D, de Jong M, Nonnekens J. Peptide receptor 
radionuclide therapy: looking back, looking forward. Curr 
Top Med Chem. 2020;20:2959–69. doi: 10.2174/156802662
0666200226104652. 

11.	 Parihar AS, Chopra S, Prasad V. Nephrotoxicity after 
radionuclide therapies. Transl Oncol. 2022;15:101295. doi: 
10.1016/j.tranon.2021.101295. 

12.	 Das S, Al-Toubah T, El-Haddad G, Strosberg J. 177Lu-
DOTATATE for the treatment of gastroenteropancreatic 
neuroendocrine tumors. Expert Rev Gastroenterol Hepatol. 

2019;13:1023–31. doi: 10.1080/17474124.2019.1685381. 
13.	 Bison SM, Konijnenberg MW, Melis M, Pool SE, Bernsen 

MR, Teunissen JJ, et al. Peptide receptor radionuclide 
therapy using radiolabeled somatostatin analogs: focus on 
future developments. Clin Transl Imaging. 2014;2:55–66. 
doi: 10.1007/s40336-014-0054-2. 

14.	 Valkema R, Pauwels SA, Kvols LK, Kwekkeboom DJ, 
Jamar F, de Jong M, et al. Long-term follow-up of renal 
function after peptide receptor radiation therapy with (90)
Y-DOTA(0),Tyr(3)-octreotide and 177Lu-DOTA(0), Tyr(3)-
octreotate. J Nucl Med. 2005;46 Suppl 1:83s–91s. 

15.	 Zhuo JL, Li XC. Proximal nephron. Compr Physiol. 
2013;3:1079–123. doi: 10.1002/cphy.c110061. 

16.	 Kim K, Kim SJ. Lu-177-Based Peptide Receptor 
Radionuclide Therapy for Advanced Neuroendocrine 
Tumors. Nucl Med Mol Imaging. 2018;52:208–15. doi: 
10.1007/s13139-017-0505-6. 

17.	 Geenen L, Nonnekens J, Konijnenberg M, Baatout S, De Jong 
M, Aerts A. Overcoming nephrotoxicity in peptide receptor 
radionuclide therapy using [177Lu]Lu-DOTA-TATE for the 
treatment of neuroendocrine tumours. Nucl Med Biol. 
2021;102-103:1–11. doi: 10.1016/j.nucmedbio.2021.06.006. 

18.	 Alsadik S, Gnanasegaran G, Chen L, Mandair D, 
Toumpanakis C, Caplin M, et al. Safety of Peptide 
Receptor Radionuclide Therapy with 177Lu-DOTATATE 
in Neuroendocrine Tumor Patients with Chronic Kidney 
Disease. J Nucl Med. 2022;63:1503–8. doi: 10.2967/
jnumed.121.263056. 

19.	 Eshbach ML, Weisz OA. Receptor-Mediated Endocytosis in 
the Proximal Tubule. Annu Rev Physiol. 2017;79:425–48. 
doi: 10.1146/annurev-physiol-022516-034234. 

20.	 Verroust PJ, Christensen EI. Megalin and cubilin--the 
story of two multipurpose receptors unfolds. Nephrol Dial 
Transplant. 2002;17:1867–71. doi: 10.1093/ndt/17.11.1867. 

21.	 De S, Kuwahara S, Saito A. The endocytic receptor megalin 
and its associated proteins in proximal tubule epithelial 
cells. Membranes (Basel). 2014;4:333–55. doi: 10.3390/
membranes4030333. 

22.	 Uijen MJM, Privé BM, van Herpen CML, Westdorp H, 
van Gemert WA, de Bakker M, et al. Kidney absorbed 
radiation doses for [ 177 Lu]Lu-PSMA-617 and [ 177 Lu]
Lu-PSMA-I&T determined by 3D clinical dosimetry. 
Nucl Med Commun. 2023;44:270–5. doi: 10.1097/
mnm.0000000000001658. 

23.	 Heynickx N, Segers C, Coolkens A, Baatout S, Vermeulen 
K. Characterization of Non-Specific Uptake and Retention 
Mechanisms of [177Lu]Lu-PSMA-617 in the Salivary 
Glands. Pharmaceuticals (Basel). 2023;16:692. doi: 10.3390/
ph16050692. 

24.	 Gleisner KS, Brolin G, Sundlöv A, Mjekiqi E, Östlund K, 
Tennvall J, et al. Long-Term Retention of 177Lu/177mLu-
DOTATATE in Patients Investigated by γ-Spectrometry 
and γ-Camera Imaging. J Nucl Med. 2015;56:976–84. doi: 
10.2967/jnumed.115.155390. 

25.	 Delbart W, Karabet J, Marin G, Penninckx S, Derrien J, 
Ghanem GE, et al. Understanding the Radiobiological 
Mechanisms Induced by 177Lu-DOTATATE in Comparison 
to External Beam Radiation Therapy. Int J Mol Sci. 2022;23: 
12369. doi: 10.3390/ijms232012369. 

26.	 Elsakka EGE, Mokhtar MM, Hegazy M, Ismail A, Doghish 
AS. Megalin, a multi-ligand endocytic receptor, and its 

https://jnephropharmacology.com/


                            Journal of Nephropharmacology, Volume 15, Issue 2, 2026https://jnephropharmacology.com 7

Peptide receptor radionuclide therapy

participation in renal function and diseases: A review. Life 
Sci. 2022;308:120923. doi: 10.1016/j.lfs.2022.120923. 

27.	 Vegt E, Melis M, Eek A, de Visser M, Brom M, Oyen WJ, 
et al. Renal uptake of different radiolabelled peptides is 
mediated by megalin: SPECT and biodistribution studies 
in megalin-deficient mice. Eur J Nucl Med Mol Imaging. 
2011;38:623–32. doi: 10.1007/s00259-010-1685-9. 

28.	 Wu X, Zhao X, Baylor L, Kaushal S, Eisenberg E, Greene LE. 
Clathrin exchange during clathrin-mediated endocytosis. J 
Cell Biol. 2001;155:291–300. doi: 10.1083/jcb.200104085. 

29.	 Reisz JA, Bansal N, Qian J, Zhao W, Furdui CM. Effects of 
ionizing radiation on biological molecules--mechanisms 
of damage and emerging methods of detection. Antioxid 
Redox Signal. 2014;21:260–92. doi: 10.1089/ars.2013.5489. 

30.	 Nishimura ES, Hishikawa A, Nakamichi R, Akashio R, 
Chikuma S, Hashiguchi A, et al. DNA damage in proximal 
tubules triggers systemic metabolic dysfunction through 
epigenetically altered macrophages. Nat Commun. 
2025;16:3958. doi: 10.1038/s41467-025-59297-x. 

31.	 Klaus R, Niyazi M, Lange-Sperandio B. Radiation-induced 
kidney toxicity: molecular and cellular pathogenesis. Radiat 
Oncol. 2021;16:43. doi: 10.1186/s13014-021-01764-y. 

32.	 Yu Z, Xu C, Song B, Zhang S, Chen C, Li C, et al. Tissue 
fibrosis induced by radiotherapy: current understanding 
of the molecular mechanisms, diagnosis and therapeutic 
advances. J Transl Med. 2023;21:708. doi: 10.1186/s12967-
023-04554-0. 

33.	 Stewart FA, Te Poele JA, Van der Wal AF, Oussoren YG, 
Van Kleef EM, Kuin A, et al. Radiation nephropathy--the 
link between functional damage and vascular mediated 
inflammatory and thrombotic changes. Acta Oncol. 
2001;40:952–7. doi: 10.1080/02841860152708233. 

34.	 Bertoni I, Soares MF, Roberts ISD, Connor T. Radiation 
nephropathy is associated with a glomerular thrombotic 
microangiopathy and progression to end-stage kidney 
disease. Clin Kidney J. 2023;16:1534–7. doi: 10.1093/ckj/
sfad133. 

35.	 Das A, Kendi AT, Manohar S. Peptide Receptor Radionuclide 
therapy: A New Era of Radiation Nephropathy. Nephrol 
Dial Transplant. 2025. doi: 10.1093/ndt/gfaf121. 

36.	 Kosaka T, Takaori K, Izumiya A, Hirai D, Koizumi M, 
Yamamoto S, et al. Radiation Nephropathy Complicated 
by Tubulointerstitial Nephritis with Predominantly 
Lymphocyte and Plasma Cell Infiltration. Intern Med. 
2025;64:1696–705. doi: 10.2169/internalmedicine.4265-24. 

37.	 Breitz H. Clinical aspects of radiation nephropathy. 
Cancer Biother Radiopharm. 2004;19:359–62. doi: 
10.1089/1084978041425106. 

38.	 Jiang K, Ferguson CM, Lerman LO. Noninvasive assessment 
of renal fibrosis by magnetic resonance imaging and 
ultrasound techniques. Transl Res. 2019;209:105–20. doi: 
10.1016/j.trsl.2019.02.009. 

39.	 Cremonesi M, Ferrari ME, Bodei L, Chiesa C, Sarnelli A, 
Garibaldi C, et al. Correlation of dose with toxicity and 
tumour response to 90Y- and 177Lu-PRRT provides the 
basis for optimization through individualized treatment 
planning. Eur J Nucl Med Mol Imaging. 2018;45:2426–41. 
doi: 10.1007/s00259-018-4044-x. 

40.	 Ma J, Hu X, Li L, Rao Z, Zhang C. Efficacy and safety of 
177Lu-DOTATATE targeted therapy in advanced/metastatic 

pulmonary neuroendocrine tumors: A systematic review 
and meta-analysis. Front Oncol. 2022;12:993182. doi: 
10.3389/fonc.2022.993182. 

41.	 Bodei L, Cremonesi M, Ferrari M, Mittra ES, Kulkarni HR, 
Deroose CM, et al. Dosimetry of [177Lu]Lu-DOTATATE in 
Patients with Advanced Midgut Neuroendocrine Tumors: 
Results from a Substudy of the Phase III NETTER-1 
Trial. J Nucl Med. 2025;66:449–56. doi: 10.2967/
jnumed.124.268903. 

42.	 Chiruvella V, Annamaraju P, Guddati AK. Management of 
nephrotoxicity of chemotherapy and targeted agents: 2020. 
Am J Cancer Res. 2020;10:4151–64. 

43.	 Gupta SK, Singla S, Bal C. Renal and hematological 
toxicity in patients of neuroendocrine tumors after peptide 
receptor radionuclide therapy with 177Lu-DOTATATE. 
Cancer Biother Radiopharm. 2012;27:593–9. doi: 10.1089/
cbr.2012.1195. 

44.	 Saldarriaga Vargas C, Andersson M, Bouvier-Capely C, Li 
WB, Madas B, Covens P, et al. Heterogeneity of absorbed 
dose distribution in kidney tissues and dose-response 
modelling of nephrotoxicity in radiopharmaceutical 
therapy with beta-particle emitters: A review. Z Med Phys. 
2024;34:491–509. doi: 10.1016/j.zemedi.2023.02.006. 

45.	 Huizing DMV, de Wit-van der Veen BJ, Verheij M, Stokkel 
MPM. Dosimetry methods and clinical applications in 
peptide receptor radionuclide therapy for neuroendocrine 
tumours: a literature review. EJNMMI Res. 2018;8:89. doi: 
10.1186/s13550-018-0443-z. 

46.	 Grudzinski JJ, Tomé W, Weichert JP, Jeraj R. The biological 
effectiveness of targeted radionuclide therapy based on 
a whole-body pharmacokinetic model. Phys Med Biol. 
2010;55:5723–34. doi: 10.1088/0031-9155/55/19/007. 

47.	 Peterson AB, Wang C, Wong KK, Frey KA, Muzik O, 
Schipper MJ, et al. 177Lu-DOTATATE Theranostics: 
Predicting Renal Dosimetry From Pretherapy 68Ga-
DOTATATE PET and Clinical Biomarkers. Clin Nucl Med. 
2023;48:393–9. doi: 10.1097/rlu.0000000000004599. 

48.	 Sandström M, Freedman N, Fröss-Baron K, Kahn T, 
Sundin A. Kidney dosimetry in 777 patients during 
177Lu-DOTATATE therapy: aspects on extrapolations and 
measurement time points. EJNMMI Phys. 2020;7:73. doi: 
10.1186/s40658-020-00339-2. 

49.	 Meckel M, Ehrenberg S, Schmidt T, Ritt P, Moré MI, 
Bergmann R, et al. Reduced Renal Uptake of Various 
Radiopharmaceuticals with Sodium Paraaminohippurate 
Coadministration in a Rat Model. J Nucl Med. 2025;66:806–
12. doi: 10.2967/jnumed.124.268411. 

50.	 Courault P, Deville A, Habouzit V, Gervais F, Bolot C, 
Bournaud C, et al. Amino Acid Solutions for 177Lu-
Oxodotreotide Premedication: A Tolerance Study. Cancers 
(Basel). 2022;14. doi: 10.3390/cancers14215212. 

51.	 Vegt E, Wetzels JF, Russel FG, Masereeuw R, Boerman OC, 
van Eerd JE, et al. Renal uptake of radiolabeled octreotide 
in human subjects is efficiently inhibited by succinylated 
gelatin. J Nucl Med. 2006;47:432–6. 

52.	 Stangl S, Nguyen NT, Brosch-Lenz J, Šimeček J, Weber WA, 
Kossatz S, et al. Efficiency of succinylated gelatin and amino 
acid infusions for kidney uptake reduction of radiolabeled 
αvβ6-integrin targeting peptides: considerations on clinical 
safety profiles. Eur J Nucl Med Mol Imaging. 2024;51:3191–

https://jnephropharmacology.com


Journal of Nephropharmacology, Volume 15, Issue 2, 2026          https://jnephropharmacology.com8 

Nikpour N et al

Copyright © 2026 The Author(s); Published by Society of Diabetic Nephropathy Prevention. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

201. doi: 10.1007/s00259-024-06738-2. 
53.	 Arora G, Shukla J, Ghosh S, Maulik SK, Malhotra A, 

Bandopadhyaya G. PLGA nanoparticles for peptide receptor 
radionuclide therapy of neuroendocrine tumors: a novel 
approach towards reduction of renal radiation dose. PLoS 
One. 2012;7:e34019. doi: 10.1371/journal.pone.0034019. 

54.	 Suzuki H, Araki M, Tatsugi K, Ichinohe K, Uehara T, Arano 
Y. Reduction of the Renal Radioactivity of (111)In-DOTA-
Labeled Antibody Fragments with a Linkage Cleaved by 
the Renal Brush Border Membrane Enzymes. J Med Chem. 
2023;66:8600–13. doi: 10.1021/acs.jmedchem.3c00258. 

55.	 Becx MN, Minczeles NS, Brabander T, de Herder WW, 
Nonnekens J, Hofland J. A Clinical Guide to Peptide 
Receptor Radionuclide Therapy with 177Lu-DOTATATE 
in Neuroendocrine Tumor Patients. Cancers (Basel). 
2022;14:5792. doi: 10.3390/cancers14235792. 

56.	 Ávila M, Mora Sánchez MG, Bernal Amador AS, Paniagua R. 
The metabolism of creatinine and its usefulness to evaluate 
kidney function and body composition in clinical practice. 

Biomolecules. 2025;15:41. doi: 10.3390/biom15010041. 
57.	 Xu T, Dillon JS, Maluccio MA, Quelle DE, Nash SH, Cho H, 

et al. Peptide Receptor Radionuclide Therapy and clinical 
associations with renal and hematological toxicities and 
survival in patients with neuroendocrine tumors: an analysis 
from two U.S. medical centers. J Cancer Res Clin Oncol. 
2024;150:485. doi: 10.1007/s00432-024-06020-w. 

58.	 Rossi SH, Prezzi D, Kelly-Morland C, Goh V. Imaging for the 
diagnosis and response assessment of renal tumours. World J 
Urol. 2018;36:1927–42. doi: 10.1007/s00345-018-2342-3. 

59.	 Baum RP, Fan X, Jakobsson V, Yu F, Schuchardt C, Chen X, 
et al. Long-term Nephrotoxicity after PRRT: Myth or Reality. 
Theranostics. 2024;14:451–9. doi: 10.7150/thno.92487. 

60.	 Bodei L, Cremonesi M, Ferrari M, Pacifici M, Grana 
CM, Bartolomei M, et al. Long-term evaluation of renal 
toxicity after peptide receptor radionuclide therapy with 
90Y-DOTATOC and 177Lu-DOTATATE: the role of 
associated risk factors. Eur J Nucl Med Mol Imaging. 
2008;35:1847–56. doi: 10.1007/s00259-008-0778-1.

https://jnephropharmacology.com/
https://creativecommons.org/licenses/by/4.0/

