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34 Summary:

35 Specialized proresolving mediators actively limit inflammation and support tissue regeneration, but their 

36 role in age-related muscle dysfunction has not been explored. We profiled the mediator lipidome of aging 

37 muscle via liquid chromatography-tandem mass spectrometry and tested whether treatment with the 

38 proresolving mediator resolvin D1 (RvD1) could rejuvenate the regenerative ability of aged muscle. Aged mice 

39 displayed chronic muscle inflammation and this was associated with a basal deficiency of proresolving 

40 mediators 8-oxo-RvD1, resolvin E3, and maresin 1, as well as many antiinflammatory cytochrome P450-

41 derived lipid epoxides. Following muscle injury, young and aged mice produced similar amounts of most 

42 proinflammatory eicosanoid metabolites of cyclooxygenase (e.g. prostaglandin E2) and 12-lipoxygenase (e.g. 

43 12-hydroxy-eicosatetraenoic acid), but aged mice produced less markers of proresolving mediators including 

44 the lipoxins (15-hydroxy-eicosatetraenoic acid), D-resolvins/protectins (17-hydroxy-docosahexaenoic acid), E-

45 resolvins (18-hydroxy-eicosapentaenoic acid), and maresins (14-hydroxy-docosahexaenoic acid). Similar 

46 absences of downstream proresolving mediators including lipoxin A4, resolvin D6, protectin D1/DX, and 

47 maresin 1 in aged muscle were associated with greater inflammation, impaired myofiber regeneration, and 

48 delayed recovery of strength. Daily intraperitoneal injection of RvD1 had minimal impact on intramuscular 

49 leukocyte infiltration and myofiber regeneration, but suppressed inflammatory cytokine expression, limited 

50 fibrosis, and improved recovery of muscle function. We conclude that aging results in deficient local 

51 biosynthesis of specialized proresolving mediators in muscle and that immunoresolvents may be attractive 

52 novel therapeutics for the treatment of muscular injuries and associated pain in the elderly, due to positive 

53 effects on recovery of muscle function without the negative side effects on tissue regeneration of non-steroidal 

54 anti-inflammatory drugs. 
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65 Introduction:

66 Aging results in a progressive decline in skeletal muscle mass and function that contributes to frailty, 

67 loss of mobility, and increased mortality in the elderly (Faulkner, Larkin, Claflin, & Brooks, 2007). Aged 

68 muscles are also more susceptible to damage and have a reduced ability to regenerate successfully if injured 

69 (Blau, Cosgrove, & Ho, 2015). Potential sources of this dysfunction include a chronic accumulation of 

70 macrophages (MΦ) within muscle in advanced age (Wang, Wehling-Henricks, Samengo, & Tidball, 2015), as 

71 well as dysregulated acute myeloid cell responses to muscle injury (Sloboda, Brown, & Brooks, 2018). On this 

72 basis, targeting the immune system has shown promise to rejuvenate the regenerative capacity of aged muscle 

73 and limit age-associated muscle wasting (Tidball, Flores, Welc, Wehling-Henricks, & Ochi, 2021).

74 The immune response to muscle injury begins with rapid infiltration of neutrophils, followed by blood 

75 monocyte-derived MΦ that initially exhibit a proinflammatory phagocytic phenotype, but later act to support 

76 muscle regeneration (Arnold et al., 2007). In general, resolution of the acute inflammatory response is actively 

77 controlled by endogenous specialized proresolving mediators that inhibit further recruitment of neutrophils, 

78 while stimulating regenerative MΦ functions (Chiang & Serhan, 2020). Docosahexaenoic acid (DHA) is the 

79 precursor to proresolving mediators including the D-series resolvins (Serhan et al., 2002), protectins 

80 (Mukherjee, Marcheselli, Serhan, & Bazan, 2004), and maresins (Serhan et al., 2009). In endogenous routes of 

81 their biosynthesis, 15-lipoxygenase (15-LOX) initially oxygenates DHA to form 17(S)-hydroxy-DHA (17-

82 HDoHE), a key intermediate metabolite in production of both the D-series resolvins (e.g. RvD1) and protectins 

83 (e.g. PD1) (Hong, Gronert, Devchand, Moussignac, & Serhan, 2003). Alternatively, the 12-LOX pathway 

84 produces 14(S)-hydroxy-DHA (14-HDoHE), a key pathway marker of the maresins (e.g. MaR1) (Serhan et al., 

85 2009). Additional important members of this family of metabolites include the arachidonic acid (ARA) derived 
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86 lipoxins (e.g. LXA4) (Serhan, Hamberg, & Samuelsson, 1984) and eicosapentaenoic acid (EPA) derived E-

87 series resolvins (e.g. RvE1) that are generated via the initial formation of 15(S)-hydroxy-eicosatetraenoic acid 

88 (15-HETE) and 18(R)-hydroxy-eicosapentaenoic acid (18-HEPE), respectively (Arita et al., 2005; Serhan et al., 

89 1984). 

90 Specialized proresolving mediators are produced in response to muscle injury (Giannakis et al., 2019; 

91 Markworth et al., 2020; Sansbury et al., 2020; M. J. Zhang et al., 2016) or physiological stress (Gangemi et al., 

92 2003; Markworth et al., 2013; Vella et al., 2019; Zheng, Pena Calderin, Hill, Bhatnagar, & Hellmann, 2019) 

93 implicating a role for these metabolites in muscle remodelling (Markworth, Maddipati, & Cameron-Smith, 

94 2016). Current approaches to clinical management of soft tissue injuries focus predominantly on blocking 

95 cyclooxygenase (COX) mediated production of proinflammatory prostaglandins with non-steroidal anti-

96 inflammatory drugs (NSAIDs). However NSAIDs also interfere with biosynthesis of proresolving mediators 

97 (Markworth et al., 2013), which can delay timely resolution of inflammation (Schwab, Chiang, Arita, & Serhan, 

98 2007), with potential deleterious effects on muscle repair (Markworth et al., 2016). In contrast to NSAIDs, 

99 resolution agonists can stimulate muscle repair and may thus offer an attractive alternative to classical anti-

100 inflammatory approaches (Giannakis et al., 2019; Markworth et al., 2020; McArthur et al., 2020; Sansbury et 

101 al., 2020; M. J. Zhang et al., 2016).

102  Aging is associated with a deficiency of specialized proresolving mediators in peritoneal fluid 

103 (Arnardottir, Dalli, Colas, Shinohara, & Serhan, 2014), heart (Halade, Kain, Black, Prabhu, & Ingle, 2016), 

104 central nervous system (Krashia et al., 2019), and lungs (Rymut et al., 2020). Indeed, mice lacking the key 

105 resolution sensor, lipoxin A4/formyl peptide receptor 2 (ALX/FPR2), develop a premature aging phenotype 

106 (Tourki et al., 2020). Conversely, treatment of aged mice with RvD1, an endogenous ALX/FPR2 ligand, can 

107 stimulate resolution in models of peritonitis (Arnardottir et al., 2014) and ischemia-perfusion induced lung 

108 injury (Rymut et al., 2020). RvD1 was also recently shown to be of therapeutic benefit in a rat model of 

109 Parkinson’s disease by modulating neuroinflammation (Krashia et al., 2019). The endogenous role and potential 

110 therapeutic applicability of specialized proresolving mediators in the context of skeletal muscle aging has 

111 however not been examined.

112  In the current study we investigated the effect of aging on the basal mediator lipidome of skeletal 

113 muscle as well as intramuscular lipid mediator production in response to sterile injury. Furthermore, we tested 

114 whether RvD1 treatment could limit inflammation and stimulate muscle regeneration in aged mice.

115
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128 Results:

129 Age-Associated Loss of Muscle Mass and Strength

130 Aged mice (26-28 mo) had similar body weights, but lower tibialis anterior (TA) muscle mass than 

131 young mice (4-6 mo) (Figure 1A). Maximal in-situ nerve-stimulated TA isometric force (Po) was lower in aged 

132 mice and this deficit persisted after accounting for their smaller muscle size (specific Po, sPo) (Figure 1B). TA 

133 muscles from aged mice contained similar total numbers of myofibers, but had a substantial reduction in mean 

134 myofiber cross-sectional area (CSA) (Figure 1D). Aging also resulted in a loss of type IIa and IIx fibers, an 

135 increase in IIb fibers, and a reduction in mean CSA for all type II fibers (Figure 1E). These data show that these 

136 mice developed a robust sarcopenic phenotype in advanced age.

137 Chronic Low-grade Inflammation of Aged Muscle is Associated with a Lack of Anti-Inflammatory and 

138 Pro-Resolving Lipid Mediators

139 In order to investigate the mechanisms that may contribute to age-associated muscle atrophy and 

140 weakness, we first performed targeted liquid chromatography-tandem mass spectrometry-based (LC-MS/MS) 

141 based profiling of uninjured TA muscle homogenates from young and aged mice. Intramuscular concentrations 

142 of all detected metabolites are presented in Supplemental Tables 1A-E. Unsupervised principle component 

143 analysis (PCA) score plots revealed a clear clustering of samples by age (Figure 2A). Corresponding loading 

144 plots show key representative metabolites from each major enzymatic pathway that contributed to this response 
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145 (Figure 2B). Overall the lipid mediator profile of young muscle was characterized by an abundance of 

146 polyunsaturated fatty acid (PUFA) metabolites, many of which are common products of the 5-LOX, 15-LOX, 

147 and CYP pathways. Of the 98 total lipid mediator species detected in muscle homogenates, 35 were present at 

148 significantly lower concentration (1.5-fold, p<0.05) in samples from aged mice, while none were significantly 

149 enriched (Figure 2C). A complete list of fold changes, p-values, and associated false discovery rates for each 

150 analyte is shown in Supplemental Table 2A.

151 Cumulative metabolites of the COX-1 and 2 pathways encompassing the thromboxanes and 

152 prostaglandins were similarly abundant in young and aged muscle (Figure 2D, Supplemental Table 1A) with no 

153 individual COX metabolites differing between young and aged mice (Supplemental Table 2A). In contrast, 

154 pooled products of the 5-LOX and 15-LOX pathways were substantially lower in aged mice (Figure 2D, 

155 Supplemental Table 1B). Most notably, this included 15-HETE, the primary 15-LOX derived metabolites of 

156 ARA which is a key pathway marker of the lipoxins (Supplemental Tables 1B and 2A). On the other hand, 17-

157 HDoHE, the primary 15-LOX metabolite of DHA and key D-series resolvin biosynthetic marker did not differ 

158 between young and aged muscle at baseline. Nevertheless, 5-LOX metabolites of both ARA [5-hydroxy-

159 eicosatetraenoic acid (5-HETE)] and DHA [7-hydroxy-docosahexaenoic acid (7-HDoHE)], additional pathway 

160 markers of the lipoxins and D-resolvins respectively, were lower in aged vs young muscle (Supplemental 

161 Tables 1B and 2A). Finally, the overall activity of the CYP pathway, which primarily generates 

162 antiinflammatory epoxide metabolites such as the epoxy-eicosatrienoic acids (EpETrEs), but also produces the 

163 key E-series resolvin pathway marker 18-HEPE, was markedly lower in aged muscle (Figure 2D, Supplemental 

164 Table 1C). Indeed, 18-HEPE was ~30% lower in aged vs young muscle, although this did not reach statistical 

165 significance (p=0.14) (Supplemental Table 2A). Downstream di- and tri-hydroxy-PUFA metabolites, which are 

166 produced endogenously by the sequential action of two or more different LOX and/or CYP isoforms, were 

167 generally present at very low concentrations in muscle and were often below the limits of detection 

168 (Supplemental Table 1D). Nevertheless, bioactive specialized proresolving mediators (abbreviated as SPM in 

169 Figure 2 and 3) including LXA4, resolvin D6 (RvD6), MaR1, and MaR1n-3 DPA were detected in all samples, 

170 while resolvin E3 (RvE3) and 8-oxo-RvD1 were detected only in young muscle (Figure 2C, Supplemental 

171 Table 1D). There was an overall basal deficiency of pooled specialized proresolving mediators in aged mice 

172 (Figure 2D), predominantly attributable to significantly lower concentrations of MaR1 (Supplemental Table 1D, 

173 Supplemental Table 2A).

174 The deregulated mediator lipidome of aged muscle was accompanied by increased muscle mRNA 

175 expression of cytokines and immune cell markers, as well as greater intramuscular numbers of neutrophils, total 

176 MΦ, M2-like MΦ, and to a lesser extent M1-like MΦ (p=0.09) (Figure 2H-K), although the ratio of M2:M1-like 
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177 MΦ did not differ between young and aged mice (2.17 vs. 1.64, p=0.34). This chronic accumulation of MΦ in 

178 aged muscle was further confirmed by flow cytometry (Supplemental Figure 1). Inflammation of aged muscle 

179 was associated with increased centrally nucleated fibers supporting ongoing myofiber degeneration/regeneration 

180 (Figure 2L). Representative images illustrating intramuscular myeloid cell populations are shown in Figure 2M. 

181 Overall, the data show that chronic inflammation of aging muscle is characterized by a basal deficiency of 

182 proresolving lipid mediators.

183 Aged Mice Mount a Deficient Specialized Proresolving Lipid Mediator Response to Muscle Injury

184 We next assessed the effect of aging on local lipid mediator biosynthesis following muscle injury 

185 induced by intramuscular injection of barium chloride (BaCl2). There was a minor shift in global muscle lipid 

186 mediator profile at day 1 post-injury (Figure 3A), due predominantly to a rapid increase in likely non-enzymatic 

187 PUFA metabolites (Figure 3B, Supplemental Table 1E). This was followed by a marked shift in muscle lipid 

188 mediator profile at day 3 post-injury attributable to increased concentrations of many major products of the 

189 COX, LOX, and CYP pathways (Figure 3A-B, Supplemental Tables 1A-D). 

190 When compared to young mice, aged mice mounted an overall deregulated lipid mediator response as 

191 evidenced by less separation of clusters of samples obtained at distinct time-points within respective PCA score 

192 plots (Figure 3A). Analysis of intramuscular lipid mediators pooled over major biosynthetic pathways by two-

193 way ANOVA revealed that aged and young mice produced similar cumulative amounts of COX, 12-LOX, and 

194 CYP products following injury (age × time effects of p=0.33, p=0.74, p=0.27 respectively) (Figure 3B). In 

195 contrast, aged mice showed diminished local production of cumulative metabolites of the 5-, 8-, and 15-LOX 

196 pathways, as well as a marked deficiency in pooled detected downstream bioactive specialized proresolving 

197 mediators (age × time p=0.018, p=0.048, p=0.013, p=0.036 respectively) (Figure 3B). 

198 A heat map summarizing the temporal shifts in key individual lipid mediator species is shown in Figure 

199 3C. There were age-related deficiencies in biosynthesis of LXA4, RvD6, protectin D1 (PD1), protectin DX 

200 (PDX), and MaR1 (Supplemental Table 1D and 2B-D). Key pathway markers of the lipoxins (15-HETE), D-

201 resolvins (17-HDoHE), E-resolvins (18-HEPE), and maresins (14-HDoHE) were also all produced to a 

202 significantly lesser extent in aged muscle following injury (Supplemental Table 1B and Supplemental Table 2C-

203 D). On the other hand, young and aged mice displayed largely equivalent production of many proinflammatory 

204 eicosanoid metabolites of the COX pathway [e.g. thromboxane B2 (TXB2), prostaglandin E2 (PGE2), and 

205 prostaglandin F2α (PGF2α)] and 12-LOX pathway [e.g. 12-hydroxy-eicosatetraenoic acid (12-HETE)] 

206 (Supplemental Table 1A and 2B-D). Notable exceptions were prostaglandin D2 (PGD2) and 13,14-dihydro-15-

207 keto PGD2, the cyclopentenone prostaglandins J2 (PGJ2) and 15-deoxy-Δ12,14- PGJ2, as well as prostaglandin I2 

208 (PGI2 or prostacyclin), measured as its degradation product 6-keto-prostaglandin F1α (6kPGF1α), all of which 
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209 were significantly lacking in aged muscle following injury. The blunted proresolving mediator response in aged 

210 muscle resulted in a relative overabundance of pooled eicosanoids following injury (Figure 3D). Kinetic data 

211 for major individual prostaglandins, detected specialized proresolving mediators, and related LOX and CYP 

212 derived pathway markers is shown in Supplemental Figure 2.

213 With the exception of an initial transient increase in muscle mass at day 1 post-injury in aged mice, 

214 temporal shifts in the masses of the TA muscles used for lipidomic profiling were similar between young and 

215 aged mice (Figure 3E). Volcano plots summarizing the overall differences between aged and young muscle 

216 mediator lipidomes for all detected analytes at each time-point are shown in Figure 3F and Supplemental Table 

217 2B-D. These findings demonstrate that aging results in a marked imbalance in local biosynthesis of 

218 inflammatory and resolving lipid mediators following muscle damage. 

219 Resolvin D1 Treatment Suppresses Intramuscular Inflammatory Cytokines, but Does Not Limit 

220 Excessive Leukocyte Infiltration of Aged Muscle 

221 Since aging was associated with impaired proresolving mediator biosynthesis in response to muscle 

222 injury, we aimed to investigate whether treatment of aged mice with exogenous proresolving molecules might 

223 limit muscle inflammation and improve regeneration. We chose to test RvD1 due to its well-established dose-

224 response pharmacokinetics (Sun et al., 2007), stimulatory effects on muscle regeneration in young mice 

225 (Markworth et al., 2020; Sansbury et al., 2020), and ability to protect aged mice from ischemia-reperfusion 

226 induced lung injury (Rymut et al., 2020). Finally, 17-HDoHE, the primary 15-LOX-derived precursor to RvD1 

227 was detected in muscle, markedly increased following injury, but significantly impaired in aged mice.

228 We first confirmed that RvD1 treatment stimulated phagocytosis by bone marrow-derived MΦ in vitro 

229 and showed that MΦ from aged mice maintained the intrinsic ability to respond effectively to RvD1 

230 (Supplemental Figure 3). We then treated aged mice with RvD1 at a dose of 100 ng/day administered by 

231 intraperitoneal injection. This route and dose was based on many prior studies (e.g Markworth et al., 2020; 

232 Sansbury et al., 2020). We did not measure the its pharmacokinetics, but RvD1 is well-known to rapidly appear 

233 in peripheral circulation following intraperitoneal injection (Krashia et al., 2019).

234 At day 1 post-injury, there was a large increase for both age groups in intramuscular neutrophils (Ly6G+ 

235 cells) and MΦ (CD68+ cells) that was followed by a subsequent decline in Ly6G+ cells and progressive MΦ 

236 recruitment peaking at day 3 (Figure 4A-4B). When compared to young mice, aged mice initially showed 

237 relatively greater recruitment of Ly6G+ cells at 1-day post-injury, but more significant clearance by day 3 

238 (Figure 4C-D), with a relatively greater intramuscular MΦ presence at both day 1 and day 3 post-injury (Figure 

239 4C-D). Treatment of aged mice with RvD1 did not influence myeloid cell numbers in muscle (Figure 4C-D).
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240 To confirm the surprising finding that despite a markedly deficient local biosynthetic response for 

241 specific proresolving mediators in aged mice, the rate of clearance of neutrophils from injured muscle was 

242 accelerated, we repeated these experiments for analysis of the whole intramuscular single cell population by 

243 flow cytometry. At day 3 post-injury ~8% of intramuscular leukocytes (CD45+ cells) were Ly6G+ in young 

244 mice, compared with only ~2% in aged mice (Figure 4E). This was accompanied by a parallel increase in the 

245 proportion of MΦ (CD64 + cells) in aged muscle. Treatment of aged mice with RvD1 did not influence the 

246 proportion of CD45+ cells that were either Ly6G+ or CD64+ (Figure 4E). RvD1 treatment did however reduce 

247 muscle mRNA expression of cytokines within injured muscle (Figure 4F). Thus, RvD1 may still influence the 

248 inflammatory profile of intramuscular leukocytes despite not impacting their number.

249 Defective Myofiber Regeneration in Aged Mice is not Influenced by RvD1 

250 Many small myofibers with characteristic centrally located nuclei and robust expression of embryonic 

251 myosin heavy chain (eMHC) appeared by day 5 post-injury in both young and aged mice (Figure 5A). When 

252 compared to young mice, regenerating muscle cross-sections from aged mice contained fewer newly formed 

253 myofibers (as assessed by the combination of eMHC expression and associated centrally located myonuclei) 

254 (Figure 5B). In addition to a lack of fibers undergoing regeneration in aged mice, the myofibers that were 

255 regenerating were smaller in size (Figure 5C-D). RvD1 treatment did not influence regenerating fiber number or 

256 size (Figure 5A-C). 

257 When compared to young mice, aged muscles tended to have more total MΦ at day 5 post-injury 

258 (p=0.09), and this was especially true for M2-like MΦ (CD68+CD163+ cells) (Figure 5E). Treatment of aged 

259 mice with RvD1 did not impact intramuscular MΦ (Figure 5F). Muscle satellite cells (MuSC) increased 

260 markedly at day 5 post-injury, aged mice showed lower numbers of MuSCs than young mice, and this was 

261 reduced even further by RvD1 treatment (Figure 5G-H). Thus, RvD1 treatment had a marked impact on the 

262 MuSC response to muscle damage but this did not translate to a clear positive or negative impact on myofiber 

263 regeneration.

264 RvD1 Limits Maladaptive Remodeling of Aged Muscle and Improves Recovery of Muscle Function 

265 When expressed relative to age-matched uninjured muscles (Figure 1), aged mice had greater deficits 

266 than young mice at 14 days’ post-injury for Po and much of this difference persisted after accounting for the 

267 smaller regenerating muscle size in aged mice (sPo), while treatment with RvD1 tended to improve this sPo 

268 deficit (p=0.06) (Figure 6A). To investigate the basis for the functional improvement, we performed 

269 hematoxylin and eosin staining and found that compared to young mice, regenerating muscles from untreated 

270 aged mice had a greatly expanded interstitial space between their smaller regenerating myofibers (Figure 6B). 
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271 Aged TA muscle cross-sections were overall smaller in size than young mice and this was mainly due to a 

272 reduction in muscle fiber (actin+) area, while the amount of extracellular matrix (actin- area) was similar to 

273 young muscle (Figure 6C). Because of this, regenerating aged muscles were comprised of a greater proportion 

274 of non-contractile tissue, indicative of poorer muscle quality and reflected in the sPo deficit. When compared to 

275 aged mice receiving vehicle treatment, RvD1 did not influence overall muscle size or total myofiber (actin+) 

276 area, but did reduce the amount of intramuscular non-contractile (actin-) tissue (Figure 6C). Consequently, the 

277 relative proportion of muscle which was compromised of functional myofibers was increased in aged mice 

278 treated with RvD1 when compared to untreated aged mice. 

279 Neither age nor RvD1 treatment had a significant impact on the fiber type composition of regenerating 

280 muscles (Figure 6D) and both young and aged TA muscles were predominantly composed of regenerating 

281 myofibers at day 14 post-injury (Figure 6E). When compared to young mice, aged muscles contained fewer 

282 regenerating myofibers which were on average smaller in size, but this was not influenced by RvD1 treatment. 

283 Aged muscles also still contained many more intramuscular MΦ than young mice even at 2-weeks following 

284 muscle damage and treatment of aged mice with RvD1 did not influence this response (Supplemental Figure 4).

285

286

287

288

289 Discussion:

290 We examined the effect of aging on the local lipid mediator response to muscle injury and tested 

291 whether systemic RvD1 treatment limits inflammation and improves muscle regeneration in aged mice. Aged 

292 mice produced similar amounts of proinflammatory prostaglandins (e.g. PGE2) as young mice following injury, 

293 but displayed deficient intramuscular markers of specialized proresolving mediator biosynthesis, as well as a 

294 lack of several downstream lipoxins, resolvins, protectins, and maresins. This deregulated lipid mediator 

295 response was associated with excessive inflammation, deficient myofiber regeneration, increased fibrosis, and 

296 delayed functional recovery. Treatment of aged mice with RvD1 limited inflammatory cytokine expression, but 

297 did not impact myeloid cell recruitment or myofiber regeneration. Nevertheless, RvD1 limited maladaptive 

298 tissue remodeling resulting in improved recovery of muscle specific force. These findings reveal an age-

299 associated imbalance of intramuscular inflammatory and resolving lipid mediators and support 

300 immunoresolvents as an attractive alternative for the clinical management of muscle injuries and associated pain 
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301 in the elderly, due to positive effects on recovery of strength without negative side effects of NSAIDs on muscle 

302 regeneration.

303 Consistent with recent reports, we found a chronic age-associated increase in muscle neutrophils 

304 (Kawanishi & Machida, 2021; Li et al., 2020; Sloboda et al., 2018) and M2-like MΦ (Cui et al., 2019; Jensen et 

305 al., 2020; Reidy et al., 2019; Sorensen et al., 2019; Wang et al., 2015). Aged mice also mounted a heightened 

306 acute inflammatory response to muscle injury, which is also consistent with prior studies (Blanc et al., 2020; 

307 Patsalos et al., 2018; Rahman, Angus, Stokes, Karpowicz, & Krause, 2020; Sloboda et al., 2018). LC-MS/MS 

308 based profiling revealed that this greater inflammation was associated with a deficiency in local biosynthesis of 

309 key pathway markers in the biosynthesis of the lipoxins (15-HETE), E-resolvins (18-HEPE), D-

310 resolvins/protectins (17-HDoHE), and maresins (14-HDoHE). While di- and tri-hydroxylated PUFA 

311 metabolites were only sporadically detectable within muscle homogenates, several downstream bioactive 

312 specialized proresolving mediators including LXA4, RvD6, PD1, PDX, and MaR1 were also relatively lacking 

313 in aged muscle during regeneration. 

314 Systemic treatment of aged mice with RvD1 has previously shown promise limiting leukocyte-induced 

315 lung injury (Rymut et al., 2020) and modulating neuroinflammation in a rat model of Parkinson's disease 

316 (Krashia et al., 2019). Furthermore, we and other groups recently showed that RvD1 treatment improved 

317 regenerative outcomes following muscle injury in young mice (Markworth et al., 2020; Sansbury et al., 2020). 

318 In the current study, treatment with RvD1 suppressed both pro and antiinflammatory cytokines in muscle of 

319 aged mice, but in contrast to our prior study in young mice, did not reduce early MΦ infiltration (Markworth et 

320 al., 2020). Other inflammation-related genes (e.g. TNFα, IL-6) that were markedly suppressed post-injury in 

321 young mice treated with RvD1 (Markworth et al., 2020), also only trended towards suppression in aged muscle 

322 here. Thus, RvD1 was unable to fully overcome heightened muscle myeloid cell infiltration in aged mice. This 

323 may relate to the increased inflammation-related gene expression in aged muscle even before injury. Therefore, 

324 future studies should examine whether longer-term immunoresolvent treatments may reduce chronic basal 

325 inflammation of aged muscle. Furthermore, a single immunoresolvent class may be insufficient for the overall 

326 resolution of inflammation following muscle injury, especially in aged mice which were deficient in markers of 

327 all major proresolving mediators. Therefore, therapeutic administration of different specialized proresolving 

328 mediators and/or combinatorial treatments may have additional therapeutic effects on age-related muscle 

329 dysfunction.

330 The 12-LOX pathway is classically known for producing the proinflammatory eicosanoid 12-HETE. 

331 However, the maresin family of specialized proresolving mediators are also formed via the 12-LOX pathway, 

332 by the initial conversion of DHA to 14-HDoHE (Serhan et al., 2009). Both 12-HETE and 14-HDoHE increased 
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333 in response to muscle injury in the current study and while the 14-HDoHE response was markedly blunted in 

334 aged compared with young mice, 12-HETE was not impacted by aging. How two distinct metabolic products of 

335 the same enzymatic pathway can be differently modulated in aging muscle remains unclear, but several 

336 plausible mechanisms exist. Firstly, the deficient 14-HDoHE response might originate from a deficiency in 

337 DHA, rather than defects in 12-LOX activity. Secondly, multiple 12-LOX isoforms exist, which differ in their 

338 substrate specificity, enzyme kinetics, and cell type expression profiles and only specific 12-LOX isoforms may 

339 be deregulated in aged muscle. Finally, production of specialized proresolving mediators involves multiple 

340 steps, often via transcellular biosynthetic routes involving two or more enzymes. Therefore, the lack of maresins 

341 in aged muscle might also result from 12-LOX independent mechanisms entirely, although our 14-HDoHE data 

342 would argue against this conclusion.

343 We also observed a marked deficit in aged muscle prior to injury in many epoxide metabolites derived 

344 from the less well explored CYP pathway which possess anti-inflammatory actions (Christmas, 2015). A recent 

345 study showed that PUFA epoxides also stimulate the resolution of inflammation and could thus be classed as 

346 proresolving mediators themselves (Gilroy et al., 2016). The CYP pathway also contributes to endogenous 

347 biosynthesis of the E-series resolvins by producing the key intermediate 18-HEPE (Arita et al., 2005). Indeed, 

348 we found 18-HEPE in abundance within injured muscle of young mice but markedly deficient in aged mice. 

349 Therefore, metabolites of the LOX and CYP pathways are likely to act in unison. While we focused our 

350 intervention on a LOX-derived resolvin, our data suggest that targeting the CYP pathway may be an additional 

351 novel strategy to combat basal age-associated muscle inflammation and related dysfunction.

352 The ability of RvD1 to limit neutrophil infiltration is well-described for certain experimental models of 

353 acute inflammation (Sun et al., 2007), but we have been unable to demonstrate this with sterile skeletal muscle 

354 injury (Markworth et al., 2020). The benefit of RvD1 on revascularization of ischemic skeletal muscle was 

355 recently found to be independent of effects on neutrophil infiltration (Sansbury et al., 2020). Therefore, the 

356 suppressive effects of RvD1 on neutrophil recruitment may depend on the nature of the inflammatory insult and 

357 the site of inflammation. A second defining action of specialized proresolving mediators is accelerating a return 

358 to a non-inflamed state by stimulating neutrophil clearance. Indeed, we previously found that RvD1 treatment 

359 reduced intramuscular neutrophil numbers by day 3 following muscle injury in young mice despite not limiting 

360 their initial appearance (Markworth et al., 2020). To our surprise, we found here that aged mice actually cleared 

361 these cells more rapidly than young mice and RvD1 treatment did not further accelerate the response. 

362 Neutrophils can inflict secondary muscle damage and limiting their influx is generally considered to be 

363 protective from muscle injury. Thus, the observation that aged muscle displayed both more rapid clearance of 

364 neutrophils and defective myofiber regeneration was surprising. Neutrophils do play an important role in 
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365 muscular adaptations under certain conditions however and as such future studies are needed to better clarify 

366 the role of these cells in aging muscle (Lockhart & Brooks, 2008).

367 Consistent with recent reports, we found that aged mice displayed marked defects in regenerating 

368 myofiber number and size (Blanc et al., 2020; Patsalos et al., 2018; Rahman et al., 2020; C. Zhang et al., 2020), 

369 but RvD1 treatment had minimal impact on this response. Aging is also well-established to limit recovery of 

370 muscle function following injury, due at least in part to an accumulation of fibrotic tissue during muscle 

371 regeneration (Rahman et al., 2020; C. Zhang et al., 2020). Indeed, we found that aged mice showed marked 

372 deficits in recovery of strength due to both reduced ability of aged muscle to recover its pre-injury size as well 

373 as maladaptive tissue remodeling that further impaired relative contractile function. Although treatment of aged 

374 mice with RvD1 did not impact any cellular indices of regenerating myofiber number/size or fiber type it did 

375 improve recovery of specific muscle force due to reduced accumulation of fibrotic tissue. Collectively, these 

376 data show that while RvD1 treatment appears unable to rescue age-related defects in myofiber regeneration, it 

377 nonetheless limited maladaptive tissue remodeling and thus improved the quality of the regenerated muscle 

378 resulting in improved contractile function.

379 Our findings are in contrast to the beneficial effects of RvD1 treatment on regenerating muscle fiber size 

380 observed previously in young mice with this same dosing regimen (Markworth et al., 2020), and recent reports 

381 that local intramuscular injection of a distinct but related proresolving mediator, resolvin D2 (RvD2), could also 

382 improve recovery of overall muscle size and strength (Giannakis et al., 2019). Additionally, RvD1 treatment 

383 stimulated revascularization of ischemic muscle in young mice (Sansbury et al., 2020). Consistent with our 

384 results are recent reports that systemic RvD1 treatment limited fibrosis of other tissues such as the heart (Hiram 

385 et al., 2020). Mice lacking the RvD1 receptor in all cell types (Alx/Fpr2−/− mice) or specifically in myeloid cells 

386 (hALX/FPR2MKO mice) both display increased muscle fibrosis following hind-limb ischemia (Sansbury et al., 

387 2020). Thus, the age-associated deficiency of endogenous ALX/FPR2 ligands (e.g. LXA4) during muscle 

388 regeneration and protective effect of exogenous RvD1 treatment (an ALX/FPR2 ligand) on maladaptive muscle 

389 remodeling identified in the current study are most likely mediated via intramuscular myeloid cells.

390 In conclusion, aging leads to a local deficiency of intramuscular proresolving lipid mediator biosynthesis 

391 that is associated with chronic muscle inflammation, heightened acute myeloid cell responses to injury, and 

392 poor regenerative outcomes. Short term systemic treatment with RvD1 reduced local expression of 

393 inflammatory mediators and limited maladaptive tissue remodeling following muscle injury, but was unable to 

394 fully overcome age-associated defects in myofiber regeneration. Given their emerging important roles in 

395 stimulating tissue regeneration, other proresolving mediators such as the E-resolvins, protectins, and maresins, 
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396 which were also deficient in aged muscle, may contribute to age-related muscle dysfunction and warrant further 

397 investigation. 
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418 Experimental Procedures:

419 Animals: Aged female mice were obtained from the National Institute of Aging (NIA) at 20-22 mo, 

420 housed for ~6 months, and used for experiments between 26-28 mo. Adult (4-6 mo) female C57BL/6 mice were 
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421 obtained from Charles River Laboratories and served as young adult controls. All mice were housed under 

422 specific pathogen free conditions with ad-libitum access to food and water. 

423 Muscle Injury: Mice were anesthetized with 2% isoflurane and received bilateral intramuscular 

424 injection of the tibialis anterior (TA) muscle with 50 µL per limb of 1.2% BaCl2 in sterile saline to induce 

425 myofiber injury. Mice were returned to their home cage to recover and monitored until ambulatory with free 

426 access to foot and water. 

427 Immunoresolvent Treatment: RvD1 was purchased from Cayman Chemicals (10012554). Aged mice 

428 were randomized to receive daily 100 µL intraperitoneal (IP) injections of either 100 ng of RvD1 or vehicle 

429 control (0.1% ethanol) with the first dose given during ~5 min prior to muscle injury. Mice were allowed to 

430 recover for up to two-weeks with daily IP injection of 100 ng of RvD1 or vehicle control.

431 MΦ phagocytosis: To confirm the established bioactivity of RvD1 on myeloid cells we performed in-

432 vitro phagocytosis assays using pHrodo Green E. Coli Bio Particles (Invitrogen, P35366) with bone-marrow 

433 derived macrophage (BMM) cultures isolated from young (4-6 mo) and aged (26-28 mo) host mice. 

434 Histology: Cross-sections (10 µm) were cut from the muscle mid-belly in a cryostat at -20°C and 

435 adhered to SuperFrost Plus slides. Sections were air dried and then stained with hematoxylin and eosin (H & E). 

436 Slides for immune cell staining were fixed in acetone at -20°C and then air dried. Satellite cell staining slides 

437 were fixed in 4% paraformaldehyde (PFA), quenched with hydrogen peroxide, and antigen retrieval performed. 

438 Unfixed tissue sections were used for muscle fiber type staining. Prepared slides were blocked in 10% normal 

439 goat serum (Invitrogen 10000C) or Mouse on Mouse (M.O.M) blocking reagent (Vector Laboratories, MKB-

440 2213) as appropriate prior to overnight incubation at 4°C with primary antibodies. The following day, slides 

441 were incubated with Alexa Fluor conjugated secondary antibodies and mounted using Fluorescence Mounting 

442 Medium (Agilent Dako, S302380). Fluorescent images were captured using a Nikon A1 confocal microscope.

443 Image Analysis: Muscle morphology was analyzed on stitched panoramic images of the entire muscle 

444 cross-section by high-throughput fully automated image analysis with the MuscleJ plugin for FIJI/ImageJ 

445 (Mayeuf-Louchart et al., 2018). Immune cells and satellite cells were manually counted throughout the entire 

446 cross-section and then normalized to tissue area as determined by MuscleJ. In all cases, the experimenter was 

447 blinded to the experimental group.

448 Muscle Force Testing: At day 14 post-injury maximum in-situ nerve-stimulated isometric tetanic force 

449 (Po) generated by the TA muscle was measured and used to calculate maximal specific isometric force (sPo) by 

450 dividing Po by muscle cross-sectional area (CSA). 
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451 Mediator lipidomics: Muscle homogenates were analyzed by LC-MS/MS based metabolipidomic 

452 profiling following solid phase extraction as previously described (Markworth et al., 2020; Markworth et al., 

453 2016; Markworth et al., 2013; Vella et al., 2019). 

454 RT-PCR: Whole muscle gene expression was measured by RT-PCR on a CFX96 Real-Time PCR 

455 Detection System (Bio-Rad, 1855195) in 20 µL reactions of iTaq™ Universal SYBR® Green Supermix (Bio-

456 Rad, #1725124) with 1 µM forward and reverse primers (Table 1). Relative mRNA expression was determined 

457 using the 2-ΔΔCt method. Primers are listed in Table 1.

458 Flow Cytometry: Muscle tissue was digested with collagenase II/dispase. Isolated single-cells were Fc 

459 blocked prior to incubation with fluorescently conjugated primary antibodies. Cells were run on a flow 

460 cytometer and data was analyzed with FlowJo 10 software.

461 Statistics: Data is presented as the mean ± SEM. Statistical analysis was performed in GraphPad Prism 

462 7. Between group differences were tested by two-tailed unpaired students t-tests (2 groups) or by a one-way 

463 analysis of variance (ANOVA) followed by pair-wise Least Significance Difference (LSD) (3 groups) or Holm-

464 Sidak post-hoc tests (>3 groups). p≤0.05 was used to determine statistical significance.

465 Study approval: All animal experiments were approved by the University of Michigan Institutional 

466 Animal Care and Use committee (IACUC) (PRO00008744). 
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660

661

662 Figure Legends:

663 Figure 1 – Age-associated muscle wasting: A: Body weight, tibialis anterior (TA) muscle mass, and relative 

664 TA mass of uninjured young and aged C57BL/6 mice. B: Maximal nerve stimulated in-situ isometric force (Po, 

665 mN) generated by young and aged TA muscles were measured and used to calculate maximal specific force 

666 (sPo, mN/mm2). C: TA cross-sections were stained with antibodies for type I, IIa, and IIb myosin heavy chain. 

667 Type IIx fibers remain unstained (black). The extracellular matrix was labeled with wheat germ agglutinin 

668 (WGA). Scale bars are 1000 µm. Right panels show representative fields of view from deep and superficial 

669 regions of the TA. Scale bars are 200 µm. The total number and cross-sectional area (CSA) of each myofiber 

670 and its corresponding fiber type was determined using MuscleJ software. D: Quantification of total myofiber 

671 number, mean fiber CSA, and fiber size frequency distribution. E: Fiber type composition and mean fiber CSA 

672 split by fiber type. Bars show the mean ± SEM of 5-7 mice per group with dots representing data from each 

673 individual mouse. *Denotes p<0.05 vs. young mice by two-tailed unpaired t-test.
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688

689

690 Figure 2 – Chronic inflammation of aged muscle is associated with a deficiency of proresolving lipid 

691 mediators: A-B: Principle component analysis (PCA) score and loading plots of the mediator lipidome of 

692 uninjured TA muscles from young and aged C57BL/6 mice as determined by liquid chromatography-tandem 

693 mass spectrometry (LC-MS/MS). C: Volcano plots summarizing the magnitude and statistical significance of 

694 difference between aged and young mice for each individual detected lipid mediator. Complete volcano plot 

695 data is shown in Supplemental Table 2. D: Relative pooled concentrations (pmol/mg tissue) of lipid mediator 

696 metabolites of ARA, EPA, and DHA derived from major enzymatic biosynthesis pathway in young and aged 

697 mice. Linoleic acid metabolites (e.g. HODES and EpOMEs) are excluded and shown separately in 

698 Supplemental Table 1.  E-F: TA mRNA expression of inflammation-related genes as determined by real-time 

699 quantitative reverse transcription PCR (RT-qPCR). H-L: Quantification of intramuscular number of neutrophils 

700 (Ly6G+ cells), total macrophages (MΦ) (CD68+ cells), M2-like MΦ (CD68+CD163+ cells), M1-like MΦ 

701 (CD68+CD163- cells), and centrally nucleated (regenerating) myofibers. M: Representative staining of cross-

702 sections of young and aged TA muscles. Scale bars are 100 µm for neutrophils and 200 µm for MΦ. Bars show 

703 the mean ± SEM of 5-7 mice per group with dots representing data from each individual mouse. *Denotes 

704 p<0.05 vs vehicle group by two-tailed unpaired t-test.
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717

718

719 Figure 3 – Impact of age on local shifts in lipid mediator biosynthesis following muscle injury: A: Young 

720 and aged C57BL/6 mice received bilateral intramuscular injection of the TA muscle with 50 µL of 1.2% barium 

721 chloride (BaCl2) to induce myofiber injury. TA muscles were collected at 1, 3, and 5 days’ post-injury for 

722 analysis of intramuscular lipid mediator concentrations via LC-MS/MS. PCA score and loading plots show 

723 global shifts in the mediator lipidome of injured muscle. B: Changes in pooled lipid mediator metabolites of 

724 ARA, EPA, and DHA from potential biosynthetic routes. Data is presented as the change in concentration 

725 (pmol/mg tissue) from age-matched uninjured muscles displayed in Figure 2D. Linoleic acid metabolites (e.g. 

726 HODES and EpOMEs) are excluded and shown separately in Supplemental Table 1. C: Heat map summarizing 

727 average temporal shifts in representative individual lipid mediators. Statistical analysis of these analytes by two-

728 way ANOVA is shown in Supplemental Figure 2. D: Shifts in the balance of major eicosanoids (TXB2, PGD2, 

729 PGE2, PGF2α, 6kPGF1α, and 5-, 12-, 15-HETEs) relative to detected proresolving mediators (RvE3, 8-oxoRvD1, 

730 LXA4, RvD6, PD1, PDX, and MaR1) and related pathway markers (5-, 18-HEPEs and 4-, 7-, 14, 17- HDoHEs) 

731 following muscle injury. E: Changes in the mass of muscle samples used for lipidomic profiling. F: Volcano 

732 plots summarizing the magnitude and statistical significance of difference between aged and young mice for 

733 each individual detected lipid mediator. Bars show the mean ± SEM of 5-7 mice per group. B-E: *denotes 

734 p<0.05 change from age-matched uninjured muscles as determined by two-way ANOVA with Holm-Sidak 

735 post-hoc tests. #denotes p<0.05 between young and aged mice at a given time-point by two-way ANOVA with 

736 Holm-Sidak post-hoc tests.
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746

747

748

749 Figure 4 – The effect of aging and RvD1 treatment on the inflammatory response to muscle injury: A-B: 

750 Young and aged C57BL/6 mice received bilateral intramuscular injection of the TA muscle with 50 µL of 1.2% 

751 BaCl2 to induce myofiber injury. Aged mice were treated daily with RvD1 (100 ng) or vehicle (0.1% ethanol) 

752 via intraperitoneal (IP) injection. TA muscles were collected at day 1 and 3 post-injury and muscle cross-

753 sections were stained for neutrophils (Ly6G) or monocytes/macrophages (MΦ, CD68). Cell nuclei and the basal 

754 lamina were counterstained with DAPI and a laminin antibody respectively. Scale bars are 200 µm. C-D: 

755 Quantification of neutrophils (Ly6G+ cells) and MΦ (CD68+ cells) in injured muscle at day 1 and 3 post-injury. 

756 E: Intramuscular neutrophils (Ly6G+ cells) and MΦ (CD64+ cells) as percentage of total intramuscular 

757 leukocytes (CD45+ cells) as determined by flow cytometry. F: Quantification of mRNA expression of muscle 

758 cytokine expression at day 1 post-injury by RT-PCR. Bars show the mean ± SEM of 4-7 mice per group with 

759 dots representing data from each individual mouse. *Denotes p<0.05 between groups by one-way ANOVA with 

760 pairwise LSD post-hoc tests.
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774

775

776

777

778 Figure 5 – The effect of age and RvD1 treatment on myofiber regeneration: A: Young and aged C57BL/6 

779 mice received bilateral intramuscular injection of the TA muscle with 50 µL of 1.2% BaCl2 to induce myofiber 

780 injury. Aged mice were treated daily with RvD1 (100 ng) or vehicle (0.1% ethanol) by IP injection. TA muscles 

781 were collected at day 5 post-injury and muscle cross-sections were stained for embryonic myosin heavy chain 

782 (eMHC). Cell nuclei and the basal lamina were counterstained with DAPI and a laminin antibody respectively. 

783 Scale bars are 200 µm. B: Quantitative of total myofiber number, regenerating (centrally nucleated) myofiber 

784 number, and the percentage of total myofibers undergoing regeneration as determined by MuscleJ. C: Mean 

785 CSA of the regenerating myofiber population. D: Frequency distribution regenerating myofiber CSA in young 

786 and aged mice. E: Muscle cross-sections were stained for total MΦ (CD68) and M2-like MΦ (CD163). Scale 

787 bars are 200 µm. F: Quantification of total MΦ infiltration as percentage of tissue area containing CD68+ 

788 staining and M2-like MΦ (CD163+ cell) counts. G: Muscle cross-sections were stained for the muscle satellite 

789 cell marker Pax7 at day 5 post-injury. TA muscles from age matched uninjured mice served as controls. Scale 

790 bars are 100 µm. H: Quantification of satellite cell number expressed relative to tissue area or myofiber 

791 number. Bars are mean ± SEM of 5-7 mice per group with dots representing data for each individual mouse. 

792 *p<0.05 by one-way ANOVA with pairwise LSD post-hoc tests for panels A-F or pairwise Holm-Sidak post-

793 hoc tests for panel H.
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803

804

805

806

807 Figure 6 – RvD1 limits maladaptive remodeling following muscle injury in aged mice: A: Young and aged 

808 C57BL/6 mice received bilateral intramuscular injection of the TA muscle with 50 µL of 1.2% BaCl2 to induce 

809 myofiber injury. Aged mice were treated with daily IP injections of RvD1 (100 ng) or vehicle (0.1% ethanol) 

810 for 14 days. On day 14 post-injury maximal nerve-stimulated in-situ isometric force (Po, mN) generated by the 

811 TA muscle was measured and used to calculate specific force (sPo, mN/mm2). Data is presented as percentage 

812 force deficit relative to age-matched uninjured TA muscles shown in Figure 1B. B: TA cross-sections were 

813 stained for hematoxylin & eosin, conjugated phalloidin (actin), or with antibodies against type I, IIa, and IIb 

814 myosin heavy chain. Type IIx fibers remain unstained (black). Cell nuclei and the basal lamina were 

815 counterstained with DAPI and a laminin antibody on phalloidin slides. The extracellular matrix was stained 

816 with wheat germ agglutinin (WGA) to delineate myofiber boundaries on fiber type slides. Scale bars are 200 

817 µm. Image analysis was performed using MuscleJ software. C: Whole regenerating muscle CSA and relative 

818 amounts of tissue area containing contractile myofibers (actin+ area) compared with extracellular matrix (actin- 

819 tissue area). D: The fiber type composition of regenerating muscles from young and aged mice. E: 

820 Quantification of regenerating (centrally nucleated) myofiber number, percentage of total fibers undergoing 

821 regeneration, and the mean CSA/frequency distribution of the centrally nucleated fiber population. Bars show 

822 mean ± SEM of 5-10 mice per group with dots representing data from each individual mouse *Denotes p<0.05 

823 by one-way ANOVA with pairwise LSD post-hoc tests. 
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Table 1: Real-time PCR primers 

Gene  Primer Sequence 

Tnf1 
Forward ATGGCCTCCCTCTCATCAGT 

Reverse TGGTTTGCTACGACGTGGG 

Il6 
Forward TCCGGAGAGGAGACTTCACA 

Reverse TTGCCATTGCACAACTCTTTTCT 

Il1b 
Forward GCCACCTTTTGACAGTGATGAG 

Reverse GACAGCCCAGGTCAAAGGTT 

Ccl2 
Forward AGCTGTAGTTTTTGTCACCAAGC 

Reverse GACCTTAGGGCAGATGCAGT  

Il10 
Forward GGCGCTGTCATCGATTTCTC 

Reverse ATGGCCTTGTAGACACCTTGG 

Itgam 
Forward TGGCCTATACAAGCTTGGCTTT 

Reverse AAAGGCCGTTACTGAGGTGG 

Cd68 
Forward ACTGGTGTAGCCTAGCTGGT 

Reverse CCTTGGGCTATAAGCGGTCC 

Cd163 
Forward TCTCCTGGTTGTAAAAGGTTTGT 

Reverse CAGTTGTTTTCACCACCCGC 

Mrc1 
Forward GGCTGATTACGAGCAGTGGA 

Reverse CATCACTCCAGGTGAACCCC 

Adgre1 
Forward CCAGGAGTGGAATGTCAAGATGT 

Reverse GCAGACTGAGTTAGGACCACA 

Itgax 
Forward GCAGACACTGAGTGATGCCA 

Reverse TCGGAGGTCACCTAGTTGGG 

Actb 
Forward CACTGTCGAGTCGCGTCC 
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