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Abstract

Metformin is the most widely prescribed drug for type 2 diabetes. Chemically, metformin is a 

hydrophilic base that functions as an organic cation, suggesting that it may have the capacity to 

inhibit the tubular reabsorption of peptide radiotracers. The purpose of this study was to 

investigate whether metformin could reduce renal uptake of peptidyl radiotracers and serve as a 

radioprotective agent for peptide receptor radionuclide therapy (PRRT).

Methods: We used two radiolabeled peptides: a 68Ga-labeled cyclic (TNYL-RAW) peptide 

(68Ga-NOTA-c(TNYL-RAW) (NOTA: 1,4,7 triazacyclononane-1,4,7-trisacetic acid) targeting 

EphB4 receptors and an 111In- or 64Cu-labeled octreotide (111In/64Cu-DOTA-octreotide) (DOTA: 

1,4,7,10 triazacyclododecane-1,4,7,10-tetraacetic acid) targeting somatostatin receptors. Each 

radiotracer was injected intravenously into normal Swiss mice or tumor-bearing nude mice in the 

presence or absence of metformin administered intravenously or orally. Micro–positron emission 

tomography or micro–single-photon emission computed tomography images were acquired at 

different times after radiotracer injection, and biodistribution studies were performed at the end of 
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the imaging session. To assess the radioprotective effect of metformin on the kidneys, normal 

Swiss mice received two doses of 111In-DOTA-octreotide in the presence or absence of metformin, 

and renal function was analyzed via blood chemistry and histology.

Results: Intravenous injection of metformin with 68Ga-NOTA-c(TNYL-RAW) or 111In-DOTA-

octreotide reduced the renal uptake of the radiotracer by 60% and 35%, respectively, compared to 

uptake without metformin. These reductions were accompanied by greater uptake in the tumors for 

both radiolabeled peptides. Moreover, the renal uptake of 111In-DOTA-octreotide was significantly 

reduced when metformin was administered via oral gavage. Significantly more radioactivity was 

recovered in the urine collected over a period of 24 h after intravenous injection of 64Cu-DOTA-

octreotide in mice that received oral metformin than in mice that received vehicle. Finally, co-

administration of 111In-DOTA-octreotide with metformin mitigated radio-nephrotoxicity.

Conclusion: Metformin inhibits kidney uptake of peptidyl radiotracers, protecting the kidney 

from nephrotoxicity. Further studies are needed to elucidate the mechanisms of these finding and 

to optimize mitigation of radiation-induced damage to kidney in PRRT.

Graphic Abstract
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Introduction

Radioisotopes used in peptide nuclear imaging or peptide receptor radionuclide therapy 

(PRRT) must have low uptake in normal organs and minimal side effects in non-target 

organs, including the kidneys. Low renal uptake of these radiotracers can improve imaging 

quality by reducing background radioactivity. Most radiotracers are cleared from the body 

via the renal-urinary route. Owning to relatively high kidney reabsorption and retention of 

radiotracers, nephrotoxicity is often the dose-limiting toxic effect of PRRT1.
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Several approaches have been used to reduce the risk of radiotoxicity to the kidneys, such as 

developing highly specific peptides or monoclonal antibodies with low kidney uptake. 

Alternatively, some positively charged amino acids such as D- or L-lysine reduce the renal 

uptake of peptide-based radiotracers by inhibiting their tubular reabsorption2–5. For 

example, co-administration of a combination of lysine and arginine with 111In-DTPA-

octreotide (DTPA: diethylenetriaminepentaacetic acid) led to reduction of the radiation dose 

to the kidneys by about 35–50%, allowing higher treatment doses and thus higher radiation 

doses to the tumor5–6. A similar reduction of renal uptake of 111In-DOTA-Tyr3-octreotate 

(DOTA: 1,4,7,10 triazacyclododecane-1,4,7,10-tetraacetic acid) has been demonstrated with 

amifostine, which could be converted to a positively charged compound, 2-

((aminopropyl)amino)ethanethiol, in normal tissues7. Intraperitoneal injection of L-lysine 

immediately before intravenous injection of 213Bi-DOTA-octreotate reduced renal uptake of 

the radiotracer, prolonging survival of tumor-bearing mice receiving 213Bi-DOTA-

octreotate–mediated alpha particle therapy8. A 4-h continuous intravenous infusion of L-

lysine/L-arginine starting 30 min prior to 177Lu-DOTA-TATE administration is 

recommended to prevent renal toxicity and has become standard clinical practice in 

neuroendocrine tumors9. The receptors involved in reducing kidney uptake of radiotracers 

by L-lysine/L-arginine have not yet been characterized completely, but megalin and cubilin 

are thought to be involved1, 10.

Metformin, which is very widely used as a first-line treatment for type 2 diabetes11, works 

by preventing the liver from converting fats and amino acids into glucose. Metformin also 

activates adenosine monophosphate–activated protein kinase, an enzyme that helps cells 

respond more effectively to insulin12. The antitumor activity of metformin has attracted 

considerable attention in recent years for its potential in cancer prevention13–15. On a 

molecular level, metformin has a strong basic biguanide group that may have the capacity to 

inhibit the tubular reabsorption of glomerularly filtered peptides4. We hypothesized that 

metformin can considerably reduce kidney uptake of peptidyl radiotracers, resulting in a 

relatively high tumor-to-kidney uptake ratio that is favorable for diagnostic and therapeutic 

applications. In this study, we investigated the role of metformin in the biodistribution of two 

peptide radiotracers: a 68Ga-labeled peptide targeting EphB4 receptors and an 111In/64Cu-

labeled octreotide targeting somatostatin receptors.

Experimental Methods

Materials

1,1-Dimethylbiguanide hydrochloride (metformin) was purchased from Sigma-Aldrich (St. 

Louis, MO). S-2-(4-Isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-

SCN-Bn-NOTA) was obtained from Macrocyclics (Plano, TX). DOTA-(Tyr³)-octreotide was 

purchased from Bachem (Torrance, CA). Amino acid derivatives were purchased from 

Novabiochem (San Diego, CA) or Chem-Impex International (Wood Dale, IL). All other 

chemical reagents and solvents were purchased from Sigma-Aldrich and were used as 

received unless otherwise specified. 68GaCl3 was obtained from elution using a 68Ge/68Ga 

generator (Eckert & Ziegler, Berlin, Germany). 111InCl3 was obtained from Triad Isotopes 
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(Houston, TX). 64CuCl2 was supplied by the Cyclotron Radiochemistry Facility at The 

University of Texas MD Anderson Cancer Center (Houston, TX).

Radiolabeling
68Ga labeling of NOTA-c(TNYL-RAW).—The method for synthesis and the 

characterization of NOTA-cyclic(Lys-Thr-Asn-Tyr-Leu-Phe-Ser-Pro-Asn-Gly-Pro-ILe-Ala-

Arg-Ala-Trp-Asp) [NOTA-c(TNYL-RAW)], including its binding affinity to EphB4 

receptors, are presented in the Supplementary Information section. For labeling with the 

positron emitter 68Ga, 68GaCl3 in 5 mL of 0.1 N HCl (370 MBq, 10 mCi) was obtained by 

elution using the 68Ge/68Ga generator. Ultrapure concentrated HCl (12 M) was added to the 
68GaCl3 solution to a final concentration of 5.5 M. The solution was injected through a 

preconditioned separation cartridge (Chromafix 30-PS-HCO3; Macherey-Nagel, Bethlehem, 

PA). The cartridge column was dried using argon, and 68GaCl3 was eluted by 0.2 mL de-

ionized water and directly added to a solution of NOTA-c(TNYL-RAW) (10 μg) in 0.3 mL 

of 0.3 M NaOAc (pH 4.5). The reaction mixture was then kept at 60°C for 30 min. The 
68Ga-labeled peptide was further purified, if necessary, by the Agilent HPLC 1100 system 

(Agilent Technologies, Santa Clara, CA) using a C-18 column (Vydac, 4.6 × 250 mm, 10 

μm) eluted with a linear gradient of 10%–90% acetonitrile in a 0.1% aqueous trifluoroacetic 

acid (TFA) solution over 35 min at a flow rate of 1.0 mL/min. 68Ga-NOTA-c(TNYL-RAW) 

(retention time, tR = 13.6 min) was collected in 1- to 2-mL fractions. The solvent was then 

removed in a rotavapor, reconstituted in saline solution, and passed through a 0.22-μm filter 

for immediate use in the animal experiments.

The stability of 68Ga-NOTA-c(TNYL-RAW) was tested in an aqueous solution containing 

20% mouse plasma. Purified 68Ga-NOTA-c(TNYL-RAW) (100 μCi) in 1 mL of phosphate-

buffered saline solution (PBS; pH 7.4) containing 20% mouse plasma was incubated at 

37°C. Aliquots of the incubation mixtures were removed at 0.5, 1, 2, and 4 h and analyzed to 

monitor changes in radiotracer peak activity using the Agilent 1100 HPLC system equipped 

with a C-18 column (Vydac, 4.6 × 250 mm, 10 μm). The column was eluted as already 

described. The stability of the radiotracer was expressed as a percentage of intact 

radiolabeled peptide of the total activity. Triplicate measurements were obtained.

111In labeling of DOTA-[Tyr3]-octreotide.—To a solution of DOTA-[Tyr3]-octreotide in 

0.2 M ammonium acetate buffer (pH 5.5; 50 μL, 0.1 mg/mL) was added an aliquot of 185 

MBq (5 mCi) of 111InCl3 (80–160 μL solution in 0.05 M HCl). The reaction mixture was 

incubated at 60°C for 30 min. The radiochemical purity, defined as the ratio of counts in the 

product compared to the total counts on the plate, was evaluated by instant thin-layer 

chromatography-silica gel–impregnated strip (ITCL-SG, Agilent Technologies). The ITLC-

SG strip was developed with 0.1 M citric acid in saline solution. The strips were scanned 

using an AR-2000 radio imaging scanner (Eckert & Ziegler). 111In-DOTA-[Tyr3]-octreotide 

remained at the original spot, while free 111In moved to the solvent front. The radiolabeled 

compound had radiochemical purity of >98% and was used without further purification.

64Cu labeling of DOTA-[Tyr3]-octreotide.—To a solution of DOTA-[Tyr3]-octreotide in 

0.1 M sodium acetate buffer (pH 5.0; 100 μL, 0.1 mg/mL) was added an aliquot of 74 MBq 
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(2 mCi) of 64CuCl2 (5 μL solution in 0.01 M HCl). The reaction mixture was incubated at 

80°C for 30 min. The radiochemical purity was checked by ITLC-SG strip as described 

above. The radiolabeled compound had radiochemical purity of >98% and was used without 

further purification.

Cell lines and culture

A375SM human melanoma cells, which express EphB4, and MDA-MB-231 human breast 

cancer cells, which express relatively low levels of EphB4, were obtained from ATCC 

(Manassas, VA) and were grown in Dulbecco modified Eagle/F12 medium supplemented 

with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 μg/mL streptomycin 

(Invitrogen, Carlsbad, CA) at 37°C in a humidified atmosphere with 5% CO2. HT1080 

human fibrosarcoma cells (ATCC) stably expressing human somatostatin receptor type 2 

(SSTR2) were obtained as reported elsewhere16–17 and were grown in Dulbecco modified 

Eagle medium containing 1× glutamine, penicillin, streptomycin, and 10% fetal bovine 

serum.

Animal models

All animal studies were performed under the guidelines and approval of the Institutional 

Animal Care and Use Committee at MD Anderson Cancer Center. Female athymic nude 

mice (4–6 weeks old) were obtained from Charles River Laboratories (Wilmington, MA). 

EphB4+ A375SM or SSTR2+ HT1080 tumor cells were harvested by trypsinization. After 

centrifugation of the cell suspensions at 1000 rpm for 5 min, the culture medium was 

aspirated, and 0.1 mL of A375SM or HT1080 tumor cells in culture medium were injected 

into each flank subcutaneously (1×106 cells/mouse). When tumors were about 1 cm in 

diameter, micro–positron emission tomography/computed tomography (μPET/CT) or micro–

single-photon emission computed tomography/computed tomography (μSPECT/CT) 

imaging and biodistribution analysis were performed. Immediately after each experiment 

was completed, all animals were killed humanely by CO2 inhalation.

μPET/CT and biodistribution of 68Ga-NOTA-c(TNYL-RAW) in mice bearing A375SM tumors 
after intravenous co-injection with metformin

Female nude mice bearing A375SM tumors (n=3,4) were imaged with μPET/CT at 1 h and 4 

h after intravenous injection of 68Ga-NOTA-c(TNYL-RAW) at a dose of 7.4 MBq (200 μCi 

in 100 μL of saline solution) with or without co-injection of metformin (1.2 mg/mouse, 48 

mg/kg). Tumor-bearing mice were anesthetized with isoflurane (2% in O2) and placed in a 

prone position. Images were acquired over a period of 15 min using an Inveon PET/CT 

system (Siemens Preclinical Solutions, Knoxville, TN). The spatial resolution of the μPET 

system is approximately 1.4 mm. The CT imaging parameters were as follows: x-ray 

voltage, 80 kVp; anode current, 500 mA; exposure time of each of the 360 rotational steps, 

300–350 ms. Images were reconstructed using the two-dimensional ordered-subset 

expectation maximization algorithm provided by the manufacturer. PET and CT image 

fusion and image analysis were performed using the Inveon Research Workplace software 

(Siemens Preclinical Solutions). At the end of the imaging session (4 h post-injection), the 

animals were euthanized, and their organs were removed and weighed, and their 

radioactivities were counted using a Packard Cobra gamma counter (PerkinElmer Inc., 
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Waltham, MA). The percentage of injected dose per gram of tissue (%ID/g) was calculated. 

Values are expressed as mean ± standard error of mean (SEM).

μSPECT/CT and biodistribution of 111In-DOTA-[Tyr3]-octreotide in mice with SSTR2-
expressing HT1080 tumors after intravenous co-injection with metformin

For the μSPECT/CT study, female nude mice bearing HT1080 tumors expressing SSTR2 

(n=4/group) were injected through the tail vein with 7.4 MBq (200 μCi) of 111In DOTA-

[Tyr3]-octreotide per mouse with or without co-injection of 1.2 mg of metformin (48 mg/

kg). μSPECT images were acquired using the ALBIRA SPECT-CT imaging system18 with a 

pinhole collimator at a field of view of 80 mm for 15 min, followed by standard CT 

scanning. Images were reconstructed using three-dimensional maximum likelihood and 

ordered-subset expectation maximization algorithms, whereas the CT images were obtained 

using a three dimension–based, filtered back projection algorithm. SPECT and CT image 

fusion and image analysis were performed using PMOD Base Functionality software 

(PMOD Technologies LLC, Zürich, Switzerland). The animals were euthanized 24 h after 

radiotracer injection. The organs of interest were removed and weighed, and their 

radioactivities were counted. The %ID/g values are expressed as mean ± SEM.

Biodistribution and urinary excretion of radiolabeled DOTA-[Tyr3]-octreotide after oral 
administration of metformin

To determine whether oral administration of metformin enhances renal clearance of 

radiolabeled octreotide, healthy female Swiss mice were administered metformin orally 

(formulated in 0.5% [weight/volume] methylcellulose in PBS, 200 mg/mL) at a daily dose 

of 600 mg/kg for 3 days (n=4). Age-matched control mice were administered vehicle (0.5% 

methylcellulose in PBS) via oral gavage daily for 3 days (n=5). Each mouse in each group 

was then injected intravenously with 111In-DOTA-[Tyr3]-octreotide at a dose of 7.4 MBq/

mouse (200 μCi/mouse, 100 μL). Twenty-four hours later, mice were euthanized; major 

organs were collected and weighed, and counted for radioactivity.

In a separate study, excretion of radiotracer into the urine via the renal system was assessed. 

Groups of normal female Swiss mice were administered vehicle (0.5% methylcellulose in 

PBS) or metformin in 0.5% methylcellulose in PBS at a dose of 300 mg/kg via oral gavage 

daily for 7 days. Mice in each group then received an intravenous injection of 64Cu-DOTA-

[Tyr3]-octreotide at a dose of 0.74 MBq/mouse (20 μCi/mouse, 100 μL). The mice were 

placed in metabolic cages, and urine from each mouse was collected over a period of 24 h 

for radioactivity counting. The counts are expressed as percentage of total injected dose.

Radiotoxicity to kidney after intravenous injection of 111In-DOTA-[Tyr3]-octreotide

Eighteen normal female Swiss mice (6 weeks old) were randomly divided into three groups 

(n=6/group): untreated controls, those receiving 111In-DOTA-[Tyr3]-octreotide alone, and 

those receiving metformin and 111In-DOTA-[Tyr3]-octreotide. In the combined treatment 

group, metformin (dissolved in 0.5% methylcellulose in PBS, 200 mg/mL) was given via 

oral gavage at a daily dose of 600 mg/kg/dose for 3 days, and 111In-DOTA-[Tyr3]-octreotide 

was injected intravenously immediately after the last metformin dose at a dose of 22.2 MBq/

mouse (600 μCi/mouse). A second dose (also 22.2 MBq/mouse) of 111In-DOTA-[Tyr3]-
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octreotide was given 3 days later. Three weeks after the last radiotracer injection, retro-

orbital blood was collected and serum levels of blood urea nitrogen (BUN) and creatinine 

(SCr) were quantified by an automatic biochemistry analyzer (Beckman Coulter, Inc., Brea, 

CA). The mice then were euthanized, and their kidneys were collected and fixed with 10% 

buffered formalin. Paraffin-embedded tissue blocks were processed for hematoxylin and 

eosin (H&E) staining and histologic examination. The H&E-stained slides were quantified 

according to a reported method19 by counting the percentage of tubules that displayed cell 

necrosis, loss of brush border, cast formation, or tubule dilatation as follows: 0 = none, 1 

≤10%, 2 = 11–25%, 3 = 26–45%, 4 = 46–75%, and 5 ≥75%. A total of 10 fields (×200) were 

reviewed for each slide.

Statistical analysis

Biodistribution and toxicity study results between metformin-treated groups and vehicle-

treated groups or untreated control groups were compared by using the Student t-test. A p-

value <0.05 was considered statistically significant.

RESULTS

Chemistry and radiochemistry

The structures of NOTA-c(TNYL-RAW), DOTA-[Tyr3]-octreotide, and metformin are 

shown in Figure 1. NOTA-c(TNYL-RAW) was synthesized by standard Fmoc chemistry. 

The purity and identity of the peptides were confirmed by high-resolution liquid 

chromatography–mass spectrometry. Figure S1 shows representative sensorgrams obtained 

from surface plasmon resonance analyses of c(TNYL-RAW) and a scrambled peptide, with 

fitted curves obtained using a global 1:1 mass transfer model. The binding kinetics and 

binding affinity of c(TNYL-RAW) to EphB4 receptors were as follows: Kon = 1.09 × 106 [M
−1S−1], Koff = 4.82 × 10−3 [S−1], and KD = 4.41 ×10−9 [M].

The radiolabeling efficiency of 68Ga-NOTA-c(TNYL-RAW) was greater than 90%, and the 

radiolabeling efficiency of 111In/64Cu-DOTA-[Tyr3]-octreotide was greater than 98%. The 

radiochemical purity of 68Ga-NOTA-c(TNYL-RAW), defined as the ratio of the main 

product peak to all peaks, was determined by high-performance liquid chromatography 

(HPLC) to be >98% after purification (Fig. S2). The specific activity levels of the 68Ga-

NOTA-c(TNYL-RAW) and 111In-DOTA-[Tyr3]-octreotide used in the in vitro and in vivo 
experiments were typically 74–92 MBq/nmol (2.0–2.5 mCi/nmol) and 37–55 MBq/nmol (1–

1.5 mCi/nmol), respectively, at the end of synthesis. 68Ga-NOTA-c(TNYL-RAW) was stable 

in PBS containing 20% mouse plasma for up to 4 h at 37°C (Fig. S2).

Metformin reduced renal uptake of 68Ga-NOTA-c(TNYL-RAW) after intravenous co-
administration

We used the A375SM human melanoma cell line to establish tumors in mice for a μPET/CT 

imaging study of 68Ga-c(TNYL-RAW). Overexpression of EphB4 in A375SM cells was 

confirmed by Western blot analysis (Fig. S3).
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When the radiotracer was co-injected intravenously with metformin, μPET/CT images 

showed drastic reduction in kidney uptake of 68Ga-NOTA-c(TNYL-RAW) 1 h after 

intravenous injection compared with mice that received radiotracer only; this reduction was 

accompanied by enhanced delineation of the radiotracer in the tumor (Fig. 2A). 

Biodistribution data obtained 4 h after injection showed that co-injection of metformin with 

the 68Ga-NOTA-c(TNYL-RAW) reduced uptake of the radiotracer in the kidney by 59.5% 

(8.92±2.23 vs.3.61±2.75; p<0.05). Tumor uptake was also increased by metformin co-

injection, from 0.22±0.05 %ID/g to 0.74±0.33 %ID/g (Fig. 2B), accompanied by increases 

in tumor-to-kidney uptake ratio from 0.03±0.01 %ID/g to 0.46±0.72 %ID/g, p=0.35). The 

tumor-to-blood uptake ratio was decreased by metformin co-injection from 

3.18±0.36 %ID/g to 1.52±0.25 %ID/g, p<0.01). No difference was found in liver uptake of 

the radiotracer.

Metformin reduced renal uptake of 111In-DOTA-[Tyr3]-octreotide after intravenous co-
administration

To further confirm that metformin can suppress renal uptake of peptide radiotracers, we 

acquired μSPECT/CT images of mice administered 111In-DOTA-[Tyr3]-octreotide with or 

without intravenous co-injection of metformin. When 111In-DOTA-[Tyr3]-octreotide was co-

injected with metformin, renal retention of the radiotracer was clearly reduced in the 

μSPECT/CT images 4 h after injection, and this reduction was accompanied by increased 

tumor uptake of the radiotracer (Fig. 3A). Biodistribution data obtained at 24 h after 

injection showed that metformin co-injection significantly reduced uptake of 111In-DOTA-

[Tyr3]-octreotide in the kidney (3.26±0.56 %ID/g vs. 2.12±0.15 %ID/g; p<0.01) and 

significantly increased the tumor-to-kidney uptake ratio (0.17±0.05 %ID/g vs. 

0.45±0.06 %ID/g, p=0.01). The tumor-to-blood ration also increased from 38.2±34.7 %ID/g 

to 74.7±49.3 %ID/g (p=0.27) by metformin co-injection. Differences in radiotracer uptake in 

all the other major organs and in the tumor (p=0.08) were not statistically significant (Fig. 

3B).

Metformin reduced renal uptake of radiolabeled 111In-DOTA-[Tyr3]-octreotide after oral 
administration

Because metformin is administered orally in standard patient care, we determined whether 

orally administered metformin could suppress renal retention of peptide radiotracers and 

increase excretion into the urine as intravenously administered metformin did. Figure 4A 

shows representative μSPECT/CT images of normal Swiss mice acquired 4 h after 

intravenous injection of 111In-DOTA-[Tyr3]-octreotide. The mice pretreated with 3 daily 

metformin doses (via oral gavage at a cumulative dose of 1.8 g/kg) showed significantly 

reduced kidney uptake of the radiotracer and increased clearance into the bladder compared 

with mice that received radiotracer only. These observations were confirmed by 

biodistribution data derived by the cut-and-count method (Fig. 4B).

Metformin increased urinary excretion of 64Cu-DOTA-[Tyr3]-octreotide

Mice that had received 7 daily metformin doses (via oral gavage at a cumulative dose of 2.1 

g/kg) had significantly greater radioactivity in their urine collected over 24 h than mice 
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pretreated with vehicle only (Fig. 4C). The radioactivity recovered in the urine increased by 

49.5%, from 19.6±1.9 to 29.3±3.3 percent of total injected dose (p<0.05).

Metformin reduced radiotoxicity of 111In-DOTA-[Tyr3]-octreotide to kidneys

To determine whether metformin protects kidneys from radiotoxicity caused by peptide 

radiotracers, we analyzed kidney function after two intravenous injections of 111In-DOTA-

[Tyr3]-octreotide at a dose of 22.2 MBq/mouse (600 μCi/mouse/dose, 3-day interval) with or 

without metformin pretreatment for 3 days. As shown in Figure 5A, metformin reduced 

radiation-induced necrotic damage to kidney glomerular cells and tubular cells. Histologic 

scores in the outer medulla were 0 in non-treated controls, 3.4±0.16 in animals treated with 

vehicle and radiotracer, and 1.3±0.21 in animals treated with metformin and radiotracer 

(p<0.0001 vs. vehicle + radiotracer, n=10) (Fig. 5A). Kidney function as measured by 

changes in BUN and SCr levels showed significant nephrotoxicity in mice pretreated with 

vehicle solution by oral gavage followed by 111In-DOTA-[Tyr3]-octreotide. In contrast, mice 

pretreated with metformin by oral gavage prior to 111In-DOTA-[Tyr3]-octreotide injections 

had baseline levels of BUN and SCr. Thus, metformin effectively mitigated the impact of 
111In-DOTA-[Tyr3]-octreotide on kidney function (Fig. 5B).

DISCUSSION

Animal and clinical studies have shown that co-administration of lysine or arginine can 

significantly reduce renal uptake of radiolabeled peptides.3, 5, 20–22 For example, the renal 

uptake of radiolabeled octreotide was reduced by up to 40% with oral or intravenous 

administration of lysine.20 Renal uptake of [111In-DTPA]octreotide was inhibited by a 

combination of 25 g of lysine and 25 g of arginine reduced in patients by 33%.5 We found 

that metformin also effectively reduced renal accumulation of radiolabeled peptides whether 

it was co-injected intravenously with the radiolabeled peptides or was administered by oral 

gavage as a pretreatment before radiotracer injection. Moreover, metformin administered 

through oral gavage protected the mouse kidneys from radiation-induced nephrotoxicity.

Retention of therapeutic radiotracers in the kidneys at a relatively high radiation dose can 

lead to kidney failure, and PRRT in particular can lead to dose-limiting nephrotoxicity20. A 

high radioactivity background in the kidneys also limits the detection of tumor near a 

kidney23. It is known that radiolabeled peptides containing hydrophilic amino acids are 

excreted primarily through the kidneys. This process involves glomerular filtration, tubular 

reabsorption via pinocytosis and/or receptor-mediated endocytosis, and subsequent 

lysosomal degradation. Both the basement membrane of the glomerulus and the proximal 

tubular cell surface are negatively charged, and thus positively charged peptides can bind to 

the negatively charged basement membrane via electrostatic interaction and be retained 

there10. Positively charged low-molecular-weight species such as lysine and arginine are 

used to interfere in the interaction of peptides with proximal tubular cells and to reduce renal 

uptake and retention of peptide radiotracers2–3. A combination of 25 g L-lysine and 25 g L-

arginine in 1 L volume as a standard 4-h infusion protocol for kidney protection during 

PRRT has been found to be safe in patients. However, vomiting and nausea occur in about 

15% and 30%, respectively, of patients treated with this kidney protection regimen24.
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As the most frequently prescribed medication for type 2 diabetes25, metformin is taken by 

more than 120 million people worldwide every year. Metformin also has anticancer and 

cancer-preventive effects26–27. Since metformin is a structural analogue of the amino acid 

arginine, we hypothesized that metformin may act as a competitor in the charge-dependent 

renal absorption of radiolabeled peptides. Our hypothesis was supported by μPET/CT and 

biodistribution data showing that renal uptake of 68Ga-NOTA-c(TNYL-RAW), a positively 

charged cyclic peptide containing an arginine moiety, was significantly reduced when the 

peptide was co-injected with metformin in mice engrafted with human A375SM tumors. On 

average, co-injection with metformin reduced renal uptake of 68Ga-NOTA-c(TNYL-RAW) 

by about 60%. We also found that the reduced renal uptake of 68Ga-NOTA-c(TNYL-RAW) 

with co-injection of metformin resulted in a concomitant increase of the radiotracer’s uptake 

in the tumor. We extended our findings to the clinically used radiotracer 111In-DOTA-[Tyr3]-

octreotide. Again, co-administration of metformin through intravenous injection 

significantly reduced the renal uptake of the radiotracer in mice, by about 35% at 24 h after 

intravenous injection, and improved visualization of SSTR2+ HT1080 tumors by 

μSPECT/CT. Because metformin is administered orally by patients, we further investigated 

the effects of orally administered metformin on renal clearance of 111In-DOTA-[Tyr3]-

octreotide. Our data confirm that metformin administered by oral gavage could effectively 

reduce renal uptake of 111In-DOTA-[Tyr3]-octreotide, by about 26%.

Although the mechanism for this metformin action is not clear, involvement of the megalin 

receptor system is likely, as the megalin system was shown to be essential for kidney uptake 

of 111In-labeled octreotide28. Octreotide analogues are actively reabsorbed in the proximal 

tubular cells by receptor-mediated endocytosis, in part through megalin21, 28. Metformin 

reduced kidney uptake of 111In-DOTA-[Tyr3]-octreotide to the same level as lysine did 

(~35% reduction)6. These data are in accord with the role of cationic amino acids such as 

lysine or arginine in saturating binding sites on megalin protein toward positively charged 

peptides. Thus, metformin may interact with the tubular cell surface through electrostatic 

repulsion to block reabsorption and retention of radiolabeled peptides in the proximal 

tubular cells, as schematically depicted in Figure 6. In support of this mechanism, we 

observed significantly increased urinary excretion of 64Cu-DOTA-[Tyr3]-octreotide when 

metformin was administered via oral gavage before radiotracer injection. Because multiple 

mechanisms are involved in glomerular filtration and tubular reabsorption of peptides, 

further studies are needed to clarify the role of metformin in reduction of renal uptake of 

radiolabeled peptides and to determine whether metformin’s effect on renal uptake of 

radiotracers can be extended to a broader spectrum of peptides of different radioisotope, 

charge, and size.

We demonstrated the protective effects of metformin against radiation-induced kidney 

damage in the setting of intravenous 111In-DOTA-[Tyr3]-octreotide and oral administration 

of metformin, the route used by patients. Our results agree with those of Melis et al.1, who 

studied dosimetry and nephrotoxicity of several 111In-labeled peptides, including 111In-

labeled octreotide. These researchers observed that, at a single injected dose of 40–50 MBq 

(1.0–1.35 mCi), 111In-labeled peptides impaired kidney function, as shown by increased 

BUN and SCr levels. In our studies, mice received two injections of 111In-DOTA-[Tyr3]-

octreotide for a total dose of 44 MBq per mouse. We found that 111In-DOTA-[Tyr3]-
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octreotide caused both structural and functional kidney damage in mice 3 weeks after 

radiotracer injection. Administration of metformin prevented such damage and reduced 

BUN and SCr levels to the baseline. Histopathologic evaluation revealed that histologic 

damage in both glomeruli and tubuli was reversed in mice given metformin. Thus, reduction 

in radiotracer uptake in the kidneys protected the kidneys from radiotoxicity caused by the 

high dose of 111In-DOTA-[Tyr3]-octreotide. This may have significant implications for 

patients already on metformin who undergo PRRT. Additional benefits of metformin may 

include improved imaging properties at reduced radiotracer dose or reduced acquisition 

time. Oral administration of metformin is a standard clinical approach, much less expensive, 

better patient compliance, and with less adverse effect potential than the 4-h intravenous 

infusion of L-lysine/L-arginine solution, the current standard clinical protocol used to 

prevent renal toxicity in PRRT for neuroendocrine tumors.

In the clinic, metformin is administered orally at a daily dose of up to 2.0 gram for type 2 

diabetes. Rare cases of lactic acidosis have been reported in patients receiving metformin 

hydrochloride tablets (approximately 0.03 cases/1000 patient-years). When metformin is 

implicated as the cause of lactic acidosis, metformin plasma levels of greater than 5 μg/mL 

are generally found (https://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=da99b8c4-

f85e-409f-93a8-0e4758d74552). Therefore, in planning future clinical studies combination 

metformin and PRRT, the renal function should be assessed and metformin dose titrated so 

that its plasma levels are kept below 5 μg/mL.

In conclusion, we found that the widely used FDA-approved drug metformin inhibits renal 

uptake of radiolabeled peptides and thus can be used in this setting to mitigate radiation-

induced damage to kidney tissue. Given that metformin is not metabolized and is well 

tolerated by most patients29, and that many patients with neuroendocrine tumors have co-

existing type 2 diabetes treated with metformin, it is of great clinical interest to further 

optimize and validate the metformin renal toxicity protection protocol for neuroendocrine 

tumor patients receiving PRRT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of NOTA-c(TNYL-RAW), DOTA-[Tyr3]-octreotide, and metformin.
Radiometal chelators are highlighted in red.
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Figure 2. Metformin reduces renal uptake of 68Ga-NOTA-c(TNYL-RAW).
(A) Representative coronal μPET/CT images of EphB4+ A375SM tumor–bearing mice 

acquired 1 h after intravenous injection of 68Ga-NOTA-c(TNYL-RAW). Arrows, kidney; T, 

tumor. (B) Biodistribution of 68Ga-NOTA-c(TNYL-RAW) 4 h after radiotracer injection. 

Metformin (48 mg/kg) or vehicle was co-injected with radiotracer. Data are presented as 

mean ± SEM. *p<0.05.
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Figure 3. Metformin reduces renal uptake of 111In-DOTA-[Tyr3]-octreotide.
(A) Representative coronal μSPECT/CT images of HT1080 tumor–bearing mice acquired 4 

h after intravenous injection of the radiotracer. Arrows, kidney; T, tumor. (B) Biodistribution 

of 111In-DOTA-[Tyr3] 24 h after radiotracer injection. Metformin (48 mg/kg) or vehicle was 

co-injected with radiotracer. Data are presented as mean ± SEM. **p<0.01.
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Figure 4. Orally administered metformin reduces renal uptake while increasing urine excretion 
of radiolabeled octreotide.
(A) Representative coronal μSPECT/CT images of normal female Swiss mice acquired 4 h 

after intravenous injection of 111In-DOTA-[Tyr3]-octreotide. Red arrows, kidney; white 

arrow, bladder. (B) Biodistribution of 111In-DOTA-[Tyr3]-octreotide 24 h after intravenous 

injection. Metformin was administered via oral gavage at a daily dose of 600 mg/kg for 3 

days immediately before radiotracer injection. (C) Percentage of total injected radioactivity 

recovered from the urine over a 24-h period after intravenous injection of 64Cu-DOTA-

[Tyr3-octreotide. Metformin was administered via oral gavage at a daily dose of 300 mg/kg 

for 7 days immediately before radiotracer injection. In both experiments, control mice 

received oral administration of vehicle (0.5% weight/volume methylcellulose) only. Data are 

presented as mean ± SEM. *p<0.05.
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Figure 5. The protective effect of metformin on kidney structure and function in mice treated 
with 111In-DOTA-[Tyr3]-octreotide.
(A) Representative photomicrographs of hematoxylin and eosin–stained sections of kidneys 

from treated (vehicle, metformin) and untreated (control) mice. Arrowheads: glomerular cell 

necrosis; arrows, tubular cell necrosis; T, tubular vacuoles. (B) Renal function parameters 

after radiotracer injection in the presence and absence of metformin. Radiotracer was 

injected intravenously twice 3 days apart at 600 μCi/mouse/dose. Metformin was 

administered with oral gavage at a daily dose of 600 mg/kg for 3 days immediately before 

the first radiotracer injection (cumulative dose, 1.8g/kg). Data are presented as mean ± SEM 

(n=6). BUN, blood urea nitrogen; SCr, serum creatinine; CTL, no-treatment control. 

****p<0.0001; ***p<0.001 compared to both no-treatment and metformin groups.
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Figure 6. 
Proposed mechanism of metformin’s action in reducing renal uptake of radiolabeled 

peptides.
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