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Abstract

:

NAD+ boosting via nicotinamide riboside (NR) confers anti-inflammatory effects. However, its underlying mechanisms and therapeutic potential remain incompletely defined. Here, we showed that NR increased the expression of CC-chemokine receptor 7 (CCR7) in human M1 macrophages by flow cytometric analysis of cell surface receptors. Consequently, chemokine ligand 19 (CCL19, ligand for CCR7)-induced macrophage migration was enhanced following NR administration. Metabolomics analysis revealed that prostaglandin E2 (PGE2) was increased by NR in human monocytes and in human serum following in vivo NR supplementation. Furthermore, NR-mediated upregulation of macrophage migration through CCL19/CCR7 was dependent on PGE2 synthesis. We also demonstrated that NR upregulated PGE2 synthesis through SIRT3-dependent post-transcriptional regulation of cyclooxygenase 2 (COX-2). The NR/SIRT3/migration axis was further validated using the scratch-test model where NR and SIRT3 promoted more robust migration across a uniformly disrupted macrophage monolayer. Thus, NR-mediated metabolic regulation of macrophage migration and wound healing may have therapeutic potential for the topical management of chronic wound healing.






Keywords:


chemotaxis; macrophage migration; NAD+ boosting; nicotinamide riboside; prostaglandin E2; SIRT3












1. Introduction


Caloric restriction dietary interventions confer immunomodulatory effects, including amelioration of inflammatory-linked diseases [1,2,3,4,5,6], blunting of the inflammasome [7,8], and reductions in circulating cytokine and acute-phase reactant levels [9,10,11]. These interventions are not immunosuppressive, with evidence showing that fasting concomitantly improves chronic inflammatory disease without compromising responsiveness to acute infections or wound healing [12]. Furthermore, a fasting mimetic diet increases cytotoxic CD8+ tumor-infiltrating lymphocytes that augment chemotherapeutic-induced tumor killing [13].



As these restrictive dietary interventions initiate a myriad of metabolic and signaling effects, more reductionist approaches are required to dissect the components of this biology [14]. As fasting and caloric restriction increase the NAD+/NADH ratio, NAD+ biosynthesis precursors including nicotinamide, nicotinamide riboside, and nicotinamide mononucleotide are being studied as a component of this biology to uncover mechanisms of action for disease amelioration [15,16]. At the same time, the role of NAD+ biology in innate immune cell function is increasingly being recognized as a pivotal intermediate governing immunometabolism and inflammatory function [17,18,19,20]. Macrophages themselves possess a functional NAD+ biosynthesis program and a reduction in de novo synthesis of NAD+ in macrophages impairs both phagocytosis and the resolution of inflammation. Conversely, restoration of NAD+ in these cells augments macrophage reparative function [21]. In parallel, the activation of murine macrophages by LPS requires an intact NAD+ salvage pathway to sustain aerobic glycolysis and canonical IL-1β-, TNF-, and IL-6-orchestrated inflammation [22]. In contrast, in human cells, NR blunts the NLRP3 inflammasome [23] and type I interferon signaling [19]. In addition, nicotinamide supplementation reduces inflammatory cytokines in macrophages during differentiation and polarization into reparative macrophages [24]. Together, these data suggest that NAD+ supplementation may have distinct monocyte/macrophage immunomodulatory context-specific effects and this redox-sensing metabolic intermediate may play a role in the immunomodulatory effects of reduced caloric loads. In this study, we explored whether and how nicotinamide riboside may modulate macrophage chemotaxis in primary human circulating monocyte-derived macrophages.



Chemotaxis is an integral feature of circulating monocytes to enable their extravasation through the endothelium and for the subsequent differentiation and recruitment of inflammatory or reparative macrophages to sites of infection and injury [25]. This process is governed by the release of chemokines from professional and non-professional immune cells and their subsequent binding to monocytic/macrophage cognate chemokine receptors to initiate intracellular signaling to guide migration [26]. The chemokine ligands are divided into four groups based on the positioning of their first cysteine residues. Chemokine receptors are G-protein-coupled receptors (GPCRs), each with distinct binding affinities for specific chemokine ligands [27]. The migration of human monocytes through the endothelial barrier is dependent on the expression of the chemokine receptors CX3CR1 and CCR2 in response to the endothelial cell ligands CX3CL1 and CCL2 [28]. Additionally, CCR1 and CCR5 may play a role in the inflammation-triggered migration of CCR2+ monocytes [29]. After migration and recognition of danger, monocytes differentiate and the pattern of chemokine receptors changes in response to distinctive chemokine signals emanating from the site of injury, inflammation, or infection [30]. Interestingly, macrophages, in response to distinctive chemokines and chemokine receptor signaling, can emigrate to lymph nodes as a component of the reparative process, as seen in the regression of atherosclerosis [31].



In this study, we exposed differentiating human monocytes to nicotinamide riboside and first explored whether their polarization into an inflammatory (M1) or reparative (M2) phenotype was altered. It appeared that monocyte-derived macrophage (MDM) differentiation was similar in the presence or absence of NR as evidenced by the expression of canonical cell surface receptors. However, the levels of CD64, the high-affinity receptor for IgG [32], were significantly reduced, and CD197, a chemokine receptor designated as CCR7, was induced on M1 macrophages in response to NR. To investigate the effects of NR on chemotaxis, we then examined the expression of additional chemokine receptors on M1 macrophages. In contrast to CD197/CCR7, the canonical chemokine receptor repertoire, i.e., CCR1, and CCR5, was not differentially expressed in response to NR. Interestingly, CD197/CCR7, known for its involvement in the emigration of macrophages away from inflammatory sites [31], was induced by NR, suggesting a potential role of NR in the abatement of inflammatory foci.



We pursued this concept in this study and found that NR indeed promoted wound healing and macrophage migration. This was achieved through prostaglandin E2 synthesis and signaling as well as the function of the NAD+-dependent sirtuin, SIRT3.




2. Materials and Methods


2.1. Study Design and Human Subjects in the Clinical Study


An initial clinical study was performed at the National Institutes of Health (NIH) Clinical Center on 35 subjects with an average age of 24 and average body mass index (BMI) of 24. The details of the study have been previously reported and the study is registered at clinicaltrials.gov (NCT02812238) [19].




2.2. Human Monocyte Cultures


Primary peripheral blood mononuclear cells (PBMCs) were isolated from human blood by density centrifugation using Lymphocyte Separation Medium (MP Biomedicals, Santa Ana, CA, USA). Human monocytes were negatively selected from PBMCs using the Monocyte Isolation Kit (Miltenyi Biotec, Santa Ana, CA, USA). The monocytes were then plated 1.5 × 106/well onto a 12-well plate (for RNA isolation, Western blotting, or PGE2 measurement) in RPMI media supplemented with 10% human serum (Sigma, St. Louis, MO, USA). Both human blood and elutriated monocytes were obtained from the blood bank of NIH.




2.3. Human Monocyte-Derived Macrophage Differentiation and Polarization


Human monocytes were plated and cultured for 5–6 days for macrophage differentiation (M0). On days 6–7, IFN-γ (20 ng/mL) and LPS (1 ng/mL) were added to generate classically activated M1 macrophages. M2 macrophages were achieved by adding IL-4 (20 ng/mL). Forty-eight hours after polarization, M1 or M2 macrophages were used for downstream assays. NR (0.5 mM) and/or PGE2 synthesis inhibitors were added during the 48 h polarization.




2.4. Flow Cytometry


Human monocyte-derived macrophages were labeled with antibodies against different surface markers in FACS buffer (PBS with 0.25 mM EDTA and 0.1% BSA) followed by staining with LIVE/DEAD Fixable Yellow stain (Invitrogen, Waltham, MA, USA). The antibodies were purchased from BioLegend (San Diego, CA, USA), BD Biosciences (Franklin Lakes, NJ, USA) and are listed in Table S1. Data were acquired using FACSymphony (BD Biosciences, Franklin Lakes, NJ, USA), and post-acquisition analysis was performed using Flowjo 9.9.6 (Treestar Inc., Ashland, OR, USA). Analysis excluded debris and doublets using light-scatter measurements and dead cells identified by live/dead stain. The expression of surface markers was determined within the gated population. Statistical significance between two groups was determined using a two-tailed Student’s t-test.




2.5. Boyden Chamber Migration Assay


Migration of polarized M1 macrophages was analyzed with a modified Boyden chamber (transwell) assay using a Millicell-24 cell culture insert plate with 5 µm or 8 µm pore size (Millipore, Burlington, MA, USA). An equal number of cells were placed in serum-free (0.5% BSA) cell culture media in the upper well while the culture medium of the lower compartment was supplemented with CCL19 (300 nM) (R&D Systems, Minneapolis, MN, USA). After incubation for 6–8 h at 37 °C under 5% CO2, transmigrated cells in the lower compartment were collected for cell counts. The number of migrated cells were counted and normalized to the total cell number in the upper well via the CyQuant Cell Proliferation Assay (Invitrogen, Waltham, MA, USA).




2.6. Inhibitors, siRNA, and Nucleofection of Human Monocytes


NR (ChromaDex, Los Angeles, CA, USA) was used in cell culture at 0.5 mM for 16–120 h before subsequent assays. COX-2 inhibitor Celecoxib (Cayman, Ann Arbor, MI, USA) or mPTGES-1 inhibitor Cay10526 (Cayman) was used in cell culture at 5 µM or 10 µM for 48 h, respectively. ON-TARGETplus siRNA for knocking down gene expression of SIRT3 and non-targeting control siRNA were purchased from Horizon Discovery (St. Louis, MO, USA). siRNA against human SIRT3 and control siRNA were incubated with a mixture of nucleofection solution (Human Monocyte Nucleofector Kit)(Lonza, Morristown, NJ, USA) and primary human monocytes and placed in nucleofection cuvettes subjected to program Y-010 for the Nucleofector 2b Device (Lonza). RPMI medium (500 µL) was immediately added into cuvettes after nucleofections. Cells were then plated onto a 6-well plate or 10 cm dish and incubated at 37 °C under 5% CO2 for 4–5 days for macrophage differentiation followed by M1 macrophage polarization. Plasmid transfection using an empty vector (pcDNA3.1) or SIRT1-, or SIRT3-expression constructs was conducted following the same protocol as siRNA transfection.




2.7. RNA Isolation and Quantitative PCR Analysis


Total RNA was extracted from monocytes using the NucleoSpin® RNA Kit (Takara, San Jose, CA, USA) and RNA concentration was measured using the NanoDrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized using the SuperScript™ III First-Strand Synthesis System for RT-PCR (Thermo Fisher Scientific) according to the manufacturer’s instructions. Quantitative real-time PCR was performed using FastStart Universal SYBR Green Master (Rox) (Roche, Indianapolis, IN, USA) and run on LightCycler 96 Systems (Roche Holding). Transcript levels of COX-2, mPTGES-1, and 18S rRNA were measured using validated gene-specific primers (QIAGEN, Germantown, MD, USA). Relative gene expression was quantified by normalizing cycle threshold values with 18S rRNA using the 2−ΔΔCt cycle threshold method.




2.8. Western Blotting


Human monocytes were lysed using RIPA buffer supplemented with protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO, USA). The lysates were separated by NuPAGE™ 4–12% Bis-Tris Protein Gels (Thermo Fisher Scientific, Waltham, MA, USA) and transferred to nitrocellulose membranes using the Trans-Blot® Turbo™ Transfer System (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s instructions. Membranes were blocked with 50% Odyssey Blocking Buffer in PBS-T (0.1% Tween20 in PBS) buffer and incubated with appropriate antibodies overnight at 4 °C. COX-2 antibody was purchased from Santa Cruz Biotechnology (Dallas, TX, USA) or Cell Signaling Technologies (Danvers, MA, USA). Antibodies against mPTGES1 and vinculin were purchased from Millipore Sigma (Burlington, MA, USA). Primary antibody incubations were followed by incubation with IRDye® secondary antibodies for 1 h at room temperature. Immunoblots were visualized and imaged using the Odyssey CLx Imaging System (LI-COR Biosciences, Lincoln, NE, USA). Protein band intensity was measured using Image J software (National Institutes of Health, Bethesda, MD, USA) and normalized to vinculin.




2.9. LC/MS Measurement of NAD+ and PGE2


Human monocyte cultures were supplemented with 0.5 mM NR or vehicle control for 24 h without LPS stimulation (naïve monocytes) or with 1 ng/mL LPS for 1 h (activated monocytes).



Cells were scraped off the plates and centrifuged at 4 °C for 10 min; cell pellets were then collected and snap frozen in liquid nitrogen. The measurement of NAD+ and PGE2 from the cell pellets using LC/MS has been described previously [19]. The polar metabolites in serum samples in the in vivo placebo vs. NR supplementation study were measured using targeted MS/MS as described [20].




2.10. PGE2 Measurement from the Cell Cultures


Cell culture supernatants from human monocytes or MDM were collected, centrifuged to remove cells and debris, and stored at −80 °C for later analysis. PGE2 was assayed using the Prostaglandin E2 Parameter Assay Kit (R&D Systems, Minneapolis, MN, USA). Results were normalized to cell number, as determined by the CyQuant Cell Proliferation Assay (Invitrogen, Waltham, MA, USA).




2.11. IncuCyte Scratch Wound Cell Migration Live-Cell Analysis


Prior to initiating the scratch wound assay, differentiated M0 macrophages were plated onto a 96-well ImageLock plate at a density of 80 × 103 per well with M1 polarization medium (±0.5 mM NR). Twenty-four hours after plating, IncuCyte® WoundMaker (Sartorius, Bohemia, NY, USA) was applied to create wounds in all wells of a 96-well ImageLock plate by gently removing the cells from the confluent monolayer using an array of 96 pins. After rinsing the wells with medium, culture medium containing CCL19 (300 nM) was added and the plate was placed inside the IncuCyte for live scanning at 2 h intervals for up to 120 h. The data were analyzed for the following integrated metrics: relative wound density (the spatial cell density in the wound area relative to the spatial cell density outside of the wound area at every time point) and wound confluence (a report of the confluence of cells within the wound region).




2.12. Statistical Analysis


Statistical analysis was performed using Prism 10 software (GraphPad, La Jolla, CA, USA) and results are presented as mean ± SEM unless otherwise indicated. Comparisons of two groups were calculated using a paired or unpaired two-tailed Student’s t-test. Comparisons of more than two groups were calculated using a one-way analysis of variance (ANOVA) with Sidak multiple comparisons test or Dunnett’s multiple comparisons test. For all tests, p < 0.05 was considered significant.





3. Results


3.1. NR Modulates the Expression of M1 Macrophage Markers and Increases CD197/CCR7-Mediated M1 Macrophage Migration


As an initial screening study, we assessed whether NR could modulate the expression levels of canonical M1 and M2 cell surface markers during macrophage polarization. As expected, the M1 population was enriched by a population of CD64+CD80+ cells compared to naïve (M0) or IL-4 induced M2 macrophages, which showed an increase in a population of CD11b+CD209+ cells (Supplemental Figure S1). Interestingly, the polarized M1 cells incubated with NR showed a significant reduction in expression of CD64 and a significant induction of CD197/CCR7 expression (n ≥ 11) as determined by FACS analysis (Figure 1A–C). In contrast, the levels of CD80 and M1 chemokine receptors including CCR1, CCR2, and CCR5 were not affected by NR (Figure 1A,C and Supplemental Figure S2).



As CD197/CCR7 signaling promotes macrophage migration [31], a Boyden chamber was employed as part of an initial screening study to evaluate the functional consequences of NR-mediated upregulation of this receptor. Here, vehicle control and NR-supplemented M1 MDMs were incubated in the upper chamber and the CCR7 ligand CCL19 was introduced into the lower chamber (Figure 2A). In parallel with the NR-mediated induction of CCR7 expression, the rate of migration into the CCL19-enriched chamber was significantly higher for the NR-supplemented macrophages (Figure 2B,C).




3.2. NR Increases Levels of the Chemotaxis Mediator PGE2, Which Is Required for NR-Regulated Macrophage Migration


Prior data have shown that prostaglandin E2 (PGE2) has significant immunomodulatory effects [33] and is a major regulator of CCR7-mediated chemotaxis in dendritic cells [34]. We therefore evaluated whether NR modulated the levels of PGE2 in macrophages. Interestingly, NR increased PGE2 levels by ~50% in cultured primary human MDMs (Figure 3A). Furthermore, a separate targeted metabolomics approach, described previously [19], confirmed that ex vivo NR supplementation increased NAD+ and PGE2 levels (Figure 3B–D). Additionally, we previously employed NR as an oral supplement in healthy volunteers compared to placebo controls [19,20], and reassessment of these data confirmed that NR significantly increased PGE2 levels in human serum (Figure 3E).



To evaluate whether PGE2 confers this NR-mediated regulation of CCR7 expression, the synthesis of PGE2 was blocked by the cyclooxygenase 2 (COX-2) inhibitor, Celecoxib (CC) or by inhibiting microsomal PGE-synthase 1 (mPTGES-1) with CAY10526 (Cay) (Figure 4A) [35]. Notably, Cay, being a more direct inhibitor of PGE2 synthesis, led to a significant and robust reduction in NR-induced CCR7 expression (Figure 4B) and MDM migration (Figure 4C). However, the broader, more upstream cyclooxygenase inhibitor did not show the same effect (Figure 4B,C). The addition of PGE2 itself induced CCR7 to a similar extent as NR and had an even more robust effect on the migration of M1 MDM (Figure 4B,C). Additionally, NR upregulated the steady-state levels of COX-2 (fragmented forms, which confer enhanced enzymatic activities [36]) without changing the levels of the inducible mPTGES-1 (Figure 4D,E).




3.3. Activation of the Sirtuin Deacetylase SIRT3 by NR Drives PGE2 Synthesis and Macrophage Migration


NR, as an NAD+ precursor, activates the sirtuin deacetylase enzymes SIRT1 and SIRT3 to modulate immunity [7,37]. To assess whether these enzymes contribute to this regulation, we examined the effect of SIRT1 and SIRT3 overexpression on PGE2 biosynthesis enzymes in LPS-activated primary human monocytes. Interestingly, SIRT3 but not SIRT1 overexpression profoundly increased steady-state levels of COX-2 without affecting levels of mPTGES-1 (Figure 5A,B). Interestingly, the transcript level of COX-2 was not affected by SIRT3 overexpression, suggesting potential post-transcriptional regulation by SIRT3 (Supplemental Figure S3). Additionally, compared to other sirtuins, SIRT3 overexpression seemed to upregulate the transcript level of mPTGES1, although the protein level was not affected. In parallel, SIRT3 overexpression increased the level of PGE2 in human M1 MDMs (Figure 5C) and promoted migration in response to CCL19 (Figure 5D). Conversely, siRNA knockdown of SIRT3 in human M1 macrophages attenuated NR-mediated migration relative to control siRNA cells (Figure 5E).



The scratch test, as a model of wound healing [38], was then employed to validate the effects of NR and SIRT3 on macrophage migration. Figure 6A compares the degree of wound healing on Day 0 and Day 2 between vehicle control and incubation with NR. In the presence of CCL19, NR increased the relative degree of migration (relative wound healing) and the rate of wound confluence (Figure 6B,C). In parallel, the relative degree of wound density (migration) was blunted by siRNA knockdown of SIRT3 (Figure 6D,E) and enhanced by SIRT3 overexpression (Figure 6F,G).





4. Discussion


A substantial body of evidence supports that NR, as an NAD+-boosting supplement, has anti-inflammatory effects [19,20]. Nevertheless, its role in regulating myeloid cell migration has not been previously investigated. In this study, we show that in human macrophages, NR induces surface expression of the chemotaxis CD197/CCR7 receptor and levels of its lipid mediator PGE2 via upregulation of cyclooxygenase 2 and functionally increases macrophage migration and wound healing in a SIRT3-dependent manner. These data expand the repertoire of anti-inflammatory effects of NAD+ boosting.



The mechanisms of action of NAD+ boosting in immunoregulation are extensive, exemplifying the different roles of the NAD+/NADH redox system and the direct role of NAD+ as a cofactor or substrate for different enzyme systems within leukocytes. These regulatory effects include epigenetic control, immunometabolic signaling, and effects on intracellular organelle homeostasis and signaling as well as direct effects on sirtuin enzyme functions. Hence, although the effects on myeloid cell migration may be multifactorial, in this study, we initially focused on the potential role of sirtuins. Interestingly, the sirtuin enzymes have vastly divergent Michaelis constant (Km) values for NAD+ [39]. Furthermore, comparing sub-compartment NAD+ levels, the most likely sirtuin enzymes which can hypothetically be modified by NAD+ boosting are SIRT1, SIRT3, and SIRT5 [39]. NR, via NAD+ boosting, has been shown to activate both SIRT1 and SIRT3 activity [23,40]. Our study finds that SIRT3 rather than SIRT1 augments COX-2 levels. Furthermore, the genetic gain and loss of SIRT3 levels also show that SIRT3 increases PGE2 levels and modulates macrophage migration and wound healing. SIRT1 has previously been shown to promote wound healing; however, in that study, the mechanism appeared to be via an AMPK-dependent pathway [41].



PGE2 is the most abundant eicosanoid in the inflammatory milieu, and its levels reflect the balance between its COX-2-regulated synthesis and 15-hydroxyprostaglinadin dehydrogenase-driven degradation [42]. It has predominantly anti-inflammatory effects on innate immune cells, although it does promote TH2, TH17, and regulatory T-cell responses [42]. Its different effects are orchestrated through different receptors on different cell types and are regulated in response to a variety of concurrent signals [43]. Given this complexity, the overall effects of the levels of PGE2 will ultimately be best characterized in vivo in the context of infective, inflammatory, or autoimmune conditions. Here, given the chemotaxis effects of PGE2 [34], a more reductionist approach was initially taken to directly explore this eicosanoid intermediate’s effect on macrophage migration. Our data uncover that both in vivo NR supplementation and ex vivo NR increase PGE2 levels. Furthermore, cell culture studies in primary human monocytes support that this is due to the upregulation of COX-2 and that this program is mediated in part by the canonical NAD+-boosting responsive sirtuin, SIRT3. At the same time, it is interesting to note that in a different context, the knockdown of SIRT3 promotes inflammation-linked chemotaxis with the concomitant induction of PGF2α [44].



COX-2 is an integral membrane-bound inducible enzyme usually localized to the endoplasmic reticulum or outer nuclear envelope [45]. However, in cancer cells, it localizes to mitochondria where it serves an anti-apoptotic function [46]. Furthermore, multiple studies have explored the regulation of COX-2 at the transcript, signaling, and post-translational degradation levels [47,48]. In this study, we found that NR did not alter the transcript levels of COX-2 but rather that NR and SIRT3 overexpression increased its steady-state protein levels. Furthermore, in this study, we did not determine COX-2 subcellular localization. Subsequent studies will also need to explore either SIRT3-mediated signaling or how its deacetylation effects modify COX-2 post-transcriptional regulatory events.



Recent evidence supports that the solute carrier 29 (SLC29) family members, known as the equilibrative nucleoside transporters (ENT1, 2, and 4), facilitate NR uptake into cells [49]. Interestingly, as delineated in the Human Protein Atlas, human macrophages express SLC29A1, 2, and 4, while monocytes express SLC29A1. Although we did not explore these mechanisms of uptake, we previously employed LC/MS analysis to examine the effects of NR on monocytes and found that the levels of NAD+ approximately doubled in response to in vitro NR supplementation [19]. It is important to note that the dosing of in vitro NR supplementation (0.5 mM) is orders of magnitude higher than the nM levels of intracellular NR [50]. However, data show that in blood cells, 0.5 mM in vitro NR mimics the in vivo elevation of NAD+ levels achieved with oral NR supplementation in human subjects [19,50].



Chronic diabetes is linked to poor wound healing [51] and NR has been shown to improve insulin resistance in prediabetic subjects [52]. Whether NR or other NAD+-boosting agents could have a beneficial effect on wound healing in this disease is an intriguing concept. In this regard, nicotinamide is available as a topical ointment, and pilot studies have shown its benefit against atopic dermatitis and psoriasis [53]. Taken together, these data support that the evaluation of topical NAD+-boosting treatments for diabetic wound healing warrants further investigation.



In conclusion, this study identifies a new mechanism whereby NAD+ boosting with nicotinamide riboside promotes an anti-inflammatory effect in macrophages by promoting PGE2-mediated cell migration. This effect appears to be mediated in part by the canonical role of NAD+ as a cofactor for the activation of SIRT3. Consequently, SIRT3 was shown to promote the synthesis of PGE2 by increasing the steady-state levels of the inducible enzyme cyclooxygenase 2, which facilitates PGE2 synthesis. It is noteworthy that in vivo NR supplementation in humans results in the elevation of circulating levels of PGE2. Further investigation is required to determine whether this effect is specifically limited to synthesis in myeloid cells. As topical NAD+-boosting agents are available, their application to wounds in diabetic patients is a feasible approach to assess whether this biology is operational in a significant human disease.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells13050455/s1, Figure S1: Flow cytometric analysis of polarization with NR supplementation; Figure S2: Flow cytometric analysis of canonical chemokine receptors with NR supplementation. Figure S3: Effect of overexpression of sirtuin family members on transcript levels of PGE2 synthesis genes. Table S1: Human macrophage surface markers and flow cytometry antibodies used in this study.





Author Contributions


Conceived the project: J.W. and M.N.S.; Secured funding: R.T., J.L.G. and M.N.S.; Designed the experiments: J.W., M.B., A.M.M. and M.N.S.; Recruited study subjects: R.D.H.; Carried out the experiments: J.W., M.B., R.S.S. and A.M.M.; Analyzed the data: J.W., M.B., R.T., J.L.G. and M.N.S.; Wrote the manuscript: J.W. and M.N.S.; Edited the manuscript: J.W., M.B., R.S.S., A.M.M., R.T. and M.N.S. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by NHLBI Division of Intramural Research (MNS—ZIA-HL005102 and HL005199) and UK MRC (JLG—MR/P011705/2; UKDRI-5002; MAPUK).




Institutional Review Board Statement


All clinical protocols at the NIH Clinical Center are approved by and NIH IRB and protocol oversight is maintained by the NHLBI Office of the Clinical Director.




Informed Consent Statement


All subjects on clinical protocols signed NIH IRB approved consent and agreed to participate in this researcg.




Data Availability Statement


The full unedited Western blots in Figure 4 and Figure 5 and Excel spreadsheets for the time-lapse data in Figure 6 are accessible via Figshare with the dataset identifier: https://doi.org/10.25444/nhlbi.24994724.




Acknowledgments


(i) NR supplementation protocol (NCT02812238) and (ii) healthy volunteer blood were obtained from the NIH Clinical Center Blood Bank. We thank and acknowledge the assistance of Dan Yan and Natalia Dmitrieva from Manfred Boehm’s group (NHLBI) for the IncuCyte live-cell analysis. We also thank Yun-Wei A. Hsu for her support with the metabolomics analysis at the Northwest Metabolomics Research Center (NIH grant 1S10OD021562-01).




Conflicts of Interest


Dr. Sack’s laboratory studies mechanisms of action of nicotinamide riboside (NR) on immunomodulation in human inflammatory disease. His laboratory receives no direct financial support or compensation but does acquire NR and matching placebo from Chromadex Inc. through Cooperative and Development Research Agreements (CRADA) Material Transfer Agreements.




References


	



Youm, Y.H.; Nguyen, K.Y.; Grant, R.W.; Goldberg, E.L.; Bodogai, M.; Kim, D.; D’Agostino, D.; Planavsky, N.; Lupfer, C.; Kanneganti, T.D.; et al. The ketone metabolite beta-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory disease. Nat. Med. 2015, 21, 263–269. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, J.B.; Summer, W.; Cutler, R.G.; Martin, B.; Hyun, D.-H.; Dixit, V.D.; Pearson, M.; Nassar, M.; Tellejohan, R.; Maudsley, S.; et al. Alternate day calorie restriction improves clinical findings and reduces markers of oxidative stress and inflammation in overweight adults with moderate asthma. Free Radic. Biol. Med. 2007, 42, 665–674. [Google Scholar] [CrossRef]

	



Fraser, D.A.; Thoen, J.; Djoseland, O.; Forre, O.; Kjeldsen-Kragh, J. Serum levels of interleukin-6 and dehydroepiandrosterone sulphate in response to either fasting or a ketogenic diet in rheumatoid arthritis patients. Clin. Exp. Rheumatol. 2000, 18, 357–362. [Google Scholar] [PubMed]

	



Fann, D.Y.-W.; Santro, T.; Manzanero, S.; Widiapradja, A.; Cheng, Y.-L.; Lee, S.-Y.; Chunduri, P.; Jo, D.-G.; Stranahan, A.M.; Mattson, M.P.; et al. Intermittent fasting attenuates inflammasome activity in ischemic stroke. Exp. Neurol. 2014, 257, 114–119. [Google Scholar] [CrossRef] [PubMed]

	



Choi, I.Y.; Piccio, L.; Childress, P.; Bollman, B.; Ghosh, A.; Brandhorst, S.; Suarez, J.; Michalsen, A.; Cross, A.H.; Morgan, T.E.; et al. A Diet Mimicking Fasting Promotes Regeneration and Reduces Autoimmunity and Multiple Sclerosis Symptoms. Cell Rep. 2016, 15, 2136–2146. [Google Scholar] [CrossRef]

	



Rangan, P.; Choi, I.; Wei, M.; Navarrete, G.; Guen, E.; Brandhorst, S.; Enyati, N.; Pasia, G.; Maesincee, D.; Ocon, V.; et al. Fasting-Mimicking Diet Modulates Microbiota and Promotes Intestinal Regeneration to Reduce Inflammatory Bowel Disease Pathology. Cell Rep. 2019, 26, 2704–2719.e6. [Google Scholar] [CrossRef] [PubMed]

	



Traba, J.; Geiger, S.S.; Kwarteng-Siaw, M.; Han, K.; Ra, O.H.; Siegel, R.M.; Gius, D.; Sack, M.N. Prolonged fasting suppresses mitochondrial NLRP3 inflammasome assembly and activation via SIRT3 mediated activation of Superoxide Dismutase 2. J. Biol. Chem. 2017, 292, 12153–12164. [Google Scholar] [CrossRef]

	



Han, K.; Nguyen, A.; Traba, J.; Yao, X.; Kaler, M.; Huffstutler, R.D.; Levine, S.J.; Sack, M.N. A Pilot Study to Investigate the Immune-Modulatory Effects of Fasting in Steroid-Naive Mild Asthmatics. J. Immunol. 2018, 201, 1382–1388. [Google Scholar] [CrossRef]

	



Harvie, M.N.; Pegington, M.; Mattson, M.P.; Frystyk, J.; Dillon, B.; Evans, G.; Cuzick, J.; A Jebb, S.; Martin, B.; Cutler, R.G.; et al. The effects of intermittent or continuous energy restriction on weight loss and metabolic disease risk markers: A randomized trial in young overweight women. Int. J. Obes. 2011, 35, 714–727. [Google Scholar] [CrossRef]

	



Wei, M.; Brandhorst, S.; Shelehchi, M.; Mirzaei, H.; Cheng, C.W.; Budniak, J.; Groshen, S.; Mack, W.J.; Guen, E.; Di Biase, S.; et al. Fasting-mimicking diet and markers/risk factors for aging, diabetes, cancer, and cardiovascular disease. Sci. Transl. Med. 2017, 9, eaai8700. [Google Scholar] [CrossRef]

	



Choi, I.Y.; Lee, C.; Longo, V.D. Nutrition and fasting mimicking diets in the prevention and treatment of autoimmune diseases and immunosenescence. Mol. Cell Endocrinol. 2017, 455, 4–12. [Google Scholar] [CrossRef]

	



Jordan, S.; Tung, N.; Casanova-Acebes, M.; Chang, C.; Cantoni, C.; Zhang, D.; Wirtz, T.H.; Naik, S.; Rose, S.A.; Brocker, C.N.; et al. Dietary Intake Regulates the Circulating Inflammatory Monocyte Pool. Cell 2019, 178, 1102–1114.e17. [Google Scholar] [CrossRef]

	



Di Biase, S.; Lee, C.; Brandhorst, S.; Manes, B.; Buono, R.; Cheng, C.-W.; Cacciottolo, M.; Martin-Montalvo, A.; de Cabo, R.; Wei, M.; et al. Fasting-Mimicking Diet Reduces HO-1 to Promote T Cell-Mediated Tumor Cytotoxicity. Cancer Cell. 2016, 30, 136–146. [Google Scholar] [CrossRef]

	



de Cabo, R.; Mattson, M.P. Effects of Intermittent Fasting on Health, Aging, and Disease. N. Engl. J. Med. 2019, 381, 2541–2551. [Google Scholar] [CrossRef]

	



Rajman, L.; Chwalek, K.; Sinclair, D.A. Therapeutic Potential of NAD-Boosting Molecules: The in Vivo Evidence. Cell Metab. 2018, 27, 529–547. [Google Scholar] [CrossRef]

	



Yoshino, J.; Baur, J.A.; Imai, S.I. NAD(+) Intermediates: The Biology and Therapeutic Potential of NMN and NR. Cell Metab. 2018, 27, 513–528. [Google Scholar] [CrossRef]

	



Billingham, L.K.; Chandel, N.S. NAD-biosynthetic pathways regulate innate immunity. Nat. Immunol. 2019, 20, 380–382. [Google Scholar] [CrossRef] [PubMed]

	



Sack, M.N. Mitochondrial fidelity and metabolic agility control immune cell fate and function. J. Clin. Investig. 2018, 128, 3651–3661. [Google Scholar] [CrossRef]

	



Wu, J.; Singh, K.; Lin, A.; Meadows, A.M.; Wu, K.; Shing, V.; Bley, M.; Hassanzadeh, S.; Huffstutler, R.D.; Schmidt, M.S.; et al. Boosting NAD+ blunts TLR4-induced type I IFN in control and systemic lupus erythematosus monocytes. J. Clin. Investig. 2022, 132. [Google Scholar] [CrossRef]

	



Han, K.; Singh, K.; Meadows, A.M.; Sharma, R.; Hassanzadeh, S.; Wu, J.; Goss-Holmes, H.; Huffstutler, R.D.; Teague, H.L.; Mehta, N.N.; et al. Boosting NAD preferentially blunts Th17 inflammation via arginine biosynthesis and redox control in healthy and psoriasis subjects. Cell Rep. Med. 2023, 4, 101157. [Google Scholar] [CrossRef]

	



Minhas, P.S.; Liu, L.; Moon, P.K.; Joshi, A.U.; Dove, C.; Mhatre, S.; Contrepois, K.; Wang, Q.; Lee, B.A.; Coronado, M.; et al. Macrophage de novo NAD(+) synthesis specifies immune function in aging and inflammation. Nat. Immunol. 2019, 20, 50–63. [Google Scholar] [CrossRef]

	



Cameron, A.M.; Castoldi, A.; Sanin, D.E.; Flachsmann, L.J.; Field, C.S.; Puleston, D.J.; Kyle, R.L.; Patterson, A.E.; Hässler, F.; Buescher, J.M.; et al. Inflammatory macrophage dependence on NAD(+) salvage is a consequence of reactive oxygen species-mediated DNA damage. Nat. Immunol. 2019, 20, 420–432. [Google Scholar] [CrossRef]

	



Traba, J.; Kwarteng-Siaw, M.; Okoli, T.C.; Li, J.; Huffstutler, R.D.; Bray, A.; Waclawiw, M.A.; Han, K.; Pelletier, M.; Sauve, A.A.; et al. Fasting and refeeding differentially regulate NLRP3 inflammasome activation in human subjects. J. Clin. Investig. 2015, 125, 4592–4600. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, R.; Schilling, E.; Grahnert, A.; Kölling, V.; Dorow, J.; Ceglarek, U.; Sack, U.; Hauschildt, S. Nicotinamide: A vitamin able to shift macrophage differentiation toward macrophages with restricted inflammatory features. Innate Immun. 2015, 21, 813–826. [Google Scholar] [CrossRef] [PubMed]

	



Murray, P.J.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 2011, 11, 723–737. [Google Scholar] [CrossRef]

	



Xuan, W.; Qu, Q.; Zheng, B.; Xiong, S.; Fan, G.H. The chemotaxis of M1 and M2 macrophages is regulated by different chemokines. J. Leukoc. Biol. 2015, 97, 61–69. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, P.M. International Union of Pharmacology. XXX. Update on chemokine receptor nomenclature. Pharmacol. Rev. 2002, 54, 227–229. [Google Scholar] [CrossRef] [PubMed]

	



Sokol, C.L.; Luster, A.D. The chemokine system in innate immunity. Cold Spring Harb. Perspect. Biol. 2015, 7, a016303. [Google Scholar] [CrossRef] [PubMed]

	



Weber, C.; Weber, K.S.; Klier, C.; Gu, S.; Wank, R.; Horuk, R.; Nelson, P.J. Specialized roles of the chemokine receptors CCR1 and CCR5 in the recruitment of monocytes and T(H)1-like/CD45RO(+) T cells. Blood 2001, 97, 1144–1146. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Zhang, L.; Yu, C.; Yang, X.F.; Wang, H. Monocyte and macrophage differentiation: Circulation inflammatory monocyte as biomarker for inflammatory diseases. Biomark. Res. 2014, 2, 1. [Google Scholar] [CrossRef]

	



Feig, J.E.; Shang, Y.; Rotllan, N.; Vengrenyuk, Y.; Wu, C.; Shamir, R.; Torra, I.P.; Fernandez-Hernando, C.; Fisher, E.A.; Garabedian, M.J. Statins promote the regression of atherosclerosis via activation of the CCR7-dependent emigration pathway in macrophages. PLoS ONE 2011, 6, e28534. [Google Scholar] [CrossRef]

	



van Vuuren, A.J.; van Roon, J.A.G.; Walraven, V.; Stuij, I.; Harmsen, M.C.; McLaughlin, P.M.J.; van de Winkel, J.G.J.; Thepen, T. CD64-directed immunotoxin inhibits arthritis in a novel CD64 transgenic rat model. J. Immunol. 2006, 176, 5833–5838. [Google Scholar] [CrossRef]

	



Scher, J.U.; Pillinger, M.H. The anti-inflammatory effects of prostaglandins. J. Investig. Med. 2009, 57, 703–708. [Google Scholar] [CrossRef]

	



Scandella, E.; Men, Y.; Gillessen, S.; Forster, R.; Groettrup, M. Prostaglandin E2 is a key factor for CCR7 surface expression and migration of monocyte-derived dendritic cells. Blood 2002, 100, 1354–1361. [Google Scholar] [CrossRef] [PubMed]

	



Guerrero, M.D.; Aquino, M.; Bruno, I.; Terencio, M.C.; Paya, M.; Riccio, R.; Gomez-Paloma, L. Synthesis and pharmacological evaluation of a selected library of new potential anti-inflammatory agents bearing the gamma-hydroxybutenolide scaffold: A new class of inhibitors of prostanoid production through the selective modulation of microsomal prostaglandin E synthase-1 expression. J. Med. Chem. 2007, 50, 2176–2184. [Google Scholar] [PubMed]

	



Mancini, A.; Jovanovic, D.V.; He, Q.W.; Di Battista, J.A. Site-specific proteolysis of cyclooxygenase-2: A putative step in inflammatory prostaglandin E(2) biosynthesis. J. Cell. Biochem. 2007, 101, 425–441. [Google Scholar] [CrossRef]

	



Kang, H.; Park, Y.K.; Lee, J.Y. Nicotinamide riboside, an NAD(+) precursor, attenuates inflammation and oxidative stress by activating sirtuin 1 in alcohol-stimulated macrophages. Lab. Investig. 2021, 101, 1225–1237. [Google Scholar] [CrossRef]

	



Grada, A.; Otero-Vinas, M.; Prieto-Castrillo, F.; Obagi, Z.; Falanga, V. Research Techniques Made Simple: Analysis of Collective Cell Migration Using the Wound Healing Assay. J. Investig. Dermatol. 2017, 137, e11–e16. [Google Scholar] [CrossRef]

	



Canto, C.; Menzies, K.J.; Auwerx, J. NAD(+) Metabolism and the Control of Energy Homeostasis: A Balancing Act between Mitochondria and the Nucleus. Cell Metab. 2015, 22, 31–53. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Wan, T.; Ye, M.; Qiu, Y.; Pei, L.; Jiang, R.; Pang, R.; Huang, R.; Liang, B.; Ling, W.; et al. Nicotinamide riboside attenuates alcohol induced liver injuries via activation of SirT1/PGC-1alpha/mitochondrial biosynthesis pathway. Redox Biol. 2018, 17, 89–98. [Google Scholar] [CrossRef]

	



Wang, Z.H.; Bao, X.G.; Hu, J.J.; Shen, S.B.; Xu, G.H.; Wu, Y.L. Nicotinamide Riboside Enhances Endothelial Precursor Cell Function to Promote Refractory Wound Healing Through Mediating the Sirt1/AMPK Pathway. Front. Pharmacol. 2021, 12, 671563. [Google Scholar] [CrossRef]

	



Kalinski, P. Regulation of immune responses by prostaglandin E2. J. Immunol. 2012, 188, 21–28. [Google Scholar] [CrossRef]

	



Rodríguez, M.; Domingo, E.; Municio, C.; Alvarez, Y.; Hugo, E.; Fernández, N.; Crespo, M.S. Polarization of the innate immune response by prostaglandin E2: A puzzle of receptors and signals. Mol. Pharmacol. 2014, 85, 187–197. [Google Scholar] [CrossRef]

	



Lim, R.; Barker, G.; Menon, R.; Lappas, M. A Novel Role for SIRT3 in Regulating Mediators Involved in the Terminal Pathways of Human Labor and Delivery. Biol. Reprod. 2016, 95, 95. [Google Scholar] [CrossRef]

	



Yamashita, M.; Tsuji, S.; Nishiyama, A.; Myrvik, Q.N.; Henriksen, R.A.; Shibata, Y. Differential subcellular localization of COX-2 in macrophages phagocytosing heat-killed Mycobacterium bovis BCG. Am. J. Physiol. Cell Physiol. 2007, 293, C184–C190. [Google Scholar] [CrossRef] [PubMed]

	



Liou, J.-Y.; Aleksic, N.; Chen, S.-F.; Han, T.-J.; Shyue, S.-K.; Wu, K.K. Mitochondrial localization of cyclooxygenase-2 and calcium-independent phospholipase A2 in human cancer cells: Implication in apoptosis resistance. Exp. Cell Res. 2005, 306, 75–84. [Google Scholar] [CrossRef] [PubMed]

	



Faour, W.H.; He, Y.; He, Q.W.; de Ladurantaye, M.; Quintero, M.; Mancini, A.; Di Battista, J.A. Prostaglandin E(2) regulates the level and stability of cyclooxygenase-2 mRNA through activation of p38 mitogen-activated protein kinase in interleukin-1 beta-treated human synovial fibroblasts. J. Biol. Chem. 2001, 276, 31720–31731. [Google Scholar] [CrossRef] [PubMed]

	



Mbonye, U.R.; Yuan, C.; Harris, C.E.; Sidhu, R.S.; Song, I.; Arakawa, T.; Smith, W.L. Two distinct pathways for cyclooxygenase-2 protein degradation. J. Biol. Chem. 2008, 283, 8611–8623. [Google Scholar] [CrossRef] [PubMed]

	



Kropotov, A.; Kulikova, V.; Nerinovski, K.; Yakimov, A.; Svetlova, M.; Solovjeva, L.; Sudnitsyna, J.; Migaud, M.E.; Khodorkovskiy, M.; Ziegler, M.; et al. Equilibrative Nucleoside Transporters Mediate the Import of Nicotinamide Riboside and Nicotinic Acid Riboside into Human Cells. Int. J. Mol. Sci. 2021, 22, 1391. [Google Scholar] [CrossRef] [PubMed]

	



Airhart, S.E.; Shireman, L.M.; Risler, L.J.; Anderson, G.D.; Gowda, G.A.N.; Raftery, D.; Tian, R.; Shen, D.D.; O’Brien, K.D. An open-label, non-randomized study of the pharmacokinetics of the nutritional supplement nicotinamide riboside (NR) and its effects on blood NAD+ levels in healthy volunteers. PLoS ONE 2017, 12, e0186459. [Google Scholar] [CrossRef] [PubMed]

	



Brem, H.; Tomic-Canic, M. Cellular and molecular basis of wound healing in diabetes. J. Clin. Investig. 2007, 117, 1219–1222. [Google Scholar] [CrossRef] [PubMed]

	



Yoshino, M.; Yoshino, J.; Kayser, B.D.; Patti, G.J.; Franczyk, M.P.; Mills, K.F.; Sindelar, M.; Pietka, T.; Patterson, B.W.; Imai, S.-I.; et al. Nicotinamide mononucleotide increases muscle insulin sensitivity in prediabetic women. Science 2021, 372, 1224–1229. [Google Scholar] [CrossRef] [PubMed]

	



Forbat, E.; Al-Niaimi, F.; Ali, F.R. Use of nicotinamide in dermatology. Clin. Exp. Dermatol. 2017, 42, 137–144. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 13 00455 g001] 





Figure 1. NR administration differentially regulates the expression of M1 macrophage markers in human MDMs. (A) Representative flow cytometry contour plots showing CD64/CD80 expression (top panel) and CCR2/CCR7 expression (bottom panel) in human M0 or M1 MDMs treated with vehicle or NR for 48 h. The gates represent surface marker expression as a percentage of living cells. The population of CCR7+ macrophages was increased following NR administration. CCR7 was not detected in M0 macrophages. CCR2 was low in both M0 and M1 macrophages. (B) Representative histograms showing cell surface expression of CCR7 (CD197) and CD64. Data shown are representative of 11–12 independent experiments. (C) Quantification of relative surface expression of CCR7 (CD197), CD64, and CD80 in human M1 MDM treated with vehicle (Ctrl) or NR. NR increased the surface expression of CCR7 (CD197), decreased CD64, and had no effect on CD80. Data are represented as mean ± SEM. ** p < 0.01; *** p < 0.001; ns, not significant. Unpaired two-tailed Student’s t-test. 
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Figure 2. NR administration increases CCR7 (CD197)-mediated migration in cultured human M1 MDMs. (A) Diagram showing the migration assay using the Boyden chamber apparatus followed by cell counting from the lower reservoir. (B) Pairwise comparison of relative migration in vehicle (Ctrl)- or NR-treated human M1 MDMs in response to CCL19. Each line represents one experiment. Human MDMs were derived from a total of 8 healthy subjects. (C) Quantification of relative migration in vehicle (Ctrl)- or NR-treated human M1 MDMs in response to CCL19. NR application increased CCL19/CCR7-mediated migration by ~70%. Data are represented as mean ± SEM. * p < 0.05; ** p < 0.01. Unpaired two-tailed Student’s t-test. 
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Figure 3. NR administration increases the PGE2 level in cultured human monocytes, MDMs, and human serum. (A) The PGE2 level in human primary M1 MDMs treated with vehicle or NR for 48 h (n = 10) was measured by the Parameter PGE2 Immunoassay (R&D systems). Human MDMs were derived from 3 healthy subjects. (B) Scheme showing unstimulated (naïve) and LPS-stimulated (activated) human monocytes treated with vehicle or NR for 24 h and collected for metabolomic analysis. (C,D) Relative abundance of NAD+ and PGE2 in vehicle control and NR-supplemented groups determined by metabolomics analysis (n = 10 healthy subjects). (E) (Inset) Design of the clinical protocol. The horizontal bar depicts volunteers consuming NR or placebo for 7 days followed by 24 h of fasting and 3 h of refeeding. The syringe symbol depicts the blood draw time point for serum collection and metabolomics. The PGE2 level in human serum after in vivo NR administration compared to placebo control was measured in a cohort of 36 healthy subjects. Data were analyzed using an unpaired two-tailed Student’s t-test (A,C,D) or paired two-tailed t-test (E). All data are represented as mean ± SEM. * p < 0.05; ** p < 0.01. 
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Figure 4. NR-mediated increases in CCR7 expression and CCL19-induced migration are attenuated by PGE2 synthesis blockers. (A) Diagram showing the PGE2 synthesis pathway and inhibitors used in this study. (B) Relative surface expression of CCR7 was measured by flow cytometry in human M1 MDMs treated with vehicle, NR (±inhibitor: Celecoxib (CC) or Cay10526 (Cay)), or PGE2 during the 48 h polarization. (C) Relative migration of human M1 MDMs treated with vehicle, NR (±inhibitor), or PGE2 in response to CCL19. (D) Representative immunoblot of PGE2 synthesis enzymes from human M1 MDMs treated with vehicle or NR for 48 h during the polarization. (E) Quantification of the COX-2 or mPTGES-1 level in vehicle (Ctrl)- or NR-incubated M1 MDMs, normalized to the vinculin level (n = 6 replicates, two experiments). Data were analyzed using a one-way ANOVA followed by Dunnett’s multiple comparisons test (B,C) or unpaired two-tailed Student’s t-test (E). All data are represented as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant. 
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Figure 5. SIRT3 is required for PGE2 synthesis and CCL19-induced migration elicited by NR administration. (A) Representative immunoblot of PGE2 synthesis enzymes from LPS-activated human monocytes transfected with an empty vector or SIRT1- or SIRT3-expression plasmids. (B) Quantification of the COX-2 or mPTGES-1 level in empty vector (Ctrl OE)-, SIRT1-, or SIRT3-transfected monocytes (n = 8 replicates from three experiments). (C) PGE2 levels from human M1 MDMs transfected with an empty vector (Ctrl OE) or SIRT3-expression plasmid (SIRT3 OE) measured using the Parameter PGE2 Immunoassay. Human M1 MDMs were derived from 6 healthy subjects. (D) Relative migration of human M1 MDMs transfected with an empty vector (Ctrl OE) or SIRT3-expression plasmid (SIRT3 OE) in response to CCL19. Human M1 MDMs were derived from 8 healthy subjects. (E) Relative migration of vehicle- or NR-treated human M1 MDMs transfected with either control siRNA or SIRT3 siRNA in response to CCL19. Human M1 MDMs were derived from 4 healthy subjects. Data were analyzed using a one-way ANOVA followed by Dunnett’s multiple comparisons test (B,E) or an unpaired two-tailed Student’s t-test (C,D). All data are represented as mean ± SEM. * p < 0.05; ** p < 0.01; **** p < 0.0001; ns, not significant. 
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Figure 6. NR facilitates collective cell migration in a SIRT3-dependent manner in human M1 MDMs during wounding. (A) Human MDMs were subjected to standardized wounding and wound closure was monitored by an IncuCyte Live-Cell Analysis System. The images show closure of the wound for up to 48 h post-wounding in control vs. NR-treated MDMs. The scale bars denote 200 μM. (B,C) Relative wound density (RWD) and wound confluence (WC) showing wound closure of human MDMs treated with vehicle (control) or NR over time. (D,E) RWD and WC showing temporal wound closure of NR-treated human MDMs transfected with control siRNA or SIRT3 siRNA. (F,G) RWD and WC show