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Abstract

Joint injury is a risk factor for post-traumatic osteoarthritis. However, metabolic and
microarchitectural changes within the joint post-injury in both sexes remain unexplored. This study
identified tissue-specific and spatially-dependent metabolic signatures in male and female mice
using matrix-assisted laser desorption ionization-mass spectrometry imaging (MALDI-MSI) and
LC-MS metabolomics. Male and female C57BI/6J mice were subjected to non-invasive joint injury.
Eight days post-injury, serum, synovial fluid, and whole joints were collected for metabolomics.
Analyses compared between injured, contralateral, and naive mice, revealing local and systemic
responses. Data indicate sex influences metabolic profiles across all tissues, particularly amino
acid, purine, and pyrimidine metabolism. MALDI-MSI generated 2D ion images of bone, the joint
interface, and bone marrow, highlighting increased lipid species in injured limbs, suggesting
physiological changes across injured joints at metabolic and spatial levels. Together, these
findings reveal significant metabolic changes after injury, with notable sex differences.

Significance statement:

Osteoarthritis, the leading cause of disability worldwide, disproportionately affects females
with sex being one of the strongest predictors of disease. This disparity is partly driven by sex-
specific differences in injury susceptibility, increasing the likelihood of traumatic injury to the
anterior cruciate ligament (ACL), other ligaments, and menisci. Using a non-invasive injury model,
we demonstrate that injury perturbs the local joint environment and has systemic effects in a sex-
specific manner. Furthermore, by leveraging matrix-assisted laser desorption ionization-mass
spectrometry imaging of the joint, we provide new insight into the composition of osteochondral
tissue at the metabolite level. These sexually dimorphic metabolic responses to joint injury
advance current understanding of the complex sexual dimorphism in OA pathogenesis providing
a foundation for targeted therapeutic strategies and improved patient outcomes for female
patients.

Introduction

Post-traumatic osteoarthritis (PTOA) accounts for 12% of osteoarthritis (OA) cases,
resulting in at least 5.6 million cases annually[1, 2]. The most prevalent risk factor for PTOA is
joint injury. 250,000 anterior cruciate ligament (ACL) injuries occur annually, commonly in young
individuals aged 16-24. Upwards of 50% of patients will develop PTOA within 10-20 years of
injury[3-6]. Furthermore, female sex is a risk factor for joint injury: young female athletes are 2-8
times more likely to sustain a traumatic knee injury requiring surgical repair compared to males][7,
8]. Later in life, females are more likely to develop OA and typically experience greater symptom
severity[9, 10]. Sexual dimorphism in PTOA development may partially result from hormonal and
anatomical differences including females have wider pelves, smaller femurs, different muscle
angles, and physically smaller ACLs[11, 12]. Despite these empirical sex differences, many
studies fail to include both female and male subjects.

While injury and sex are well-known PTOA risk factors, underlying mechanisms and
changes in joint metabolism and microarchitecture following injury remain incompletely
understood. Metabolomics—the study of small molecule intermediates called metabolites—
captures the physiological and metabolic status of the joint. While synovial fluid (SF) and serum
are assessed post-injury in human and mouse models[13-17], metabolomics can also be applied
to whole joint tissue to characterize metabolic changes occurring in bone and cartilage post-injury.
This approach combined with spatial imaging through matrix-assisted laser desorption ionization-
mass spectrometry imaging (MALDI-MSI) provides critical unknown spatial context of
osteochondral tissues at the metabolite level. Few studies report spatial data involving
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72 musculoskeletal tissues such as cartilage[21, 22] and synovium[23]. However, no study to date
73 has utilized MALDI-MSI to characterize molecular changes between male and female injured and
74 naive mice.

75 Therefore, the first objective of this study was to characterize metabolomic differences
76  within and across whole joints, SF, and serum from injured and naive male and female mice using
77 liquid chromatography-mass spectrometry (LC-MS) metabolomics. Investigating differences in
78  metabolism in different tissues and between injured, contralateral, and naive limbs is important to
79  shed light on both local and systemic metabolic responses following injury. The second objective
80  was to spatially locate and identify osteochondral metabolites using MALDI-MSI. By combining
81  untargeted metabolomic profiling and MALDI-MSI, we can pinpoint the origin of metabolic and
82  pathological shifts and gain a better understanding of the effects of injury and sex on the joint as
83  awhole.

84

85  Results

86

87  Injury Perturbs the Metabolome Systemically Across Injured and Naive Whole Joints,
88  Synovial Fluid, and Serum

89 In total, 2,769 metabolite features were detected across all samples (n=92). Whole joints,
90 SF, and serum were assessed among all samples and injured samples only revealing distinct
91  metabolomic profiles between tissues and fluids as showcased by PLS-DA (Fig. S1A-B). ANOVA
92  found 2,264 and 1,891 metabolite features that were significantly dysregulated across all samples
93  and only injured samples, respectively (Fig. S1C-D). Next, we assessed metabolic patterns
94  associated with injury within each sample type. PLS-DA assessed metabolomic profiles by injury
95  status across whole joint, SF, and serum (Fig. 1A-C). Fold change analysis identified populations
96  of metabolite features driving these differences between injury groups, which were subjected to
97  pathway analysis (Fig. 1D-F). Comparing injured and naive whole joints, 7 pathways were
98  dysregulated. Pantothenate/CoA biosynthesis and histidine metabolism were highest in injured
99  whole joints (Table S1A). In SF, 12 pathways were dysregulated: arginine and proline metabolism,
100  lysine degradation, and glutathione metabolism were highest in injured SF (Table S1B). Features
101 highest in serum from injured mice mapped to various amino acid pathways, including arginine
102  and proline metabolism, nucleotide pathways, vitamin, and glutathione metabolism (Table S1C).
103 Next, metabolic indicators of injury were assessed using volcano plot analyses, comparing
104  features differentially regulated across injured and naive samples (Fig. S2A-C). Cross-referencing
105  these features with LC-MS/MS data identified 3,4-Dimethyl-5-pentyl-2-furanundecanoic acid as
106  differentially regulated between naive and injured whole joints, while numerous amino acid
107  metabolites, such as D/L-glutamine, were higher in injured SF compared to naive (Table S2).

108 Next, metabolic differences associated with injured, contralateral, and naive whole joints and
109 SF were examined. PLS-DA analysis of all three joint types revealed overlap, where the
110  metabolome of injured whole joints and SF resides between contralateral and naive whole joints
111 and SF (Fig. 1G, H), suggesting metabolic differences associated with injury at the whole joint
112 and SF levels are observed in the contralateral limb. Metabolite features that are co-regulated
113 and differentially expressed across whole joints and SF were clustered using heatmaps of median
114  metabolite feature intensities, which were then subjected to pathway analyses (Fig. 11, J).
115  Comparing injured, contralateral, and naive whole joints 22 pathways were detected and 24
116 among SF (Table S3, S4). A handful of pathways were detected in both heatmaps. Amino acid
117  pathways — alanine, aspartate, and glutamate metabolism; arginine and proline metabolism,
118  lysine degradation — were higher in injured and contralateral whole joints and lower in these same
119  groups in SF, compared to naive controls. Notably, glutathione metabolism was consistently
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120 highest in injured whole joints and SF compared to contralateral and naive controls. Purine and
121 pyrimidine metabolic pathways also displayed a similar pattern where these pathways were
122 highest in injured whole joints and SF. These systemic injury-induced effects across limbs in
123 whole joints and SF were examined through pairwise comparisons and are discussed in detail in
124 the supplemental results (Figs. S3-4, Tables S5-6). Notably, unloaded contralateral limbs
125  resembled injured more than naive limbs, further supporting that injury perturbs beyond the site
126  of injury, and instead has clear systemic effects.

127

128  Sex Influences Metabolomic Profiles Across Tissues of Injured and Naive Mice

129 To examine the effects of sex and its interactions with injury, pairwise comparisons were
130 performed. First, general sex differences were examined in whole joints (Fig. S5), revealing
131 distinct sex-dependent metabolomic profiles. Then, whole joints from injured males and females
132 were assessed using PLS-DA finding clear separation of mice within their respective cohorts.
133 Differences due to injury are evident when comparing whole joints from injured and naive females
134 and from injured and naive males as seen by minimal PLS-DA overlap (Fig. 2A-C). This same
135 pattern was evident in both SF (Fig. 2G-1) and serum (Fig. 2M-O), with serum differences being
136 the most drastic among samples. These findings at the molecular level demonstrate that sex-
137 specific differences emerge post-injury, are more pronounced within the serum, and contribute to
138 the mounting evidence indicating the role of sex in PTOA development.

139 Fold change analysis found populations of metabolite features from whole joints, SF, and
140  serum that show distinct injury- and sex-specific pathways with many conserved across all three
141 sample types (Tables S7-9). Alanine, aspartate, and glutamate metabolism were detected in
142 whole joints of injured males and SF and serum of both injured males and females. Arginine
143 biosynthesis was detected among whole joints from males; however, it was also detected in
144 serum from injured females and SF from injured males and females. Beta-alanine, glyoxylate,
145  and dicarboxylate metabolism were detected across all male naive tissues. Cysteine and
146  methionine metabolism was detected in both whole joint and SF from injured females.
147 Interestingly, lysine degradation and pyrimidine metabolism were detected across all three
148  sample types in injured females. Notably, glycerophospholipid metabolism was continually
149  associated with injury, and was highest in samples from injured males at the whole joint and
150  serum levels, whereas it was highest in SF from injured females.

151 To investigate metabolic indicators of both injury and sex, volcano plot analysis was
152 performed comparing whole joints, SF, and serum from injured and naive males and females.
153 This identified sex- and injury-specific metabolites, including those linked to terpenoid backbone
154  biosynthesis — (6R)-6-(L-Erythro-1,2-Dihydroxypropyl)-5,6,7,8-tetrahydro-4a-hydroxypterin in
155  females and Sterebin E in males — in whole joints. Additionally, 1/3-Methylhistamine and valine
156  showed similar patterns across SF and serum, with valine associated with males, and highest in
157  injured males. Notably, 1/3-methyhistidine was associated with injury, regardless of sex, and was
158  highest in SF from injured females (Figure S6, Table S2).

159  MALDI-MSI Spatially Locates and Detects Differences in Osteochondral Metabolites

160 MALDI-MSI was used to characterize metabolites that are tissue-specific in the whole
161  joint. A novel protocol for sample preparation, matrix application, and instrumentation was
162  developed to examine spatial changes. Using unsupervised segmentation, discriminating
163 features from different spatial areas of the joint were clustered together. When comparing spatial
164  distributions of ions belonging to the bone and joint interface against the bone marrow, numerous
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165 features had area under the curve (AUC) values greater than 0.6 (n=37) and 0.8 (n=21),
166  demonstrating tissue-dependent metabolite signatures. Using LC-MS/MS-derived metabolite
167  identifications from whole joint samples, a handful of these metabolites with unique spatial
168  patterns were putatively identified. Those with notable spatial patterns in bone included alpha-
169  carboxy-delta-decalactone (215.20 m/z, AUC = 0.838), hydroxyprolyl-isoleucine (245.11 m/z,
170 AUC = 0.859), and CassH3s07 (629.61 m/z, AUC = 0.829) (Fig. 3, Fig. S7A, Table S10A).
171 Conversely, metabolites with notable patterns among bone marrow included carnitine (162.29
172 m/z, AUC = 0.821) and various phosphatidylcholine lipid species (34 carbons, 2 double bonds —
173 758.57 m/z, AUC = 0.731; 34 carbons bonds, 3 double bonds — 778.59 m/z, AUC = 0.856; 39
174 carbons, 6 double bonds — 820.41 m/z, AUC = 0.866) (Fig. 3, Fig. S7B, Table S10A). Many
175  metabolites displayed unique spatial patterns between bone, the joint interface, and bone marrow
176  but were unable to be identified. However, many of these were within the common lipid m/z range
177 (400-800 m/z) (Fig. S8, Table S10B).

178 To investigate injury-associated spatial patterns, ion images from medial and lateral
179  aspects of both injured and contralateral mouse joints were examined. In an injured joint, the
180  metabolite feature 544.41 m/z and the putatively identified metabolite—a PC with 36 carbons, 6
181  double bonds 878.54 m/z—display notable injury-associated patterns between medial and lateral
182  sagittal sections where they are more abundant in the injured joint compared to the contralateral
183  joint (Fig. S9). Sex-associated patterns were not examined at length due to the limited number of
184  joints allocated for MALDI-MSI (n = 1 mouse/group, n = 2 males, 2 females, n = 4 mice total).
185

186  Discussion

187 To our knowledge, this is the first study to comprehensively examine structural and
188  metabolic responses following injury both locally (whole joints and SF) and systemically (serum)
189  across males and females using LC-MS metabolomic profiling and MALDI-MSI. Our findings
190  reveal significant metabolic and pathologic shifts following joint injury, with discernable sex-
191  specific associations. By uncovering novel metabolic differences linked to these key PTOA risk
192 factors across multiple sample types and biological scales, our study advances the understanding
193 of post-injury responses beyond the joint. These insights provide critical, and previously unknown,
194  context on the joint-specific metabolic and systemic changes that shape disease progression.

195
196  Effects of injury across whole joints, synovial fluid, and serum

197 Distinct metabolomic profiles of whole joints, SF, and serum reveal acute changes in
198  response to injury. Various amino acid pathways exhibit differential regulation across tissues with
199  many overlapping between tissues. Lysine degradation was differentially regulated across
200 injured, contralateral, and naive whole joints while being downregulated in SF contralateral and
201  injured limbs (versus naive). This may relate to collagen, where hydroxylation of lysine residues
202 is crucial for structural integrity crosslinking [25]. In bone, collagen is a major component of the
203  structural organic matrix. Alteration of lysyl hydroxylase in osteoblasts yields defective cross-
204  linking, fibrillogenesis, and matrix mineralization[25-27] underscoring the importance of lysine
205 hydroxylation in bone quality. In SF, lysine metabolism decreases as OA progresses[28],
206  suggesting this pathway could represent acute joint changes following injury that could be
207  monitored during disease progression.

208 Arginine and proline metabolism was upregulated in naive whole joints and in injured SF.
209 Like lysine, proline can strengthen collagen crosslinks through hydroxyproline modification.
210  Arginine has anti-inflammatory effects and decreases as OA develops[29, 30]. Arginine and
211 proline metabolism increase in rabbit SF post-ACL injury[31], in human SF after knee injuries[32],
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212 and in mouse serum 1-day post-ACL injury[15]. Combined, this suggest a short-term protective
213 mechanism, or cascade of pathways to enhance collagen production post-injury.

214 Phenylalanine, tyrosine, and tryptophan biosynthesis exhibited differential regulation
215  between injured, contralateral, and naive limbs in whole joint samples and SF. While higher in
216  injured and contralateral whole joints (versus naive), these pathways showed the opposite trend
217 in SF. Calcium-sensing receptors preferentially bind these aromatic amino acids, leading to a rise
218 in intracellular calcium and modulation of bone turnover[33, 34]. Moreover, phenylalanine and
219  tyrosine metabolism are associated with the sclerosis of subchondral bone in OA[35]. In a
220  noninvasive mouse injury model, tryptophan metabolism was higher in mouse SF 7 days post-
221  injury compared to naive controls. Tryptophan has been noted as a promising OA biomarker with
222  decreases as disease progresses[36, 37]. Our detection of this pathway in both injured and
223 contralateral whole joints is novel, suggesting a systemic response in both injured and
224  contralateral whole joints. Moreover, these results hold promise as amino acids play a role in the
225  response to acute injury[38], are detected post-injury across mammalian models[15, 16, 31], and
226  change concentration with disease progression.

227
228  Sexual dimorphism of injury among the metabolome of whole joints, synovial fluid, and
229  serum

230 Considering both injury and sex, purine and pyrimidine metabolism—used for nucleotide
231  synthesis—were dysregulated. Purine metabolism was consistently detected across all tissues
232 from injured males, particularly in serum, which likely results from increased uric acid—an end
233 product of purine metabolism—in male[39] (because female hormones decrease uric acid
234 levels[40]). Conversely, pyrimidine metabolism was dominant in tissues from injured females,
235  necessitating further research to understand its sexual dimorphic regulation.

236 Dysregulated glycine, serine, and threonine metabolism was detected in serum and SF in
237  injured males and females. This pathway was notably perturbed among female sheep post-ACL
238  injury, with serine suggested as a biomarker for early degenerative changes[14]. Serine, a
239  glucogenic amino acid, influences adenosine monophosphate kinase (AMPK), which acts as a
240  key “energy sensor”’ that maintains energy homeostasis and promotes ATP synthesis via
241  serine/threonine phosphorylation[41-43]. Enzymes like AMPK are differentially influenced by
242 circulating sex hormones like estrogen, which can bind to estrogen receptor beta, triggering
243  downstream metabolic cascades to generate ATP[44, 45]. The influence of circulating sex
244 hormones, like estrogen, on AMPK activity may affect energy metabolism post-injury, warranting
245  further investigation into sexual dimorphic patterns.

246 Cysteine and methionine metabolism was detected in whole joints and SF from injured
247  females but also in serum from injured males. Histidine metabolism was most dysregulated in
248  injured males in serum and whole joints and in injured females SF. These three amino acids relate
249  to matrix metalloproteinase (MMP) regulation of tissue remodeling and degradation of
250  extracellular matrix proteins, cell proliferation, and immune responses[46]. MMP activation is
251  modulated by a cysteine switch, and the catalytic domain of MMPs is regulated by these amino
252  acids because zinc binds to histidines with assistance from conserved methionine sequences[46,
253 47]. MMP activity is influenced by hormones[48], like estrogen and progesterone, particularly in
254 chondrocytes. Postmenopausal OA chondrocytes cultured with 17B-estradiol found that
255  physiological levels of estrogen suppressed the expression of MMP-1 and that hormone
256  replacements might benefit female OA patients in the early stages of disease[49]. Thus,
257  differential regulation of AMPK and MMP-associated amino acids between males and females
258  post-injury suggests reliance on different metabolic pools, mechanisms, and biofuels to meet
259  energy demands and maintain matrix properties following joint injury.
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260  MALDI-MSI Provides New Insight into Composition of Osteochondral Tissue at the
261  Metabolite Level

262 To our knowledge, this is the first study to provide critical unknown spatial context of
263  osteochondral tissues at the metabolite level, and after joint injury. We developed an innovative
264  protocol to spatially characterize osteochondral metabolites from whole joints of injured and naive
265  mice using MALDI-MSI. Few studies have employed MALDI-MSI in musculoskeletal tissues to
266  visualize the spatial distribution of proteins and peptides[20, 23, 28, 50]. Traditionally, histological
267  sectioning and imaging of whole joints—and bone samples in general—require formalin fixation
268  and paraffin embedding to preserve and demineralize the bone; however, this results in removal,
269  cross-linking, and/or delocalization of molecular species, especially lipids[24], leading us to
270 develop this novel protocol to examine spatial metabolite distributions.

271 Lipid metabolism is increasingly recognized in the development of PTOA and OA.
272 Proteomic and metabolomic studies demonstrate an important relationship between OA and lipid
273 metabolism in samples of SF, cartilage, bone, and circulatory fluids from both humans and
274 mice[21, 28, 51-54]. Employing MALDI-MSI to target small molecules (50-1500 m/z) provides
275  novel insight into joint composition, lipid dynamics, and changes post-injury. We successfully
276  mapped differences in injury-related osteochondral metabolites, where many were lipids. These
277  findings align with metabolomic assessments finding lipid-associated pathways—such as
278  glycerophospholipid metabolism—higher in injured joints compared to naive and contralateral
279  joints. Consistent with our previous analysis of metabolic endotypes of early PTOA in SF[17, 28,
280 32, 50] and in OA cartilage[54, 55], dysregulated lipid metabolism is linked to both early-stage
281  PTOA and end-stage OA, suggesting similar metabolic shifts occur in the joint at the metabolic
282 and spatial levels. This underscores the need for further research into lipid metabolism’s role in
283  both local and systemic changes following injury and during early PTOA. This two-pronged
284  approach utilizing LC-MS-based metabolomics and MALDI-MSI sheds light on the importance of
285  lipids in joint metabolism, both systemically and intra-articularly. Moving forward, MALDI-MSI
286  across proteins and metabolites can be leveraged and integrated with existing techniques to
287  enhance our understanding of the joint’s post-injury response across multiple tissues.

288 Our study has limitations. Firstly, we focused on the early response to joint injury where
289  mice were euthanized 8 days post-injury. Additional time points both within the first 7 days post-
290 injury as well as longer[56] may shed light on the trajectory of structural and metabolic changes
291  across serum, SF, and whole joints. Secondly, metabolite extraction protocols and use of HILIC
292  column bias data toward the assessment of polar molecules. Moreover, DHB was used for
293 MALDI-MSI, which is optimal for positive ionization mode. Combined, LC-MS and MALDI-MSI
294  analyses were both conducted in positive ionization mode focusing on polar molecules, thus
295  additional investigation into nonpolar species is warranted.

296
297  Conclusions
298 The findings of our study, integrating LC-MS-based metabolomics and MALDI-MSI,

299  underscore significant metabolic and pathological shifts following joint injury, with discernible sex-
300  specific associations. The detection of novel differences associated with both injury and sex
301 across serum, SF, and whole joints expands our current understanding of the post-injury response
302 within and beyond the joint. Moreover, these data show that injury drives whole joint
303  pathophysiology across multiple tissues. Further, differences in the SF metabolome compared to
304  naive animals show that the systemic response extends to both injured and contralateral joints.
305  Comprehensive investigation into spatial and sex-dependent molecular changes driven by injury,
306 at the systemic, joint, and synovial fluid levels, is imperative for a deeper understanding of the
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307  effects of injury. Extension of these studies may improve pre-clinical PTOA models and deepen
308  our insights into PTOA development, thereby advancing strategies for prevention and treatment.
309

310  Materials and Methods

311

312 Animals

313 C57BI/6J mice (N=20, n = 10 female, n = 10 male) were purchased from Charles River
314  Laboratories at 18 weeks of age and acclimated to the Montana State University (MSU) Animal
315 Research Center for 3 weeks. Mice were housed in cages of 3-5 animals and fed standard chow
316  ad libitum (PicoLab Rodent Diet 20, 20% protein). All animal procedures were approved by the
317 MSU IACUC.

318 Joint Injury Model and Experimental Design

319 21-week-old mice were randomly assigned to experimental groups: injured or non-injured.
320  The injury group were subjected to a non-invasive compressive overload model where the ACL
321 is ruptured similar to human ACL tears, an injury associated with degeneration of bone and
322 cartilage (target force = 12N, loading rate = 130 mm/s) [57, 58]. ACL injury was confirmed by
323 laxity tests. After 8 days, mice were euthanized and whole joints, SF, and serum were harvested.
324  Serum samples were obtained by cardiac puncture and prepared as previously described[59]. SF
325  wasrecovered and then extracted using established protocols[60], with some modifications where
326  Whatman paper (Sigma, WHA1441042) was used to absorb SF. Whole joints were harvested,
327  and all soft tissue was removed.

328

329  Metabolomics

330

331 Metabolite Extraction and Mass Spectrometry Instrumentation

332 Whole joints, SF, and serum were extracted and analyzed using validated protocols with

333 slight modifications[32]. Whole joints were disarticulated to separate the tibia and femur where
334 both were trimmed, centrifuged to remove bone marrow, and homogenized in 1 mL of 80:20
335  methanol:H20 (1200 GenoLyte, Fischer Scientific). This same extraction solvent was added to
336  serum and SF, followed by vortexing. All samples were chilled overnight at -20°C. The next day,
337 samples were removed from -20°C, centrifuged, and supernatant was dried via vacuum
338  concentration. To remove any remaining proteins, lipids, and waxes, dried extracts were
339  resuspended with 250 uL of 1:1 acetonitrile:H20, vortexed, chilled at -20°C for 30 minutes, and
340  centrifuged again. Supernatant was dried once more, and extracts were prepped for LC-MS using
341 100 uL of 1:1 acetonitrile:water. Additionally, pooled samples were generated by randomly pooling
342 atotal of 50 uL for each tissue type (n=4/tissue). Pooled samples from each tissue type were also
343 pooled for identification purposes. All solvents used were LC-MS grade (Fischer Scientific).
344  Extracted samples and pools were analyzed via LC-MS as previously described[32].

345 Metabolite Profiling and Identification

346 All LC-MS data—mass-to-charge ratios (m/z), relative metabolite abundance, and
347  retention time—were processed using MSConvert and Progenesis QI (Table S11). Statistical and
348  pathway analyses were performed in MetaboAnalyst (version 6.0)[61]. Significance for statistical
349  and pathway analyses was determined using a FDR-corrected significance level of p < 0.05.

350 LC-MS/MS data derived from pooled samples were analyzed within Progenesis QI where
351 acquired fragmentation patterns were matched against theoretical fragmentation patterns to
352 identify metabolites[32]. Those identified were matched against populations of LC-MS-based
353  features distinguished by statistical analyses to discover potential metabolic indicators of disease
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354  as well as sexually dimorphic metabolites. To minimize false identifications when comparing LC-
355  MS and LC-MS/MS metabolite features and identifications, a tolerance level of 10 parts per million
356  was enforced.

357

358  Matrix-Assisted Laser Desorption lonization Imaging

359 Sample Preparation

360 Whole joints selected for MALDI-MSI (n = 1 mouse/group, n = 2 joints/mouse) were

361  removed from -80°C and prepped according to the novel protocol developed for whole joint
362  sectioning and imaging (Fig. S10). Whole joints were embedded using warm 5%
363  carboxymethylcellulose sodium salt (ThermoFischer, A18105-36) and 10% gelatin (Thermo
364  Scientific, AC611995000)[24, 62]. Note that OCT media is incompatible with mass spectrometry
365 analysis due to the presence of polyethylene glycol, a major ion suppressor.

366 Medial and lateral aspects of the joint were sectioned sagittally at 8 um thickness in a
367  cryostat set to -30°C (OTF5000 Cryostat, Bright Instrument Co Ltd, Tissue-Tek Accu-Edge 4689
368  blade). Because whole joints did not undergo formalin fixation or paraffin embedding, Cryofilm 3C
369 16 UF (SECTION-LAB, Hiroshima, Japan) was used to assist in transferring sections to indium
370  tin oxide (ITO) slides (Delta Technologies, CB-401N, 4-10 Q/sq, 25 x 50 mm)[63]. Sections were
371  adhered to ITO slides using double-stick tape and then directly stored at -80°C until matrix
372 application.

373 Matrix Application

374 A sublimation apparatus (Chemglass Life Sciences, CG-3038) was used for matrix
375  application (Fig. S11). Sublimation was chosen over matrix spraying as it forms smaller, more
376  homogenous matrix crystals and lacks liquid—reducing the risk of molecule migration and
377  microcracks in marrow and bone[24]. 300 mg of 2,5-dihydroxybenzoic acid (DHB) (Alfa Aesar,
378  490-79-9) was uniformly dispersed in the base of the sublimation apparatus, ITO slides were
379  affixed to the flat bottom condenser, and the condenser was filled with tap water (22°C). The two
380  glass compartments of the sublimator were assembled using an O-ring seal and connected to a
381  vacuum pump. Tissue sections on ITO slides were sublimated at 50°C for 3 minutes under 68
382 mTorr vacuum, resulting in a uniform matrix layer (0.05 mg/cm?) that was then recrystallized in a
383  hydration chamber with 300 uL of 5% methanol 0.1% formic acid spotted onto Whatman paper.
384  The chamber was heated in a 37°C oven for 1 minute, then ITO slides were sealed in the chamber
385  and heated at 37°C for 1 minute.

386 MALDI Image Acquisition and Analysis

387 A Bruker AutoFlex Ill MALDI Time-of-Flight (TOF) mass spectrometer (Bruker Daltonics)
388  equipped with a MTP Slide Adapater Il Imaging Plate (Bruker Daltonics) was used for image
389  acquisition. Due to the size of the sublimator and ITO slides (25 x 50 mm), two small aluminum
390  slide trays were milled to fit ITO slides into the imaging plate. Using a Smartbeam Nd:YAG laser
391 (355 nm) and Bruker FlexImaging, images were collected in positive ionization and TOF modes
392 in the 50-1000 m/z mass range averaging 200 laser shots per pixel with a 100-um lateral
393 resolution (laser power = 30%, range = 90%, offset = 10%). Imaging data collected were analyzed
394  and ion images were generated using Bruker SCILS lab.

395
396
397
398
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624  Figure 1. Global metabolomic profiles of whole joints, synovial fluid, and serum are driven
625 by injury status. (A-C) Partial Least Squares-Discriminant Analysis (PLS-DA) finds some overlap
626  between injured and naive whole joint and synovial fluid and near-perfect separation of injured
627  and naive serum. (D-F) Fold change analysis distinguished populations of metabolite features
628  driving separation of metabolomic profiles. (D) Specifically, 250 and 291 metabolite features were
629  highest in injured and naive whole joints, respectively. (E) 373 and 155 metabolite features were
630  highest in injured and naive synovial fluid, respectively. (F) 386 and 195 features were highest in
631 injured and naive serum, respectively. Similarly, PLS-DA reveals overlap between injured,
632  contralateral, and naive (G) whole joints and (H) synovial fluid with injured samples clustering
633  together between contralateral and naive samples. To pinpoint pathways driving metabolomic
634  differences between limbs with different injury statuses, median intensity heatmap analyses
635  where injured and contralateral limbs were normalized to naive limbs were performed. Clusters
636  of co-regulated metabolite features within (I) whole joint and (J) synovial fluid samples were
637  subjected to pathway analyses to identify biological pathways that differ in regulation across limbs
638 in both whole joint and synovial fluid samples. Combined, data provide strong evidence of distinct
639  metabolomic regulation associated with injury status. Columns represent limbs (naive, injured,
640  contralateral) and rows represent metabolite features. Cooler and warmer colors indicate lower
641  and higher metabolite abundance relative to the mean, respectively. The colors in A-J correspond
642  to: purple = naive, orange = injured, green = contralateral whole joint; sample types - red = whole
643  joint, blue = synovial fluid, yellow = serum.
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645  Figure 2. Metabolomic profiles of whole joint, synovial fluid, and serum show sexual
646  dimorphism across injured and naive mice. (A-C) Partial Least Squares-Discriminant Analysis
647  (PLS-DA) finds (A) complete separation of injured whole joints from males and females and
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minimal overlap when comparing (B) female and (C) male injured and naive mice. (D-F) Fold
change analysis distinguished populations of whole-joint derived metabolite features driving
separation of metabolomic profiles. (G-I) PLS-DA finds minimal overlap when comparing (G)
injured SF from males and females, (H) female and (l) male injured and naive mice. (J-L) Fold
change analysis identified populations of synovial fluid metabolite features contributing to the
separation of mice that differ by sex and injury. (M-O) PLS-DA finds clear separation with no
overlap when comparing (M) injured SF from males and females, (N) female and (O) male injured
and naive mice. (P-R) Fold change analysis identified populations of metabolite features driving
separation of serum metabolomic profiles. The colors in A-R correspond to: pink = injured
females, peach = naive females, royal blue = injured males, light blue = naive males. sample
types - red = whole joint, blue = synovial fluid, yellow = serum.
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Figure 3. MALDI-MSI combined ion images from sagittal whole joint sections. Heatmap
analysis of putatively identified molecular species across various tissue structures. Spatial
resolution = 100 um. Scale bar = 1 mm. Interval width = 0.35 Da. Colors in panels from left to
right: L-carnitine (162.29 m/z, purple), CssH3sO7 (629.61 m/z, orange), (820.41m/z, blue),
hydroxyprolyl-isoleucine (245.10 m/z, yellow), and lipid species 18:2/16:0 (758.57 m/z, pink).
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Figure S1. The metabolome is distinct for whole joints, synovial fluid, and serum. Partial
Least Squares-Discriminant Analysis (PLS-DA) of (A) all samples and (B) only samples from
injured mice displays clear separation of whole joints, synovial fluid, and serum suggesting the
metabolome of each tissue is substantially distinct from others. (C) ANOVA analysis identified
2,264 metabolite features that were significantly dysregulated across samples from all three tissue
types. (D) When comparing samples from injured mice only, ANOVA analysis identified 1,891
significantly dysregulated features across tissue types. Colors in A-B correspond to: red = whole

joint, blue = synovial fluid, yellow = serum.
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Figure S2. Volcano plot analysis reveals injury-associated metabolites. (A-C) To further
examine metabolic differences associated with injury status across tissue types, volcano plot
analysis was performed and identified numerous metabolite features that had a fold change > 2,
a p-value < 0.05, and were differentially regulated between injured and naive whole joints (A, n =
70, red), synovial fluid (B, n = 131, blue), and serum (C, n = 26, yellow).
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689
690  Figure S3. Whole joint metabolome differs by sex and injury. (A-C) Partial Least Squares-

691  Discriminant Analysis (PLS-DA) finds (A) complete separation of injured whole joints from males
692  and females and minimal overlap when comparing (B) female and (C) male injured and naive
693 mice. (D-F) Fold change analysis distinguished populations of metabolite features driving
694  separation of metabolomic profiles. (D) Specifically, 315 and 314 metabolite features were highest
695 in injured females and males, respectively. (E) 509 and 319 metabolite features were highest in
696 injured females and naive females, respectively. (F) 242 and 288 features were highest in injured
697  males and naive males, respectively. (G-l) To further examine metabolic differences associated
698  with injury and sex, volcano plot analysis was performed and identified numerous metabolite
699  features that had a fold change > 2, a p-value < 0.05, and were differentially regulated between
700  injured males and females (G, n = 110), injured and naive females (H, n = 158), and injured and
701 naive males (I, n = 32). The colors in A-l correspond to: pink = injured females, peach = naive
702  females, royal blue = injured males, light blue = naive males.
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709  Figure S4. Synovial fluid metabolome differs across injured, contralateral, and naive limbs.
710  (A-C) Partial Least Squares-Discriminant Analysis (PLS-DA) finds some overlap between (A)
711  injured and naive, (B) naive and contralateral, and (C) injured and contralateral synovial fluid. (D-
712 F) Fold change analysis distinguished populations of metabolite features driving separation of
713 metabolomic profiles. (D) Specifically, 318 and 253 metabolite features were highest in injured
714 and naive synovial fluid, respectively. (E) 269 and 178 metabolite features were highest in
715  contralateral and naive synovial fluid, respectively. (F) 303 and 291 features were highest in
716  contralateral and injured synovial fluid, respectively. (G-lI) To further examine metabolic
717  differences associated with injury status across whole joints, volcano plot analysis was performed
718  and identified numerous metabolite features that had a fold change > 2, a p-value < 0.05, and
719  were differentially regulated between injured and naive (G, n = 59), contralateral and naive (H, n
720 = 81), and contralateral and injured synovial fluid (I, n = 140). The colors in A-l correspond to:
721 purple = naive synovial fluid, orange = injured synovial fluid, green = contralateral synovial fluid.
722
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Figure S5. Sexual dimorphic patterns are detected across whole joints, synovial fluid, and
serum from injured and naive mice. (A-C) Partial Least Squares-Discriminant Analysis (PLS-
DA) finds (A) minimal overlap of male and female whole joints, while (B) synovial fluid and (C)
serum from males and females perfectly clusters apart from each other. (D-F) Fold change
analysis distinguished populations of metabolite features driving separation of male and female
metabolomic profiles. (D) Specifically, 253 and 314 metabolite features were highest in female
and male whole joints, respectively. (E) 334 and 137 metabolite features were highest in female
and male synovial fluid, respectively. (F) 267 and 315 features were highest in female and male
serum, respectively. (G-1) To further examine metabolic differences associated with sex across
tissue types, volcano plot analysis was performed and identified numerous metabolite features
that had a fold change > 2, a p-value < 0.05, and were differentially regulated between male and
female whole joints (G, n = 90), synovial fluid (H, n = 159), and serum (l, n = 63). The colors in A-
| correspond to: pink = females, blue = males, red = whole joint, blue = synovial fluid, yellow =
serum.
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744
745  Figure S6. Volcano plot analysis reveals both sex- and injury-associated metabolites

746 across sample types. (A-C) To pinpoint metabolic differences associated with injury and sex at
747  the whole joint level, volcano plot analysis was performed and identified numerous metabolite
748  features that had a fold change > 2, a p-value < 0.05, and were differentially regulated between
749  injured males and females (A, n = 110), injured and naive females (B, n = 158), and injured and
750  naive males (C, n = 32). (D-F) Among SF samples, volcano plot analysis identified metabolites
751  that were differentially regulated between injured males and females (D, n = 95), injured and naive
752 females (E, n = 101), and injured and naive males (F, n = 99). (G-l) At the serum level, a similar
753  pattern was found where volcano plot analysis identified metabolites among injured males and
754  females (G, n = 82), injured and naive females (H, n = 92), and injured and naive males (I, n =
755  87). The colors in A-l correspond to: pink = injured females, peach = naive females, royal blue =
756 injured males, light blue = naive males, red = whole joint, blue = synovial fluid, yellow = serum.
757
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760
761  Figure S7. MALDI-MSI analysis combined with LC-MS/MS detects and identifies differences

762 in osteochondral metabolites. (A) Molecular species that were putatively identified with notable
763  spatial patterns amongst bone and the growth plate include alpha-carboxy-delta-decalactone
764 (215.20, green), hydroxyprolyl-isoleucine (245.11 m/z, yellow), and CassH3sO7 (629.61 m/z,
765  orange). (B) conversely, molecular species that were putatively identified with notable patterns
766  among bone marrow regions include L-carnitine (162.29 m/z, purple) and various lipid species
767 (34 carbons, 2 double bonds — 758.57 m/z, pink; 34 double bonds, 3 double bonds — 778.59 m/z,
768  teal; 39 carbons, 6 double bonds — 820.41 m/z, blue). Spatial resolution = 100 um. Scale bar = 1
769  mm. Interval width = 0.35 Da.
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Figure S8. Unidentified molecular species localize to different structures within the joint.
Species more abundant in bone and growth plate included 369.03 m/z (pink), 560.67 m/z (red),
and 598.66 m/z (light blue). Conversely, those more abundant in bone marrow included 803.96
m/z (dark blue), 609.13 m/z (cyan), and 710.99 m/z (light pink). Spatial resolution = 100 um. Scale
bar = 1 mm. Interval width = 0.35 Da.
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Figure S9. Injury-associated spatial distribution patterns between injury and contralateral
limbs. (A) 544.41 m/z and (B) putatively identified PC(14:0/22:6) (878.54 m/z) display notable
injury associated patterns between medial and lateral sagittal sections from an injured and
contralateral joint. Left to right — left lateral, left medial, right medial, right lateral. Spatial resolution
= 100 um. Scale bar = 1 mm. Interval width = 0.35 Da.
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789  Figure S$10. MALDI-MSI experimental workflow to spatially image osteochondral
790  metabolites. Whole joints were obtained from C57BI6/J male and female injured and naive mice,
791  embedded in 5% carboxylmethylcellulose (CMC)/10% gelatin, sectioned (8 um), transferred to
792 indium tin oxide (ITO) slides, and sublimed with 2,5-dihydroxybenzoic acid matrix. Data were then
793 acquired using 2D laser scanning followed by reconstruction of intensity images representing m/z
794  values and intensity.
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798  Figure S11. Sublimation apparatus used to uniformly coat whole joints with matrix.
799  Components of the sublimation apparatus include the cold finger, hot plate, glass condenser and
800  sleeve, O-ring seal, and vacuum pump (not pictured).
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802  Supplemental Table Legends

803

804  Table S1. Metabolic pathways detected in naive and injured (A) whole joints, (B) synovial fluid,
805  and (C) serum. All pathways listed were false discovery rate (FDR)-corrected using the Benjamini-
806  Hochberg method.

807

808  Table S2. Liquid chromatography tandem mass spectrometry (LC-MS/MS).derived putative
809  metabolite identifications that differ between male and female injured mice across tissues (serum,
810  synovial fluid, whole joints), and limbs (injured, contralateral, naive). Provided information for
811  putative identifications includes observed and theoretical mass-to-charge ratios (m/z), parts per
812 million (ppm) error, compound identification, accepted description/name, adduct information,
813  chemical formula, and scores (total, fragmentation). Identifications with an error > 10 ppm, overall
814  score < 65, and fragmentation score < 30 were excluded.

815

816  Table S3. Metabolic pathways associated with injured, contralateral, and naive whole joints
817  identified by median metabolite intensity heatmap analysis. Clusters defined in Figure S3B. All
818  pathways listed were false discovery rate (FDR)-corrected using the Benjamini-Hochberg
819  method.

820

821  Table S4. Metabolic pathways associated with injured, contralateral, and naive synovial fluid
822  identified by median metabolite intensity heatmap analysis. Clusters defined in Figure S3D. All
823  pathways listed were false discovery rate (FDR)-corrected using the Benjamini-Hochberg
824  method.

825

826  Table S5. Differentially regulated pathways, identified by MetaboAnalyst, when comparing
827  injured, contralateral, and naive whole joints using fold change analysis.

828

829  Table S6. Differentially regulated pathways, identified by MetaboAnalyst, when comparing
830  synovial fluid from injured, contralateral, and naive limbs using fold change analysis.

831

832  Table S7. Differentially regulated pathways, identified by MetaboAnalyst, when comparing whole
833  joints obtained from male and female injured and naive mice using fold change analysis.

834

835  Table S8. Differentially regulated pathways, identified by MetaboAnalyst, when comparing
836  synovial fluid from male and female injured and naive mice using fold change analysis.

837

838  Table S8. Differentially regulated pathways, identified by MetaboAnalyst, when comparing serum
839  from male and female injured and naive mice using fold change analysis.

840

841  Table $10. MALDI ion data.

842

843  Table S11. Raw metabolomics output.
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