
HAL Id: hal-04577413
https://hal.science/hal-04577413v1

Submitted on 1 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Gadolinium retention effect on macrophages - a
potential cause of MRI contrast agent Dotarem toxicity
Marta Halasa, Ahmed Uosef, Henry V Ubelaker, Arijita Subuddhi, Krupa R
Mysore, Jacek Z. Kubiak, Rafik M. Ghobrial, Jarek Wosik, Malgorzata Kloc

To cite this version:
Marta Halasa, Ahmed Uosef, Henry V Ubelaker, Arijita Subuddhi, Krupa R Mysore, et al.. Gadolin-
ium retention effect on macrophages - a potential cause of MRI contrast agent Dotarem toxicity. Cell
and Tissue Research, 2024, �10.1007/s00441-024-03885-8�. �hal-04577413�

https://hal.science/hal-04577413v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


 

 

1 

Gadolinium retention effect on macrophages - a potential cause of MRI contrast agent 

Dotarem toxicity 

Marta Halasa, PhD&1,2, Ahmed Uosef, MD&1,2, Henry V. Ubelaker, Ms1,2, Arijita Subuddhi, 

PhD1,3, Krupa R. Mysore, MD4; Jacek Z. Kubiak, PhD5,6, Rafik M. Ghobrial, MD, PhD1,2, 

Jarek Wosik, PhD*7, 8, Malgorzata Kloc, PhD*1,2,9 

1The Houston Methodist Research Institute, Transplant Immunology, Houston, TX, USA.  

2The Houston Methodist Hospital, Department of Surgery, Houston, TX, USA.  

3Tuberculosis Research Advancement Center (TRAC), Emory Vaccine Center, Emory National 

Primate Research Center, Atlanta, GA, USA 

4Division of Gastroenterology, Hepatology, and Nutrition, Department of Pediatrics, Baylor 

College of Medicine and Texas Children’s Hospital, Houston, TX, USA 

5Laboratory of Molecular Oncology and Innovative Therapies, Military Institute of Medicine - 

National Research Institute (WIM-PIB), Szaserow 128, 04-141 Warsaw, Poland 

6Dynamics and Mechanics of Epithelia Group, Institute of Genetics and Development of Rennes, 

University of Rennes, CNRS, UMR 6290, Faculty of Medicine, 35043 Rennes, France 

7Electrical and Computer Engineering Department, University of Houston, Houston, Texas 77204, 

USA 

8Texas Center for Superconductivity, University of Houston, Houston, Texas 77204, USA 

9The University of Texas, MD Anderson Cancer Center, Department of Genetics, Houston, TX, 

USA. 

&Co-first authors, both authors contributed equally 

*Correspondence: Malgorzata Kloc, The Houston Methodist Hospital Research Institute 6670 

Bertner Ave. Houston, Tx 77030, tel. 713-441-6875 E-mail: mkloc@houstonmethodist.org 

ACCEPTED MANUSCRIPT / CLEAN COPY

mailto:mkloc@houstonmethodist.org


 

 

2 

Jarek Wosik, University of Houston, 4302 University Drive, Houston Tx 77204,  Houston Science 

Center Building, Room 324, tel 713-743-8237, E-mail: jarek@uh.edu 

 

 

Running Tile: Gadolinium retention in macrophages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACCEPTED MANUSCRIPT / CLEAN COPY

mailto:jarek@uh.edu


 

 

3 

Abstract 

Gadolinium is a component of the MRI contrast agent Dotarem. Although Dotarem is the least 

toxic among MRI contrasts used, gadolinium present in Dotarem accumulates for many years in 

various organs and tissues exerting toxic effects. We showed previously that gadolinium remains 

in macrophages for at least 7 days after exposure to Dotarem. However, very little is known about 

the effect of gadolinium retention on the immune cells such as macrophages. We studied the effect 

of 1-day and 7-day retention of gadolinium on various functions and molecular pathways of 

macrophages. Gadolinium retention for 7 days decreased macrophage adhesion and motility and 

dysregulated the expression of adhesion and fibrotic pathway-related proteins such as Notch 1 and 

its ligand Jagged1, adhesion/migration-related proteins PAK1 and Shp1, immune response-related 

transcription factors Smad3 and TCF19, and chemokines CXCL10 and CXCL13, and dysregulated 

the mRNA expression of fibrosis-related genes involved in extracellular matrix (ECM) synthesis, 

such as Col6a1, Fibronectin, MMP9, and MMP12. It also completely (below a level of detection) 

shuts down the transcription of anti-inflammatory M2 macrophage polarization marker the Arg.1. 

Such changes, if they occur in MRI patients, can be potentially detrimental to the patient’s immune 

system and immune response-related processes. 

 

Key words:, macrophage, fibrosis, adhesion, movement, gadolinium, Dotarem, MRI contrast 

 

Introduction 

Gadolinium is a rare earth metal with paramagnetic properties used in MRI contrast agents to 

increase the contrast and quality of MRI-acquired images. Among many contrast agents, one 

commonly used is the gadolinium-based Dotarem (gadoterate meglumine, Artirem, Clariscan, Gd-
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DOTA). Because gadolinium in solution forms very toxic Gd3+ ions, gadolinium in MRI contrast 

agents is chelated (conjugated with a sequestering ligand) to increase stability and limit or prevent 

toxicity. For example, studies showed that even 10 min exposure to gadolinium chloride (GdCl3) 

caused the apoptotic death of rat alveolar macrophages and that injection of GdCl3 to the newborn 

rats significantly reduced lung macrophage content (Mizgerd et al. 1996;  Jankov et al. 2001).  

Dotarem is the most stable and least toxic among MRI contrast agents and, for many years, was 

believed to be promptly washed out from the body and completely harmless. However, over the 

years, studies showed that gadolinium could not only cross the blood-brain barrier (BBB) but 

remain in the body for many years, possibly exerting toxic effects on the brain, heart, vasculature, 

kidney, bone, skin, and other organs and tissues (Harvey et al 2020.; Iyad et al. 2023; McDonald 

et al., 2018; Semelka et al. 2023). Gadolinium retention toxicity is inculpated in nephrogenic 

systemic fibrosis (NSF), a debilitating disease involving thickening of the skin and subcutaneous 

tissues, and systemic inflammation and fibrosis of organs, reported in patients with renal 

insufficiency who received gadolinium-based contrast MRI tests. Studies showed that, in NSF 

patients, gadolinium accumulation in the heart and blood vessels associates with myocardial 

fibrosis, atherosclerosis, and shortened life span (Grobner, 2006).  Findings like these identified 

gadolinium deposition disease (GDD) and led to new recommendations limiting the frequency of 

MRI contrast use in the clinical setting (Harvey et al. 2022; Semelka et al., 2023). So far, we do 

not know much about the effect of gadolinium accumulation on immune cell functions and 

molecular pathways and how they contribute to gadolinium organ toxicity. We showed previously 

that 24-hour exposure of mouse macrophages to Dotarem affects their morphotype and cell 

organelles and upregulates pro-inflammatory and downregulates anti-inflammatory markers 

characteristic for the ant-inflammatory M2 macrophages [Chanana et al., 2022]. Recently, we also 
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developed the 7T MRI-based method to analyze gadolinium accumulation in isolated immune cells 

and showed that macrophages retained gadolinium for at least seven days after exposure, which 

caused downregulation of RhoA, mTORC1/Raptor and mTORC2/Rictor proteins, and affected 

expression of organelle markers (Uosef et al., 2022).  Macrophages are functionally versatile and 

not only participate in and regulate immune responses per se but also, by supporting fibrogenesis 

and fibrolysis, regulate tissue injury, regeneration, healing, and, dependent on these events, 

physiological and pathological fibrosis, including myocardial fibrosis (Chen et al., 2022; Lech and 

Anders, 2013; Ma et al., 2022). Thus, we focused our study on the effect of 7-day gadolinium 

retention on macrophage motility, adhesion, and the expression of fibrotic and immune-response 

pathway proteins and on the transcription of the anti-inflammatory M2 macrophage genes involved 

in the synthesis of extracellular matrix (ECM). 

 

Material and Methods 

Cells and treatment 

Mouse macrophages RAW 264.7 (cat# ATCC TIB-71) were cultured in DMEM medium 

(Corning® 10-013-CV) supplemented with 10% FBS (HyClone, SH30071.03) and Penicillin-

streptomycin (Thermo Fisher Scientific, 15140122) at a concentration of 100 units/mL. Cells were 

kept at 37◦ C and 5% CO2. At 70% confluency, cells were treated with gadolinium-based MRI 

contrast agent Dotarem (cat. NDC67684-2001-3, Guerbet, Raleigh, NC, USA) at 1.4mM 

concentration. Cells were incubated with Dotarem for 24 hours, washed twice in PBS, and 

immediately collected for Western blot processing. For checking the effects of gadolinium 

retention,  cells were incubated with Dotarem for 24hr then washed and incubated in Dotarem-free 

medium for seven days before further processing. 

ACCEPTED MANUSCRIPT / CLEAN COPY



 

 

6 

Cell Viability Assay  

RAW264.7 cells were placed in a 96-well microplate at the density of 6000 cells/well. The cells 

were incubated with DOT (1.4 mM) for 24 hours. For the assessment of cell viability, the MTT 

Cell Proliferation Assay Kit (Ab211091) (Abcam, USA) was used according to the manufacturer’s 

protocol. The absorbance was read at 590 nm using BioTek Synergy H1 Multimode Reader 

(Agilent Technologies, USA). 

Wound Healing Migration Assay 

For 1 day experiment, RAW264.7 cells were placed in a 24-well plate at the density of 4x105 

cells/well. At 100% confluency cell monolayers were scratched with a sterile pipette tip, washed 

with PBS to remove loose cells, and treated with DOT for 24 hours in FBS-reduced culture media 

(2% FBS). The images of scratches were captured by the Olympus TH4-100 inverted microscope 

immediately after scratching and after 24 hours. For the 7-day experiment, cells were detached on 

day 6 after DOT treatment, centrifuged, and seeded to reach full confluency. The next day, cell 

monolayers were scratched with a sterile pipette tip and washed with PBS to remove loose cells. 

Cells were incubated in a reduced (2%) FBS medium for 24h and images were taken as described 

above. All images were analyzed with Fiji ImageJ software (NIH). Cell migration was determined 

at the edges of the wound, and the percentage of migration was determined as the ratio between 

the migrated distance and the initial distance from the wound. 

Adhesion assay 

After DOT treatment, RAW264.7 cells were seeded in a 24-well plate (1x105 cells/well) and 

incubated for 2hrs in an FBS-free culture medium. Subsequently, the non-adherent (floating) cells 

and medium were removed. Adherent cells were rinsed with PBS, fixed with 4% 

paraformaldehyde (Cell Signaling, USA) stained with crystal violet (Sigma Aldrich, USA), and 
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visualized using the Olympus TH4-100 inverted microscope. Next, cells were lysed for 30 min, at 

room temperature in 2% SDS to dissolve crystal violet. 100 µl of lysate was transferred to a 96-

well microplate, and the crystal violet absorbance was read at 550 µm.  

TNFα secretion 

RAW264.7 cells were treated with DOT (1.4 mM) and 0.1 µg/ml LPS (ThermoFisher, USA) in a 

reduced (2%) FBS culture medium for 24 hours. For 7 day experiment, cells were detached on the 

6th day and treated with 0.1 µg/ml LPS for 24 hrs. After incubation, the cell medium was collected, 

centrifuged, and stored at -80°C. The cells were lysed in RIPA buffer (Cell Signaling, USA, 

#9806), and a total protein concentration was determined by BCA Protein Assay Kit (Pierce, USA, 

#23227) according to the manufacturer’s protocol. The concentration of secreted TNFα in cell 

medium was determined with TNF alpha Mouse ELISA Kit (BMS607-3) (ThermoFisher, USA) 

according to the manufacturer’s protocol. The data were calculated in GraphPad Prism 10 and 

normalized to the total protein concentration. 

Immunoblotting 

Dotarem-treated and untreated RAW 264.7 cells were harvested by 2000rpm centrifugation for 5 

min at 4⁰C. Cells were washed once with cold PBS (1X) (Sigma, D8537) and centrifuged. Cell 

pellets were lysed with RIPA cell lysis buffer (Cell Signaling, #9806) supplemented with 1X 

protease inhibitor (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, #11836170001, 

Roche). Protein concentration was measured using the BCA protein estimation kit (Pierce™ BCA 

Protein Assay Kit, #23227). 1X SDS Dye (National Diagnostics) was added to the cell lysates and 

boiled at 95⁰C for 10 mins. After cooling, samples were electrophoresed on a 4-15% gradient SDS 

PAGE (Bio-Rad, Mini-PROTEAN® TGX™ Precast Protein Gels, #4561085) along with a protein 

marker (Bio-Rad Precision Plus Protein dual color standards marker, #161-0374). The gel was run 
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at 80V for around 2hrs. Subsequently, the proteins were transferred from SDS PAGE to the PVDF 

membrane (Bio-Rad, Trans-Blot Turbo Mini 0.2 µm PVDF Transfer Packs #1704156) using the 

Trans-Blot Turbo Transfer System apparatus (Bio-Rad). The membrane was blocked with 5% 

nonfat dry milk (NFDM, #1706404, Bio-Rad) for 1hr and 30 mins. The primary antibody was 

added in 5% NFDM, and the membrane was incubated overnight at 4⁰C with shaking. The 

following day membrane was washed thrice (5 mins each) with 1X TBST (Tris Buffered 

SalineTween). Subsequently, the membrane was incubated for 1hr and 30 mins at RT (with 

shaking) with a secondary antibody in 5% NFDM. After washing thrice, the membrane was 

developed using chemiluminescence reagents West Pico (Thermo Fisher Scientific, #34080), 

Immobilon (Millipore, #P90720), or super signal West Atto (Thermo Fisher Scientific, #A38554). 

Antibodies 

We used the following antibodies: GAPDH (14C10) rabbit mAb (cat#2118), Jagged1 (D4Y1R) 

XP® rabbit mAb (cat #70109), PAK1 antibody (cat#2602), Smad3 (C67H9) rabbit mAb 

(cat#9523), Notch1 (D1E11) XP® rabbit mAb (cat #3608), SHP-1 (E1U6R) rabbit mAb (cat 

#26516), all from Cell Signalling, CXCL10 recombinant rabbit mAb (10H11L3) (Invitrogen, 

cat#701225), CXCL13 (BCA1) recombinant antibody (EPR19259-147) (Abcam, cat# ab199043), 

TCF-19 antibody (H-2) (Santa Cruz Biotechnology- cat# sc-390923). All these antibodies were 

used at 1:1000 dilution. The secondary antibodies: anti-rabbit IgG, HRP-linked antibody (cat 

#7074), and anti-mouse IgG, HRP-linked antibody (cat #7076) were from Cell Signalling and used 

at 1:3000 dilution. 

RNA isolation 

For 1 day experiment, RAW264.7 cells were treated with DOT (1.4 mM) and TGFβ (10 ng/mL) 

for 24h. The purpose of theTGFβ treatment was to polarize macrophages into M2 phenotype, 
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which express fibrotic/ ECM synthesis-related genes Col6a1, Fibronectin, MMP9 and MMP12, 

and the M2 specific marker Arg-1. The next day, cells were washed twice with PBS, and RNA 

was isolated with RNeasy Mini Kit (Qiagen) according to manufacturer protocol. For a 7-day 

retention experiment, cells were treated with DOT (1.4 mM) for 24h. The next day, the 

culturemedium was removed, and cells were cultured for 6 days in a DOT-free medium. On day 6 

cells were treated with TGFβ (10 ng/mL) for 24h and then processed the same way as for 1-day 

experiment. The RNA yield and quality were assessed using a Nanodrop spectrophotometer 

NanoDrop-2000 (ThermoFisher).  

Gene expression 

1 µg of RNA was converted into cDNA using the SuperScript IV Reverse Transcriptase 

(ThermoFisher) according to the manufacturer’s protocol. Obtained cDNA was used for qPCR 

(dilution 1:20). qPCR was performed using PowerTrack™ SYBR Green Master Mix 

(ThermoFisher) according to the manufacturer’s protocol in the C1000 Touch™ Thermal Cycler 

machine (BioRad). Each sample was analyzed in duplicate. Gene expression was calculated using 

the 2-delta Ct method.  

Forward and reverse primers: 

Arg-1 forward         ACACTCCCCTGACAACCAGC 

Arg-1 reverse         AGGGTCTACGTCTCGCAAGC 

Col6a1 forward TCCTGCTGGTGAGAAAGGAT 

Col6a1 reverse             TCCAGCAATACCCTGAGGTC 

Fibronectin forward GGTTACCCTTCCACACCCCA 

Fibronectin reverse GTGGCGTTGTCCGCCTAAAG 

MMP9 forward AAACCTCCAACCTCACGGACA 
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MMP9 reverse             ACAGCGTGGTGTTCGAATGG 

MMP12 forward GAGGGAACAGGTTGATGAGCTG 

MMP12 reverse GTCATTGGAATTCTGTCCTTTCCA 

GAPDH forward AGGTCGGTGTGAACGGATTTG 

GAPDH revers TGTAGACCATGTAGTTGAGGTCA 

 

Statistical analysis and graphs  

The experiments were repeated three to five times, and the results were expressed as the mean 

±SEM. The graphs were prepared using GRAPH-PAD PRISM8. Statistical significance (p < 0.05) 

was determined by paired T-test. The qPCR results were calculated using the 2-delta CT method, 

which is a relative quantification strategy for quantitative real-time polymerase chain reaction 

(qPCR) data. The 2-delta CT calculates 2-delta ct values for individual groups and compares these 

values between groups (independent samples). 

 

Results  

We previously showed using the 7 T MRI method that gadolinium present in MRI contrast 

Dotarem is retained in mouse macrophages for at least 7 days (Uosef et al., 2022]. Here, we tested 

the effect of 1-day and 7-day retention of gadolinium on the functions of RAW264.7 mouse 

macrophages. Macrophages were incubated in the medium containing 1.4 mM Dotarem. After 1 

day (24 hr ) of Dotarem exposure, macrophages were cultured in the Dotarem-free medium for 7 

days. First, we established, by using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay, which uses the cellular redox potential in metabolically active 

cells to convert a tetrazolium-based salt reagent—MTT to a brightly colored formazan product 
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that the 24hr exposure to Doraem did not affect cell viability (Fig. 1a). Next, we performed a 

wound healing motility assay to see if 1-day and 7-day retention of gadolinium affects cell motility. 

In this assay, the migration of cells into the scratch wound (wound closure) was monitored under 

the microscope. This assay showed that although both 1-day and 7 days gadolinium retention 

caused statistically significant (**p = 0.056 and ****p <0.00, respectively) decreases in 

macrophage motility (Fig. 1 b-d’’’), the effect of 7-day gadolinium retention was especially 

substantial causing > 50% decrease in motility in comparison to the control (Fig. 1c). 

In the next set of experiments, we studied the effect of gadolinium retention on the expression of 

cell-cell interaction and fibrosis pathway proteins Notch1(Neurogenic locus notch homolog 

protein 1) and its ligand Jagged1 (Jagged canonical Notch ligand 1) and the focal adhesion-related 

proteins PAK1 (Serine/threonine-protein kinase PAK 1) and Shp1 (Src homology region 2 

domain-containing phosphatase-1) in RAW264.7 macrophages (Fig.2). The Western blot analysis 

showed the statistically significant downregulation of Notch1 expression after 1 day and 7 days of 

gadolinium retention (Fig. 2a, a’), and, surprisingly, a very strong, especially after 7 days, 

upregulation of Nitch1 ligand Jagged 1 protein (Fig.  2a’’, a’’’). Such a disparity between the level 

of expression of the receptor (Notch 1) and its ligand (Jagged1) indicates that gadolinium retention 

dysregulates the Notch signaling pathway. Western blot analysis showed that gadolinium retention  

also downregulated the expression of adhesion- and migration-related proteins PAK1 and Shp1 

(Fig. 2b-b’’’). A deleterious (and statistically highly significant) effect of gadolinium retention on 

macrophage adhesion was also confirmed by the cell adhesion assay (Fig. 2d-d’’’’, e, e’’). 

Because macrophages are the first responders and effectors of the immune/inflammatory 

processes, in the next set of experiments, we studied the effect of gadolinium retention on the 

expression of immune response-related proteins: transcriptional modulator activated by TGF-beta 
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(transforming growth factor) and activin type 1 receptor kinase Smad3 (Mothers against 

decapentaplegic homolog 3), TCF19 (Transcription factor 19), CXCL13 (Chemokine (C-X-C 

motif) ligand 13), and CXCL10 (C-X-C motif chemokine ligand 10 also known as Interferon 

gamma-induced protein 10) (Fig. 3). Western blot analysis showed that gadolinium retention 

upregulated the expression of Smad3 and CXCL10 (Fig.3a, a’’, b’’, b’’’, c, c’), and downregulated 

the expression of TCF19 and CXCL13 (Fig.3a’’, a’’’, b, b’, c, c’ ).  However, interestingly, the 

secretion of TNFα (Tumor necrosis factor alpha),  a major regulator of inflammation, in response 

to LPS (Lipopolysaccharide) stimulation was not significantly affected by gadolinium retention  

(Fig.3d). We also studied the effect of gadolinium retention on the transcription of the extracellular 

matrix (ECM)- and wound healing-related genes in the ant-inflammatory M2 macrophages. We 

induced  M2 polarization by incubation of unpolarized macrophages in the TGFβ-containing 

medium and performed qPCR to assess the level of  Arginase 1(Arg-1), type VI collagen alpha1 

chain (Col6a1), fibronectin, Matrix metalloproteinase (MMP9), and matrix metallopeptidase 12 

(MMP12) mRNAs after 1-day and 7-day gadolinium retention. All these gene products are 

involved in ECM synthesis/degradation and, thus, in the wound-healing processes (Etich et al. 

2019; Pesce et al., 2009]. The results of qPCR showed that 1-day gadolinium retention upregulated 

the expression of Arg-1, fibronectin, and MMp9 (Fig.4a) while 7-day retention upregulated 

collagen (Col6a1) and fibronectin, and completely (below a level of detection) shut down the 

expression of the anti-inflammatory M2 marker Arg-1 (Fig. 4b). The changes in the expression of 

other studied genes were not statistically significant. 
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Discussion 

It is well established that gadolinium present in MRI contrast agents can be retained for many 

years in various organs, including the brain, causing organ fibrosis, systemic inflammation, 

atherosclerosis, and shortening lifespan. Although gadolinium retention toxicity has been well 

studied at tissue and organ levels, little is known about its cellular and molecular effects on the 

immune cells. To fill this knowledge gap, we studied the effect of 1- and 7-day gadolinium 

retention on fibrotic and inflammatory pathway components and cellular functions of 

macrophages. We showed that gadolinium retention inhibited macrophage movement and 

adhesion and dysregulated the expression of adhesion and fibrotic pathway components and 

inflammation/immune response-related factors.  

 Especially striking was a dysregulation of a Notch1/Jagged pathway, where gadolinium retention 

caused a downregulation of the Notch 1 receptor but an upregulation of its ligand Jagged 1. Ligand-

induced Notch signaling regulates cell differentiation, proliferation, and apoptosis during 

organogenesis and is involved in the development of pulmonary, cardiac, and kidney fibrosis and 

cancer (Bielesz et al. 2010; Fiúza and Arias, 2007; Ma et al. 2022; Maillard et al., 2003; Milano et 

al., 2004; Plantier et al., 2011; Russell et al., 2011; Wang et al., 2017). In mammals, there are four 

Notch receptors and five respective ligands: Jagged 1 and 2, and delta-like 1, 3, and 4. Ligand 

binding to the Notch receptor results in the Notch cleavage and release of its intracellular domain 

(NICD) that enters the nucleus acting as a transcriptional activator of the target genes (Fiúza and 

Arias, 2007; Kuintzle et al., 2023; Lee et al. 2015; Li et al. 2014). Studies showed that the excessive 

activation of Notch signaling in macrophages promotes kidney fibrosis and inflammation (Ma et 

al., 2022), while the overexpression of Jagged1 enhances cell proliferation (Simon et al., 2012) 

and correlates with tumor aggressiveness and poor clinical outcome (Silva et al. 2023). 
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Considering such pleiotropy of Notch/Jagged signaling effects, its dysregulation by gadolinium 

retention in macrophages is extremely concerning and requires further detailed studies. 

Another effect of gadolinium retention we observed in macrophages was the downregulation of 

adhesion/migration-related molecules PAK1 and Shp1. PAK1 belongs to the family 

serine/threonine kinases activated by the Rho GTPases, which regulate cell polarity, adhesion, 

migration, and lamellipodia dynamics in macrophages (Smith et al. 2008) through the regulation 

of actin cytoskeleton dynamics (Somanath et al., 2023). Additionally, recent studies showed that 

downregulation/silencing of PAK1 resulted in the induction of genes expressed by M2 

(antiinflammatory) macrophages and repressed the phenotypic markers of  M1 (proinflammatory) 

macrophage polarization (Cheng et al. 2021). The Shp1 is a tyrosine phosphatase that regulates a 

variety of immune cell functions, including integrin-mediated cell adhesion in macrophages 

(Roach et al. 1998). Shp1 also interacts with the Hox domain proteins regulating transcription in 

the myeloid precursor cells. Downregulation of Shp1 activates transcription factor Stat5 resulting 

in overproliferation of hematopoietic stem cells (Abram and Lowell, 2017). 

In our study, the negative effect of gadolinium retention was evident not only at the protein 

expression but also at the cellular function level. Migration and adhesion assays showed that 

gadolinium retention slows down macrophage movement and impairs their attachment to the 

substrate. 

We also showed that gadolinium retention in macrophages impacted the expression of immune 

response-related proteins such as Smad3, TCF19, and chemokines CXCL10 and CXCL13. The 

expression of Smad3 and CXCL10 was upregulated, and TCF19 and CXCL13 were 

downregulated after 7-day gadolinium retention. Smad3, the main regulator of the transcriptional 

effects of TGF-β signaling, mediates the acquisition of a phagocytic and anti-inflammatory 
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macrophage phenotype (Chen et al 2019). The transcription factor TFC19 regulates the 

inflammatory and DNA damage response pathways and regulates the polarity of tumor-associated 

macrophages (Cheng et al., 2022). Chemokines CXCL10 and CXCL13 act as chemoattractants, 

contribute to the inflammatory microenvironment, and promote macrophage chemotaxis 

(Iwanowski et al., 2017). We also showed that 1-day gadolinium retention increased the expression 

of anti-inflammatory M2  macrophage marker Arg-1, fibronectin, and matrix metallopeptidase 9, 

while the 7-day gadolinium retention completely shut down the expression of Arg-1, and increased 

the expression of fibronectin and collagen type VI alpha 1 chain (Col6a1). We previously showed 

that exposure to a high concentration (20mM) of gadolinium also decreases the expression of 

another M2-specific  anti-inflammatory marker  FceR1 (Chanana et al., 2022). The dysregulation 

of these genes, all involved in the synthesis of ECM and the anti-inflammatory and wound-healing 

activities of M2 macrophages [11, 12], may, potentially, have a deleterious effect on the healing 

processes in MRI patients. 

A question remains why the gadolinium affects all these pathways and what is the mechanism 

involved? One of the commonalities between all these affected pathways is their involvement in 

calcium signaling (Chen et al., 2018; Jeon et al. 2018; Rand et al., 2000; Sáez de Guinoa et al.2011; 

Schareberg et al. 2007; Sui et al, 2006). In our previous studies on the effect of gadolinium on 

macrophages, we hypothesized that because the crystallographic radius of Gd3+ and Ca2+ is very 

similar, Gd3+ can compete with Ca2+ in the signaling pathways, inducing changes at the 

transcriptional and translational level, and affecting cell motility, adhesion, and other cellular 

processes (Uosef et al., 2022). 

In summary, all data presented here indicate that gadolinium retention for 7 days profoundly 

affects immune-response signaling pathways and macrophage functions. Because MRI patients 
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are often immunocompromised or experience inflammation, infection, or cancer, such effects on 

the immune cells can be detrimental to the patient's health and the disease outcome. Further studies 

of the long-term (weeks, years) effect of gadolinium retention on the immune cells are also 

necessary. As a note of caution, because our studies consisted of mouse RAW 264.7 macrophage 

cell line, one must be very careful when translating these results into the in vivo situation in animals 

and humans. Further studies with different gadolinium doses, human primary 

monocytes/macrophages isolated from the blood, human macrophage cell lines, and in vivo animal 

studies are necessary to conclude how relevant our results are to human MRI patients. 

 

Confilict of interest  

The authors declare that they do not have any financial or conflict of interest 

Ethical Approval 

Not applicable 

Informed Consent 

Not applicable 

Funding 
Support by the J.C. Walter Jr. Transplant Center fund at the Houston Methodist Hospital 
Foundation, and William Stamps Farish Fund. JW was supported by Texas Center for 
Superconductivity. JZK was supported by the subvention of the Polish Ministry of Education and 
Science, project no 612/2023 to JZK at WIM-PIB. The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation of the manuscript. 
 
 
 
References 

 
Abram CL, Lowell CA. Shp1 function in myeloid cells. J Leukoc Biol. 2017 

Sep;102(3):657-675. doi: 10.1189/jlb.2MR0317-105R. E 
 
Bielesz B, Sirin Y, Si H, Niranjan T, Gruenwald A, Ahn S, Kato H, Pullman J, Gessler M, 

Haase VH, Susztak K. Epithelial Notch signaling regulates interstitial fibrosis 

ACCEPTED MANUSCRIPT / CLEAN COPY



 

 

17 

development in the kidneys of mice and humans. J Clin Invest 2010; 120: 4040-

4054;DOI: 10.1172/JCI43025 
 
Chanana P, Uosef A, Vaughn N, Suarez-Villagran M, Ghobrial RM, Kloc M, Wosik J. 

The Effect of Magnetic Field Gradient and Gadolinium-Based MRI Contrast Agent 

Dotarem on Mouse Macrophages. Cells. 2022 Feb 22;11(5):757. doi: 

10.3390/cells11050757. 
 
Chen B, Huang S, Su Y, Wu YJ, Hanna A, Brickshawana A, Graff J, Frangogiannis NG. 

Macrophage Smad3 Protects the Infarcted Heart, Stimulating Phagocytosis and 

Regulating Inflammation. Circ Res. 2019 Jun 21;125(1):55-70. doi: 

10.1161/CIRCRESAHA.119.315069. 
 
Chen G, Jiang H, Yao Y, Tao Z, Chen W, Huang F, Chen X. Macrophage, a potential 

targeted therapeutic immune cell for cardiomyopathy. Front Cell Dev Biol. 2022 Sep 

30;10:908790. doi: 10.3389/fcell.2022.908790. 
 
Chen M, Zhang W, Shi J, Jiang S. TGF-β1-Induced Airway Smooth Muscle Cell 
Proliferation Involves TRPM7-Dependent Calcium Influx via TGFβR/SMAD3. Mol 
Immunol. 2018 Nov;103:173-181. doi: 10.1016/j.molimm.2018.09.015.  
 

 
Cheng WL, Zhang Q, Li B, Cao JL, Jiao L, Chao SP, Lu Z, Zhao F. PAK1 Silencing 

Attenuated Proinflammatory Macrophage Activation and Foam Cell Formation by 

Increasing PPARγ Expression. Oxid Med Cell Longev. 2021 Sep 23;2021:6957900. doi: 

10.1155/2021/6957900. 
 
Cheng X, Hou J, Wen X, Dong R, Lu Z, Jiang Y, Wu G, Yuan Y. Immunotherapeutic 

Value of Transcription Factor 19 (TCF19) Associated with Renal Clear Cell Carcinoma: 

A Comprehensive Analysis of 33 Human Cancer Cases. J Oncol. 2022 Sep 

6;2022:1488165. doi: 10.1155/2022/1488165. 
 
Etich J, Koch M, Wagener R, Zaucke F, Fabri M, Brachvogel B. Gene Expression 

Profiling of the Extracellular Matrix Signature in Macrophages of Different Activation 

Status: Relevance for Skin Wound Healing. Int J Mol Sci. 2019 Oct 14;20(20):5086. doi: 

10.3390/ijms20205086. 
 
Fiúza UM, Arias AM. Cell and molecular biology of Notch. J Endocrinol 2007; 194: 459-

474, DOI: 10.1677/joe-07-0242 
 
Grobner T. Gadolinium--a specific trigger for the development of nephrogenic fibrosing 

dermopathy and nephrogenic systemic fibrosis? Nephrol Dial Transplant. 2006 

Apr;21(4):1104-8. doi: 10.1093/ndt/gfk062. 
 

Harvey HB, Gowda V, Cheng G. Gadolinium Deposition Disease: A New Risk 

Management Threat. J Am Coll Radiol. 2020 Apr;17(4):546-550. doi: 

10.1016/j.jacr.2019.11.009. 

ACCEPTED MANUSCRIPT / CLEAN COPY



 

 

18 

 
Iwanowski P, Losy J, Kramer L, Wójcicka M, Kaufman E. CXCL10 and CXCL13 

chemokines in patients with relapsing remitting and primary progressive multiple 

sclerosis. J Neurol Sci. 2017 Sep 15;380:22-26. doi: 10.1016/j.jns.2017.06.048. 
 

Iyad N, S Ahmad M, Alkhatib SG, Hjouj M. Gadolinium contrast agents- challenges and 

opportunities of a multidisciplinary approach: Literature review. Eur J Radiol Open. 2023 

Jul 4;11:100503. doi: 10.1016/j.ejro.2023.100503. 
 
Jankov RP, Luo X, Belcastro R, Copland I, Frndova H, Lye SJ, Hoidal JR, Post M, 

Tanswell AK. Gadolinium chloride inhibits pulmonary macrophage influx and prevents 

O(2)-induced pulmonary hypertension in the neonatal rat. Pediatr Res. 2001 

Aug;50(2):172-83. doi: 10.1203/00006450-200108000-00003. 
 
Jeon IS, Kim HR, Shin EY, Kim EG, Han HS, Hong JT, Lee HK, Song KD, Choi JK. 

Modulation of store-operated calcium entry and nascent adhesion by p21-activated kinase 

1. Exp Mol Med. 2018 May 21;50(5):1-10. doi: 10.1038/s12276-018-0093-2. 
 
Kuintzle R, Santat LA, Elowitz MB. Diversity in Notch ligand-receptor signaling 

interactions. bioRxiv [Preprint]. 2023 Aug 25:2023.08.24.554677. doi: 

10.1101/2023.08.24.554677. 
 
Lech M, Anders HJ. Macrophages and fibrosis: How resident and infiltrating 

mononuclear phagocytes orchestrate all phases of tissue injury and repair. Biochim 

Biophys Acta. 2013 Jul;1832(7):989-97. doi: 10.1016/j.bbadis.2012.12.001. 
Lee HJ, Kim MY, Park HS. Phosphorylation-dependent regulation of Notch1 signaling: 

the fulcrum of Notch1 signaling. BMB Rep. 2015 Aug;48(8):431-7. doi: 

10.5483/bmbrep.2015.48.8.107. 
 
Li D, Masiero M, Banham AH, Harris AL. The notch ligand JAGGED1 as a target for 

anti-tumor therapy. Front Oncol. 2014 Sep 25;4:254. doi: 10.3389/fonc.2014.00254. 
 
Ma T, Li X, Zhu Y, Yu S, Liu T, Zhang X, Chen D, Du S, Chen T, Chen S, Xu Y, Fan Q. 

Excessive Activation of Notch Signaling in Macrophages Promote Kidney Inflammation, 

Fibrosis, and Necroptosis. Front Immunol. 2022 Feb 25;13:835879. doi: 

10.3389/fimmu.2022.835879. 
 
Maillard I, Adler SH, Pear WS. Notch and the immune system. Immunity. 2003 

Dec;19(6):781-91. doi: 10.1016/s1074-7613(03)00325-x. 
 
McDonald RJ, Levine D, Weinreb J, Kanal E, Davenport MS, Ellis JH, Jacobs PM, 

Lenkinski RE, Maravilla KR, Prince MR, Rowley HA, Tweedle MF, Kressel HY. 

Gadolinium Retention: A Research Roadmap from the 2018 NIH/ACR/RSNA Workshop 

on Gadolinium Chelates. Radiology. 2018 Nov;289(2):517-534. doi: 

10.1148/radiol.2018181151. 
 

ACCEPTED MANUSCRIPT / CLEAN COPY



 

 

19 

Milano J, McKay J, Dagenais C, Foster-Brown L, Pognan F, Gadient R, Jacobs RT, 

Zacco A, Greenberg B, Ciaccio PJ. Modulation of notch processing by gamma-secretase 

inhibitors causes intestinal goblet cell metaplasia and induction of genes known to 

specify gut secretory lineage differentiation. Toxicol Sci 2004; 82: 341-358 [PMID: 

15319485 DOI: 10.1093/toxsci/kfh254] 
 
Mizgerd JP, Molina RM, Stearns RC, Brain JD, Warner AE. Gadolinium induces 

macrophage apoptosis. J Leukoc Biol. 1996 Feb;59(2):189-95. PMID: 8603991. 
 
Pesce JT, Ramalingam TR, Mentink-Kane MM, Wilson MS, El Kasmi KC, Smith AM, 

Thompson RW, Cheever AW, Murray PJ, Wynn TA. Arginase-1-expressing macrophages 

suppress Th2 cytokine-driven inflammation and fibrosis. PLoS Pathog. 2009 

Apr;5(4):e1000371. doi: 10.1371/journal.ppat.1000371. 
 
Plantier L, Crestani B, Wert SE, Dehoux M, Zweytick B, Guenther A, Whitsett JA. 

Ectopic respiratory epithelial cell differentiation in bronchiolised distal airspaces in 

idiopathic pulmonary fibrosis. Thorax 2011; 66: 651-657, DOI: 10.1136/ 

thx.2010.151555 
 
Rand MD, Grimm LM, Artavanis-Tsakonas S, Patriub V, Blacklow SC, Sklar J, Aster JC. 

Calcium depletion dissociates and activates heterodimeric notch receptors. Mol Cell Biol. 

2000 Mar;20(5):1825-35. doi: 10.1128/MCB.20.5.1825-1835.2000. 
 
Roach TI, Slater SE, White LS, Zhang X, Majerus PW, Brown EJ, Thomas ML. The 

protein tyrosine phosphatase SHP-1 regulates integrin-mediated adhesion of 

macrophages. Curr Biol. 1998 Sep 10;8(18):1035-8. doi: 10.1016/s0960-9822(07)00426-

5. 
Russell JL, Goetsch SC, Gaiano NR, Hill JA, Olson EN, Schneider JW. A dynamic notch 

injury response activates epicardium and contributes to fibrosis repair. Circ Res 2011; 

108: 51-59; DOI: 10.1161/circresaha.110.233262 
 
Sáez de Guinoa J, Barrio L, Mellado M, Carrasco YR. CXCL13/CXCR5 signaling 

enhances BCR-triggered B-cell activation by shaping cell dynamics. Blood. 2011 Aug 

11;118(6):1560-9. doi: 10.1182/blood-2011-01-332106. 
 
Scharenberg AM, Humphries LA, Rawlings DJ. Calcium signalling and cell-fate choice 

in B cells. Nat Rev Immunol. 2007 Oct;7(10):778-89. doi: 10.1038/nri2172. SHp1 
 
Semelka RC, Ramalho M. Gadolinium Deposition Disease: Current State of Knowledge 

and Expert Opinion. Invest Radiol. 2023 Apr 12. doi: 10.1097/RLI.0000000000000977. 
 
Silva G, Rodrigues AF, Ferreira S, Matos C, Eleutério RP, Marques G, Kucheryava K, 

Lemos AR, Sousa PMF, Castro R, Barbas A, Simão D, Alves PM. Novel scFv against 

Notch Ligand JAG1 Suitable for Development of Cell Therapies toward JAG1-Positive 

Tumors. Biomolecules. 2023 Mar 2;13(3):459. doi: 10.3390/biom13030459. 
 

ACCEPTED MANUSCRIPT / CLEAN COPY



 

 

20 

Simon DP, Giordano TJ, Hammer GD. Upregulated JAG1 enhances cell proliferation in 

adrenocortical carcinoma. Clin Cancer Res. 2012 May 1;18(9):2452-64. doi: 

10.1158/1078-0432.CCR-11-2371. 
 
Smith SD, Jaffer ZM, Chernoff J, Ridley AJ. PAK1-mediated activation of ERK1/2 

regulates lamellipodial dynamics. J Cell Sci. 2008 Nov 15;121(Pt 22):3729-36. doi: 

10.1242/jcs.027680. 
 
Somanath PR, Chernoff J, Cummings BS, Prasad SM, Homan HD. Targeting P21-

Activated Kinase-1 for Metastatic Prostate Cancer. Cancers (Basel). 2023 Apr 

11;15(8):2236. doi: 10.3390/cancers15082236. 
 
Sui Y, Stehno-Bittel L, Li S, Loganathan R, Dhillon NK, Pinson D, Nath A, Kolson D, 

Narayan O, Buch S. CXCL10-induced cell death in neurons: role of calcium 

dysregulation. Eur J Neurosci. 2006 Feb;23(4):957-64. doi: 10.1111/j.1460-

9568.2006.04631.x. 
 
Uosef A, Subuddhi A, Lu A, Ubelaker HV, Karmonik C, Wosik J, Ghobrial RM, Kloc, M 
7T MRI and molecular studies of Dotarem (gadoterate meglumine) retention in 

macrophages.Journal of Magnetic Resonance Open, Volumes 12–13, 2022,100085, ISSN 

2666-4410. https://doi.org/10.1016/j.jmro.2022.100085. 
 
Wang Y, Shen RW, Han B, Li Z, Xiong L, Zhang FY, Cong BB, Zhang B. Notch 

signaling mediated by TGF-β/Smad pathway in concanavalin A-induced liver fibrosis in 

rats. World J Gastroenterol. 2017 Apr 7;23(13):2330-2336. doi: 

10.3748/wjg.v23.i13.2330.  
 
 

 

Figure legends 

ACCEPTED MANUSCRIPT / CLEAN COPY

https://doi.org/10.1016/j.jmro.2022.100085


 

 

21 

 

Figure 1. The effect of gadolinium/Dotarem retention on cell viability and migration  

(a) The 1.4 mM Dotarem (DOT) used in the study was not toxic to RAW264.7 cells as assessed 

by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cell viability is 

expressed as a percentage of metabolically active cells after 24 hr DOT (1.4 mM) treatment 

compared to untreated control cells (CTR), (ns- statistically nonsignificant). (b, c) Effect of DOT  

1 day and 7 days DOT retention on RAW264.7 cells motility assessed by the scratch wound 

healing assay. (b)  Graphs illustrate the percentage of wound closure after 1 day and 7 days from 

the time of scratch (1 day DOT retention, **p = 0.056, 7 days DOT retention, ****p <0.001). (d-

d'‘’) Representative images from the scratch wound healing assays demonstrated a decrease in 

macrophage motility after 1 and 7 days of DOT retention compared to untreated control (CTR) 

cells (scale bar is equal to 400 µm). 
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Figure 2. Gadolinium/Dotarem retention affects the expression of cell-cell interaction, 

fibrosis, and focal adhesion-related proteins.  

(a-c’) Western blot analysis of the expression of cell-cell interaction- and fibrosis-related proteins: 

Notch1 and its ligand Jagged1, the focal adhesion-related proteins: PAK1 and Shp1, and GAPDH 

(control) after 1 day and 7 days of DOT (1.4 mM) retention, and in the control untreated (CTR) 

RAW264.7 cells. (a-a’’’) Graphs illustrating Notch1 and Jagged1 signal intensity on the Western 

blots relative to GAPDH after 1 day (Notch1 *p < 0.05, Jagged1 *p < 0.01) and 7 days (Notch1 
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***p < 0.001, Jagged1 ***p < 0.001) of DOT retention. (b-b’’’) Graphs illustrating PAK1 and 

Shp1 signal intensity on the Western blots relative to GAPDH after 1 day (PAK1 *p < 0.05, Shp1 

ns, statistically nonsignificant) and 7 days (PAK1 ***p < 0.001, Shp1 *p < 0.01) of DOT retention. 

(d-d’’’) Representative images of the effects of DOT retention on the adhesion of RAW246.7 cells. 

The adherent cells were stained with crystal violet. (e, e’) Graphs illustrating changes in 

RAW246.7 cells adhesion after 1 day and 7 days of DOT retention assayed by the crystal violet 

absorption values.  

 

ACCEPTED MANUSCRIPT / CLEAN COPY



 

 

24 

Figure 3. Gadolinium/Dotarem retention affects the expression of immune response-related 

proteins. 

(a-c’) Western blot analysis of the expression of immune response-related proteins Smad3, TCF19, 

CXCL13, and CXCL10 in comparison to the GAPDH (control) after 1 and 7 days of DOT retention 

in comparison to the untreated control. (a, a’’) Graphs illustrating Western blot band intensity of 

Smad3 and TCF19 after 1 day (Smad3 *p <0.05, TCF19 *p <0.05) and 7 days (Smad3 **p <0.01, 

TCF19 *p <0.05) of DOT (1.4 mM) retention in relation to GAPDH and in comparison to the 

untreated control. (a’, a’’’) Graphs illustrating CXCL13 and CXCL10 signal intensity on the 

Western blots relative to GAPDH after 1 day (CXCL13 *p <0.05, CXCL10 *p <0.05) and 7 days 

(CXCL13 *p <0.05, CXCL10 **p <0.01) of DOT (1.4 mM) retention in comparison to untreated 

control. (d) TNFα secretion in response to LPS (0.1 µg/ml) stimulation after 1 day (ns, statistically 

nonsignificant) and 7 days (ns) of DOT (1.4 mM) retention in comparison to the untreated control. 
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Figure 4. Expression of extracellular matrix (ECM)-related genes after 1 day and 7 days of 

gadolinium/DOT retention. Bar graphs depict mean relative gene expression levels and error 
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bars representing the standard deviations. Relative expression values were obtained by the delta 

Ct method, where GAPDH was used as the housekeeping gene and all results were normalized to 

the control average. Relative expression values were plotted on the y-axis. (a) Level of the 

expression of ECM-related genes: Arg-1, Col6a1, Fibronectin, MMP9, and MMP12 after 

simultaneous treatment with TGF-β (10 ng/mL) and DOT (1.4 mM) for 24 hrs. TGF-β was used 

to stimulate macrophage differentiation toward the M2 phenotype. (b) Level of ECM-related gene 

expression after 7 days of gadolinium /DOT retention. Interestingly, 7-day gadolinium retention 

completely shuts down (below a detection level, with the value NaN, where NaN- stands for Not 

a Number. It is a particular value of a numeric data type which is undefined or unrepresentable, 

such as the result of zero divided by zero) the expression of the M2 macrophage marker Arg-1.  
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