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ABSTRACT:

The liver, the largest internal organ and a metabolic hub, undergoes significant declines due to
aging, affecting mitochondrial function and increasing the risk of systemic liver diseases. How
the mitochondrial three-dimensional (3D) structure changes in the liver across aging, and the
biological mechanisms regulating such changes confers remain unclear. In this study, we
employed Serial Block Face-Scanning Electron Microscopy (SBF-SEM) to achieve high-
resolution 3D reconstructions of murine liver mitochondria to observe diverse phenotypes and
structural alterations that occur with age, marked by a reduction in size and complexity. We also
show concomitant metabolomic and lipidomic changes in aged samples. Aged human samples
reflected altered disease risk. To find potential regulators of this change, we examined the
Mitochondrial Contact Site and Cristae Organizing System (MICOS) complex, which plays a
crucial role in maintaining mitochondrial architecture. We observe that the MICOS complex is
lost during aging, but not Sam50. Sam50 is a component of the sorting and assembly machinery
(SAM) complex that acts in tandem with the MICOS complex to modulate cristae morphology.
In murine models subjected to a high-fat diet, there is a marked depletion of the mitochondrial
protein SAMS50. This reduction in Sam50 expression may heighten the susceptibility to liver
disease, as our human biobank studies corroborate that Sam50 plays a genetically regulated role
in the predisposition to multiple liver diseases. We further show that changes in mitochondrial
calcium dysregulation and oxidative stress accompany the disruption of the MICOS complex.
Together, we establish that a decrease in mitochondrial complexity and dysregulated metabolism
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occur with murine liver aging. While these changes are partially be regulated by age-related loss
of the MICOS complex, the confluence of a murine high-fat diet can also cause loss of Sam50,
which contributes to liver diseases. In summary, our study reveals potential regulators that affect
age-related changes in mitochondrial structure and metabolism, which can be targeted in future
therapeutic techniques.

Keywords: Aging, 3D Structure, Mitochondria, Metabolism, MICOS Complex, Liver Disease
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100 INTRODUCTION:

101 Mitochondria are required for various purposes including oxidative phosphorylation,
102 calcium homeostasis, and biochemical pathways (1). Mitochondria structure is crucial to many
103  mitochondrial functions (2, 3). Unlike many other organelles, mitochondria have independent
104  fusion and fission dynamics, which allow them to dynamically respond to their environment and
105 adapt a variety of phenotypes beyond the spherical or tubular shapes that are typically associated
106  with mitochondria (2, 4, 5). It is well understood that across aging, changes in morphology and
107  size can impair mitochondrial functions and structures (6-8). Typically, these declines are
108 measured through transmission electron microscopy (TEM), which offers high x- and y-
109 resolutions (9, 10) providing insights into mitochondrial ultrastructure such as cristae, the folds
110  of the inner mitochondrial membrane (11). However, a nascent research avenue is studying 3D
111 phenotypes and exploring novel mitochondria structures (2, 12), such as donut-shaped
112  mitochondria (13, 14), nanotunnels (15, 16), and megamitochondria (17). These structures
113  require imaging technigues, such as serial block face-scanning electron microscopy (SBF-SEM),
114  which allows 3D reconstruction of mitochondria (18-22). For many organs and experimental
115 models, 3D reconstruction has not yet been performed, thus creating a gap in knowledge of 3D
116  mitochondrial structural changes and molecular regulators that are present across the aging
117  process in various tissues. Previously, we have demonstrated changes in mitochondria in other
118  tissues, such as cardiac and skeletal muscle tissue (23, 24). Here, we aim to use 3D
119 reconstruction to understand mitochondrial remodeling in the aging murine liver—which serves
120  as the metabolic hub for the body.

121 The liver is the largest internal organ in vertebrates, performing essential biological functions
122  such as detoxification, metabolism of drugs and nutrients, storage of minerals, and synthesis of
123  plasma (25). The liver facilitates digestion and metabolism, which has an impact on the
124  gastrointestinal and endocrine systems (26). Additionally, the liver generates carrier proteins
125 crucial for growth and reproduction and participates in the metabolism of sex hormones (27).
126  Therefore, studying liver metabolism will provide insights into many crucial biological processes
127  including lipid and glucose homeostasis and detoxification pathways. One of the principal
128  factors that deteriorate the liver is aging (26). After the age of 45, the percentage of mortality
129 linked to liver disease rises significantly in humans (28). With aging comes a progressive
130 expansion of the liver’s neural fat and cholesterol volumes and a rise in blood cholesterol, high-
131  density lipoprotein cholesterol, and neutral fat levels (29). Volume alterations, polyploidy nuclei,
132  the accumulation of dense bodies containing lipofuscin, a reduction in smooth endoplasmic
133 reticulum area, and most importantly, a decrease in the quantity and functionality of
134  mitochondria are all associated with aging in liver cells (29). During aging, lipids are also readily
135 accumulated by the liver, raising the risk of cirrhosis, steatohepatitis, and non-alcoholic fatty
136 liver disease (NAFLD), among other hepatic conditions (30, 31). Lipids are necessary for several
137  essential mitochondrial functions, including metabolism and biogenesis, mitochondrial
138 dynamics, oxidative phosphorylation, architecture, and structure of mitochondrial membranes
139 (32). Additionally, the production of energy, regulation of cell death, and bioenergetics are all
140  significantly impacted by the lipid content of the inner mitochondrial membrane (IMM) (32).
141  Thus, as liver cells undergo mitochondrial dysfunction during aging, mitochondrial alterations
142  may contribute to the age-related risk of systematic diseases (25, 33). Thus, within this study, we
143  combine our murine approach of looking at mitochondrial structure with the examination of
144  gross liver structure, lipogenesis, and genetically regulated gene expression in human cohorts.
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145 Age-related changes in mitochondrial function are characterized by dynamic structural
146  alterations within the mitochondria. Mitochondria are important for generating ATP through the
147  electron transport chain in their cristae, folds of the IMM (11). Age-related liver disease may
148  decrease ATP synthesis (34), resulting decreased energy allocation for essential functions.
149  Beyond this, mitophagy, mitochondria DNA (mtDNA) mutations, disruptions in calcium
150 homeostasis, and reactive oxygen species (ROS) have been implicated in many liver pathologies,
151 such as alcohol-related liver disease, non-alcoholic fatty liver disease, chronic hepatitis B and
152  hepatocellular carcinoma (35, 36). Through mitochondrial quality control mechanisms, oxidative
153  stress, mtDNA, mitochondrial structure are highly interdependent (37, 38). Notably, changes in
154  mitochondrial structure are often driven by changes in mitochondrial dynamic proteins (4, 39),
155  which coordinate fusion and fission processes, allowing mitochondria to increase volume or
156  repair mtDNA defects through fusion. In contrast, fission can form new mitochondria and
157 remove damaged mitochondria (40). The organization of proteins belonging to the dynamin-
158 related GTPase family and their adaptors controls this mitochondrial remodeling (41). The key
159 regulators of mitochondrial dynamics are mitofusins 1 and 2 (MFN1 and MFN2) and optic
160 atrophy 1 (OPAl). MFN 1 and 2 regulate outer mitochondrial membrane (OMM) fusion,
161  whereas OPAL regulates IMM fusion (42, 43). In contrast, fission is typically associated with
162  dynamin-related protein 1 (DRP-1). DRP1 redistribution from the cytosol to the OMM is
163  necessary for mitochondrial fission (42, 44-46). Dysregulation of these finely tuned dynamics
164  can support pathophysiology; for example, in liver cancer, upregulation of Mfnl and Opal play a
165 role in cancer tumor cell growth mechanisms (5). Conversely, increased Drpl and impaired
166  Mfnl expression were hallmarks of chronic alcohol exposure in mice; while other models show
167  Drpl downregulation upon chronic alcohol exposure (35). Deletion of mitochondrial fission
168 factor, a recruitment factor of DRP1, in hepatocytes, has similarly led to altered mitochondrial
169  morphology concomitant with enhanced susceptibility to NAFLD (47), but conversely, blocking
170  fission can ameliorate hepatic steatosis and oxidative stress in NAFLD (48). This underscores
171 that while traditional fusion and fission dynamic proteins can affect age-related risk to liver
172  diseases, other regulators must be considered.

173 The OMM and IMM include hardwired translocase complexes with a very intricately
174  specialized protein import mechanism that drives mitochondrial dynamics. These translocases
175  operate along five distinct protein import pathways, one of which is through the SAMS50 channel
176 (49, 50). Sam50 is one of the crucial proteins of the outer membrane of the mitochondria.
177  SAMS50 is a SAM complex component with a B-barrel domain (50). Although the role of Sam50
178 in mitochondria is still unclear, studies showed that Sam50 contributes to the preservation of
179  cristae’s structural integrity. Sam50 maintains the formation of the cristae via interaction with
180  mitofilin and CHCHD®G6, which are parts of the mitochondrial contact site and cristae organizing
181 system (MICOS) (51). Furthermore, Sam50 aids in the maintenance of the mitochondrial
182  network (50), establishing and maintaining mitochondrial integrity and mitochondrial
183  metabolism, with its loss conferring volumetric losses in mitochondria structure (52). Recently,
184  Samb50 has been linked to NAFLD pathogenesis (49), but the interconnection with aging liver
185  mitochondrial structure remains poorly elucidated.

186 In our study, we use human models to explore the impairments of the liver due to aging,
187  investigating changes in the structure and physical appearance of the liver in young and old
188  groups. To establish the tandem roles of MICOS and SAM50, we used two-year-old mice, which
189 represented an elderly model, and three-month-old mice, which represented a juvenile
190 phenotype. We then studied mitochondrial morphological changes in both two-dimensional (2D)
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191 and three-dimensional (3D) which showed age-related losses in volume and complexity. We also
192 find that metabolomic and lipogenic changes in aging may mediate mitochondrial structural
193 alterations in the aging liver. We further learned how the MICOS complex is dysregulated in the
194  aging liver. Notably, deletion of the MICOS genes resulted in impairments in mitochondrial
195 calcium regulation and ROS production in the liver. Due to the changes observed in
196  mitochondria function and structure, we also investigated the role of diet-dependent Sam50
197  depletion in the liver. Lastly, we modeled genetically-regulated gene expression (GReX) of
198 SAMMS0 in a biobank of 85,615 participants, and found that SAMMS50 GReX was significantly
199  associated with multiple liver diseases.

200

201 RESULTS

202

203  Aging Causes Alterationsin Liver Lipid Accumulation and Altered Disease Markers

204 Damage to the liver’s tissue and alterations in hepatic metabolism might result from
205 abnormal lipid levels in the liver (31). Thus, we utilized magnetic resonance imaging to
206  determine how lipid content is regulated during aging in human samples. By enrolling female
207  and male participants (Figures 1A-D), we created a “young” cohort consisting of individuals
208 from 18 to 55 years old and an “old” cohort of individuals older than 60 years old. For both
209  sexes, the liver’s lipid percentage increased through aging (Figures 1E—F). This age-related
210 influx in liver validated the progression towards liver diseases in humans. Specifically, when
211  combining the male and female cohorts together (Figure 1G), the mean fat percent increased
212  (from a mean of 1.41% + 1.44% SD to 5.93% + 6.11% SD). Additionally, the 75% percentile of
213  fat percentage was higher, at 10.5% in the aged cohort, as compared to 2.10% in the young
214  cohort. Notably, Grade 1 of fat fraction classification, representing mild hepatic steatosis has a
215  fat percentile cutoff of 6.5% or higher (53). To further validate these results, we switch to our
216  mouse model and used Oil Red O staining to visualize lipids in 3-month and 2-year murine liver
217  tissue (Figures 1H-K). Specifically, we saw an increased amount of Oil Red O amount in the 2-
218  year cohort signifying an increase in lipid amount across the aging process in the liver, with a
219  more than 6-fold increase in lipid droplets in 2-year samples (Figure 1L; 12.2 + 6.55 SD, 3-
220 months; 77.5 + 20.4 SD, 2-years). An uptick of lipid droplets in hepatocytes is indicative of
221  NAFLD (54). To further explore markers of potential disease progression and dystrophy outside
222  of lipid accumulation, we also looked at liver mass, which was decreased in aged samples when
223  normalized to body weight (Figure 1M; 4.56% + 0.329% SD, 3-months; 3.93% + 0.376% SD, 2-
224 vyears). Since mtDNA content reduction is a hallmark of NAFLD (55), we also showed an age-
225  dependent loss in mtDNA content (Figure 1N; mean: 1, 3-months; 0.805 + 0.119 SD, 2-years).
226  Additionally, bile acid, which is metabolized in the liver, has increased concentrations with
227  abnormal liver function and disease states (56). We also looked at the concentration of bile acid,
228  Dbut no significant difference was noted (Figure 10; 0.871 uMol/ug + 0.138 uMol/ug SD, 3-
229  months; 0.89 uMol/ug + 0.15 puMol/ug SD, 2-years). Finally, central to the pathology and a key
230  marker of NAFLD is high triglycerides (57, 58). We observed that aging murine samples had
231 significantly elevated triglycerides in the liver (Figure 1P; 0.30 mmol/L + 0.10 mmol/L SD, 3-
232  months; 0.748 mmol/L + 0.15 mmol/L SD, 2-years), which was more drastic than the general
233 increase in serum triglycerides (Figure 1Q; 0.211 mmol/L + 0.100 mmol/L SD, 3-months; 0.379
234  mmol/L + 0.118 mmol/L SD, 2-years). Thus, while we could not confirm aging human and
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235 murine samples had liver disease, these results support the observation of an age-related
236  progression toward liver disease.

237

238  Ultrastructural Changesin Murine Liver Reveals Aging is Associated with Lower Volume
239 and Complexity

240 Next, we sought to explain whether these age-related changes in liver mass and disease
241  markers are correlative with atypical mitochondria structures in the liver. For these studies, we
242  utilized aged C57BL/6J mice at 2 age points, 3-months and 2-years, which are generally
243  understood to be good representations of “young” and “old” aged points akin to aging displayed
244 in humans (59).

245 To begin with, we used TEM to measure changes in mitochondrial morphology in aged mice
246  (Figures 2A-D). Qualitatively, our findings of lipid accumulation were confirmed, with aging
247  also showing lipid droplets that showed less circularity. TEM analysis showed that mitochondria
248  count increased while the average mitochondrion area decreased with aging (Figures 2E-J). To
249  compare sex-dependent differences, mitochondrial counts, as normalized to pum cell area, in 3-
250  month males and females were similar (0.15 + 0.02 SD, males; 0.174 + 0.03 SD, females), there
251  was a slight divergence with aging, although both followed a similar trend (Figures 2E, 2H; 0.56
252 + 0.130 0.15 SD, males; 0.738 + 0.14 SD, females). This sex-difference which is more
253  pronounced with age was similarly seen in average mitochondrion area when comparing 3-
254  month samples (1.27 pm? + 1.34 pm?SD, males; 1.21 um? + 1.19 um? SD, females) with their 2-
255  year counterparts (Figures 2F, 2I; 0.233 pm? + 0.442 um? SD, males; 0.558 pm? + 0.386 pm?®
256  SD, females). However, in many ways, TEM is inadequate to quantify mitochondria, which exist
257 in diverse 3D shapes (2). Yet, given the best in-class resolution of TEM (9), it is useful for
258  measuring subcellular structures of cristae. In male and female murine samples, we found a
259  decrease in cristae score both (Figures 2G, 2J), which is a semi-qualitative measure (9), that
260 evaluates the relative amount and architectural integrity of cristae. Neither 3-month (3.72 + 0.44
261 SD, males; 3.47 + 0.62 SD, females) nor 2-year (2.29 + 0.71 SD, males; 1.99 + 0.87 SD,
262  females) samples showed a significant sex-dependent difference in cristae score. Together, these
263  results highlight that cristae integrity is lower in aged liver tissue samples. Additionally, we
264  performed these studies in both male and female samples, which showed slight sex-dependent
265  differences but were generally minimal with similar trends. Given the time-consuming nature of
266  manual segmentation associated with 3D reconstruction, we proceeded with the study utilizing a
267  male cohort.

268 With the 2D mitochondrial differences observed, we utilized 3D reconstruction of SBF-
269  SEM to further investigate changes in mitochondrial structure. For each age cohort, we analyzed
270  approximately 250 mitochondria from the three mice surveyed (Figure 2K), for a total of around
271 750 mitochondria for each age point. SBF-SEM allowed for 50 pM intervals in the z-axis to be
272 imaged for a total of 300 slices, of which 50 slices were used for analysis. The x- and y-
273  resolution was 10 uM, which allowed for about 50 ortho slices to be reconstructed and quantified
274  for each stack (Figure 2L), which then undergo manual contour segmentation (Figure 2M), for
275 the 3D reconstruction of mitochondria (Figure 2N). Displayed first in both age cohorts is a
276  representative of each orthoslice, which allows for the identification of mitochondria (Figures
277  20-P). From there, manual segmentation across each ortho slice was performed in the software
278 Amira, for mitochondria to be reconstructed (Figures 20’-P’). Additionally, for better
279  visualization of each individually colored mitochondria, the ortho slice may be removed (Figures
280 20’’-P’’). Once modeled, 3D reconstructions (Videos 1-2) can be quantified. We found that in
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281  comparing the young and aged mice, size significantly decreased in all metrics (Figures 2Q-S).
282  Specifically, the perimeter, which represents the total of all external distances in the
283  mitochondria was approximately 20% lower in aged samples (Figure 2Q; 10761 um + 1560 um
284  SD, 3-months; 8054 um + 450 um SD, 2 year). Three-dimensional area, which represents a
285  metric of OMM area, was decreased by nearly 50% in aged samples (Figure 2R; 7.66 um? +
286  0.808 um? SD, 3-months; 4.76 pm?® + 0.511 um? SD, 2-years). Finally, mitochondrial volume,
287  which represents the total of all internal pixels within the 3D mitochondrial reconstruction, was
288  approximately 30% lower in aged male murine liver samples (Figure 2S; 1.01 pm® + 0.182 um?®
289  SD, 3-months; 0.696 pm® + 0.107 um?® SD, 2-years). Losses in mitochondrial volume may
290 indicate decreased internal volume for ATP synthesis (60), but mitochondrial roles extend
291 beyond their energetics, including through interfacing with endoplasmic reticulum (ER) to
292  modulate calcium homeostasis (61). Thus, it is equally important to look at their morphology and
293  capacity to form compact sites.

294 To aid in visualizing mitochondria, we present mitochondria 3D reconstructions from
295 transverse (Figures 3A-B) and longitudinal (Figures 3A’-B’) viewpoints (Videos 3-4). To further
296  verify this change across aging we looked at sphericity and mitochondrial complexity index
297  (MCI) (62), which are analogous measures of mitochondrial morphology. Sphericity (calculated

1 2

298 %), as exhibited an approximate 20% higher mean value (Figure 3C; 0.638 +

299  0.0211 SD, 3-months; 0.785 + 0.0257 SD, 2-years). MCI (calculated as Surface Area® /16 x
300 “volume?) expectedly showed an inverse decrease in the aged cohort (Figure 3D; 3.22 + 0.240
301 SD, 3-months; 1.64 + 0.236 SD, 2-years). Together, these validate that complexity is decreased
302 in aged murine liver samples. To better visualize these changes, we organized mitochondria by
303 their volume, in a method known as mito-otyping, to compare morphology across size (Figure
304  3E). In the three-month age cohort (Figure 3E), we observed an expected phenotype of normally
305 sized mitochondria. However, we also observed some diversity in mitochondrial structure, as we
306 noted elongation, branching, and other structures that prioritize surface area over volume. In
307  contrast, the 2-year sample showed much less heterogeneity and mitochondrial structures mostly
308 presented as tubular or compact (Figure 3F). For these metrics, while intra-sample heterogeneity
309 s plentiful, there is minimal inter-sample heterogeneity or outliers (sFigures 1A-E).

310 These changes in sphericity and morphology may impact the ability of mitochondria to
311 form contact sites. Particularly, liver mitochondria are known to exhibit phenotypes in which ER
312  wraps around them, known as wrappER, to modulate lipid flux (63-65). To investigate this
313  paradigm, we qualitatively identified wrappER within liver tissue (Figures 3G-H). Qualitatively,
314  we found that wrappER exists in both 3-month and 2-year murine liver tissue (Figures 3G’-H’),
315 but in 3-month tissue wrappER contact is much more extensive (Figures 3G”-H”). This suggests
316 that liver lipid homeostasis may be negatively impacted (63-65). However, to confirm these
317 changes and further explore the implications of these mitochondrial morphological alterations,
318  we analyzed metabolism and performed lipidomics in mice.

319

320 Global metabolic and lipidomic profiling reveals altered energy metabolism and storage in
321 theaged liver.

322 Due to observed changes in mitochondria in the aged liver, we proceeded to analyze
323 alterations in small biomolecules regulating energy metabolism, cellular homeostasis, and
324  storage. Our investigation involved global metabolic and lipidomic profiling of young and aged
325  liver tissues, revealing dynamic features and significant changes in aged mouse livers (Figures
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326 4A-O; sFigures 2A-D). We noted an accumulation of metabolites related to Vitamin A
327  metabolism, specifically retinoic acid and retinal (Figures 4B-C). While Vitamin A metabolism
328 must be finely balanced, within breast cancers retinoid changes can be associated with
329 controlling the redox status of cytochrome c (66). This finding supports the presence of
330 metabolic shifts, altered cellular signaling, and impaired clearance mechanisms in the aging
331 liver, all attributed to changes in mitochondrial function. Our metabolomics analysis also
332  uncovered disruptions in tricarboxylic acid (TCA) cycle intermediates—succinate and malate,
333 indicating mitochondrial dysfunction and impaired activity (Figures 4D-E). These changes can
334  impact the production and regulation of these intermediates. Furthermore, we observed decreases
335 in nucleotide monophosphates involved in purine and pyrimidine metabolism—GMP, CMP,
336 UMP, AMP (Figures 4F-1). The synthesis of these nucleotides, which involves mitochondrial
337  processes, is influenced by age-related mitochondrial dysfunction, affecting the overall
338 nucleotide biosynthesis pathway supporting our observations. Our results additionally confirmed
339  existing literature on dysregulated nicotinamide adenine dinucleotide (NAD+) metabolism in the
340 aging liver (67). Significant depletions in tissue NAD+, NADP, NMN pools, and tissue ADP
341  were detected (Figure 8J-M). Historical liver studies suggest that mitochondrial NAD(H) pools
342 tend to be oxidized, playing a crucial role in energy homeostasis. Conversely, cytosolic
343 NADP(H) pools tend to be highly reduced for reductive biosynthesis (68). Our data reveals
344  disruptions to mitochondrial activity reverses these classical mechanisms. In summary, these
345  findings collectively support the presence of altered energy metabolism and cellular homeostasis
346 inthe metabolically active liver due to mitochondrial dysfunction and impairment.

347 Lipidomic profiling of both young and aged liver tissues unveiled age-related changes in
348 lipid classes and chain lengths (Figure 9N-O; sFigures 2C-D). In the aging liver, significant
349 alterations were observed in the triglycerides oligomers (TGO), triglycerides (TG), ceramide
350 (Cer), and acylcarnitine (CAR) lipid classes compared to other lipid groups (Figures 4N-O,
351 sFigure 2C). These lipid classes, each with distinct roles in liver mitochondria, contribute to
352  various aspects of cellular metabolism and homeostasis. Disruptions in TGOs and TGs suggest
353 imbalances in energy storage and release in the aging liver, possibly due to mitochondrial
354  dysfunction. TGs, being the primary form of stored energy, can participate in mitochondrial beta-
355  oxidation, providing acetyl-CoA for energy production. Conversely, Cer regulates apoptosis and
356 modulates mitochondrial membrane permeability (69). Changes in Cer levels can influence
357  mitochondrial integrity and function (70, 71). CARs play a crucial role in transporting fatty acids
358 into the mitochondria for beta-oxidation, thus maintaining mitochondrial function (72).
359  Additionally, significant differences in lipid chain lengths were noted with age in the liver,
360 impacting membrane integrity, fluidity, and functionality (Figure 4D). These findings align with
361 altered metabolomic and lipogenic changes attributed to the modified shape and function of
362  mitochondria with age.

363

364

365 Murine Aging and Diet Exhibit Distinct Changesin the MICOSand SAM Complex

366 It is well established that the MICOS complex is critical for mitochondrial dynamics (73),

367 and our group has previously investigated the effect of aging on the MICOS complex in kidney
368  tubular cells (24), however, it is still unclear how aging affects the MICOS in aging liver. Studies
369  have shown that Opal, which is epistatic to the MICOS complex and physically interacts with
370 components of the MICOS complex (43), decreases with age (74). With Opal as a positive
371  control, we sought to determine if the MICOS complex mMRNA expression is also decreased in
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372 murine liver with age. Consistent with previous studies, Opal mRNA decreased by over 50%
373  between 3 months and 2 years (Figure 5A). Mitofilin also decreased significantly (Figure 5B).
374  Similarly, Chchd3 and Chchd6 also progressively decreased with age but not as much as the
375  decline of other transcripts (Figures 5C-D). While Opal interacts with the MICOS complex, it is
376  not required for the formation of cristae junctions at which the MICOS complex forms, nor does
377  Opal loss negatively affect MICOS components (54). This suggests that the loss of the MICOS
378 complex across aging occurs in an Opal-independent manner. This parallels our previous
379 findings in skeletal muscle, cardiac, and kidney (24, 75, 76).

380 The SAM complex, particularly its B-barrel channel SamB0, interacts with the MICOS
381 complex to regulate cristae morphology (77-80). Particularly, overexpression of SAMMS50
382  enhances fatty acid oxidation and reduces intracellular lipid accumulation, while polymorphisms
383 in SAMMS50 are associated with NAFLD (49), and loss of Sam50 in hepatocytes leads to
384  cardiolipin-dependent mitochondrial membrane remodeling, mtDNA release, and liver injury
385 (81). So, we also looked at SAM50 protein levels across aging. Interestingly, unlike the MICOS
386 complex and Opal, we saw no significant changes in SAM50 levels (Figure 5E). Notably,
387 beyond aging, a key risk factor for NAFLD is a high-fat diet (HFD) which can cause lipid
388 accumulation and dyslipidemia (82). Since past studies have shown that overexpression of
389 SAMMS0 can mitigate lipid accumulation (49), we focused on how an HFD also affects these
390 regulators. To do this, we subjected male mice to an HFD, with fat constituting 60% of their diet,
391 and a littermate cohort to a low-fat diet (LFD), with fat constituting only 5% of their calories, for
392 atotal of 12 weeks, with mice sampled at 20 weeks. Contrary to our age-related findings, we
393 showed that while MIC60, a key component of the MICOS complex, remains unchanged,
394 SAMS0 shows a decrease with an HFD. Given the role of SAMMS50 in mitigating lipid
395 accumulation (49), this loss may increase susceptibility to lipid accumulation and dyslipidemia
396 thatis ahallmark of HFD (82).

397 To further investigate the impact of an HFD on mitochondrial ultrastructure, we
398 performed TEM analysis in a 20-week-old murine cohort subjected to an LFD and HFD (Figures
399 5G-H”’). Qualitatively, we observed more lipid droplets with less circularity in HFD samples.
400 Looking at mitochondria, although mitochondrial count, when normalized to the um cell area,
401  was fewer in HFD samples (Figure 51; 0.210 + 0.114 SD, LFD; 0.128 + 0.0972 SD, HFD), this
402  change was not significant. Similar to aging, HFD samples exhibit a significantly higher average
403  mitochondrion area (Figure 5J; 0.570 pum? + 0.401 pm? SD, LFD; 0.923 pm? + 1.12 pm? SD,
404  HFD). When considering these two quantifications in tandem, we also calculated the percentage
405  of mitochondrial area related to the total cell area, which showed no significant difference
406  (Figure 5K; 11.8 um? + 5.59 um? SD, LFD; 11.7 pm? + 5.10 pm? SD, HFD). When looking at
407  how mitochondrial shape changes with a HFD, we observed that mitochondrial had a higher
408 circularity, indicative of potentially less complexity, with a HFD (Figure 5L; 0.781 + 0.149 SD,
409 LFD; 0.897 + 0.0748 SD, HFD). Finally, looking at cristae score, similar to aging samples, HFD
410 cohorts had a significantly lower cristae score (Figure 5M; 3.74 + 0.441 SD, LFD; 2.04 + 0.770
411  SD, HFD). Together, these findings show that a HFD can parallel age-related changes, and that
412  HFD exhibit smaller mitochondria with aberrant cristae due, in part, to a loss of SAMS50.

413 Previously, we have performed a rigorous 3D analysis of mitochondrial structure and
414  networking in Samb0-deficient human and murine myotubes, showing that the deletion of Sam50
415  results in smaller and less complex mitochondria (52). To further investigate SAM50’s role in
416  mitochondrial structure, we knocked out Samb0 in fibroblasts and used mito-mCherry confocal
417  to investigate structure (Figures 5N-O’). Our results further validate our previous findings,
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418  showing that Sam50 deletion causes impairments in mitochondrial length (Figure 5P; 4.14 um +
419 157 um SD, WT; 2.59 um + 0.539 um SD, Samb0 KO). Additionally, when comparing the
420 percentage of fragmented mitochondria to tubular mitochondria, there was a significantly higher
421  rate of fragmented mitochondria in Sam50 KO than in WT. (Figure 5Q; 3.33% + 2.08% SD, WT,;
422  57.3% + 18.0% SD, Sam50 KO). Notably, these findings parallel our findings in HFD of reduced
423  mitochondrial size, indicating that loss of Sam50 may dictate the negative bioenergetics caused
424 by an HFD (83, 84).

425
426  Clinical relevance of Sam50 in liver pathologies
427 Previously, we found that Sam50 is responsible for establishing and maintaining

428  mitochondrial integrity, cristae structure, and mitochondrial metabolism (52). To identify the
429  clinical implications of dysregulated SAMMS50 gene expression in humans, we modeled
430 genetically regulated gene expression (GReX) of SAMMS50 across 85,615 individuals in the
431  Vanderbilt biobank, BioVU (Table 1). Cross-tissue SAMM50 GReX was calculated using the
432  genetic information for each individual, combined with SAMMS50 gene expression models
433  developed from the GTEX dataset (see Methods, sFigure3). The relationship between SAMMS50
434  GReX and clinical phenotypes (n=1,704) and laboratory values (n=326) were then evaluated by
435 logistic and linear regression models, respectively. In 70,440 BioVU individuals of European
436  ancestry, we found that SAMM50 GReX is significantly associated with multiple liver disease
437  diagnoses, including: chronic liver disease and cirrhosis, alcoholic liver damage, liver transplant,
438  acute gastritis, and esophageal bleeding (p < 2.93427E-05, Figure 5R, SFilel). Within the 15,175
439 BioVU individuals of African ancestry, we did not find any significant associations between
440 SAMMS50 GReX and the clinical phenotypes tested; however, we did see a nominally significant
441  association with acute gastritis (p=0.00142, SFile3). We did not find any significant associations
442  between SAMMS50 GReX and clinical lab values within the BioVU individuals of European or
443  African ancestry (SFile2, SFile4).

444

445  Knockdown of M1C60 and CHCHD6 reduces Ca®* uptake and retention capacity in HepG2
446 cels

447 While this underscores how diet changes may contribute to liver diseases, we also wanted
448 to establish how the MICOS complex contributes to age-related changes. To unravel the
449 involvement of MIC60 and CHCHDG6 in mitochondrial calcium (,Ca“") homeostasis, we
450  monitored nCa®* uptake and mCa®" retention capacity in MIC60 and CHCHD6 knockdown
451  human-derived HepG2 cells. Both MIC60 and CHCHD6 knockdown cells show reduced nCa**
452  uptake (Figure 6A). Furthermore, to determine if the altered MICOS and cristae structure
453  contributes to impaired ,Ca’" retention capacity and involved in mitochondrial permeability
454  transition pore opening, we measured the nCa®" retention capacity in MIC60 and CHCHD6
455  knockdown cells. MIC60 as well as CHCHDG6 knockdown cells underwent rapid permeability
456  transition opening as compared to control cells (Figure 6B). We also found that »Ca®* retention
457  capacity is significantly reduced in both MIC60 and CHCHD®6 knockdown HepG2 cells (Figure
458 6C). These data suggest that altered MICOS complex and cristae disorganization increase the
459  susceptibility of HepG2 cells to ,Ca®* dysregulation and Ca?*-induced cell death.

460

461 Knockdown of M1C60 and CHCHDG6 induces oxidative stress
462  Ca** directly affects oxidative stress signaling and reactive oxygen species (ROS) generation
463 (85). To determine if MICOS affects ROS production, we evaluated total ROS, mitochondrial
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464  superoxide, and H2O, production in MIC60 and CHCHDG6 knockdown cells (Figures 6G-H).
465  Mitochondrial H,O; content, as measured by Mitochondria peroxy yellow 1, increased following
466  MIC60 and CHCHDG6 knockdown when quantified by both plate-reader based (Figure 61) and
467  microscopy-based (Figure 6J) ROS quantification. Silencing MIC60 and CHCHDG6 in HepG2
468  cells significantly increased mitochondrial superoxide production and more general intracellular
469 ROS, detected by MitoBright Deep Red (Figure 6K) and DCFDA (Figure 6L), respectively.
470 These findings indicate that suppression of MIC60 and CHCHDG6 disrupts mitochondrial ROS
471  homeostasis, demonstrating that the MICOS complex is associated with oxidative stress.

472

473  Discussion:

474
475  Age-Related Changesin Liver Mitochondria Structure
476 Liver mitochondria have been imaged using 3D in rodent models since the early 1990s (86).

477  Previously, in rat liver, 3D reconstruction revealed that cristae showed high variability in
478  structure (87). 3D reconstruction also showed that there are extensive mitochondria endoplasmic
479  reticulum contact sites (MERCS) in liver mitochondria [35]. Additionally, MERCs are sites for
480  various purposes, such as calcium homeostasis and lipid homeostasis (88). In mice with high
481 alcohol consumption, alcohol increased mitochondrial volume while conversely reducing the
482  networking of mitochondria (89). Notably, the formation of mega mitochondria, a novel
483  mitochondria 3D structure, arose in human non-alcoholic fatty liver disease (90). Beyond these
484 3D studies, previous studies using cryo-electron tomography (cryo-ET) have found that
485  mitochondria fragmented and lamellar cristae lost integrity across the aging process (91). While
486  these studies have aided in revealing previously unknown specific mitochondrial structures in the
487  liver, the same has not yet been done for different mitochondrial structures that may arise across
488 aging.

489 Here, we use SBF-SEM to attempt to answer how mitochondria change in an aged liver and
490 the functional impact of such changes. We found that in aged states, the size and morphology of
491  liver mitochondria are altered in both 2D and 3D. Using SBF-SEM and Amira for 3D
492  morphology of mitochondria and comparing 2-year against 3-month, we observed fragmentation
493  of mitochondria and decreased complexity. Importantly, we found that an aged murine liver has
494  a decrease in area, perimeter, volume, and complexity in mitochondria. Mitochondria structure
495 remains relevant in aging as structural decline may decrease mitochondrial function, thus
496 reducing certain liver roles. For example, mitochondria dysfunction has been linked to an
497  increased risk of liver damage upon drug treatment (92). Beyond this, in humans and mice with
498 alcoholic liver disease, it has been suggested that megamitochondria form due to the lack of
499 Drpl and serve a protective role (93, 94). This may be due to the downregulation of the
500 NR4A1/DNA-PKcs/p53 pathway which has been shown to activate Drpl in other liver diseases
501 (95). Aging and disease states affect each other; therefore, future experiments must look at the
502  mitochondria 3D reconstruction in different disease states across aging to see if the confluence of
503 these factors leads to the unique mitochondria 3D structures. Interestingly, while
504 megamitochondria are a hallmark of hepatotoxicity and steatosis (94, 96, 97), and aging
505 exhibited numerous hallmarks of progression towards liver diseases (Figure 1), we did not
506  observe these megamitochondria in our sample, rather showing mostly smaller mitochondria.
507  Since the formation of megamitochondria in Alcoholic Liver Disease follows a significant
508 increase in Drpl expression and mitochondrial fragmentation (98), it may be that our aged
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509 sample represents a pre-diseased state that can subsequently shift to megamitochondria as a
510 compensatory response to reduce alcohol-induced toxicity (94, 98, 99).

511 Beyond mitochondrial 3D structure, past studies have shown that fatty acids promote
512  endoplasmic reticulum stress and liver injury in rodent models (100). Due to the increase of lipid
513 droplets in both aging and HFD in TEM images, there may be an increase in mitochondria-lipid
514  droplet contact sites (MLDCs) (61, 101). Beyond this, lipid droplet-endoplasmic reticulum
515  contacts are also understood to help form lipid droplets and perform metabolism (54). Especially
516 relevant is that MLDCs serve as a place for fatty acid homeostasis (101). Additionally, MERCs
517 importantly play a role in lipid homeostasis and synthesis (102). MERCs are understood to
518 regulate ER stress (103), so increases in fatty acids, triggered by lipid droplet formation, can
519 increase MERC formation in the aged model. Conversely, we qualitatively showed a decrease in
520  wrappER, which is known to maintain lipid flux through a 3-organelle contact site that involves
521  peroxisomes (63). These wrappER sites, which contain sites of adhesion, regulate very-low-
522  density lipoproteins (104). The age-related loss of mitochondrial complexity may impair the
523 ability and relative surface area mitochondria in murine liver samples must form contact sites,
524  including MERCs, thus interfering with functions including lipid homeostasis. Indeed, past
525  reviews have suggested targeting MERCs in NAFLD due to the role of contact sites in glucose
526 and lipid metabolism (105). However, in the future, a more rigorous analysis of age-related
527  changes in contact sites within liver tissue is necessary.

528

529 Samb0 asa Regulator of Liver Disease

530 Due to the observed dysfunctions in mitochondrial function and structure, we
531 investigated the role of SAM50, part of the SAM required for B-barrel protein assembly, in the
532  liver (80). There is evidence that the IMM proteins MIC60 (Mitofilin) and CHCHD3 were part
533 of a protein complex that includes the SAM components, known as the mitochondrial
534  intermembrane space bridging (MIB) complex (80, 106). The preservation of cristae depends on
535 interactions between the MIB complex’s OMM and IMM components. The destabilization of the
536  MIB complex led to a decrease in the respiratory chain complex assembly. SAM50 depletion
537 over time affects the protein contents of all large respiratory complexes containing subunits
538 encoded by the mitochondria, suggesting a link between SAM50 and cristae structural integrity,
539 respiratory complex assembly, and mitochondrial DNA (mtDNA) maintenance (107). Our
540 previous study have shown that Sam50 plays a significant role in the maintenance of both the
541  mitochondrial network and the structure of cristae and MICQOS, especially in the context of liver
542  injury (52). Mice with Samb0 deletion or liver-specific deletion produced by acetaminophen, an
543 efficient antipyretic and analgesic, experience mtDNA release, which activates the CGAS-STING
544  pathway and causes liver inflammation (81). Here, using phenome-wide and clinical lab-wide
545 scans for SAMM50 GReX in a medical biobank, we saw a significant association between
546 SAMMS50 and multiple liver diseases including nonalcoholic or alcoholic liver disease and
547  cirrhosis. This suggested that the expression of SAMM50 as a transcription factor may directly or
548 indirectly contribute to mitochondrial defects of the liver.

549 To corroborate the clinical consequences of SAMMS50 GReX in BioVU participants, we
550 queried publicly available databases including: PheWeb (108), Biobank Japan PheWeb (109),
551  and the FinnGen web browser (110). PheWeb reports genome-wide association results from the
552 UK Biobank population (n > 400,000). The top phenotype associations for the SAMM50 locus
553  within PheWeb included: Chronic liver disease and cirrhosis (p=2.8 X 10, cases=2,954), Other
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554 chronic nonalcoholic liver disease (p=1.2e-18, cases =1,687), Alcoholic liver damage (p=1.4 X
555 10, cases=836), Injury to other and unspecified nerves (p=2.2 X 107, cases=269), Portal
556  hypertension (p=1.7 X 10”°, cases=527), and Liver abscess and sequelae of chronic liver disease
557 (p=4.1 X 10°, cases=974). BioBank Japan PheWeb similarly reports genome-wide association
558 results from the BioBank Japan Project (n > 260,000). The top phenotype associations for the
559  SAMMSO locus in BioBank Japan PheWeb included Cirrhosis (p=2.8 X 10™, cases=2,551), as
560 well as Aspartate transaminase (p=3.3e-87, cases=150,068), Alanine aminotransferase (p=3.0 X
561 107, cases=150,545), and platelet count (p=6.5 X 10 cases=148,623). The FinnGen web
562  browser reports genome-wide association studies from the FinnGen data (n=342,499). Top
563 results from FinnGen included several phenotypes related to liver diseases including cirrhosis
564 (p=9.6 X 10", cases=3,548), diseases of liver (p=4.9e-49, cases=9,548), and nonalcoholic fatty
565  liver disease (p=5.7 X 10", cases=1,908). This underscores the therapeutic potential of targeting
566 SAMMSO0.

567

568 The MICOS Complex as a Regulator of Aging:

569 In this study, we demonstrated the disruptions in many aspects of mitochondria structure
570 in both 2D and 3D analysis of mitochondria in aging liver. We also showed MICOS impairment
571 in the aging liver. Therefore, we investigated whether MICOS regulates mitochondrial calcium
572 influx and oxidative stress. Calcium influx in mitochondria can reflect cell viability (111, 112).
573  Mitochondria mediation of calcium can impact many cell processes, such as apoptosis, signaling,
574 and ATP production (113). In some cases, elevated mitochondria calcium uptake can occur
575 antecedent to mitochondrial swelling, which results in a pathway often leading to apoptosis
576  (114). However, there was a decline in calcium uptake as CHCHDG6 and MIC60 were disrupted
577  (Figure 6), suggestive of impaired cellular calcium signaling, which has previously been linked
578  with ER stress and dysregulation of MERCs (113, 115). This provides a plausible disease link as
579 ER calcium release promotes mitochondrial dysfunction, inducing oxidative stress and
580 hepatotoxicity (116), with broader implications in NAFLD (117, 118). Since Miro clusters both
581 interact with the MICOS complex, as well as regulate MERCs (119), Miro represents a potential
582  future mechanistic avenue through which MICOS complex contributes to MERC tethering.

583 Mitochondria redox state has been proposed as a principal moderator of mitochondrial
584  function in liver disease (120). Recent studies have continued to highlight a link between ROS
585 and mitochondrial dynamics (38). Lipids can aid in stimulating the production of ROS (121).
586  Additionally, many theories regarding aging have been formulated around the basis that
587  mitochondria lose function due to ROS byproducts which accumulate across aging (122). There
588 remains controversy about whether ROS are generated in the liver, while some studies have
589  found they arise during aging in the liver (123), other studies conversely found that in the aging
590 human liver, no superoxides are produced (124). Future studies should explore how ROS
591  contributes to the observed 3D mitochondrial phenotypes, as oxidative stress may be a regulator
592  of the phenotypes we observed. It is noteworthy that the loss of CHCHD6 and MICG60 leads to
593  oxidative stress (Figure 6). This suggests that during aging, the liver undergo a vicious cycle
594  wherein abnormal mitochondrial structures generate more harmful byproducts. These
595  byproducts, in turn, worsen mitochondrial structural dysfunction, contributing to age-related
596  oxidative stress.

597

598  The Interaction Effect of the SAM Complex and MICOS Complex in Aging and Diet:
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599 In aged murine liver, decreases in the mtDNA numbers, urea cycle, mitochondrial
600 function, locomotor activity, loss of enzymatic activity, and anti-oxidative stress are well
601 established (123, 125, 126). Mitochondria also show diminished membrane potential across
602 aging in murine liver (127) and declined mitophagy responses (128). Within our study, we
603 looked at Sam50 in the context of aging. Although we did not observe a change in the protein
604 level of SAMS50 in the aging liver, there were defects in SAM50, but not MIC60, protein
605 production during the HFD. Notably, our study contrasts previous quantitative proteomic
606 analyses of liver mitochondria from HFD Diabetic mice, which found that Mitofilin, Sam50, and
607  Chchd3 are all upregulated (129). While more research is warranted to resolve this controversy,
608 our findings suggest that Sam50 may not regulate mitochondrial machinery during aging
609 directly, but future studies performing an RNA sequencing scan of aged liver tissue, compared to
610 young tissue, will provide some candidates that interact with Sam50.

611 We know that HFDs are linked with many liver complications. For example, oxidative
612  stress, inflammation, and lipogenesis are some of the factors that might be linked to HFD and
613  exacerbate the onset of non-alcoholic fatty liver disease (83). Additionally, HFD is associated
614  with metabolic dysregulation of the liver (130). In this study, we found an increase in retinoic
615 acid and retinal in the aged liver (Figure 4). Notably, there is evidence linking retinol-binding
616 proteins and HFD. The enhanced supply of vitamin A and high-fat consumption in diet-induced
617 obese mice is linked to the production of bisretinoid (131). Interestingly, obesity within
618 hepatocytes has also been shown to increase MAMs (i.e., MERC-isolated biochemical fractions),
619  which confers mitochondrial dysfunction (132, 133). High fat within a diet may further have an
620 additive effect with aging to exacerbate age-related hepatic pathologies. For example, an HFD
621 can alter mitochondrial structure, leading to decreased fatty acid oxidation (134). Within age-
622 related hepatic steatosis, impaired fatty acid oxidation, and other factors that HFD can contribute
623  tosuch as insulin resistance, are key risk factors (30). Notably, SAMMS50 deficiency causes lipid
624  accumulation and impaired fatty acid oxidation (49). Thus, HFDs can play a role in metabolism
625  defects in the liver tissue, although this must be further investigated in the future.

626 The changes in SAM50 during HFD may be due to several factors. Our lipidomic studies
627  confirm suggested dysregulations of lipids in the aged liver (Figure 4). Our observation of
628 SAMSO0 decreased in HFD contrasts in vitro models of hepatic cellular steatosis, revealing that
629  mitochondrial dysfunction is determined by oxidative stress instead of lipid buildup (135). This
630 finding is novel since Samb0-deletion or overexpression, and the broader SAM complex, during
631  HFD in the liver, have not been studied. However, past studies of HFD offer some insight. HFD
632 can lead to pathological alterations and damage to the ultrastructure of the mitochondria and
633  downregulation of MERCs regulators, MFN2 and OPALl (84), which parallels the TEM
634  ultrastructural changes we observed. Additionally, Mic19/Chchd3 was shown to be necessary in
635  the liver (136). Sam50 is closely related to Mic19. Sam50 mediates mitochondrial outer and inner
636 membrane interactions via the Sam50-Mic19-Mic60 axis (79). In the liver, Mic19/Chchd3
637  deletion reduces ER-mitochondrial contacts, disrupts mitochondrial lipid metabolism,
638  disorganizes mitochondrial cristae, and causes unfolded protein stress response in mouse
639  hepatocytes, leading to impairments of liver mitochondrial fatty acid B-oxidation and lipid
640 metabolism (136). This may explain our results of declined Sam50 synthesis during HFD, but it
641 remains unclear why Mic60 is not affected. Alternatively, linking MICOS and SAM complex
642  changes, in hepatocytes both SAM50 and MIC60 cooperate to bind to cardiolipin, a phospholipid
643  exclusively located in mitochondria (81). ROS also targets cardiolipin, which is associated with
644  mitochondrial dysfunction in NAFLD (137). Cardiolipin inhibition has mitigated non-alcoholic
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645  steatohepatitis through NLRP3 inflammasome activation, suggesting a therapeutic role of
646  cardiolipin (138). Sam50 depletion leads to cardiolipin externalization and subsequent liver
647 inflammation (81). Interestingly, paralleling our findings of increased lipogenesis with aging
648  (Figure 1), our lipidomic analysis showed altered lipogenesis across multiple lipid classes, which
649 has implications extending beyond cardiolipin, since the liver is a principal site for lipid
650 homeostasis (139). Thus, while aging exhibits a protective mechanism to maintain Sam50, the
651  additional challenge of diet changes may cause loss of integrity in both the SAM complex and
652  MICOS complex, which results in the buildup of lipids in the liver, raising the risk of cirrhosis,
653  steatohepatitis, and NAFLD, among other hepatic conditions.

654

655 CONCLUSION

656 To broaden our understanding of age-related changes in male murine hepatic tissue, we have
657  established how 2D and 3D ultrastructure undergo similar reductions in mitochondrial volume
658 and connectivity, potentially due to an age-related loss of the MICOS complex. This is an
659 important age-related regulator of mitochondrial structure and could be linked to functional
660 changes across aging in the liver. Deletion of the MICOS complex in HepG2 cells results in
661 impaired calcium uptake and increased oxidative stress, highlighting its significance. We have
662  also established that Sam50, which is genetically associated with liver diseases, is maintained
663  across aging but lost with a high-fat diet. Since a high-fat diet can exacerbate changes in lipid
664  synthesis, catabolism, and mitochondrial alterations that already occur in hepatic aging (30, 83),
665 this suggests the confluence of aging and a high-fat diet in increasing susceptibility to liver
666  disease, in part due to the loss of both the MIB complex (i.e., MICOS and SAM complex).
667  Together, this study demonstrates dysfunctions of mitochondrial structure in both 2D and 3D,
668  mitochondrial calcium influx and ROS production, changes in metabolism and lipid content, and
669  MICOS impairments in the aging liver, with alterations in Sam50 expression contributing to liver
670  diseases.

671

672

673 EXPERIMENTAL PROCEDURES

674

675 SexAsaBiological Variable:

676 In this study, the consideration of sex as a biological variable was integral to our experimental
677  design. All experimental procedures and analyses were conducted with careful consideration of
678  sex differences. Since minimal sex-dependent differences were observed in TEM studies, we
679  proceeded with a male murine model for all other studies. Sex differences in aging-related
680 changes and longevity can affect relative mitochondrial morphology which is a limitation of our
681  male model.

682

683  Human Cohort

684  All human samples were obtained from Brazilian cohorts according to the CAEE (Ethics
685  Appreciation Presentation Certificate) guidelines. Samples from young and old individuals were
686  collected and analyzed under CAEE number 77570224.2.0000.5281. Fat percentage was
687  calculated as a function of in-phase and out-phase quantifications via the following calculator:
688  https://www.ricardoromano.com/esteatoseRM (53).

689
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690 Animal Care and Maintenance:

691  Per protocols previously described (140), the care and maintenance of the male C57BL/6J mice
692  conformed to the National Institute of Healt’s guidelines for the use of laboratory animals. The
693  University of lowa’s Institutional Animal Care and Use Committee (IACUC) or University of
694  Washington IACUC approved the housing and feeding of these mice. Anesthesia was achieved
695  using a mixture of 5% isoflurane and 95% oxygen.

696

697 OilRedO

698 OCT blocks were cut into 7 um thick sections, affixed to glass slides, brought to room
699 temperature for 10 minutes, then stained with Oil Red O (Sigma-Aldrich), as previously
700  described (141).

701

702  mtDNA Content

703  As previously described (142), mitochondrial DNA content was quantified using real-time PCR
704  (RT-PCR) from DNA extracted and purified from gastrocnemius muscle tissue. Five nanograms
705  of DNA were used for the quantification of mitochondrial (Cox1) and nuclear (p-actin) DNA
706  markers. Mitochondrial DNA content was normalized to the genomic Rpl13a gene using specific
707  primers for Cox1 and Rpl13a.

708

709 BileAcid

710  From frozen liver tissue, 100 mg of tissue homogenized in 75% ethanol was incubated for 2
711 hours and then centrifuged at 6000g for 10 minutes. Once prepared, bile was measured with
712  Mouse Total Bile Acids Assay Kit (Crystal Chem), per manufacturer’s instruction.

713

714  Triglyceride Levels

715  As previously described (142, 143), triglyceride levels were measured in the liver and in serum
716  collected after a 61h fast using the EnzyChrom™ Triglyceride Assay Kit (BioAssay Systems),
717  with triglycerides extraction using a solution of isopropanol and Triton X11100.

718

719  Quantification of TEM Micrographs and Parameters Using ImageJ

720  Samples were fixed in a manner to avoid any bias, per established protocols (144). Following
721  preparation, tissue was embedded in 100% Embed 812/Araldite resin with polymerization at 60
722 °C overnight. After ultrathin sections (90-100 nm) were collected, they were post-stained with
723  lead citrate and imaged (JEOL 1400+ at 80 kV, equipped with a GatanOrius 832 camera). The
724  National Institutes of Health (NIH) ImageJ software was used for quantification of TEM images,
725  as described previously (9, 145).

726

727  Serial Block-Face Scanning Electron Microscope (SBF-SEM) Processing of Mouse Muscle
728 Fibers

729  SBF-SEM was performed according to previously defined protocols (19, 144, 145). Anesthesia
730  was induced in male mice using 5% isoflurane. Post skin and hair removal, the liver was treated
731  with 2% glutaraldehyde in 100 mM phosphate buffer for 30 minutes, dissected into 1-mm3
732 cubes, and further fixed in a solution containing 2.5% glutaraldehyde, 1% paraformaldehyde, and
733 120 mM sodium cacodylate for 1 hour.
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734  Fixation and subsequent steps collected onto formvar-coated slot grids (Pella, Redding CA),
735 stained and imaged as previously described (19, 144, 145). This includes tissue washing with
736 100 mM cacodylate buffer, incubation in a mixture of 3% potassium ferrocyanide and 2%
737  osmium tetroxide, followed by dehydration in an ascending series of acetone concentrations. The
738  tissues were then embedded in Epoxy Taab 812 hard resin. Sectioning and imaging of sample
739 was performed using a VolumeScope 2 SEM (Thermo Fisher Scientific, Waltham, MA).
740  Conventional TEM analysis was performed on 300-400 serial sections from each sample,
741  following staining and imaging protocols. Subsequently, analyzed, via imaging was performed
742  under low vacuum/water vapor conditions with a starting energy of 3.0 keV and beam current of
743  0.10 nA. Sections of 50 nm thickness were cut allowing for imaging at 10 nm x 10 nm x 50 nm
744 spatial resolution.

745

746  Segmentation and Quantification of 3D SBF-SEM Images Using Amira

747  SBF-SEM images were manually segmented in Amira to perform 3D reconstruction, as
748  described previously (19). 300-400 slices were used and analyzed by a blind individual. 250 total
749  mitochondria across from 3 mice were collected for each quantification. For 3D reconstruction of
750 cardiomyocytes, 10 cells and a total of about 200 mitochondria. Quantification of 3D structures
751 was performed using the Amira software with built-in parameters or previously described
752  measurements (19).

753

754  LCMS Methods for Metabolomics:

755  Frozen tissues were weighed, ground with a liquid nitrogen in a cryomill (Retsch) at 25 Hz for
756 45 seconds, before extracting tissues 40:40:20 acetonitrile: methanol: water +0.5% FA +15%
757 NH4HCO3 (146) with a volume of 40mL solvent per 1mg of tissue, vortexed for 15 seconds, and
758 incubated on dry ice for 10 minutes. Tissue samples were then centrifuged at 16,000 g for 30
759  minutes. The supernatants were transferred to new Eppendorf tubes and then centrifuged again at
760 16,000 g for 25 minutes to remove any residual debris before analysis.

761

762  Extracts were analyzed within 24 hours by liquid chromatography coupled to a mass
763  spectrometer (LC-MS). The LC-MS method was based on hydrophilic interaction
764  chromatography (HILIC) coupled to the Orbitrap Exploris 240 mass spectrometer (Thermo
765  Scientific) (147). The LC separation was performed on a xBridge BEH Amide column (2.1 x 150
766 mm, 3.5 um particle size, Waters, Milford, MA). Solvent A is 95%: 5% H2O: acetonitrile with
767 20 mM ammonium acetate and 20mM ammonium hydroxide, and solvent B is 90%: 10%
768  acetonitrile: H20 with 20 mM ammonium acetate and 20mM ammonium hydroxide. The
769  gradient was 0 min, 90% B; 2 min, 90% B; 3 min, 75% B; 5 min, 75% B; 6 min, 75% B; 7 min,
770  75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B; 14min,
771  25% B; 16 min, 0% B; 18 min, 0% B; 20 min, 0% B; 21 min, 90% B; 25 min, 90% B. The
772  following parameters were maintained during the LC analysis: flow rate 150 mL/min, column
773  temperature 25 °C, injection volume 5 pL and autosampler temperature was 5 °C. For the
774  detection of metabolites, the mass spectrometer was operated in both negative and positive ion
775 mode. The following parameters were maintained during the MS analysis: resolution of 180,000
776  at m/z 200, automatic gain control (AGC) target at 3e6, maximum injection time of 30 ms and
777  scan range of m/z 70-1000. Raw LC/MS data were converted to mzXML format using the
778 command line “msconvert” utility (148). Data were analyzed via the EL-MAVEN software
779  version 12,
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780

781 LCMSMethodsfor Lipidomic Profiling

782  Tissue homogenization and extraction for lipids: Tissues were homogenized using a Retsch
783  CryoMill. The homogenate was mixed with 1 mL of Extraction Buffer containing
784  IPA/H20/Ethyl Acetate (30:10:60, v/v/v) and Avanti Lipidomix Internal Standard (diluted
785  1:1000) (Avanti Polar Lipids, Inc. Alabaster, AL). Samples were vortexed and transferred to
786  bead mill tubes for homogenization using a VWR Bead Mill at 6000 g for 30 seconds, repeated
787  twice. The samples were then sonicated for 5 minutes and centrifuged at 15,000 g for 5 minutes
788  at 4°C. The upper phase was transferred to a new tube and kept at 4°C. To re-extract the tissues,
789  another 1 mL of Extraction Buffer (30:10:60, v/v/v) was added to the tissue pellet-containing
790 tube. The samples were vortexed, homogenized, sonicated, and centrifuged as described earlier.
791  The supernatants from both extractions were combined, and the organic phase was dried under
792  liquid nitrogen gas.

793

794  Sample reconstitution for lipids: The dried samples were reconstituted in 300 pL of Solvent A
795 (IPA/ACN/H20, 45:35:20, viviv). After brief vortexing, the samples were sonicated for 7
796  minutes and centrifuged at 15,000 g for 10 minutes at 4°C. The supernatants were transferred to
797  clean tubes and centrifuged again for 5 minutes at 15,000 g at 4°C to remove any remaining
798  particulates. For LC-MS lipidomic analysis, 60 uL of the sample extracts were transferred to
799  mass spectrometry vials.

800

801 LC-MS analysis for lipids: Sample analysis was performed within 36 hours after extraction using
802 a Vanquish UHPLC system coupled with an Orbitrap Exploris 240™ mass spectrometer
803  equipped with a H-ESI™ ion source (all Thermo Fisher Scientific). A Waters (Milford, MA)
804 CSH C18 column (1.0 x 150 mm x 1.7 um particle size) was used. Solvent A consisted of
805 ACN:H,0 (60:40; v/v) with 10 mM Ammonium formate and 0.1% formic acid, while solvent B
806 contained IPA:ACN (95:5; v/v) with 10 mM Ammonium formate and 0.1% formic acid. The
807  mobile phase flow rate was set at 0.11 mL/min, and the column temperature was maintained at
808 65 °C. The gradient for solvent B was as follows: 0 min 15% (B), 0-2 min 30% (B), 2-2.5 min
809 48% (B), 2.5-11 min 82% (B), 11-11.01 min 99% (B), 11.01-12.95 min 99% (B), 12.95-13 min
810 15% (B), and 13-15 min 15% (B). lon source spray voltages were set at 4,000 V and 3,000 V in
811 positive and negative mode, respectively. Full scan mass spectrometry was conducted with a
812 scan range from 200 to 1000 m/z, and AcquireX mode was utilized with a stepped collision
813  energy of 30% with a 5% spread for fragment ion MS/MS scan.

814

815 RNA Extraction and RT-gPCR

816  Using TRIzol reagent (Invitrogen), total RNA was isolated from tissues and further purified with
817  the rNeasy kit (Qiagen Inc). RNA concentration was determined by measuring absorbance at 260
818 nm and 280 nm using a NanoDrop 1000 spectrophotometer (NanoDrop products, Wilmington,
819 DE, USA). Approximately 1 ug of RNA was reverse-transcribed using a High-Capacity cDNA
820 Reverse Transcription Kit (Applied Biosciences, Carlsbad CA). Quantitative PCR (QPCR) was
821  then performed using SYBR Green (Life Technologies, Carlsbad, CA) (149). For gPCR, 50 ng
822  of cDNA was loaded into each well of a 384-well plate, with the reaction carried out on an ABI
823  Prism 7900HT system (Applied Biosystems) with the following cycle: 1 cycle at 95°C for 10
824  min; 40 cycles of 95°C for 15 s; 59°C for 155, 72°C for 30 s, and 78°C for 10 s; 1 cycle of 95°C
825 for 15 s; 1 cycle of 60°C for 15 s; and one cycle of 95°C for 15 s. GAPDH normalization was
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826  used to present the data as fold changes. gPCR primers used were from previously published
827  sequences (142), as detailed in Table 2.

828

829  Western Blotting

830  Western blotting was performed as previously described (76). Briefly, following RIPA lysis
831  buffer (1% NP40, 150 /mM NaCl, 25[/mM Tris base, 0.5% sodium deoxycholate, 0.1% SDS,
832 1% phosphatase inhibitor cocktails #2 (Sigma P5726-1ML) and #3 (Sigma P0044-1ML), and
833 one cOmplete protease inhibitor tablet (Sigma 04693159001)), 3-month and 2-year tissue
834  samples were quantified using a BCA Assay (Thermo Scientific VLBL0O0GD?2). Equal amounts
835  of proteins were run on 4%-20% Tris-glycine gels (Invitrogen WXP42012BOX). Protein was
836  then transferred to a nitrocellulose membrane (Li-Cor 926-31092) that was incubated with
837  primary antibodies overnight at 4°C: Mic60/mitofilin (Abcam ab110329), SAM50 (Proteintech
838  20824-1-AP), or tubulin (Novus NB100-690). Secondary antibodies [1:10,000; donkey anti-
839 mouse IgG (HT+IL) (Invitrogen A32789) and donkey anti-rabbit 1IgG (H 7+[1L) (Invitrogen
840 A32802)] were incubated with the membrane at room temperature for 1 h. Using the Li-Cor
841  Odyssey CLx infrared imaging system, blots were imaged.

842

843  Confocal mCherry-Mito-7 Labeling

844  To label the mitochondria of cardiac fibroblasts, the mCherry-Mito-7 plasmid was transfected
845 into the cells using a transfection reagent according to the manufacturer’s instructions (150) and
846  as previously described (75). Briefly, following plasmid and transfection reagent dilution in
847  Opti-MEM medium and incubation at room temperature for 20 minutes, the dilution was added
848  to the culture medium of the cells, which were incubated for 24-48 hours to allow expression of
849 the mCherry-Mito-7 protein. Localization in fibroblasts was visualized using a Leica SP8
850 Confocal Microscope. Cells were washed with PBS, fixed with 4% paraformaldehyde for 10
851 minutes, and mounted with DAPI-containing mounting medium. Fluorescent signals were
852  observed using appropriate filters and recorded with a digital camera.

853

854 SAMMS50 Analyses in Vanderbilt University Medical Center’ s biobank, BioVU

855 To examine the clinical correlates of SAMMb50 gene expression in a human population, we
856 leveraged the BioVU biobank at Vanderbilt University Medical Center (151, 152). Genotype
857 data linked to deidentified electronic health records (EHR) for 85,615 individuals were assessed.
858  Genotype data were collected on Illumina’s Multi-Ethnic Genotyping Array (MEGA) and
859  underwent quality control procedures as previously described (153). SAMMS50 genetically-
860 regulated gene expression (GReX) was calculated across all genotyped individuals incorporating
861 training data from GTEX version 8 and utilizing PrediXcan, UTMOST, or JTI models based on
862  the best performance (highest performance r2 for each gene-tissue pair) (154-157). MultiXcan
863  was then performed to collapse individual tissue results into a single cross-tissue SAMMS50
864 GReX model (158). The BioVU population was then stratified by genetic ancestry as previously
865  described and within each group, SAMM50 GReX was tested for association with clinical
866  phenotypes mapped from ICD9/10 codes and clinical lab values extracted from the EHR using
867 the previously described QualityLabs pipeline (153, 159, 160). In total, we tested 1,704
868  phenotypes and 326 labs across 70,440 individuals of European ancestry and 1,361 phenotypes
869 and 265 labs across 15,175 individuals of African ancestry. PheWAS analyses included logistic
870  regressions for any mapped phenotype with at least 50 cases, requiring at least 2 instances of an
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871 ICD9/10 code on unique dates to be labeled as a case. LabWAS analyses included linear
872  regressions for any lab values that met the QualityLabs QC criteria and had median
873  measurements from at least 50 individuals. Covariates for both PheWAS and LabWAS included:
874  principal components (PCs) 1-10 for genetic ancestry, sex, age, median age of medical record,
875 and genotyping batch.

876

877  Knockdown of MIC60 and CHCHDG6 in HepG2 cells.

878  The transfection of MIC60 and CHCHD6 siRNAs into HepG2 cells was carried out using
879  Lipofectamine RNAiMax (Invitrogen) in accordance with the manufacturer’s instructions and as
880  previously described (24). Following a 48-hour incubation period, the cells were utilized for
881  mitochondrial calcium (,Ca?") and ROS measurements.

882

883  Measurement of mitochondrial calcium uptake and retention capacity in HepG2 cells.

884 ,Ca’* uptake retention capacity in HepG2 cells were assessed using a ratiometric Ca** sensor
885 Fura-FF, as detailed earlier (161), with slight modifications. In brief, cells (2.5x106) were
886 washed with Ca*”™%*_free DPBS (GIBCO), permeabilized in intracellular medium (ICM:
887 120 /mM KCI, 100imM NaCl, 1/'mM KH2PO4, 20l mM HEPES-Tris, pH 7.2), and
888  supplemented with thapsigargin and succinate. Fura-FF (1 uM) was added at the O s time point,
889  and fluorescence emissions at 340- and 380-nm ex/510-nm em were monitored using a multi-
890 wavelength excitation dual-wavelength emission fluorimeter (Delta RAM, PTI). To assess the
891 ,Ca’" uptake, a bolus of 5 uM Ca*" and the mitochondrial uncoupler FCCP (10 pM) were added
892  at specified time points with continuous stirring at 37°C. To assess mCa”" retention capacity,
893  following baseline recordings, a series of Ca** boluses (5. M) were introduced at specified time
894  points. Upon reaching a steady state, 101 IuM FCCP was added to collapse the Aym and release
895 matrix free-Ca?*. The number of Ca*" boluses taken up by cells was counted to calculate
896  mitochondrial CRC.

897

898  Evaluation of ROSlevels

899  ~0.2 million HepG2 cells were plated in 35 mm dishes. The next day, MIC60 and CHCHD6
900 siRNAs were transfected using Lipofectamine RNAiMax (Invitrogen) according to the
901 manufacturing instructions. After incubation for 30 hrs, cells were co-stained for 30 min at 37°C
902 with two different dyes for ROS detection: MitoBright ROS Deep Red (10 uM, Dojindo
903 Laboratories) for mitochondrial superoxide, and DCFDA (10 uM, Invitrogen) for intracellular
904 total ROS. Following the incubation with staining dyes, cells were washed three times with 1X
905 HBSS and ROS analysis was done using a confocal microscope (FV4000, Olympus Life
906  Science).

907  For mitochondrial H,O, assessment, cells were stained with MitoPY1 (5 uM, Bio-Techne) for 45
908 min at 37°C. Cells were then washed with 1x HBSS and imaged using a confocal microscope
909 (FVv4000, Olympus Life Science). Image] was used for the quantification of fluorescence
910 intensities.

911

912 Data Analysis

913 GraphPad Prism 10.2.3 (La Jolla, CA, USA), was used for all statistical analysis. All
914  experiments involving SBF-SEM and TEM data had at least three independent experiments.
915  Statistics were not handled by those conducting the experiments. The black bars represent the
916  standard error of the mean. For all analysis, one-way ANOVA was performed with tests against
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917 each independent group and significance was assessed using Fisher’s protected least significant
918 difference (LSD) test. *, **, *** **** were set to show significant difference, denoting p <
919 0.05,p<0.01, p<0.001, and p < 0.0001, respectively.

920
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1340
1341 FIGURE LEGEND:
1342

1343 Graphical Abstract: Liver aging causes metabolic, lipidomic, and mitochondrial structural
1344  alterations, reflecting age-dependent losses in the MICOS complex. Diet-dependent losses of the
1345  SAM complex underlie genetic disease associations and mitochondrial structure.

1346  Supplementary Figures:

1347  Supplemental Figure 1: Heterogeneity in Mitochondrial Quantification Across Samples (A)
1348  Distribution of mitochondria for mouse heterogeneity (3 mice, each 250 mitochondria surveyed)
1349 in mitochondrial volume, (B) surface area, (C) perimeter, (D) sphericity, and (E) complexity
1350 index in young and old liver tissue.

1351

1352  Supplemental Figure 2: Global metabolomic and lipidomic profiling revealed metabolic
1353 dysregulation and disruptions in lipid classes with age in liver tissues. (A) Metabolic
1354  pathway analysis and (B) PCA plot analysis for metabolomics. (C) Lipid class enrichment (D)
1355 and lipid chain length enrichment based on comparison between young and old livers.

1356

1357  Supplemental Figure 3: Phenome-wide and clinical lab-wide scan for SAMM 50 genetically-
1358 regulated gene expression (GReX) in a medical biobank. Clinical phenotypes and laboratory
1359 values from BioVU participants were extracted from Vanderbilt’s de-identified electronic health
1360 record database (n= 85,615, top left panel). Genetically-regulated gene expression for SAMM50
1361 was calculated in BioVU participants using models built from the GTEX version 8 data (top right
1362  panel), which contains genotype data matched to RNA-Seq data from 838 donors across 49
1363  tissues. Imputed gene expression was calculated and tested for association across up to 1,704
1364  phenotypes and 329 clinical lab tests using logistic and linear regression models (bottom panel),
1365 accounting for genetic ancestry (principle components/PC 1-10), sex, age, median age of medical
1366 record and genotyping batch.

1367

1368 Supplementary Material:

1369 Video 1: 3D structure of 3-month murine liver tissue visualized to show volumetric changes.
1370 Video 2: 3D structure of 2-year murine liver tissue visualized to show volumetric changes.
1371 Video 3: 3D structure of 3-month murine liver tissue visualized to show complexity changes.
1372  Video 4: 3D structure of 2-year murine liver tissue visualized to show complexity changes.

1373  SFile 1. Phenome-wide association MultiXCan SAMMS50 genetically-regulated gene expression
1374  (GReX) in individuals of European ancestry.
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1375 SFile 2: Laboratory-wide association MultiXCan SAMMb50 genetically-regulated gene
1376  expression (GReX) in individuals of European ancestry.

1377  SFile 3: Phenome-wide association MultiXCan SAMMS50 genetically-regulated gene expression
1378 (GReX) in individuals of African ancestry.

1379 SFile 4: Laboratory-wide association MultiXCan SAMMS50 genetically-regulated gene
1380 expression (GReX) in individuals of African ancestry.

1381 Tables:
Genetic Ancestry European African
N 70,404 15,175
Sex (%M) 44.10% 38.40%
Current Age 57.04 + 22.42 46.48 + 21.39
Median Age of Medical Record 48.43 + 22.24 38.32+21.41
Visits 61.18 + 75.14 55.02 + 80.83
1382

1383 Table 1: Demographics for BioVU Cohort. Genetic Ancestry Abbreviations: (EA): European
1384  ancestry, (AA): African ancestry.

1385
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1386
Gene Primers
Opal Forward 5’-ACCAGGAGACTGTGTCAA-3’
Reverse 5-TCTTCAAATAAACGCAGAGGTG-3’
Chchd3 Forward 5’-GAAAAGAATCCAGGCCCTTCCACGCGC-3’
Reverse 5-CAGTGCCTAGCACTTGGCACAACCAGGAA-3’
Chchd6 Forward 5’-CTCAGCATGGACCTGGTAGGCACTGGGC-3’
Reverse 5’-GCCTCAATTCCCACATGGAGAAAGTGGC-3’
Mitofilin Forward 5’-CCTCCGGCAGTGTTCACCTAGTAACCCCTT-3’
Reverse 5’-TCGCCCGTCGACCTTCAGCACTGAAAACCTAT-3’
1387

1388 Table2: qPCR Primers Used
1389
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1390

1391 Figure 1. Comparative analyses of liver lipid content and morphology in young and old
1392 patients. Cross-sectional imaging of in-phase (left) and out-of-phase (right) liver anatomy data
1393 from (A) males under 55 years old (aged 14-53 years old; n = 10), (B) females under 55 years
1394  old (aged 17-41 years old; n = 10), (C) males over 60 years old (aged 60-85 years old; n = 10),
1395 and (D) females over 60 years old (aged 64-96 years old; n = 10). (E) Computed fat percentage
1396 in males, (F) females, and (G) combined young and old cohorts. (H) Oil Red O staining at 20X
1397 and (1) 40X magnification in young and (J-K) old samples. (L) Quantification of Oil Red O
1398 staining per area in 3-month and 2-year murine liver samples (n=10). (M) Quantifications of
1399 liver weight relative to total body weight as a percent (n=10), (N) relative reverse transcription-
1400 quantitative polymerase chain reaction mtDNA content (n=8), (O) bile acids concentrations
1401 (n=10), (P) liver triglycerides concentration (n=8), (Q) and serum triglycerides concentration
1402  (n=8). For all panels, error bars indicate SEM, Mann-Whitney tests were used for statistical
1403 analysis, and significance value indicate *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
1404  and ns indicates non-significant.

1405

1406 Figure 2: Transmission Electron Microscopy and Serial Block Face-Scanning Electron
1407 Microscopy Shows Changes in Mitochondria Murine Liver Across Aging. (A)
1408  Representative transmission electron micrographs in males and (B) females from 3-month and
1409 (C-D) 2-year murine liver tissue. (E) Mitochondrial quantifications of male mitochondria
1410 number (n=21, 3-months; n=24, 2-years) (F) mitochondrial area (n=1309, 3-months; n=333, 2-
1411 years) (G) and cristae score (n=555, 3-months; n=555, 2-years). (H) Mitochondrial
1412 quantifications of female mitochondria number (n=21, 3-months; n=25, 2-years) (I)
1413  mitochondrial area (n=1253, 3-months; n=1018, 2-years) (J) and cristae score (n=684, 3-months;
1414  n=684, 2-years). (K) Schematic depicting removal of the liver. (L) Following embedded fixation,
1415  Serial Block Face-Scanning Electron Microscopy (SBF-SEM) allows for ortho-slice alignment.
1416 (M) Manual segmentation of ortho slices was performed to yield (N) 3-dimensional (3-D)
1417  reconstructions of individually colored mitochondria. (O) Representative ortho slice images from
1418  3-month murine liver tissue and (P) 2-year murine liver tissue. (O’) Representative ortho slice
1419 images with 3D reconstructions of mitochondria overlaid from 3-month murine liver tissue and
1420 (P’) 2-year murine liver tissue. (O’") Isolated 3D reconstructions of mitochondria from 3-month
1421  murine liver tissue and (P’’) 2-year murine liver tissue (Q) Mitochondrial quantifications
1422  mitochondrial perimeter, (R) area, (S) and volume. For SBF-SEM, in total, 3-month samples
1423  Dboth included 750 (n=250, per mouse) for a total of 1500 mitochondria, which were used for
1424  statistical analysis. For all panels, error bars indicate SEM, Mann—Whitney tests were used for
1425  statistical analysis, and significance values indicate **P < 0.01, ***P < 0.001, and ns, not
1426  significant.

1427

1428 Figure 3. Serial Block Face-Scanning Electron Microscopy Shows Changes in
1429  Mitochondrial Morphology in Liver Across Aging. (A) 3D reconstructions of mitochondria
1430 displayed from the transverse viewpoint in 3-month and (B) 2-year murine liver tissue. (A")
1431 Representative images of 3D reconstructions of mitochondria displayed from the longitudinal
1432  viewpoint in 3-month and (B’) 2-year murine liver tissue. (C) Based on these measurements, the
1433  mitochondrial sphericity and (D) complexity index was determined. (E) Mito-otyping displays
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1434  diversity in mitochondrial morphology across each relative volume of mitochondria in 3-month
1435 and (F) 2-year murine liver tissue. (G-H’') Qualitative identification of wrappER. (G)
1436  Orthogonal (ortho) slice from 3-month and (H) 2-year samples, with (G’-H’) 3D reconstruction
1437  of mitochondria and endoplasmic reticulum overlaid. (G’’-H’") Isolated 3D reconstruction of
1438 mitochondria, in purple, and endoplasmic reticulum, in blue. For SBF-SEM, in total, 3-month
1439  samples both included 750 (n=250, per mouse) for a total of 1500 mitochondria, which were
1440 used for statistical analysis. For all panels, error bars indicate SEM, Mann—Whitney tests were
1441  used for statistical analysis, and significance value indicate ****P < 0.0001.

1442

1443

1444  Figure 4. Global metabolomic and lipidomic profiling revealed metabolic dysregulation
1445  and disruptionsin lipid classes with age in liver tissues. (A) Metabolomics heatmap showing
1446  the relative abundance of metabolites. (B-M) Metabolite pools illustrating the metabolic
1447  pathways that are altered with age in the liver— Vitamin A Metabolism, TCA Cycle, Nucleotide
1448  Metabolism, and NAD+ metabolism. (N) Heatmap showing enriched lipid classes based on
1449  comparison between young and old liver tissues. (O) Volcano plot labeling significant hits,
1450  which have adjusted p-value <0.05 and fold change (+ or -) greater than 1. For each tissue and
1451 metabolite in the heatmaps, the aged samples were normalized to the median of the young
1452  samples and then log2 transformed. Significantly different lipid classes represented in the figures
1453 are those with adjusted p-values < 0.05 (note: p-values were adjusted to correct for multiple
1454  comparisons using an FDR procedure) and log fold changes greater than 1 or less than -1.
1455  Young, n=4; aged, n= 4. For all panels, error bars indicate SEM, ** indicates p< 0.01; and *p<
1456  0.05, calculated with Student's t-test.

1457

1458  Figure5. Aging Causes MICOS L oss, Diet Changes Affect SAM 50 Expression, and SAM50
1459 has Genetic Associations with Liver Diseases. (A-D) Quantitative PCR shows changes in
1460 mRNA transcripts in (A) Opal, (B) Mitofilin/Mic60, (C) Chchd3/Mic19, and (D) Chchd6/Mic25
1461  between 3-month and 2-year murine liver samples. (E) Western blotting showing SAM50
1462  protein levels, relative to tubulin, in 3-month and 2-year murine liver samples. (F) Western
1463  blotting showing MIC60 and SAM50 protein levels, relative to 3-actin, in low-fat diet and high-
1464  fat diet murine liver samples. (G-G’) Representative transmission electron micrographs from
1465 low-fat diet and (H-H’) high-fat diet murine liver tissue. Quantifications of (I) mitochondria
1466  number, as normalized to cell area (n=7, low fat diet; n=5, high fat diet), (J) individual
1467  mitochondrial area (n=592, low fat diet; n=266, high fat diet), (K) the sum of all mitochondrial
1468 area normalized to total cell area (n=7, low fat diet; n=5, high fat diet), (L) mitochondrial
1469 circularity index, (n=598, low fat diet; n=271, high fat diet), and (M) cristae score (n=425, low
1470 fat diet; n=425, high fat diet). (N-N’) Representative confocal fluorescence (using mCherry-
1471  Mito-7) from wildtype and (O-O’) Samb0-knockout fibroblasts. (P) Quantifications of
1472  mitochondrial length. (Q) Relative proportion of mitochondria that are either fragmented or
1473  tubular in wildtype and Sam50 KO fibroblasts, with the white area representing percentage of
1474  fragmentation and colored areas representing percentage of typical tubular. (R) Phenome-wide
1475  association study (PheWAS) results for SAMM50 GReX in individuals of European ancestry
1476  (n=70,440). The GReX for SAMMS50 was tested for association across 1,704 clinical phenotypes
1477  extracted from the EHR. Association tests were run using logistic regression models, accounting
1478  for genetic ancestry (principle components/PC 1-10), sex, age, median age of medical record,
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1479 and genotyping batch. Associations that met the Bonferroni-corrected threshold (red line, p <
1480  2.934272 x 10™) are labeled with phenotype name [see SFile 1 for all PheWAS results]. The blue
1481 line represents nominal significance (p = 0.05) For all panels, error bars indicate SEM, Mann—
1482  Whitney tests were used for statistical analysis, and significance value indicate ****P < 0.0001,
1483 ns indicates non-significant.
1484

1485 Figure 6: Loss of MIC60 and CHCHDG6 in HepG2 cdls results in reduced mCa2+ uptake
1486 and calcium retention capacity and oxidative stress.
1487 (A) Raw traces showing mitochondrial calcium uptake in permeabilized MIC60 and CHCHD6
1488  knockdown HepG2 cells along with scr-siRNA transected controls. (B) Percentage change in
1489 mCa2+ uptake rate quantified from raw traces. (C) Recordings of mitochondrial calcium
1490 retention capacity in scr-siRNA, MIC60 siRNA, and CHCHDG6 siRNA HepG2 cells. The circles
1491  indicate the number of calcium boluses taken up by specific cells. (D) Percentage change in
1492  mitochondrial calcium retention capacity quantified from recordings of mitochondrial calcium
1493  retention capacity. (E) Immunoblot confirming siRNA-mediated knockdown of CHCHDG6 in
1494  HepG2 cells. (F) Immunoblot confirming siRNA-mediated knockdown of MIC60 in HepG2
1495  cells. (G) 4',6-diamidino-2-phenylindole (DAPI) staining, MitoPY1 (5 uM, 45 min at 370 c
1496  magnification of 60x), and merge channels in scramble-siRNA (control), MIC60-siRNA, and
1497 CHCHDG6-siRNA transfected permeabilized HepG2 cells. (H) 4',6-diamidino-2-phenylindole
1498  (DAPI) staining, MitoBright Deep Red (10 pM, 30 min at 37° ¢), DCFDA (10 pM, 30 min at 37°
1499 ¢, magnification of 60x), and merge channels in scramble-siRNA (control), MIC60-siRNA, and
1500 CHCHDG6-siRNA transfected permeabilized HEK293 cells. (I) Plate reader-based reactive
1501 oxygen species (ROS) quantification. (J) Microscopy-based ROS quantification of MitoPY1
1502 orange, (K) MitoSox Deep Red, and (L) DCFDA. For all statistical tests, one-way ANOVA
1503  statistical test was performed with Dunnett’s multiple comparisons test. N=5-10 for all calcium
1504  experiments, each indicated by dots, as run in triplicates. N=9-13 for all oxidative stress
1505 experiments, each indicated by dots, as run in triplicates. Significance values indicate **P < 0.01
1506  and ****P <0.0001.
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