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Necroptosis in Macrophage Foam Cells Promotes Fat Graft Fibrosis in Mice
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Background: Fibrosis is a major grafting-related complication that leads to fat tissue dysfunction. Macrophage-induced inflammation is related to the development of fat tissue fibrosis. Necroptosis is a recently discovered pathway of programmed cell necrosis that results in severe inflammation and subsequent tissue fibrosis. Thus, in this study, we investigated the role of macrophage necroptosis in fat graft fibrosis and the underlying mechanisms.

Methods: Fibrosis and necroptosis were investigated in mouse fat tissue before and after grafting. An in vitro “crown-like” structure (CLS) cell culture model was developed by co-culturing RAW 264.7 macrophages with apoptotic adipocytes to reproduce in vivo CLS macrophage-adipocyte interactions. Lipid uptake and necroptosis in CLS macrophages were analyzed using Oil-Red-O staining, western blotting, and immunofluorescence. RAW264.7 macrophages were cultured alone or with apoptotic adipocytes and treated with a necroptosis inhibitor (Nec-1 or GSK872) to explore the paracrine effect of necroptotic CLS macrophages on collagen synthesis in fibroblasts in vitro. Mice were treated with Nec-1 to analyze the effect of blocking necroptosis on fat graft fibrosis.

Results: Fibrosis was increased after grafting in fat grafts of mice. Macrophages clustered around apoptotic adipocytes or large oil droplets to form a typical CLS in fibrotic depots. This was accompanied by formation and necroptosis of macrophage foam cells (MFCs) in CLSs. RAW 264.7 macrophages co-cultured with apoptotic adipocytes induced CLS formation in vitro, and lipid accumulation in CLS macrophages resulted in the formation and necroptosis of MFCs. Necroptosis of MFCs altered the expression of collagen I and VI in fibroblasts via a paracrine mechanism involving inflammatory cytokines/chemokines, which was reversed by GSK872 or Nec-1 treatment. Furthermore, treatment with Nec-1 ameliorated fat graft fibrosis in mice.

Conclusion: Apoptotic adipocytes induced necroptosis of MFCs, and necroptosis of these cells activated collagen synthesis in fibroblasts via a paracrine mechanism. Inhibition of necroptosis in macrophages is a potential approach to prevent fibrosis in fat grafts.
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INTRODUCTION

Fat grafting is a promising regenerative cell-directed therapy that has shown good results in several applications such as breast augmentation and reconstruction, treatment of contour deformities and scars, and wound healing (Klinger et al., 2008; Slack et al., 2014; Condé-Green et al., 2015; Katzel and Bucky, 2017; Ruan et al., 2019). However, fat graft fibrosis is a major grafting-related complication (Mineda et al., 2014; Cai et al., 2017). Fibrosis is characterized by accumulation of disorganized and stiff extracellular matrix (ECM). ECM deposition is linked to fat tissue dysfunction (Guglielmi et al., 2015; Marcelin et al., 2017). Targeting ECM remodeling improves the metabolic function of fat tissue (Vila et al., 2014). However, the molecular mechanisms underlying fat graft fibrosis are largely unknown. Aberrant inflammation contributes to tissue fibrosis (Tanaka et al., 2014). Macrophages are involved in fat graft inflammation via interactions with adipocytes. Adipocytes in fat grafts die soon after grafting, which may cause lipid spillage from adipocytes, resulting in lipid toxicity, and subsequent inflammation (Eto et al., 2012). Macrophages clear apoptotic/dead adipocytes by engulfing their remains, which mainly consist of large lipid droplets (Mashiko and Yoshimura, 2015), via an efferocytosis process (Boada-Romero et al., 2020). This leads to the formation of lipid-laden macrophages known as macrophage foam cells (MFCs; Webb and Moore, 2007; Hagit et al., 2013). MFCs cause severe inflammatory changes during fat tissue remodeling in obesity (Haka et al., 2016; Coats et al., 2017). However, whether MFCs are present and affect inflammation in fat tissue, thereby regulating tissue remodeling after grafting, and the underlying mechanisms remain unclear.

Aberrant accumulation of lipid droplets may impair the degradative capacity of macrophages and cause cell lipotoxicity (Sergin et al., 2015; Evans et al., 2018). In addition, dysregulated lipid metabolism can alter macrophage activation and cause necrosis, which may be accompanied by uncontrolled release of inflammatory mediators, proteases, and coagulation factors (Thorp et al., 2011; Tian et al., 2016). This leads to a hyperinflammatory state and dramatically induces tissue dysfunction, including abnormal tissue remodeling (Schott et al., 2019). Thus, lipotoxicity-mediated cell death might be a detrimental fate of MFCs related to graft tissue fibrosis.

The recent discovery and characterization of a programmed necrosis pathway, called necroptosis, expanded understanding of the mechanisms leading to cell death (Vandenabeele et al., 2010). Necroptosis is an endogenous trigger of inflammation that leads to tissue fibrosis (Choi et al., 2015; Xiao et al., 2017). It is mediated by the necrosome, a signaling protein complex composed of receptor-interacting protein kinases 1 and 3 (RIPK1 and RIPK3) and mixed lineage kinase domain-like (MLKL). Phosphorylated RIPK3 recruits and activates MLKL, which translocates to the cell membrane and causes its rupture. Owing to loss of membrane integrity in necroptotic cells, the intracellular contents act as damage-associated molecular patterns (DAMPs), which cause sterile inflammation in affected tissues (Kaczmarek et al., 2013). Necroptosis also promotes cell-autonomous production of proinflammatory cytokines (Zhu et al., 2018). Therefore, necroptosis is considered to be a highly inflammatory form of cell death.

Thus, we hypothesized that MFCs may undergo necroptosis in fat tissue after grafting, leading to hyperinflammation and fibrosis. We first found that the necroptosis pathway was triggered in MFCs located in fibrotic regions of fat grafts, and demonstrated that necroptosis of these cells activated collagen synthesis in fibroblasts via a paracrine mechanism in vitro and in vivo. Furthermore, we demonstrated that inhibition of necroptosis is a potential approach to prevent or treat fibrosis in fat grafts.



MATERIALS AND METHODS


Animals

All experiments were approved by the Nanfang Hospital Animal Ethics Committee Laboratory and were conducted according to the guidelines of the National Health and Medical Research Council of China. C57/BL6 male mice were obtained from Southern Medical University.



Fat Grafting Model and Treatments

Mice were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg). Fat tissue was harvested from the inguinal fat pads of mice and gently dissected into very small pieces, similar to the size of aspirated fat tissue used for clinical fat injection in humans. The volume baseline for fat grafts was 0.3 mL of prepared adipose tissue. The recipient sites were the sides of the lower back. Mice were sacrificed after 1, 4, 8, 12, and 16 weeks (n = 5 per time point per group), the grafts were harvested and carefully separated from surrounding tissue, and their volumes were measured.

To investigate the effects of necroptosis inhibition in vivo, fat-grafted mice were intravenously injected with 1.65 mg/kg necrostatin-1 (Nec-1; Sigma-Aldrich, St. Louis, MO, United States; Linkermann et al., 2013; Caccamo et al., 2017; Liang et al., 2019) once per day for 30 days from the fourth week after grafting. Control fat-grafted mice were intravenously injected with the same volume of DMSO diluted in saline solution.



Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling

Transferase-mediated dUTP nick end labeling (TUNEL) staining was performed with the TUNEL apoptosis kit direct (Beyotime Institute of Biotechnology, China) according to the manufacturer’s instructions. Fat tissues were fixed with neutral buffered formalin and embedded in paraffin. Paraffin-embedded fat tissue sections were rehydrated and treated with proteinase K solution for permeation. The slides were immersed in terminal deoxynucleotidyl transferase (TdT) labeling buffer. Then, samples were covered with anti-bromodeoxyridine (anti-BrdU) and incubated with streptavidin-horseradish peroxidase (HRP) solution. Diaminobenzidine (DAB) was used as the chromogen. Cells containing fragmented nuclear chromatin, a characteristic of apoptosis, exhibit a brown nuclear staining.



Histological Analyses

Four micrometer-thick sections were stained with hematoxylin and eosin (H&E), Masson’s trichrome, and Sirius red. Fibrosis-positive areas were measured using ImageJ software (National Institutes of Health, Bethesda, MD, United States).

For immunohistochemical analyses, fat tissue sections were incubated with the following primary antibodies: rat anti-mouse F4/80 (1:100; Abcam, Cambridge, United Kingdom) and rabbit anti-mouse perilipin and anti-S100A4 (1:1000, Abcam), anti-collagen I (1:200, Abcam), anti-collagen VI (1:200, Abcam), and anti-pMLKL (1:100; Invitrogen, Carlsbad, CA, United States). Sections were imaged using a light microscope (BX51; Olympus, Tokyo, Japan). The number of cells exhibiting brown staining of the cytoplasm was counted at 400× original magnification. Collagen-positive areas and lysosome diameters were measured using ImageJ software.

For immunofluorescence analyses, fat tissue sections were incubated with the following primary antibodies: rabbit anti-mouse perilipin (1:100, Abcam), rat anti-mouse F4/80 (1:100, Abcam), rabbit anti-mouse adipophilin (1:100, Abcam), rat anti-mouse F4/80 (1:100, Abcam), rabbit anti-mouse pMLKL (1:100; Cell Signaling Technology, Beverly, MA, United States), mouse anti-mouse S100A4 (1:100, Abcam), and rabbit anti-mouse collagen I (1:100, Abcam). Images were captured using a fluorescence microscope (IX71FL, Olympus). The numbers of F4/80-positive/pMLKL-positive cells were counted at 400× original magnification.

For transmission electron microscopy (TEM) analyses, fat tissue samples (1 mm × 1 mm × 1 mm) were further fixed overnight at 4°C in the same buffer. For post-fixation, tissue fragments were transferred to 1% osmium tetroxide and 1.5% potassium ferricyanide for 1.5 h. Then, samples were dehydrated with different concentrations of ethanol and acetone, embedded in epoxy resin, and sectioned at a thickness of 80 nm. After staining with uranyl acetate and lead citrate, ultrathin sections were imaged using a transmission electron microscope (Hitachi, Tokyo, Japan).



Apoptosis of Adipocytes in vitro

3T3-L1 cells were differentiated into adipocytes as described previously (Haka et al., 2016) and used in experiments after 15–20 days. To recapitulate the apoptosis of adipocytes in vivo, adipocytes were incubated with tumor necrosis factor (TNF)-α (10 ng/ml) for 24 h, after which the culture medium was replaced by normal culture medium. The rate of apoptosis was analyzed by flow cytometry after double staining with propidium iodide (PI, Solarbio, Beijing, China) and FITC-conjugated annexin V (AnxV).

To distinguish between different forms of adipocyte death (apoptosis and necroptosis) in vitro, adipocytes were co-cultured with TNF-α (10 ng/ml) in the presence or absence of the necroptosis inhibitor Nec-1 (20 μM; Selleck, Houston, TX, United States) or GSK872 (3 μM, Selleck) for 24 h. Adipocyte death was detected by PI staining.



Analysis of MFC Formation and Necroptosis in vitro

To induce the formation of MFCs, RAW 264.7 mouse macrophages were incubated alone or with apoptotic adipocytes for 24 or 96 h. MFC formation in crown-like structures (CLSs) was quantified by Oil Red O staining (Cyagen, Guangzhou, China).

To determine the functional role of MFC necroptosis, macrophages were co-cultured with apoptotic adipocytes in the presence or absence of the necroptosis inhibitor [Nec-1 (20 μM; Selleck) or GSK872 (3 μM, Selleck)] for 96 h. Then, cell culture media were collected and added to the medium of L929 mouse fibroblasts to explore the paracrine effect of necroptotic MFCs on fibroblasts.



Phagocytosis Assays in vitro

RAW 264.7 mouse macrophages were incubated with FITC-AnxV-stained apoptotic adipocytes at a ratio of 2:1 for 24 or 96 h. Fluorescence microscopy detected fragments of apoptotic adipocytes in macrophages, demonstrating that macrophages specifically phagocytosed apoptotic adipocytes. The proportion of macrophages containing ingested apoptotic cells was determined by flow cytometry. Cells were harvested and incubated with PE-conjugated F4/80 antibody to label macrophages, and the phagocytic ratio was determined by flow cytometry. FITC + F4/80 + cells were identified as macrophage cells that ingested FITC-AnxV-stained apoptotic adipocytes.



Hoechst 33342/PI Staining

Cells were stained with Hoechst 33342 (5 μg/mL) and PI (5 μg/mL; Solarbio) and imaged using a fluorescence microscope (Olympus). Necrotic cells were identified as those with PI-stained nuclei.



Real-Time Polymerase Chain Reaction Analysis

Isolated and quantified RNA was used to synthesize cDNA using PrimeScriptTM RT Master Mix (TaKaRa, Kyoto, Japan). Polymerase chain reaction (PCR) was performed using a LightCycler 480 Real-time PCR System (Roche, Indianapolis, IN, United States) and SYBR® Premix Ex TaqTM (TaKaRa). Expression levels were calculated using the 2–ΔΔCt method. The following primers were used:

IL-6 (forward: 5′-ACAGAAGGAGTGGCTAAGGA-3′; reverse: 5′-TTTCTGACCACAGTGAGGAA-3′);

MCP-1 (forward: 5′-GCAAGATGATCCCAATGAGT-3′; reverse: 5′-TAGCTTCAGATTTACGGGTC-3′);

MIP-2 (forward: 5′-AGTGAACTGCGCTGTCAATG-3′; reverse: 5′-CTTTGGTTCTTCCTTGAGG-3);

TNF-α (forward, 5′-CCCCAGTCTGTATCCTTCTAA-3′; reverse, 5′-TCGAGGCTCCAGTGAATT-3′);

β-actin (forward: 5′-GAGGTATCCTGACCCTGAAGTA-3′; reverse: 5′-CACACGCAGCTCATTGTAGA-3′).

Real-time qPCR results were normalized to β-actin expression.



MILLIPLEX® MAP and Enzyme-Linked Immunosorbent Assays

EMD Millipore’s MILLIPLEX® MAP Mouse High Sensitivity T Cell Magnetic Bead Panel (Cell Signaling Technology) was used to simultaneously quantify any or all of the following mouse cytokines in cell culture media: transforming growth factor (TGF)-β1, IL-1β, IL-6, monocyte chemoattractant protein (MCP)-1, MIP-2, and TNF-α.



Immunofluorescence Microscopy

Cells were fixed with 4% paraformaldehyde, permeabilized with phosphate-buffered saline (PBS) containing 0.1% Triton X-100, blocked in PBS containing 0.1% Tween supplemented with 5% goat serum, and stained with rat anti-mouse F4/80 (1:100, Abcam), rabbit anti-mouse pMLKL (1:100; Cell Signaling Technology, Beverly, MA, United States), rabbit anti-mouse collagen I (1:100, Abcam), and rabbit anti-mouse collagen VI (1:100, Abcam) primary antibodies. Coverslips were then sequentially labeled with species-specific fluorochrome-conjugated secondary antibodies and DAPI (Sigma-Aldrich). Samples were visualized using a fluorescence microscope (Olympus). Collagen I and collagen VI fluorescence per cell was analyzed using ImageJ software.



Western Blot Analysis

Total cell lysates of cultured cells were prepared using M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Runcorn, Cheshire, United Kingdom). Primary antibodies against pRIPK3, RIPK3, pMLKL, and MLKL from a Mouse Reactive Necroptosis Antibody Sampler Kit (Cell Signaling Technology) were used. After incubation with secondary antibodies, immunocomplexes were detected using a WesternBreeze Chemiluminescent Detection Kit (WB7108; Thermo Fisher Scientific). β-actin was used as an internal control.



Statistical Analyses

Data were analyzed using GraphPad Prism statistical software (GraphPad Software, Inc., La Jolla, CA, United States). Data are presented as mean ± standard deviation. An independent-sample t test or a one-way or two-way analysis of variance with Bonferroni’s post hoc analysis was performed as appropriate. p-values < 0.05 were considered statistically significant.



RESULTS


The Volume of Fat Grafts Decreases Over Time in a Mouse Model

Fat tissue was harvested from the inguinal fat pads of mice and dissected into small pieces, which were grafted onto the backs of recipient mice (Figures 1A,B).
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FIGURE 1. Adipose tissue fibrosis is increased in fat graft tissue. (A,B) Illustration of the animal model. (C) Macroscopic views of harvested fat tissue. (D) The retention volume of the fat grafts over time. (E) Representative Masson’s trichrome staining of fat tissue before and after grafting. (F) Representative Sirius red staining of fat tissue before and after grafting. (G–I) Quantification of the areas positive for Masson’s trichrome (G), collagen I (H), and collagen VI (I) staining in fat tissue before and after grafting. Scale bars = 50 μm. Data are presented as the mean ± SD. ##P < 0.01 compared with the pre-grafting group; *P < 0.05, **P < 0.01.


The implanted fat tissue was harvested, and graft volume was evaluated at different time points after fat grafting. Fat grafts showed a tougher texture than normal fat tissue (pre-grafting) and were covered with a thin, well-vascularized fibrous capsule from week 4 to week 16 (Figure 1C). The volume of fat grafts decreased in a time-dependent manner. The fat graft retention rate (final volume/initial volume) was approximately 42.89 ± 7.34% on week 16 (Figure 1D).



Adipose Tissue Fibrosis Is Increased in Fat Graft Tissue

Changes to the ECM in fat tissue after fat grafting were examined by Masson’s trichrome staining. Interstitial fibrosis was extensive in fat tissue after grafting. It was increased at week 4–16 relative to pre-grafting, peaked at week 8, slightly decreased at week 12, and relatively stable at week 16 (Figures 1E,G). Collagen was detected by Sirius red staining. Collagen I fibers appeared red/yellow and collagen III fibers appeared green in Sirius red-stained paraffin sections underneath a polarized light microscope. Collagen I fibers were the main collagen fibers in grafts (Figure 1F). Immunohistochemical staining confirmed that the levels of collagen I and VI fibers were markedly higher after grafting than before grafting (Figures 1F,H,I and Supplementary Figure 1A). Consistently, expression of S100A4, which is mainly expressed by fibroblasts in fat tissue (Hou et al., 2018; Li et al., 2020), was significantly higher in fibrotic regions of fat grafts after grafting than before grafting (Supplementary Figure 1B). Double immunofluorescence staining of collagen I fibers (red) and S100A4 (green) demonstrated that fibroblasts and fibrotic regions were located adjacent to each other (Supplementary Figure 1C). Collectively, these observations indicate that fibrosis in fat tissue is higher after grafting than before grafting.



MFCs Are Formed in CLSs in Fibrotic Regions of Fat Graft Tissue

Because aberrant inflammation is closely related to tissue fibrosis, we next explored the role of inflammation in fat graft fibrosis. Analysis of serial sections by H&E staining and the TUNEL apoptosis assay (Figure 2A) showed marked disruption of the adipose tissue architecture in fat grafts accompanied by a marked increase in adipocyte apoptosis at the early stage after fat grafting (weeks 1–4). Loss of adipocytes caused infiltration of macrophages into fat graft tissue, as determined by the upregulation of the macrophages markers F4/80 (Figure 2B). The number of macrophages infiltrating the grafts was appreciably higher than that of normal fat tissue (pre-grafting; Figure 2B). Macrophages clustered around apoptotic adipocytes or large oil droplets to form a typical CLS, in which macrophages scavenge the residual lipid droplets of apoptotic adipocytes (Figure 2B). Numerous macrophages in CLSs in fat graft tissue had an increased number of intracellular lipid droplets and were defined as MFCs. MFCs were subjected to immunofluorescence staining against adipophilin, a macrophage lipid droplet coat protein (Ouimet et al., 2011; Figure 2C).
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FIGURE 2. MFCs are formed in crown-like structures (CLSs) in fibrotic regions of fat graft tissue. (A) Representative H&E and TUNEL staining of fat tissue before and after grafting. Red arrows indicate the apoptotic adipocytes. (B) Representative immunofluorescence staining of perilipin (red) and F4/80 (green) in fat tissue before and after grafting. Large oil droplets or apoptotic adipocytes were surrounded by F4/80 + macrophages, forming typical CLSs (triangles). (C) Representative immunofluorescence staining of adipophilin (red) and F4/80 (green) in fat tissue before and after grafting. Scale bars = 50 μm.




Necroptosis Is Activated in MFCs in Fat Graft Tissue

The ultrastructure of macrophages in fat grafts was examined by TEM. Macrophages are characterized by high organelle complexity. They have a high content of mitochondria, lysosomes, Golgi bodies, and endoplasmic reticulum, as well as numerous pseudopodia. Macrophages in fat grafts on week 4 contained many intracellular lipid droplets and lipid droplet-ladened electron-dense vesicles resembling lysosomes. However, MFCs on week 16 exhibited the typical morphological features of necroptosis (Tian et al., 2016), including mitochondrial swelling and dissolution, cytoplasmic vacuolation, endoplasmic reticulum dilation, a severely damaged plasma membrane (Figure 3A).
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FIGURE 3. Necroptosis is activated in MFCs in fat graft tissue. (A) TEM of the ultrastructure of MFCs located in fat tissue after grafting. N, nucleus; LD, lipid droplet; PS, pseudopodia; M, mitochondria; RER, rough endoplasmic reticulum; and Lys, lysosome. Red arrowheads indicated the damaged plasma membrane. (B,C) Representative pMLKL staining (B) and quantification of the pMLKL-positive area (C) in fat tissue before and after grafting. (D) Representative immunofluorescence staining of pMLKL (red) and F4/80 (green) in fat tissue after grafting. Scale bars = 50 μm. Data are presented as the mean ± SD. ##P < 0.01 compared with the pre-grafting group; **P < 0.01.


The findings suggested that cellular lipids induce cell necrosis in MFCs. We therefore examined the activation of necroptosis in fat grafts. Expression of the necroptosis marker pMLKL was determined by immunohistochemical staining (Figure 3B). The area of pMLKL-positive cells in fibrotic depots of fat tissue was significantly larger at weeks 8 and 16 after grafting than before grafting (Figure 3C). Double immunofluorescence staining of pMLKL (red) and F4/80 (green) revealed that some macrophages underwent necroptosis after grafting (Figure 3D). These data indicate that activation of necroptosis in MFCs is involved in fat graft fibrosis.



In vitro Apoptotic Adipocyte Model Recapitulates Adipocyte Apoptosis in Fat Grafts

The differentiated 3T3-L1 adipocytes were cultured in medium supplemented with TNF-α to induce apoptosis (Figure 4A). TNF-α is a pro-inflammatory cytokine that is increased in fat grafts and induces adipocyte apoptosis (Mok et al., 2018). The apoptotic adipocytes were quantitatively analyzed by flow cytometry after double staining with PI and FITC-conjugated AnxV (Figure 4B). After incubation for 24 h, >40% of the cells underwent apoptosis, whereas 10% of the cells underwent necrosis (Figure 4B). To determine whether necroptosis occurred under these conditions, adipocytes were co-cultured with TNF-α in the presence or absence of a necroptosis inhibitor (Nec-1 or GSK872) for 24 h (Supplementary Figure 2A). PI staining was used to detect adipocyte necrosis, which showed that treatment with a necroptosis inhibitor did not decrease the number of PI-positive cell in the in vitro apoptotic adipocyte model (Supplementary Figure 2B). These data indicate that TNF-α was sufficient to induce apoptosis but not necroptosis in adipocytes in vitro.
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FIGURE 4. CLS cell culture model mirrors in vivo CLS morphology and shows formation of MFCs. (A) Illustration of induction of adipocyte apoptosis by TNF-α in vitro. (B) Double staining with AnxV-FITC and propidium iodide (PI) was used to determine the proportion of apoptotic (AnxV + /PI) adipocytes after apoptosis induction (right panel); uninduced adipocytes were used as controls (left panel). (C) Illustration of the CLS cell culture model in vitro: RAW 264.7 macrophages were incubated with TNF-α-induced apoptotic adipocytes to form CLSs, and RAW 264.7 macrophages incubated alone were used as controls. (D,E) MFCs are formed in the CLS cell culture model in vitro. (D) Representative Oil Red O staining. (E) Macrophage lipid uptake was quantified as the percentage of MFCs at 24 and 96 h. (F–H) The phagocytosis of apoptotic adipocytes by RAW 264.7 macrophages was detected by immunofluorescence staining and flow cytometry. (F) RAW 264.7 macrophages were incubated with apoptotic adipocytes stained by FITC-conjugated AnxV for 24 h or 96 h. FITC + macrophages indicate the phagocytosis of apoptotic adipocytes by those macrophages. (G,H) The macrophage phagocytic rate at 24 h or 96 h was quantitatively analyzed by flow cytometry; phagocytic macrophages were double-positive for PE (labeled F4/80) and FITC (labeled apoptotic adipocytes). Scale bars = 15 μm in (D) and Scale bars = 50 μm in (F). M, macrophage. Data are presented as the mean ± SD. #P < 0.05,  ##P < 0.01 compared with the CLS cell culture model group at 24 h.




Lipid Accumulation in CLS Macrophages Causes Formation of MFCs in vitro

To further investigate the interactions of macrophages with apoptotic adipocytes, we used a physiologically relevant co-culture assay (Figure 4C) that mimics formation of CLSs in fat grafts. In this model, apoptotic adipocytes were incubated with RAW 264.7 macrophages to induce the formation of CLSs. Macrophages were cultured alone as controls. Oil Red O staining was used to detect lipid uptake in macrophages (Figure 4D). Approximately 86% of CLS macrophages contained lipid droplets after 96 h of co-culture, indicating that these macrophages were converted into MFCs after 96 h of co-culture with apoptotic adipocytes (Figure 4E).

To perform phagocytosis assays, FITC-conjugated AnxV-labeled apoptotic adipocytes were co-cultured with RAW 264.7 macrophages for 24 h or 96 h. Fragments of apoptotic adipocytes were observed in macrophages by fluorescence microscopy, demonstrating that macrophages specifically phagocytosed apoptotic adipocytes (Figure 4F). In addition, FITC-conjugated AnxV-labeled apoptotic adipocytes and macrophages tagged with PE-conjugated antibodies against F4/80 were co-cultured to confirm the engulfment of apoptotic adipocytes by macrophages by flow cytometry (Figures 4G,H). FITC + F4/80 + cells were considered as macrophage cells that had phagocytosed FITC-conjugated AnxV-labeled apoptotic adipocytes. The percentage of FITC + F4/80 + cells increased from 24 to 96 h of incubation. These data indicate that macrophages effectively phagocytosed apoptotic adipocytes and formed MFCs in the CLS cell culture model.



Necroptosis Is Activated in MFCs in the CLS Cell Culture Model

To explore the pathological process of CLS macrophages in vitro, Hoechst 33342/PI staining was used to determine whether cell necrosis occurred in CLS macrophages. CLS macrophages can be distinguished from adipocytes under bright field observation. They are smaller than adipocytes and appear as small, round, or short spindle-shaped cells, whereas adipocytes are large, round, full-lipid cells. Co-culture with apoptotic adipocytes time-dependently increased the number of PI and Hoechst 33342 positive necrotic CLS macrophages, and approximately 36% of CLS macrophages underwent necrosis in co-culture at 96 h (Figures 5A,B). The results of western blotting demonstrated that expression of the necroptosis-related proteins pRIPK3 and pMLKL markedly increased from 24 to 96 h in the CLS cell culture model (Figures 5C,D). In addition, immunofluorescence staining for F4/80 and pMLKL showed that pMLKL was expressed specifically in CLS macrophages but not in CLS adipocytes (Figure 5E). These results indicate that necroptosis of CLS macrophages was induced after 96 h of incubation.
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FIGURE 5. Necroptosis is activated in MFCs in the in vitro CLS cell culture model. (A,B) Necrosis of macrophages determined by Hoechst 33342 and PI staining in the CLS cell culture group and in RAW 264.7 macrophages cultured alone at 24 and 96 h. (A) Hoechst 33342 + PI + macrophages in the pictures indicate necrotic macrophages. (B) Quantification of macrophage necrosis in both groups at 24 and 96 h. (C,D) Western blot analyses of MLKL, pMLKL, RIPK3, and pRIPK3 in the CLS cell culture group and in RAW 264.7 macrophages cultured alone at 24 and 96 h. (E) Immunofluorescence staining of pMLKL (red) and F4/80 (green) in the CLS cell culture group and in RAW 264.7 macrophages cultured alone at 24 and 96 h. Scale bars = 50 μm. A, adipocyte; M, macrophage. Data are presented as the mean ± SD. ##P < 0.01 compared with the group of RAW 264.7 macrophages cultured alone at 24 h.


To confirm the presence of CLS macrophages, macrophages were co-cultured with apoptotic adipocytes in the presence or absence of a necroptosis inhibitor (Nec-1 or GSK872) for 96 h. Macrophages were cultured alone as a control group. Western blot detection of pRIPK3 and pMLKL confirmed that GSK872 and Nec-1 markedly inhibited the necroptotic pathway in CLS macrophages (Figures 6A,B). Treatment with GSK872 or Nec-1 reduced the number of PI and Hoechst 33342 positive necrotic CLS macrophages (Figures 6C,D). Because 86% of CLS macrophages formed MFCs, and approximately 64% of CLS macrophages survived in the CLS cell culture model, it can be concluded that necroptosis occurred in MFCs in the CLS cell culture model.
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FIGURE 6. Necroptosis inhibitors suppressed necroptosis of MFCs in the in vitro CLS cell culture model. (A,B) Western blot analyses of MLKL, pMLKL, RIPK3, and pRIPK3 in four groups, including RAW 264.7 macrophages cultured alone, and those in CLS cell culture incubated in the presence or absence of a necroptosis inhibitor (Nec-1 or GSK872) at 96 h. (C,D) Necrosis of macrophages determined by Hoechst 33342 and PI staining in four groups of RAW 264.7 macrophages cultured alone, and those in CLS cell culture incubated in the presence or absence of a necroptosis inhibitor (Nec-1 or GSK872) at 96 h. Scale bars = 50 μm. Data are presented as the mean ± SD. ##P < 0.01 compared with the CLS cell culture model group incubated without necroptosis inhibitors.




Necroptosis of MFCs Induces Collagen Expression in Fibroblasts via a Paracrine Mechanism

Necroptosis strongly induces cytokine expression (Zhu et al., 2018), which led us to hypothesize that necroptosis of MFCs in the CLS cell culture model induces inflammation. To test this hypothesis, cell media from live or apoptotic 3T3-L1 adipocytes, macrophages cultured alone, and macrophages co-cultured with apoptotic adipocytes and treated with or without a necroptosis inhibitor (Nec-1 or GSK872) were collected, and the levels of cytokines/chemokines were analyzed using MILLIPLEX® MAP assays (Figure 7A). As shown in Figure 7B, the expression of IL-6, TNF-α, MCP-1, and MIP-2 was lower in co-cultures treated with Nec-1 or GSK872 than in the untreated co-culture group (Figure 7B). Furthermore, cytokines/chemokines were seldom released in the control groups, including live or apoptotic 3T3-L1 adipocytes and macrophages cultured alone (Figure 7B). These data demonstrate that necroptosis of MFCs in the CLS cell culture model induced the production of proinflammatory cytokines/chemokines.
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FIGURE 7. Necroptosis of MFCs induces collagen expression in fibroblasts via a paracrine mechanism. (A,B) MILLIPLEX MAP assays were used to detect the expression levels of cytokines/chemokines in conditioned media collected from six groups, including adipocytes (live or apoptotic), RAW 264.7 macrophages, and CLS cultured cells incubated in the presence or absence of a necroptosis inhibitor (Nec-1 or GSK872). (C) Fibroblasts were treated with conditioned media collected from the six groups. (D) Immunofluorescence staining of collagen I and collagen VI in fibroblasts to investigate the paracrine effect of the culture media from various groups on fibroblasts. (E) Quantification of the collagen I- and collagen VI-positive areas per fibroblast. Scale bars = 50 μm. Data are presented as the mean ± SD. #P < 0.05, ##P < 0.01 compared with the CLS cell culture model group incubated without necroptosis inhibitors.


Next, fibroblasts were treated with conditioned media from the six groups, and collagen expression was analyzed by staining for collagen I and collagen VI (Figure 7C). Immunofluorescence staining demonstrated that, in contrast to the culture medium from live 3T3-L1 adipocytes, apoptotic 3T3-L1 adipocytes, or macrophages, the levels of collagen I and collagen VI fibers expressed by fibroblasts were markedly increased by treatment with medium from the CLS cell culture model and decreased by addition of GSK872 or Nec-1 (Figures 7D,E).



Blockade of Necroptosis Alleviates Fat Graft Fibrosis in vivo

Because Nec-1 had a stronger effect on reducing collagen expression in fibroblasts in vitro than GSK872, fat grafting model mice were treated with Nec-1 or vehicle to explore the biological effects of necroptosis on the development of fat graft fibrosis in vivo (Figure 8A). The implanted fat tissue was harvested (Figure 8B), and the graft volume was evaluated on week 16 in both groups (Figure 8C). The volume retention rate did not differ significantly between the two groups. However, western blot analysis of pRIPK3 and pMLKL confirmed that Nec-1 markedly inhibited the necroptotic pathway in fat grafts on week 16 (Figures 8D–F). Furthermore, Nec-1 significantly downregulated the IL-6 cytokine and the chemokines, including MCP-1 and MIP-2, in fat grafts (Figure 8G).


[image: image]

FIGURE 8. Blockade of necroptosis alleviates fat graft fibrosis. (A) Illustration of the animal model. Fat grafting model mice were administered Nec-1 or vehicle. (B) Macroscopic views of harvested fat tissue. (C) The retention volume of the fat grafts over time. (D–F) Western blot analyses of MLKL, pMLKL, RIPK3, and pRIPK3 in vivo. (G) The gene expression level of the cytokines TNF-α and IL-6 and the chemokines MCP-1 and MIP-2 in fat grafts. (H) Representative Masson’s trichrome staining of fat tissue at week 16 after grafting in the different groups. (I) Representative Sirius red staining of fat tissue at week 16 after grafting in the different groups. (J–L) Quantification of the areas positive for Masson’s trichrome (J), collagen I (K), and collagen VI (L) staining in fat tissue at week 16 after grafting in the different groups. Scale bars = 50 μm. Data are presented as the mean ± SD. #P < 0.05, ##P < 0.01 compared with the control group. (M) TEM analyses of the ultrastructure of MFCs in fat tissue at week 16 after grafting in the different groups. N, nucleus; LD, lipid droplet; PS, pseudopodia; M, mitochondria; RER, rough endoplasmic reticulum; Go, golgiosome; Lys, lysosome; and Red arrowheads indicated the damaged plasma membrane.


Nec-1 treatment significantly reduced the areas positively stained with Masson’s trichrome and Sirius red at 16 weeks after grafting (Figures 8H,J). Consistently, the areas positive for collagen I and collagen VI were significantly smaller in Nec-1-treated mice than in vehicle-treated mice (Figures 8I,K,L and Supplementary Figure 3). Ultrastructural analysis of fat grafts using TEM in vehicle-treated mice showed typical necrotic changes, which were markedly ameliorated in Nec-1-treated mice (Figure 8M).



DISCUSSION

Fibrosis is a major complication of fat grafting and is implicated in the declined expandability and impaired function of adipose tissue. However, little is known about how adipose tissue fibrosis develops after grafting. This study provides evidence that necroptosis of MFCs leads to progression of fat graft fibrosis. After grafting, lipids released from apoptotic adipocytes induce formation of MFCs, and an increased level of lipids mediates necroptosis of MFCs, which upregulates the expression of proinflammatory cytokines/chemokines, leading to collagen synthesis by fibroblasts. Consequently, overproduction of collagens leads to fat tissue fibrosis after grafting. Blockade of necroptosis alleviated fat graft fibrosis (Figure 9).
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FIGURE 9. Potential role of MFC necroptosis in fat graft fibrosis. After fat grafting, lipids released from apoptotic adipocytes induce formation of MFCs and an increased level of cellular lipids mediates necroptosis of MFCs, which upregulates the expression of proinflammatory cytokines/chemokines, leading to collagen synthesis by fibroblasts. Consequently, overproduction of collagens leads to fat tissue fibrosis after grafting.


Fibrogenesis is a complex process caused by a variety of cells including fibroblasts, immune cells, and parenchymal cells. Fibroblasts are the main producers of ECM in other fibrosis-prone tissues (Datta et al., 2018); however, little is known about their role in adipose tissue fibrosis. In this study, the number of S100A4-positive cells (fibroblasts) was increased in fat grafts. Approximately 85% of stromal vascular fraction CD45-negative cells are anti-fibroblast (FIB)-positive cells in adipose tissue (Navarro et al., 2015), which are considered to be involved in ECM remodeling (Tanaka et al., 2014). Collagen I and collagen VI were highly expressed and their expression remained high for up to 16 weeks in fat grafts relative to before grafting. In particular, collagen I molecules were staggered and interwoven with each other to form thick collagen bundles around oil cysts or dead adipocytes in fat grafts, which is reportedly important for limitation of adipose tissue expansion (Guzmán-Ruiz et al., 2020). Similarly, increased collagen VI expression is implicated in obesity with poor metabolic outcomes (Sun et al., 2014; Hasegawa et al., 2018).

Adipose fibrosis and adipose ECM remodeling are associated with increased macrophage infiltration and upregulation of inflammation in adipose tissue (Spencer et al., 2010). In this context, we found that macrophage infiltration into fat grafts was closely related to graft fibrosis. These macrophages clustered around apoptotic adipocytes or large oil droplets to form typical CLSs. Notably, most macrophages in fibrotic depots were filled with cytosolic LDs, which resulted in their foamy appearance under a microscope, and were defined as MFCs. Moreover, the plasma membrane of MFCs was severely damaged, demonstrating the cell death of MFCs in vivo. This conclusion was further supported by immunohistochemical staining for pMLKL, a definitive biomarker of necroptosis activity in vivo (Jouan-Lanhouet et al., 2014; Karunakaran et al., 2016; Tonnus et al., 2019), and double immunofluorescence staining for pMLKL and F4/80. We confirmed that necroptosis, an emerging pathway underlying inflammatory cell death, was active within MFCs in fibrotic regions of fat grafts at the late stage after grafting.

Necroptosis has been implicated in various pathophysiological conditions, including myocardial (Karunakaran et al., 2016; Chen et al., 2020), liver (Choi et al., 2015), pulmonary (Sauler et al., 2019), and renal (Shi et al., 2020) fibrosis. Expression of pRIPK3 and pMLKL is tightly correlated with the degree of necroptosis (Dondelinger et al., 2014), and induction of pRIPK3 expression is sufficient to trigger necroptotic cell death (Zhang et al., 2009). Here, we found for the first time that MFCs underwent necroptosis in fibrotic regions of grafts in a time-dependent manner and that expression of pMLKL was significantly increased in MFCs. We next developed a physiologically relevant in vitro assay in which macrophages were co-cultured with apoptotic 3T3-L1 adipocytes, leading to formation of MFCs with accumulation of adipocyte-derived lipids. We found that apoptotic adipocytes were sufficient to induce necroptotic death of MFCs, as evidenced by activation of the RIPK3/MLKL signaling pathway and attenuation of this cell death upon treatment with specific necroptosis inhibitors.

Based on our observations, we hypothesized that necroptosis of MFCs play a role in graft inflammation and affect fibrogenesis. Necroptosis is an important trigger of inflammation. In sterile settings, necroptotic cells can directly trigger inflammation by releasing proinflammatory cytokines (Pasparakis and Vandenabeele, 2015). In addition, RIPK3/MLKL-dependent necroptosis can trigger activation of the inflammasome by inducing changes in the redox state, intracellular ion concentrations, and metabolic status of the cell, all of which are well-known inflammasome inducers (Lamkanfi and Dixit, 2014). Consistently, our data suggest that MFCs undergo necroptotic death in the presence of dead adipocytes in a co-culture assay, release inflammatory cytokines and chemokines including TNF-β, TNF-α, IL-1α, IL-6, and MCP-1 into the extracellular space, and thereby increase expression of fibrosis-related genes and collagens in fibroblasts via a paracrine mechanism. Cytokines such as those mentioned above cause damage of metabolic organs and drive tissue fibrosis (Turner et al., 2007; Gharaee-Kermani et al., 2012). Necroptotic signaling can promote the secretion of proinflammatory cytokines in a cell-intrinsic manner, especially through the inflammasome pathway (Conos et al., 2017). The functional output of inflammasome activation includes increased secretion of IL-1β (Martinon et al., 2002; Lawlor et al., 2015; Sharma and Kanneganti, 2016). In this study, IL-1β was expressed at extremely low levels and its expression did not change significantly. Therefore, the present results indicate that RIPK3/MLKL-dependent necroptosis, rather than inflammasome activation, may lead to the secretion of inflammatory cytokines and chemokines in MFCs.

Taken together, it is plausible that reducing necroptosis of MFCs will decrease inflammation and fibrogenesis in fat grafts. Therefore, we next sought to attenuate fat graft fibrosis in vivo by reducing necroptotic death of MFCs and demonstrated that Nec-1 treatment reduced fat graft fibrosis. Studies of necroptosis have shown that intraperitoneal injection of Nec-1 protects cellular structures under necroptosis-related pathological conditions in animal models (Liang et al., 2019). This is the first report of the long-term therapeutic application of Nec-1 to reduce fat graft fibrosis. Our data highlight the paracrine loop between MFCs and fibroblasts, which establishes a vicious process that augments inflammatory changes and fibrogenesis in adipose tissue after grafting.



CONCLUSION

In summary, this study demonstrated that necroptosis of MFCs induced by apoptotic adipocytes plays a critical role in fat graft inflammation and may promote the progression of graft fibrosis by inducing collagen secretion in fibroblasts. Thus, blockade of necroptosis in macrophages is a potential approach to prevent fibrosis in fat grafts.
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