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Abstract

Objective—Nephrogenic systemic fibrosis (NSF) is a progressive fibrosing disorder that may 

develop in patients with chronic kidney disease (CKD) after administration of gadolinium-based 

contrast agents (GBCAs). In the setting of impaired renal clearance of GBCAs, gadolinium (Gd) 

deposits in various tissues and fibrosis subsequently develops. However, the precise mechanism 

by which fibrosis occurs in NSF is incompletely understood. Because other profibrotic agents, 

such silica or asbestos, activate the NOD-like receptor protein 3 (NLRP3) inflammasome and 

initiate IL-1β release with the subsequent development of fibrosis, we evaluated the effects of 

GBCAs on inflammasome activation.

Methods—Bone marrow derived macrophages (BMDM) from C57BL/6, Nlrp3−/− and Asc−/− 

mice were incubated with three Gd-containing compounds and IL-1β activation and secretion was 

detected by ELISA and Western blot analysis. Inflammasome activation and regulation was 

investigated in IL-4- and IFNγ-polarized macrophages by ELISA, qRT-PCR and NanoString 

nCounter analysis. Furthermore, C57BL/6 and Nlrp3−/− mice were injected i.p. with GBCA and 

recruitment of inflammatory cells to the peritoneum was analyzed by FACS.
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Results—Both free Gd and GBCAs activate the NLRP3 inflammasome and induce IL-1β 

secretion in vitro. Gd-DTPA also induces the recruitment of neutrophils and inflammatory 

monocytes to the peritoneum in vivo. Gd activated IL-4-polarized macrophages more effectively 

than IFNγ-polarized macrophages, which preferentially expressed genes known to downregulate 

inflammasome activity.

Conclusion—These data suggest that Gd released from GBCAs triggers a NLRP3 

inflammasome-dependent inflammatory response that leads to fibrosis in an appropriate clinical 

setting. The preferential activation of IL-4-differentiated macrophages is consistent with the 

predominantly fibrotic presentation of NSF.
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INTRODUCTION

Nephrogenic systemic fibrosis (NSF) is a progressive fibrosing disorder that primarily 

affects individuals with chronic kidney disease (CKD) following exposure to GBCAs 

administered for magnetic resonance imaging and angiography. NSF presents with skin 

thickening, tethering, and hyperpigmentation, accompanied by joint contractures that often 

result in limited mobility.[1, 2] Skin biopsies of established NSF lesions show thick and thin 

collagen bundles, few inflammatory cells, and a hypercellular dermis with prominent spindle 

cells derived from circulating fibrocytes.[3, 4] Multinucleated giant cells and dendritic cells 

that express CD68 and Factor XIIIa may also be present in the skin of patients with NSF.[5] 

Additionally, extracutaneous fibrosis may occur.[6, 7] A causal relationship between GBCA 

administration and the onset of NSF has been confirmed and Gd deposition has been 

identified in biopsies of affected tissues.[7–9] However, the precise mechanism by which 

fibrosis develops following GBCA exposure is incompletely understood.

Gd is a rare earth metal that is highly toxic in its free, unchelated form and is therefore 

complexed with an organic chelate when used as a contrast agent. It is believed that release 

of Gd from its chelate and its subsequent deposition in tissues plays an important role in the 

pathogenesis of NSF. The use of GBCAs with nonionic linear chelates, which release Gd 

more readily than those with macrocyclic chelates, [10] and the prolonged half-life of 

GBCAs in the circulation of patients with CKD, are important factors that contribute to the 

development of NSF.[11] The subcutaneous injection of mice with small amounts of 

GBCAs, which simulates GBCA extravasation, induced edema and inflammatory infiltrates 

containing neutrophils and macrophages in the dermis and subcutis.[12] Thus, as has been 

demonstrated in other fibrosing disorders such as diffuse systemic sclerosis, [13] the fibrotic 

stage of NSF might be preceded by an early inflammatory stage.

In vitro, GBCAs induce the production of proinflammatory chemokines and cytokines by 

peripheral blood monocytes and monocyte-derived macrophages[14, 15] and promote 

fibroblast activation and proliferation[16] and the production of extracellular matrix 

components, such as types I and III collagen and hyaluronic acid.[17] Signaling through toll-

like receptors 4 and 7[18] and activation of nuclear factor-kappa B (NF-κB)[15] may 
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mediate these biological effects. NLRP3 is a component of a family of protein complexes, 

called inflammasomes, which play an important role in innate immunity. Upon activation, 

NLRP3 interacts with the adaptor protein ASC (apoptosis-associated speck-like protein 

containing a caspase recruitment domain) to activate caspase-1 and mature and release 

interleukin (IL)-1β and IL-18.[19] In addition to its proinflammatory effects, IL-1β can 

promote fibrosis without significant inflammation by stimulating fibroblasts directly[20, 21] 

and also by inducing TGF-β1, which then signals through the fibrogenic Smad3 pathway.

[22] Because metal-containing particulate materials, such as alum and silica, induce fibrosis 

and activate the NLRP3 inflammasome in macrophages, [23] we hypothesized that NLRP3 

might also play a role in the development of Gd-induced fibrosis.

Activation of the NLRP3 inflammasome is tightly regulated by a variety of mechanisms.[24] 

Recently, extracellular calcium, signaling through the calcium-sensing receptor (CASR), has 

been shown to activate the NLRP3 inflammasome effectively.[25] High concentrations of 

free Gd also activate the NLRP3 inflammasome through the CASR, as Gd and calcium have 

similar ionic radii.[25] In the current report, we have extended these observations to 

demonstrate that GBCAs induce both the production of mature IL-1β by macrophages in 

vitro and peritoneal inflammation in vivo through NLRP3-dependent mechanisms.

Engagement of several signaling pathways during maturation drive macrophages to 

differentiate into subtypes that generally are classified into two groups: M1 and M2.[26–28] 

M1 and M2 macrophages differ in their immunologic roles as well as in their association 

with clinical conditions.[29, 30] M1 macrophages are considered to be proinflammatory and 

exhibit antimicrobial activity, whereas M2 macrophages are regarded as anti-inflammatory 

and are involved in wound healing and fibrogenesis.[26] A role for M2 macrophages has 

been proposed in the pathogenesis of SSc and other fibrosing disorders.[31] Thus, we also 

investigated the differential responses of M1 and M2 macrophages to stimulation with 

GBCAs.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from the Jackson Laboratories. Nlrp3−/− and Asc−/− mice 

were provided by Millennium Pharmaceuticals (Cambridge, MA, USA) and backcrossed to 

C57BL/6. The University of Massachusetts Institutional Animal Care and Use Committee 

approved all animal experiments.

Bone marrow derived macrophages (BMDM)

Bone marrow cells were harvested from long bones of C57BL/6 (WT), Nlrp3−/− and Asc−/− 

mice. Macrophage development was promoted by culturing the cells for 7 days in 

Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat inactivated fetal calf serum, 

penicillin, streptomycin and 20% L929-conditioned medium. Cells were then harvested and 

replated in 12-well-plates at a concentration of 5×105 cells per well. In separate 

experiments, differentiation into M1 and M2 macrophages was also induced on the next day 

by incubation for 4 hours with 150 U/ml IFNγ (R&D Systems, Minneapolis, MN, USA) or 
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20 U/ml IL-4 (R&D Systems), respectively. All cells were primed for 4 hours with serum 

free DMEM containing 20 ng/ml ultra-pure lipopolysaccharide (LPS) (Invivogen, San 

Diego, CA, USA), at which time Gd-containing compounds were added for an additional 6 

hours. Nigericin, poly(dA:dT), and silica were prepared and used as described.[23, 32] Cell 

culture supernatants and cell lysates were collected for ELISA and immunoblotting. Cell 

viability was evaluated in each experiment by microscopic examination of cells for viability 

and, in several experiments, by flow cytometry using the DNA intercalating agent TO-

PRO-3 (Invitrogen, Grand Island, NY, USA) to stain for dead cells.

Chemicals

Omniscan®, consisting of gadolinium complexed with diethylenetriaminepentaacetic-acid-

bis-methylamide (DTPA-BMA), was provided by GE Healthcare (Waukesha, WI, USA). 

Nigericin and poly(dA:dT) were obtained from Sigma (St. Louis, MO, USA). Silica crystals 

were obtained from US Silica (Frederick, MD, USA). Gd-diethylenetriaminepentaacetic 

acid (Gd-DTPA), and Gd chloride (GdCl3) were also obtained from Sigma and diluted in 

sterile water to 500 mM, pH 7.4. Lipofectamine 2000 was obtained from Invitrogen (Grand 

Island, NY, USA). For in vitro and in vivo studies, reagents were diluted in DMEM or 

phosphate buffered saline (PBS), respectively.

ELISA and Western Blotting

IL-1β present in the culture fluids was quantified by ELISA (R&D Systems). IL-1β 

processing was determined by Western blot, as described, [33] using goat anti-mouse IL-1β 

(R&D Systems) and anti-β-actin antibody for loading control (Sigma).

Gene expression analysis

Differentiation into M1 and M2 macrophages was verified by qRT-PCR for inducible nitric 

oxide synthase (iNos) and arginase 1 (arg1), respectively. RNA was isolated with Qiagen 

RNeasy Midi Kit (Qiagen, Valencia, CA, USA) and Quanta qScript (Quanta Bioscience, 

Gaithersburg, MD, USA) was used for reverse transcription. qRT-PCR was performed using 

SYBR Green PCR Master Mix (Bio Rad, Hercules, CA, USA) with specific primer pairs 

(Supplementary Figure). Gene expression is presented relative to the housekeeping-gene 

guanine nucleotide-binding protein subunit beta-2-like 1 (GNB2L1). RNA samples, isolated 

from unpolarized or M1- or M2-polarized macrophages that had then been primed with LPS, 

were analyzed with the NanoString nCounter Analysis System (NanoString Technologies, 

Seattle, WA, USA). Unprimed BMDM served as control. Samples were prepared and data 

analyzed according to the manufacturer’s protocol. Gene expression is reported relative to 

the housekeeping-genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-

glucuronidase (GUSB), hypoxanthinphosphoribosyltransferase 1 (HPRT1), and clathrin 

heavy chain 1 (CLTC).

Cell recruitment to peritoneal cavity

Nine to ten week old male C57BL/6 and Nlrp3−/− mice were injected i.p. with 500 μM Gd-

DTPA in phosphate buffered saline (PBS). PBS injected C57BL/6 served as controls. After 

24 hours, mice were euthanized and cells were collected from the peritoneal cavity. Cells 
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were stained for flow cytometry with anti-CD11b, anti-Ly6G (BD Biosciences, San Jose, 

CA, USA), and anti-Ly6C (AbDSerotec, Raleigh, NC, USA), recorded on a LSRII (BD 

Biosciences) and analyzed with FlowJo software (TreeStar Inc., Ashland, OR, USA).

Statistical Analysis

Data were analyzed with GraphPad Prism, Version 5.0 (GraphPad Software, San Diego, CA, 

USA) and are shown as mean ± SEM. Results were analyzed using an unpaired Student t 

test or ANOVA, as indicated. A p-value of <0.05 was considered significant.

RESULTS

Gd-containing compounds induce IL-1β secretion

Chronic inflammation can trigger a fibrotic tissue response by several mechanisms.[20–22, 

34] Since exposure to Gd-containing compounds has been associated with the subsequent 

development of systemic fibrosis, we assessed whether Gd-containing compounds could 

induce the release of the cytokine IL-1β. BMDM from C57BL/6 mice were primed with 

LPS to promote NLRP3 and pro-IL-1β expression and were then treated with increasing 

concentrations of three different Gd-containing compounds: GdCl3, Omniscan® and Gd-

DTPA. GdCl3 is a salt of Gd, which is not complexed to any chelate. Omniscan® is an 

aqueous solution of a GBCA that is used for intravenous injection and which contains 287 

mg/mL (0.5 mol/L) of gadodiamide and 12 mg/mL of excess chelate (caldiamide). Gd-

DTPA is the GBCA in Magnevist®, but without the excess chelate (meglumine and 

diethylenetriaminepentaaceticacid) that is present in the aqueous solution used for 

intravenous injection. These agents were selected to determine whether the observed 

outcomes were due to free Gd and whether chelating agents might have a protective impact 

on Gd-mediated effects. The NLRP3 inflammasome activator nigericin and the AIM2 

inflammasome ligand poly(dA:dT) were used as controls.

All three tested Gd-containing compounds induced the concentration-dependent secretion of 

processed IL-1β, as detected in culture fluids by ELISA (Fig. 1A). Importantly, the free Gd 

salt GdCl3 was the most potent activator, inducing the release of detectable IL-1β levels 

(1085 ± 576 pg/ml) at a concentration of 2.5 μM. A 200-fold higher concentration of Gd-

DTPA (500 μM) and a 4000-fold higher concentration of the GBCA Omniscan® (10 mM) 

also induced IL-1β production (Fig. 1A). For all three substances, Western blot analysis 

confirmed that pro-IL-1β was processed to mature IL-1β (Fig. 1B). None of the Gd-

containing compounds induced evidence of increased cell death; in contrast, nigericin 

induced extensive cell death with release of pro-IL-1β into the culture supernatants (Fig. 

1B). These data indicate that Gd containing compounds activate IL-1β release from BMDMs 

and suggest that the free unchelated Gd salt is the active agent that induces processing of 

IL-1β.

Gd-induced IL-1β release depends on NLRP3

Both inflammasome- and non-inflammasome-mediated pathways can induce IL-1β 

cleavage.[19, 35, 36] Maturation of IL-1β by inflammasomes usually depends on the 

caspase-1-binding adaptor protein ASC.[19] To determine whether Gd compounds mature 
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IL-1β through an inflammasome-dependent mechanism, the Gd-containing reagents were 

assayed using BMDM from Asc−/− mice. None of the Gd-containing reagents induced IL-1β 

release from the Asc−/− BMDM, thereby implicating the activation of an ASC-dependent 

inflammasome in the Gd-induced release of IL-1β (Fig. 1C).

The NLRP3 inflammasome has been implicated in the inflammatory response to a range of 

chemical and crystal compounds. To determine whether Gd activates the NLRP3 

inflammasome, BMDM from NLRP3-deficient mice were included in our analysis. 

Nlrp3−/−- BMDM were as unresponsive to the Gd-containing compounds as Asc−/− BMDM 

(Fig. 1C). As expected, nigericin, which activates the NLRP3 inflammasome by binding to 

NLRP3, did not activate either Asc−/− or Nlrp3−/− BMDM. The AIM2 ligand poly(dA:dT) 

induced IL-1β release from Nlrp3−/−, but not from Asc−/− cells. These data show that free 

Gd and GBCA induce the secretion of IL-1β through engagement of the NLRP3 

inflammasome.

GBCA preferentially activate M2′ macrophages

M1 macrophages are generally considered to be proinflammatory, whereas M2 macrophages 

are largely associated with healing and fibrosis.[37] Polarizing BMDM with IFNγ or IL-4 

generated M1 and M2 macrophages, respectively (Fig. 2A). Both types of macrophages 

were then primed with low doses of LPS to induce pro-IL-1β expression. Because the M2 

subset is often analyzed without prior LPS-priming, we will refer to these primed 

macrophages as M2′. Similarly, we will refer to LPS-primed M1 cells as M1′. Polarization 

of both the M1′ and M2′ subsets was confirmed for each experiment by qPCR of the M1-

associated gene iNos and the M2-associated gene arginase 1.[38] As expected, iNos and 

arginase 1 expression were highly up-regulated in M1′ and M2′ macrophages, respectively 

(Fig. 2A), and thus were similar to non-LPS-primed M1 and M2 macrophages.

The polarized populations were then incubated with nigericin, poly(dA:dT), or silica, as well 

as with the three Gd-containing compounds. Strikingly, undifferentiated and M2′ 

macrophages secreted more IL-1β in response to each of the Gd-containing compounds than 

did M1′ macrophages, in which the response was barely detectable (Fig. 2B). Even the M2′ 

responses to nigericin and silica were approximately twice those of the M1′ responses. This 

effect was not NLRP3-specific, since poly(dA:dT) also induced a decreased response in M1′ 

macrophages (Fig. 2B).

Whereas type 1 and type 2 interferons have been shown to regulate inflammasome 

activation, [39, 40] inflammasome regulation has not been rigorously compared in LPS-

primed M1 and M2 subsets. To further explore the potential pro-inflammatory activity of 

M1′ and M2′ macrophages, the expression of known inflammasome regulators was 

evaluated using a non-enzymatic RNA profiling technology employing bar-coded 

fluorescent probes to analyze mRNA expression levels of a selection of genes 

simultaneously (nCounter, Nanostring). This analysis revealed a number of important 

similarities and intriguing differences (Fig. 3). LPS priming induced comparable NLRP3 

expression in M1′ and M2′ cells. However, about 3-times as much IL-1β was expressed by 

the M2′ cells, consistent with recently published data showing down-regulation of IL-1β by 

IFNγ. [41] Importantly, we found that STAT1 and STAT3, both known to negatively 
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regulate inflammasome signaling, were expressed at much higher levels in the M1′ cells. 

Furthermore, CD40 and SOCS1 have been proposed to inhibit inflammasome signaling and 

both were up-regulated in M1′, but not M2′, macrophages.[24, 41] The M1′ macrophages 

were functional, since they exhibited increased CD40 and SOCS1 expression. The IL-1 

receptor antagonist IL-1ra was also up-regulated in M1′ cells. These gene expression 

patterns are consistent with the higher IL-1β levels secreted by the M2′ than by the M1′ 

subset.

The in vivo inflammatory response to Gd is NLRP3-dependent

To determine whether chelated Gd compounds trigger inflammasome activation in vivo, WT 

and Nlrp3−/− mice were injected i.p. with Gd-DTPA or PBS and the recruitment of 

inflammatory monocytes and granulocytes into the peritoneal cavity was measured after 24 

hours. Mice receiving Gd-DTPA showed both a relative and an absolute increase in the 

number of inflammatory monocytes (CD11b+, Ly6Chi, Ly6Gint) and granulocytes (CD11b+, 

Ly6Cint, Ly6Ghi), compared to PBS injected mice (Fig. 4). This inflammatory response was 

dependent upon the NLRP3 inflammasome, since the influx of inflammatory monocytes and 

granulocytes was markedly reduced in Nlrp3−/− mice compared to Gd-DTPA injected WT 

mice (Fig. 4). These results demonstrate that recruitment of inflammatory monocytes and 

granulocytes into the peritoneal cavity, in response to GBCA, requires engagement of the 

NLRP3 inflammasome.

DISCUSSION

GBCA exposure is essential for the development of NSF.[42] However, the mechanism by 

which tissue fibrosis develops is incompletely understood. At the time of diagnosis, 

examination of NSF patient skin biopsies typically reveals extensive fibrosis with little 

evidence of inflammation.[3] However, the possibility of an initial inflammatory phase is 

supported by the observation that subcutaneous injection of mice with GBCA produce an 

inflammatory response.[12] Furthermore, biopsies of NSF patients obtained within 20 weeks 

of disease onset show some evidence of inflammation.[43, 44] The occasional presence of 

CD68- and Factor XIIIa-positive inflammatory cells in skin biopsies from patients with NSF 

supports the concept that inflammation plays a role in the pathogenesis of NSF.[5] However, 

most biopsies are not performed early enough to detect such an inflammatory response prior 

to the onset of cutaneous fibrosis. Our data, which demonstrate the rapid NLRP3-dependent 

IL-1β induction by Gd-containing compounds, support the hypothesis that NSF begins as an 

inflammatory response to GBCA.

IL-1β can also directly induce transformation of human epithelioid dermal microvascular 

endothelial cells into myofibroblasts.[45] In systemic sclerosis (SSc), a disease with 

cutaneous features similar to those of NSF, inflammasome involvement in fibrogenesis is 

suggested by the upregulation of 40 genes involved in inflammasome signaling in dermal 

fibroblasts obtained from SSc patients, as compared to those from healthy individuals.[46] 

In addition, caspase-1 inhibition decreases the expression and secretion of collagen by SSc 

dermal and lung fibroblasts.[46] Deposition of urate crystals, which activate the NLRP3 

inflammasome, [47] has been demonstrated in biopsies of idiopathic retroperitoneal fibrosis 
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and has been hypothesized to initiate the development of fibrosis in some patients with this 

disease.[48]

Persistent induction of cytokines downstream of NLRP3 and IL-1β induced by local Gd 

deposits in affected tissues could then promote the development of fibrosis, as has been 

shown for disorders such as silicosis.[49] Moreover, a macrophage infiltrate is present in 

skin biopsies of SSc patients.[50] An initial inflammatory phase with accumulation of 

mononuclear cells and increased TGF-β and chemokine expression, followed by dermal 

fibrosis, is also seen in mice injected subcutaneously with bleomycin.[13] Consistent with 

the inflammatory response consisting of neutrophils and macrophages after subcutaneous 

GBCA injection of mice with GBCA, [12] we demonstrate recruitment of neutrophils and 

macrophages to the peritoneal cavity following intraperitoneal GBCA injection. This 

process is NLRP3-dependent, either as a direct effect of IL-1β and/or danger signals released 

from inflammasome-induced pyroptosis.

Progression from inflammation to fibrosis is consistent with data from a poly-IC driven 

model of dermal fibrosis.[34] However, the exact mechanism(s) linking inflammation to 

fibrosis remain unclear. Importantly, IL-1β has remarkable effects on fibrosis and fibroblast 

migration and thus might be an important molecule linking inflammation to the fibrosis 

induced by Gd.[22, 51]

GBCAs could activate NLRP3 through engagement of CASR, as recently described for free 

Gd, using GdCl3 concentrations that were 1000-fold higher than in our experiments.[25] We 

further show that unchelated Gd triggers the inflammatory response most efficiently. Free 

Gd that has dissociated from the chelate most likely accounts for the observed effects of the 

GBCAs, since much higher doses of the chelated forms of Gd were needed to induce IL-1β 

production. The pro-inflammatory effects of a GBCA cannot be predicted based upon the 

chemical structure of the chelate, since the expression of pro-inflammatory cytokines by 

monocytes can be induced by GBCAs with either linear or macrocyclic chelates.[52] 

However, a protective effect of chelating agents is supported by the fact that Omniscan®, 

which contains excess chelating agent, was less stimulating than Gd-DTPA, which does not. 

Nevertheless, the effective Omniscan® concentration in our system was still relevant to 

doses used clinically: plasma levels of approximately 5 mM have been reported following 

the intravenous injection of 0.1 mmol/kg gadodiamide in patients with CKD, [11] and tissue 

levels are likely to be much higher.

We also show that different macrophage subtypes have diverging responses to 

inflammasome activators. Classically, macrophages are categorized as inflammatory M1 

macrophages and as M2 macrophages associated with fibrosis and wound healing.[26] 

However, this classification seems to be a simplification of the diversity of matured 

macrophages.[27, 28] Most studies on M2 function have failed to take into account the 

importance of a priming signal, normally delivered by a TLR ligand, in inflammasome 

activation. Priming macrophages with LPS for longer than was done in this study can also 

shift macrophage polarization.[53] In our study, primed M1′ and M2′ macrophages still 

expressed typical M1 and M2 markers. Although ATP and other inflammasome activators 

have been reported to activate predominantly M1 macrophages, [27] we found that priming 
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of M2 macrophages with low dose LPS resulted in stronger responses to Gd, nigericin, 

silica, and poly(dA:dT) than those seen in LPS-primed M1 macrophages. Thus, this 

difference is not specific for the NLRP3 inflammasome or for certain inflammasome 

stimulants, such as particulates. Reasons for this dichotomy are likely to include differential 

regulation of inflammasome-regulating genes. Consistent with the study by Masters et al., 

[41] we present evidence that IFNγ pretreatment reduces IL-1β secretion, presumably as a 

result of decreased IL-1β mRNA expression and increased STAT3 expression, further 

reducing IL-1β synthesis.[39] Overexpression of SOCS1 and CD40 in M1′ macrophages 

could play a role in maintaining this suppression. The up-regulation of STAT1 in M1′ 

macrophages, may also contribute to the decreased IL-1β production, as STAT1 has been 

reported to suppress caspase-1 maturation.[24]

Although up-regulation of IL-1ra seen in M1′ cells in these experiments probably would not 

account for the effects observed in this study, IL-1ra might limit the pro-fibrotic effects of 

M1 cells in vivo, since it has been shown to have anti-fibrotic effects in the lung in vivo.[54] 

Together, the gene expression profile of M2′ compared to M1′ cells is consistent with a 

more protracted inflammasome-driven response in M2′ cells following Gd exposure. It will 

be important to determine whether the differential expression of such genes represents a 

universal distinction between M1′ and M2′ macrophages in vivo.

The preferential activation of M2′ macrophages by Gd is consistent with the predominantly 

fibrotic presentation of NSF.[3] M2 macrophages have been detected in the skin of SSc 

patients who show a similar cutaneous presentation to NSF.[55] A possible explanation for 

the predilection of certain patients to develop NSF is that their macrophages might be 

programmed genetically to an M2-like phenotype; in IgA nephropathy, fibrosis has been 

linked to the presence of M2-like macrophages in the kidney.[56] Our finding that Gd 

induced a rapid NLRP3-dependent response in vivo, might pave the way for new therapeutic 

strategies. For example, patients developing inflammation at the site of GBCA injection 

could be treated with an IL-1 antagonist or an inhibitor of inflammasome activation, such as 

a caspase-1 inhibitor, which might prevent progression to chronic inflammation and fibrosis. 

In fact, NLRP3-deficient mice have been shown to be resistant to bleomycin-induced skin 

fibrosis.[46]

In summary, this study shows that Gd and GBCA activate the NLRP3 inflammasome, 

primarily in undifferentiated and LPS-primed M2 macrophages. The NLRP3 inflammasome 

is involved in the rapid recruitment of inflammatory monoctyes and granulocytes to the site 

of Gd deposition in vivo. However, further studies are needed to clarify the relative roles of 

NLRP3 inflammasome activation with IL-1β secretion and M2 macrophage polarization in 

the pathogenesis of NSF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Induction of processed IL-1β by GBCA is dependent on the NLRP3 inflammasome. (A) 
IL-1β secretion by BMDM obtained from WT mice after LPS priming (20 ng/ml) and 

stimulation with the indicated concentrations of Gd containing compounds, compared to 

stimulation by nigericin (1hr) and poly(dA:dT) (6 hrs), as detected by ELISA. (B) Western 

blot analysis of supernatants (SN) and cell lysates (CL) from BMDM described above, 

analyzed for IL-1β and for β-actin, respectively. (C) IL-1β secretion of BMDM obtained 

from Nlrp3−/− and Asc−/− mice. Omniscan®, Gd-DTPA and Gd-Cl3 were used at 10mM, 

500 μM and 2.5 μM, respectively. Values are mean ± SEM of 4 independent experiments, 

each with duplicates of BMDM obtained from one mouse.
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Figure 2. 
Effect of macrophage polarization on GBCA-induced IL-1β production. (A) Expression of 

inducible nitric oxide synthase (iNos) and arginase 1 (arg1) in IFNγ- and IL-4-polarized 

macrophages after LPS priming (20 ng/ml for 4 hrs) expressed relative to the housekeeping 

gene guanine nucleotide-binding protein subunit beta-2-like 1 (GNB2L1), as measured by 

qRT-PCR. Values are mean ± SEM of 6 independent experiments. (B–C) IL-1β secretion of 

IFNγ-polarized (B) and IL-4-polarized (C) cells after LPS priming (20 ng/ml) and 

incubation with Gd containing compounds, poly(dA:dT) or silica (200 μg/ml) for 6 hrs or 

nigericin for 1 hr. Values are mean ± SEM of 3 independent experiments, each with 

duplicates of BMDM obtained from one mouse. Statistical significance: ★= p<0.05; ★★= 

p<0.01; ★★★=p<0.001.
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Figure 3. 
Gene expression profiles of IFNγ- and IL-4-polarized BMDM. mRNA expression of 

inflammasome regulating genes detected with the NanoString nCounter in untreated and 

LPS primed (20 ng/ml) macrophages as well as IFNγ- and IL-4-polarized BMDM obtained 

as described in the methods. Values are mean ± SEM of 3 independent experiments, each 

using BMDM obtained from different mice. Statistical significance: ★= p<0.05; ★★= 

p<0.01; ★★★=p<0.001.
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Figure 4. 
Gd-DTPA induced peritoneal inflammation. WT and Nlrp3−/− mice were injected with 

either PBS or 500 μM Gd-DPTA in PBS and peritoneal exudate cells were collected 24 hrs 

later. CD11b+ cells were further stained for Ly6C and Ly6G expression to identify 

inflammatory monocytes (Ly6C+ Ly6Gint) and granulocytes (Ly6C+ Ly6G+). (A) 
Representative FACS plots. (B) Bar graphs displaying mean ± SEM for compiled data from 

3 experiments involving WT (n=8) and Nlrp3−/−(n=7) mice. Statistical significance: ★= 

p<0.05; ★★= p<0.01; ★★★=p<0.001.
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