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Abstract 20 

Background: Biological sex influences adipose tissue function, while impaired adipogenesis 21 

contributes to adipose dysfunction. Sirtuin 3 (Sirt3), a mitochondrial NAD+-dependent 22 

deacetylase involved in oxidative metabolism and stress adaptation, remains insufficiently 23 

defined in adipogenic differentiation. We investigated how Sirt3 and sex shape adipogenic 24 

phenotype in mouse embryonic fibroblast (MEF)-derived adipocytes. Methods and Results: 25 

Male and female Sirt3 wild-type (WT) and knockout (KO) mouse MEFs were differentiated 26 

into adipocyte-like cells and analyzed by Oil Red O staining, confocal microscopy, lipid droplet 27 

morphometry, adipogenic gene expression, fatty acid profiling, LC–MS metabolomics, 28 

immunoblotting, and transmission electron microscopy (n = 3–5 biological replicates per 29 

group). All groups induced adipogenic marker expression and formed lipid rich adipocyte-like 30 

cells, with female KO adipocytes showing the strongest lipid storage phenotype. In females, 31 

bortezomib (BTZ) increased AMPK and Acc1 phosphorylation in WT adipocytes, whereas KO 32 

cells showed reduced basal pAMPK/AMPK and failed to mount a comparable AMPK–Acc1 33 

response. AICAR failed to restore AMPK–Acc1 signaling in KO adipocytes. Sirt3 deficiency 34 

increased Scd1 abundance and the C16:1/C16:0 desaturation index. BTZ reduced Scd1 in KO 35 

cells without normalizing the elevated desaturation ratio. Metabolomics indicated 36 

predominantly BTZ-associated glycerophospholipid and lysophospholipid remodeling. 37 

Qualitative ultrastructural analysis revealed BTZ-associated organelle stress, most evident in 38 

KO adipocytes. Conclusions: Sirt3 deficiency promotes a female biased lipid storage 39 

phenotype linked to impaired AMPK–Acc1 antilipogenic signaling, reduced lipid turnover, and 40 

persistent Scd1-associated fatty acid desaturation, supporting a model in which female 41 

adipocytes rely on Sirt3-dependent metabolic control during adipogenesis. 42 
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Introduction 45 

Adipose tissue metabolism exhibits pronounced sexual dimorphism, influencing susceptibility 46 

to obesity-associated metabolic dysfunction in experimental models [1]. Obesity-related 47 

phenotypes reflect not only excess energy storage but also dysregulation of tissue-specific 48 

metabolic pathways [2]. In mice, females often display a comparatively more favourable 49 

metabolic profile than males, driven in part by sex differences in adipose tissue distribution 50 

and function. Females preferentially accumulate subcutaneous adipose tissue, which is 51 

associated with improved insulin sensitivity and reduced cardiometabolic risk [3]. Hormonal 52 

regulation and mitochondrial function further contribute to sex-specific control of lipid 53 

metabolism and energy balance [4]. Adipose tissue is a central regulator of energy 54 

homeostasis, and its dysfunction under metabolic stress is closely linked to obesity-related 55 

pathologies. In addition to its role in energy storage, adipose tissue functions as an active 56 

endocrine organ, secreting adipokines and lipid-derived mediators that regulate systemic 57 

metabolic homeostasis. Chronic nutrient excess disrupts these functions, promoting 58 

inflammation, insulin resistance, and ectopic lipid deposition. Adipogenesis, the 59 

differentiation of preadipocytes into mature adipocytes, is essential for establishing adipose 60 

tissue function and cellular specialisation. Efficient adipogenesis supports adipose tissue 61 

expansion through hyperplasia, which is metabolically protective compared with adipocyte 62 

hypertrophy. Conversely, impaired adipogenesis contributes to adipose tissue dysfunction 63 

and the progression of metabolic disease [5]. Most current insights into adipogenic 64 

differentiation are derived from in vitro studies using murine preadipocyte cell lines, primarily 65 
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3T3-L1 and 3T3-F442A [6]. Although these models have been widely used to define central 66 

adipogenic pathways, they represent relatively homogeneous, lineage-committed systems. 67 

In contrast, the adipogenic potential of mouse embryonic fibroblasts (MEFs) has been 68 

explored to a lesser extent [7, 8]. MEFs provide an adaptable in vitro model for studying 69 

adipogenic differentiation under diverse genetic and environmental contexts, as they retain 70 

the capacity to undergo adipocyte differentiation in response to defined adipogenic stimuli 71 

[9].  72 

Sirtuin 3 (Sirt3), a conserved NAD⁺-dependent mitochondrial deacetylase, plays a central role 73 

in regulating mitochondrial metabolism by activating enzymes involved in fatty acid oxidation, 74 

oxidative phosphorylation, and antioxidant defence [10]. By modulating the acetylation status 75 

of key metabolic and redox proteins, Sirt3 maintains mitochondrial efficiency and limits 76 

oxidative stress under conditions of metabolic demand. Reduced Sirt3 expression has been 77 

linked to impaired insulin signalling and the development of diabetes and related metabolic 78 

disorders [11, 12]. These findings highlight Sirt3 as a critical regulator of metabolic flexibility 79 

and insulin sensitivity. In line with these observations, Sirt3 KO mice subjected to a high-fat 80 

diet show increased susceptibility to metabolic syndrome, including insulin resistance, 81 

dyslipidaemia, and hepatic steatosis [13]. Our previous studies demonstrated a male-specific 82 

reduction in Sirt3 expression in response to nutritive stress [14]. Moreover, female mice 83 

deprived of sex hormones showed increased vulnerability to high-fat diet-induced metabolic 84 

stress [15], underscoring the importance of sex-dependent regulatory mechanisms. 85 

Consistently, our in vitro data revealed a significant impact of Sirt3 on female-specific 86 

susceptibility to etoposide-induced DNA damage in MEFs, a key contributor to cellular ageing 87 

[16]. Although Sirt3 is a well-established regulator of metabolic homeostasis, its role in 88 

adipogenic differentiation remains poorly defined. Here, we demonstrate that adipogenic 89 
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differentiation efficiency in MEF-derived adipocytes is significantly modulated by Sirt3 and 90 

biological sex, revealing a previously unrecognised role for Sirt3 in the sex-specific regulation 91 

of adipogenesis and lipid metabolism.  92 
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Methods 93 

Cell Culture 94 

Mouse embryonic fibroblasts (MEFs) were isolated from embryos of both sexes derived from 95 

129S1/SvImJ wild-type Sirt3+/+ (WT) (Stock No: 002448, Jackson Laboratory, Bar Harbor, ME, 96 

USA) and Sirt3-/- (KO) (Stock No: 012755, Jackson Laboratory, Bar Harbor, ME, USA) mouse 97 

lines, following the protocol described in [17]. Each embryo was processed separately to 98 

enable sex-specific analyses. The cells were cultured in a controlled environment at 37°C with 99 

a carbon dioxide concentration of 5%. Sex determination of the MEF was conducted through 100 

PCR analysis, employing specific primers that target the sex-determining region Y (Sry) gene 101 

located on the Y chromosome, thereby enabling the differentiation between male and female 102 

MEF. MEF were then immortalized using a plasmid with the SV40 promoter and grown in an 103 

incubator at 37°C and 5% CO2, in DMEM medium supplemented with 10% fetal bovine serum 104 

(FBS Advanced, Capricorn Scientific GmbH, Ebsdorfergrund, Germany; Cat. No. FBS-11A), 1% 105 

antibiotic/antimycotic mixture, 1% non-essential amino acid (NEAA) mixture, and 50 μM β-106 

mercaptoethanol. The MEF utilized in this study consisted of biological replicates, with each 107 

replicate being derived from a single embryo per experimental group, resulting in four distinct 108 

groups generated from four individual embryos. 109 

Differentiation of MEF into Adipocyte Lineage 110 

MEF-derived adipocytes refer to heterogeneous cultures of mouse embryonic fibroblasts 111 

subjected to adipogenic differentiation, containing adipocytes at various stages of maturation 112 

along with residual non-adipogenic cells (for concision, adipocytes in the following). Their 113 

differentiation was obtained by the following protocol (Figure 1A): Sirt3 WT and Sirt3 KO MEF 114 

of both sexes were seeded at 5 × 10^5 cells per well in 6-well culture plates and 1.5 × 10^5 115 
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cells per well in 24-well culture plates. Cells are grown in an incubator at 37°C and 5% CO2, in 116 

DMEM medium supplemented with 10% fetal bovine serum (FBS Advanced, collected in 117 

South America; Capricorn Scientific GmbH, Ebsdorfergrund, Germany; Cat. No. FBS-11A), 1% 118 

antibiotic/antimycotic mixture, 1% NEAA mixture, and 50 μM β-mercaptoethanol), as 119 

described above. One day post-confluency (Day 0), cells were induced into adipogenesis with 120 

differentiation medium according to [9]. Differentiation medium contained 0.5 mM 3-121 

isobutyl-1-methylxanthine (IBMX) (Sigma Aldrich, I5879), 10 μg/mL insulin (Sigma Aldrich, 122 

I0516), 1 μM dexamethasone (Sigma Aldrich, D4902) and 5 μM rosiglitazone (Sigma Aldrich, 123 

R2408). After 3 days (Day 3), the medium was changed to medium containing 10 μg/mL insulin 124 

and 5 μM rosiglitazone, and two days after (Day 5) to regular DMEM medium described 125 

above. Experiments were performed on day 7. Upon differentiation, for AMPK activation cells 126 

were treated with 2,5 μM AICAR (Sigma Aldrich, A9978) in DMSO for 18h in DMEM high 127 

glucose growth media. For bortezomib (BTZ) treatment, upon differentiation, cells were 128 

treated with 1nM BTZ (Cell Signaling, 2204S) in DMSO for 18h in DMEM high glucose growth 129 

media. For control, equal volume of DMSO was used. The final DMSO concentrations were 130 

0.0125% for the AICAR treatment and 0.01% for the BTZ treatment. 131 

RNA Isolation and Quantitative Real‐Time PCR Analysis 132 

Total RNA was isolated from Sirt3 WT and Sirt3 KO adipocytes of both sexes using an 133 

NucleoSpin RNA, Mini kit for RNA purification (Machrey-Nagel, Düren, Germany), according 134 

to the manufacturer’s instructions. Total of 1 µg of RNA was transcribed into cDNA with a 135 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Massachusetts, USA). A 136 

quantitative polymerase chain reaction (qPCR) was performed using specific Taqman assays 137 

(Supplemental Table S1) and Taqman Gene Expression Master Mix (Applied biosystems, 138 

Massachusetts, USA) on 7300 Real-Time PCR System (Applied biosystems, Massachusetts, 139 
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USA). The cycling conditions included: an initial incubation at 50°C for 2 minutes, followed by 140 

a denaturation step at 95°C for 10 minutes, followed by 40 cycles, consisting of denaturation 141 

at 95°C for 15 seconds, annealing and extension at 60°C for 1 minute. Data were analysed 142 

using the 2−ΔΔCt method and presented as the fold change in gene expression normalised to 143 

the endogenous reference gene β-actin and relative to the corresponding undifferentiated 144 

MEF control. β-actin Ct values were comparable across the analysed cell cultures and 145 

experimental conditions. All reactions were carried out in triplicate.  146 

Protein Isolation and Western Blot Analysis 147 

After seven days of differentiation, cells were collected using RIPA buffer (50 mM Tris buffer, 148 

150 mM NaCl, 0.1% SDS, 12 mM Na-deoxycholate, 1% Triton) supplemented with protease 149 

inhibitors (cOmplete™ EDTA-free EASYpack, Roche, Switzerland) and phosphatase inhibitors 150 

(PhosSTOP™ EASYpack, Roche, Switzerland). The lysate underwent sonication twice for 20 151 

seconds (80% amplitude; Labsonic, Biotech International Ltd., Delhi, India) and was then 152 

centrifuged at 16,000 × g for 20 minutes at 4°C. The supernatant was collected, and protein 153 

concentration was determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher 154 

Scientific, MA, USA). Protein samples were prepared in SDS-PAGE loading buffer (100 mM 155 

Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, 4% β-mercaptoethanol, 0.5% bromophenol blue) and 156 

analyzed via Western blotting. A total of 15 μg protein per 20 μL sample was separated by 157 

SDS-PAGE and transferred onto PVDF membranes (Roche, Switzerland). The membranes 158 

were blocked for one hour at room temperature using I-Block™ Protein-Based Blocking 159 

Reagent (Invitrogen, MA, USA), followed by overnight incubation at 4°C with primary 160 

monoclonal antibodies. Afterward, membranes were incubated with a horseradish 161 

peroxidase-conjugated secondary antibody for one hour at room temperature. A complete 162 

list of primary and secondary antibodies used is provided in Supplemental Table S2. Total 163 
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protein normalization was performed using Amido Black staining (Sigma Aldrich, A8181). 164 

Immunoblots were visualized with an enhanced chemiluminescence kit (Bio-Rad, CA, USA) 165 

and detected using the Alliance 4.7 Imaging System (UVITEC, Cambridge, UK). 166 

Oil Red Staining and Morphological Characterization of Lipid Droplets 167 

Differentiated and undifferentiated MEF were washed with 1 ml of 1X PBS once before fixing 168 

for 5 min with 4% paraformaldehyde in PBS at room temperature. After fixation, MEF were 169 

washed three times with 1 ml of PBS and once with 60% isopropanol and were completely 170 

air-dried. MEF were then stained with Oil Red O (ORO) [6 ORO:4 ddH2O ratio] (Sigma©) for 10 171 

min at RT. Excess stain residue was removed with four ddH2O washes. Approximately 1 ml of 172 

PBS was then added for microscopic visualization. Images were processed at 460x 173 

magnification using a 20x objective lens, with transmitted bright-field light (Olympus IX50 174 

inverted microscope). For quantification, ORO stain particles were eluted with 100% 175 

isopropanol and analysed using Thermo Scientific™ Varioskan® Flash (Thermofisher, MA, 176 

USA) for spectrophotometry readings at 514 nm. Oil red and staining signal intensity were 177 

then used to quantify size, area and percentage of lipid droplet area. Cells that contained 178 

lipids above a preset threshold value were considered adipocytes. Lipid droplet quantification 179 

was performed on four images per group, analyzing over 100 cells per image. Morphological 180 

characterization of lipid droplets was done with ImageJ v1.50i software (NIH).  181 

Normalization of Adipocyte-Related Readouts 182 

Because MEF-derived cultures consisted of mixed populations of differentiated adipocytes 183 

and undifferentiated cells, differences in adipogenic differentiation efficiency could confound 184 

direct comparisons between experimental groups. Therefore, all adipocyte-related readouts, 185 

including Western blot and qPCR were normalized to the corresponding Oil Red O staining 186 
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signal. As Oil Red O selectively stains lipid droplets in differentiated adipocytes, its signal was 187 

used as a proxy for the adipocyte fraction within each culture. This normalization enabled 188 

comparisons between groups to reflect changes associated with differentiated adipocytes 189 

rather than differences in the proportion of adipocytes present in the cultures. Importantly, 190 

adipogenic differentiation efficiency was reproducible across independent experiments, with 191 

each MEF line consistently showing a similar degree of differentiation. 192 

Immunocyctochemistry, Fluorescence and Confocal Microscopy 193 

For immunocytochemistry, differentiated and control MEFs were grown on coverslips in 24-194 

well plates. Before fixation with 4% paraformaldehyde for 30 minutes at room temperature, 195 

cells were washed with PBS containing Mg²⁺/Ca²⁺. After fixation, cells were blocked with 1% 196 

BSA in PBS containing Mg²⁺/Ca²⁺ and 0.1% Triton X-100 for 1 hour at room temperature. 197 

Immunostaining was performed separately with primary antibodies against Perilipin 1 (Plin1, 198 

Proteintech-27716-1-AP Rabbit 1:400) and acetyl-CoA carboxylase 1 (Acc1, Proteintech-199 

67373-1-Ig 1:1000) overnight. The following day, the cells were washed three times with PBS 200 

Mg²⁺/Ca²⁺ before incubation with the secondary antibodies (Alexa Fluor 488 anti-rabbit 201 

1:1000 for Plin1 (Invitrogen, A11001), and Alexa Fluor 488-conjugated goat anti-mouse IgG 202 

(H+L) 1:1000 for Acc1 (Invitrogen, A11012) for 1 hour in dark at room temperature. After 203 

secondary antibody incubation, the cells were washed three times with PBS Mg²⁺/Ca²⁺. Oil 204 

Red O (ORO) working solution [6 parts ORO: 4 parts ddH₂O] (Sigma©) was then added and 205 

incubated for 15 minutes at room temperature. After ORO staining, the cells were washed 206 

five times with PBS, followed by DAPI staining (1:100 dilution from stock solution in PBS 207 

Mg²⁺/Ca²⁺ ) for 2 minutes in the dark. After a final wash with PBS, the cells were mounted 208 

using Dako Aqueous Mounting Medium (Agilent Technologies, Waldbronn, Germany) and 209 

viewed with a laser scanning confocal microscope (Plin1), Leica SP8 X FLIM (Leica, Wetzlar, 210 
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Germany), and a NIS-Elements AR imaging system on a Nikon Eclipse Ti2 inverted microscope 211 

(Nikon Instruments, NY, USA), followed by image acquisition and analysis using NIS-Elements 212 

AR software version 6.20.01 (64-bit). 213 

Total Lipid Extraction and Gas Chromatography Analysis 214 

Total lipids were extracted from dried cell pellets using a modified Folch method [18]. Briefly, 215 

5 mL of chloroform was added to each sample and homogenized thoroughly. Subsequently, 216 

1.5 mL of an aqueous MgCl₂ solution (0.034%, w/v) was added, followed by vortexing and 217 

centrifugation. The upper aqueous phase was carefully removed, and 2.5 mL of 2 M KCl in 218 

methanol (4:1, v/v) was added. After vortexing and centrifugation, the aqueous phase was 219 

discarded, and 2.5 mL of chloroform/methanol (2:1, v/v) was added. The organic 220 

(hydrophobic) phase was collected, transferred to a clean tube, and the solvent was 221 

evaporated under a stream of nitrogen. For fatty acid methyl ester (FAME) preparation, lipid 222 

extracts were transesterified using 0.5M KOH in methanol for 10 minutes at room 223 

temperature. The resulting FAMEs were extracted with n-hexane and analyzed by gas 224 

chromatography (GC). GC analysis was performed using a Varian 450-GC system equipped 225 

with a flame ionization detector (FID) and a Stabilwax capillary column (crossbond carbowax 226 

polyethylene glycol, 60 m × 0.25 mm). Helium was used as the carrier gas. The oven 227 

temperature was programmed from 150°C to 250°C at a rate of 5°C/min. Fatty acid methyl 228 

esters were identified by comparison of their retention times with those of a commercial 229 

standard mixture (Marine Oil FAME Mix, Restek Corporation, Bellefonte, PA, USA). 230 

Quantification was based on peak area integration, and the relative abundance of each fatty 231 

acid was expressed as a percentage of the total fatty acid content. 232 

LC-MS Metabolomics 233 
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All solvents used for the metabolomic analysis were of LC–MS grade. The chemicals were 234 

acquired from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA), with the exception of the API-235 

TOF reference mass solution kit (Agilent Technologies, Waldbronn, Germany). Sample 236 

preparation and metabolite extraction were performed as described previously [19]. 10 µL of 237 

each sample was mixed together to obtain quality control samples (QCs). These QCs, together 238 

with blank samples (ACN to water ratio 3:1), were processed the same way as the rest of the 239 

samples. An Agilent Technologies Series 1200 binary solvent delivery system (Agilent 240 

Technologies, Waldbronn, Germany), coupled to an Agilent 6520 Accurate-Mass Q-TOF 241 

detector was used for the LC-ESI-QTOF-MS analysis to obtain the metabolic profile of the 242 

plasma samples. A volume of 10 µL for each sample was injected into a reversed-phase 243 

column (Discovery® HS C18 HPLC Column, 515 cm × 2.1 mm, 3 µm; Supelco, Bellefonte, PA, 244 

USA).  The LC-MS method parameters were set as described in [19]. The samples were 245 

analyzed in negative ESI mode (full-scan ranging from 50 to 1000 m/z), with a scan rate of 246 

1.02 scans/s. Two reference masses were infused during the analysis for a constant mass 247 

correction: 112.9855 (TFA(NH4), detected m/z [C2O2F3(NH4)-H]−) and 966.0007 (HP+FA, 248 

detected m/z [C18H18O6N3P3F24+FA-H]−). The Agilent MassHunter 10.0 software (Agilent 249 

Technologies, Waldbronn, Germany) was used for the filtering, peak detection, alignment, 250 

and integration, as described in details in [19]. The Molecular Feature Extraction (MFE) 251 

technique was used for deconvolution of the LC-MS data, and the Recursive Feature 252 

Extraction (RFE) algorithm was applied for a second deconvolution step. To assign tentative 253 

metabolite candidates, the CEU Mass Mediator  search tool was used to assess the list of 254 

statistically significant correct masses [20]. The online tool Metaboanalyst version 6.0 255 

(https://www.metaboanalyst.ca/) was used to apply a multivariate statistical analysis [21]. 256 

The data matrix was normalized by sum, log-transformed and pareto-scaled prior to a partial 257 
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least squares-discriminate analysis (PLS-DA) for the variable importance estimation. Based on 258 

the PLS-DA models, the variable importance in projection (VIP) scores were acquired. 259 

Transmission Electron Microscopy 260 

Upon treatment, cell pellets were immediately fixed with a 2.5 % glutaraldehyde (Agar Sci, 261 

Essex, UK) in 0.2 M phosphate buffer (PB) for 4 h at 4◦C. After fixation cells were rinsed 3 times 262 

in 0.1 M PB, embedded in agar and postfixed in 1 % osmium tetroxide in the same buffer. 263 

Samples were dehydrated in a graded series of ethanol and embedded in resin (Agar Sci, 264 

Essex, UK). In total, 20 resin blocs were cut with diamond knife (Diatome, Agar Sci, Essex, UK) 265 

with Ultracut UC6 ultramicrotome (Leica Microsystems, Wetzlar, Germany), into 80- to 100-266 

nm thin sections and analysed with CM12 transmission electron microscope operated at 80 267 

kV (Philips/FEI, Eindhoven, Netherlands), equipped with a digital camera (SIS MegaView III, 268 

Olympus Soft Imaging Solutions, Münster, Germany).  269 

Statistical Analysis 270 

SPSS Statistics 23.0 (IBM, USA) was used for statistical data analysis. Before performing the 271 

analyses, the normality of the sample distribution was assessed using the Shapiro–Wilk test. 272 

For normally distributed samples, a two-way ANOVA was conducted to examine the 273 

interaction effect of two factorial variables. When a significant interaction was observed, a 274 

Bonferroni adjustment was applied to correct for multiple comparisons within each simple 275 

main effect separately. Statistical significance was set at p < 0.05.  276 

  277 
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Results 278 

Sirt3 Loss Promotes Lipid Droplet Accumulation and Enlargement in Female Adipocytes 279 

We differentiated WT and Sirt3 KO MEFs of both sexes (hereafter WT and KO, respectively) 280 

into MEF-derived adipocytes (hereafter adipocytes) according to a published protocol with 281 

minor modifications [9] (Figure 1A). To assess the success of the differentiation, we analysed 282 

lipid droplet accumulation in the differentiated cells using Oil Red O staining. All groups were 283 

positive for lipid droplets after induction with the differentiation medium, whereas control 284 

cells did not accumulate any lipids (Figure 1B, 1C, Supplementary Fig. S1). Among 285 

differentiated adipocytes, the KO group accumulated more lipid droplets than the WT group 286 

in both sexes, with lipid accumulation being most pronounced in female KO adipocytes. 287 

Confocal imaging and quantitative analysis showed that the absence of Sirt3 altered lipid 288 

droplet (LD) morphology and abundance in a sex-dependent manner, with female KO 289 

adipocytes displaying both a higher number and a larger size of LDs compared with males 290 

(Figure 1D–F) and confirmed that control cells did not accumulate lipids  (Supplementary Fig. 291 

S2). 292 

 293 
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 294 

Figure 1. Female KO adipocytes exhibit the highest lipid droplet accumulation and 295 

enlargement (A) Schematic illustration of experimental workflow of MEF-derived adipocyte 296 

differentiation process in vitro. Differentiation medium (I) - insulin, rosiglitazone, IBMX, 297 

dexamethazone; differentiation medium (II) - insulin, rosiglitazone. DMEM - Dulbecco's 298 

Modified Eagle Medium; FBS - Fetal Bovine Serum. (B) Oil Red O staining of lipid droplets in a 299 

population of adipogenically differentiated MEF (adipocytes) after 7 days of differentiation. 300 

Scale bar: 100 μm; magnification is 10x. Inset image: magnification is 40x. The inset images 301 

are magnified four times to highlight lipid morphology. A representative image is shown. (C) 302 

Graphical representation of spectrophotometric quantification of Oil Red O staining in 303 

adipocytes after 7 days of differentiation. a.u., arbitrary units. (D) Representative confocal 304 

images of differentiated adipocytes. Blue (DAPI) – nuclear staining; red (Oil Red) – lipid droplet 305 

staining; green (Plin-1) – lipid droplet-associated protein staining. The white scale bar 306 

corresponds to 10 μm. (E) Quantification of lipid droplet diameter and (F) lipid droplet count 307 

in differentiated cells using software ImageJ. Data were analyzed by two-way ANOVA followed 308 
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by post-hoc test with Bonferroni adjustment; +++p<0.001, ++p<0.01, WT vs. KO; ***p<0.001, 309 

**p<0.01, male vs. female. For each group, seven images were analyzed. Data are presented 310 

as mean ± SD.  311 

Next, we assessed the expression of specific adipogenic markers using quantitative 312 

polymerase chain reaction (qPCR) (Figure 2). On day 7 of differentiation, Ppar-γ, Fabp4, and 313 

Adipoq expression was increased in differentiated cultures compared with their 314 

undifferentiated controls, indicating activation of the adipogenic transcriptional programme 315 

in MEF-derived adipocyte cells. Gene expression analysis showed that Ppar-γ, Adipoq, and 316 

Fabp-4 were increased after differentiation, with generally higher expression in female than 317 

male adipocyte cultures and the highest levels observed in KO female adipocytes (Figure 2). 318 

 319 

Figure 2. Female KO adipocytes show the strongest induction of adipogenic gene expression. 320 

Gene expression of Ppar-γ, Adipoq, and Fabp-4 in differentiated WT and Sirt3 KO MEF-derived 321 
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adipocytes of both sexes. RT-qPCR data were normalized to Oil Red O staining to correct for 322 

differences in adipocyte abundance across experimental groups and are shown as log2 fold 323 

change relative to the corresponding undifferentiated controls, indicated by the dotted line at 324 

y = 1. Data are presented as mean ± S.E.; individual points represent independent biological 325 

experiments. Data were analyzed by two-way ANOVA followed by Bonferroni-adjusted post 326 

hoc comparisons. +++p < 0.001, ++p < 0.01, +p < 0.05, WT vs. KO; *p < 0.05, male vs. female. 327 

As previously shown, female adipocytes displayed higher lipid accumulation than male 328 

adipocytes, a difference that was further amplified by Sirt3 deficiency. Therefore, we aimed 329 

to determine whether this increased lipid accumulation results from differences in key 330 

regulators of lipid synthesis and breakdown. Specifically, we analysed the protein expression 331 

of Ppar-γ, a key adipogenic factor, Acc1 and Fasn which are involved in de novo lipogenesis, 332 

and Atgl, an enzyme responsible for lipolytic breakdown, to assess potential imbalances in 333 

these metabolic pathways. Protein expression of key lipogenic enzymes was consistent with 334 

lipid accumulation in KO female adipocytes. Two-way ANOVA showed strong sex-dependent 335 

regulation of Ppar-γ, with female adipocytes displaying reduced expression across genotypes 336 

(Figure 3A, 3F). The pAcc1/Acc1 ratio was reduced by Sirt3 loss in both sexes and was 337 

consistently lower in females than males, indicating reduced inhibitory Acc1 phosphorylation, 338 

particularly in female KO cells (Figure 3B, 3F). Sirt3 loss reduced Fasn in male adipocytes but 339 

increased it in female adipocytes, supporting female specific activation of lipogenic signalling 340 

in Sirt3-deficient adipocytes (Figure 3C, 3F). Atgl, the enzyme that initiates lipolysis, was 341 

markedly reduced by Sirt3 loss in female adipocytes but not in males, indicating a female 342 

specific impairment of lipolytic capacity in Sirt3 KO adipocytes (Figure 3D, 3E, 3F). 343 

 344 
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 345 

 346 

Figure 3. Sirt3 loss promotes female-specific de novo lipogenesis and reduces lipolysis. 347 

Immunoblot analysis of key regulators of lipid metabolism in male and female WT and KO 348 

adipocytes. (A) Ppar-γ, (B) pAcc1/Acc1 ratio, (C) Fasn, (D) Atgl, (E) Sirt3, (F) Representative 349 

immunoblots for the proteins shown in A–E. L.C., loading control. Data were analyzed by two-350 

way ANOVA followed by post-hoc test with Bonferroni adjustment; +++p<0.001, ++p<0.01, WT 351 

vs KO; ***p<0.001, **p<0.01, *p<0.05, male vs. female. Data were normalized to Oil Red O 352 

staining to correct for differences in adipocyte abundance across experimental groups. N = 3-353 

4 biological replicates per group. Values are presented as mean ± SD. 354 

Bortezomib-Induced Lipid Accumulation in KO Female Adipocytes is Linked to Dysregulated 355 

AMPK–Acc1 Axis  356 

Female-specific enhancement of de novo lipogenic signalling in the absence of Sirt3, 357 

evidenced by increased Fasn expression, reduced inhibitory phosphorylation of Acc1, and 358 

decreased Atgl expression, suggests an imbalance between lipid synthesis and breakdown. 359 
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Given that AMPK restrains de novo lipogenesis via Acc1 phosphorylation [22] and that Sirt3 360 

supports AMPK activation [23], we next tested whether loss of Sirt3 disrupts AMPK–Acc1 361 

signalling, a central pathway governing lipid metabolism. o investigate this, we used 362 

bortezomib (BTZ), a proteasome inhibitor reported to activate AMPK and suppress lipogenic 363 

gene expression, including Srebp-1c, Fasn, and Acc1 [24, 25], to determine whether Sirt3 364 

deficiency compromises the AMPK–Acc1 antilipogenic response and thereby promotes lipid 365 

accumulation. As female adipocytes exhibited the greatest lipid accumulation, which was 366 

further amplified by Sirt3 loss, subsequent experiments were performed exclusively in female 367 

adipocytes. 368 

BTZ strongly activated AMPK in WT adipocytes, as indicated by a significant increase in the 369 

pAMPK/AMPK ratio. This was accompanied by a rise in the pAcc1/Acc1 ratio, consistent with 370 

Acc1 inactivation and suppression of de novo lipogenesis, thereby confirming its antilipogenic 371 

effect (Fig. 4A–C). In contrast, KO adipocytes exhibited a significantly lower basal 372 

pAMPK/AMPK ratio, with complete loss of the signal upon BTZ treatment, resulting in an 373 

absence of AMPK activation compared with WT cells. Furthermore, despite treatment, Acc1 374 

remained active in KO adipocytes, as evidenced by a decreased pAcc1/Acc1 ratio, suggesting 375 

a metabolic shift towards lipogenesis. These results indicate that Sirt3 mediates BTZ-induced 376 

AMPK–Acc1 activation, promoting inhibitory phosphorylation of Acc1 and limiting de novo 377 

lipogenesis. In parallel with low pAMPK/AMPK and pAcc1/Acc1 ratios, KO cells displayed high 378 

Fasn protein expression, further supporting enhanced de novo lipogenesis, whereas this 379 

genotype difference was no longer significant after BTZ treatment (Fig. 4D–H). High 380 

magnification immunofluorescence imaging was used to qualitatively assess Acc1 localization 381 

and showed that Acc1 signal was detectable in Oil Red O-positive adipocyte-like cells, with 382 

apparent enrichment near lipid droplet-associated regions (Supplementary Fig. S3). 383 
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Quantification of Oil Red O staining, lipid droplet number, and lipid droplet diameter 384 

collectively shows that Sirt3 deficiency markedly enhances lipid accumulation in female 385 

adipocytes, and that BTZ treatment further accentuates this phenotype (Fig. 4I–L). KO 386 

adipocytes exhibited significantly higher ORO absorbance and substantially enlarged droplet 387 

size compared with WT cells under both control and BTZ-treated conditions. While BTZ 388 

induced a modest increase in lipid storage in WT adipocytes, its effect was considerably 389 

stronger in KO cells, resulting in the largest and most numerous lipid droplets. Collectively, 390 

these findings indicate that loss of Sirt3 impairs the AMPK–Acc1 response to BTZ, thereby 391 

limiting the antilipogenic effect of proteasome inhibition and leading to pronounced lipid 392 

accumulation following BTZ exposure.  393 

 394 

 395 
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 396 

397 

Figure 4. Sirt3 loss abolishes BTZ-induced AMPK–Acc1 activation and exacerbates lipid 398 

accumulation in female adipocytes Immunoblot analysis of key proteins of lipid metabolism 399 

and Oil Red O staining of lipid droplets after BTZ treatment in differentiated female WT and 400 

KO adipocytes. (A) pAMPK/AMPK ratio, (B) pAcc1/Acc1 ratio, (C) representative immunoblots 401 

for the proteins shown in A and B, (D) Fasn, (E) Ppar-γ, (F) Atgl, (G) Sirt-3, (H) representative 402 



22 

 

immunoblots for the proteins shown in D-G. L.C., loading control. Data were analyzed by two-403 

way ANOVA followed by post-hoc test with Bonferroni adjustment; n = 3-5 biological replicates 404 

per group. Data were normalized to Oil Red O staining to correct for differences in adipocyte 405 

abundance across experimental groups. Values are presented as mean ± SD. (I) Graphical 406 

presentation of Oil Red O absorbance and staining of lipid droplets in female WT and KO 407 

adipocytes after bortezomib treatment. Absorbance at 516 nm. Lipid droplet count (J), lipid 408 

droplet size (K). Two-way ANOVA was used followed by post-hoc test with Bonferroni 409 

adjustment or Kruskal–Wallis nonparametric ANOVA followed by Dunn’s post hoc test for 410 

multiple comparisons. ***p<0.001, **p<0.01, *p<0.05 DMSO vs. bortezomib; +++p<0.001, 411 

++p<0.01, +p<0.05 WT vs. KO. (L) Representative microscopic images of Oil Red O staining of 412 

lipid droplets in female WT and KO adipocytes after BTZ treatment. For each group three 413 

independent biological replicates were analyzed. From each replicate, five wells were imaged, 414 

with 5 to 6 images acquired per well. Scale bar: 200 μm.  415 

Sirt3 Is Required for AMPK Activation by AICAR in female adipocytes 416 

To directly test whether Sirt3-deficient female adipocytes have an intrinsic inability to activate 417 

AMPK, we examined their response to AICAR, a well-established pharmacological AMPK 418 

activator. AICAR treatment did not significantly affect the pAMPK/AMPK ratio, whereas Sirt3 419 

genotype had a strong effect, with markedly lower pAMPK/AMPK levels in KO than WT 420 

adipocytes irrespective of treatment (Fig. 5A, C). The pAcc1/Acc1 ratio, calculated from 421 

matched normalized pAcc1 and total Acc1 values, was significantly affected by Sirt3 genotype, 422 

with markedly lower values in KO than WT adipocyte cultures irrespective of AICAR 423 

treatment; AICAR itself did not significantly increase this ratio (Fig. 5B, C). Together, these 424 

findings indicate that Sirt3 deficiency is associated with a persistent impairment of the AMPK–425 

Acc1 signalling axis, suggesting a reduced capacity of KO adipocytes to activate antilipogenic 426 
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phosphorylation pathways even upon pharmacological AMPK stimulation. Oil Red O staining 427 

confirmed that Sirt3 deficiency itself drives excessive lipid accumulation in female adipocytes, 428 

as both KO DMSO and AICAR groups exhibited significantly higher lipid content than their WT 429 

counterparts. AICAR treatment did not alter lipid storage in KO cells, indicating that 430 

pharmacological activation of AMPK is insufficient to overcome the metabolic defect caused 431 

by Sirt3 loss (Fig. 5D, E). Collectively, these results suggest that impaired AMPK–Acc1 432 

signalling underlies lipid accumulation in KO adipocytes, and that this phenotype cannot be 433 

rescued by either proteasome inhibition or direct AMPK activation. 434 

 435 

 436 
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 437 

Figure 5. Sirt3 is required for AICAR-responsive AMPK–Acc1 signaling and control of lipid 438 

accumulation. Graphical display of (A) pAMPK/AMPK ratio, (B) pAcc/Acc ratio, (C) 439 

representative immunoblots for the proteins shown in A and B. Data were analyzed by two-440 

way ANOVA followed by post-hoc test with Bonferroni adjustment. Data were normalized to 441 

Oil Red O staining to correct for differences in adipocyte abundance across experimental 442 

groups.  N = 4 biological replicates per group. (D) Graphical presentation of Oil Red O 443 

absorbance in female WT and KO adipocytes after AICAR treatment. ***p<0.001, **p<0.01, 444 

WT vs. KO; +p<0.05, DMSO vs. AICAR. (E) Representative microscopic images of Oil Red O 445 

staining of lipid droplets in female WT and KO adipocytes after AICAR treatment. For each 446 

group three independent biological replicates were analyzed. From each replicate, five wells 447 

were imaged, with five to six images acquired per well. Scale bar: 200 μm. 448 
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Sirt3 Loss Promotes Scd1-Associated Fatty Acid Desaturation In Female Adipocytes 449 

To further characterise the lipid-accumulating phenotype of KO adipocytes, we quantified the 450 

palmitoleate-to-palmitate desaturation index (C16:1/C16:0), a commonly used surrogate 451 

marker of Scd1-dependent Δ9 desaturation [26, 27]. The C16:1/C16:0 ratio was significantly 452 

higher in KO than WT adipocytes, indicating enhanced palmitate-to-palmitoleate 453 

desaturation in the absence of Sirt3. BTZ treatment modestly reduced the ratio across groups; 454 

however, KO adipocytes maintained higher values than WT cells under both control and BTZ-455 

treated conditions (Fig. 6A, Supplementary Fig. S4A,B). Consistently, western blot analysis 456 

showed markedly increased Scd1 protein abundance in KO compared with WT adipocytes, 457 

while BTZ significantly reduced Scd1 protein abundance in KO cells but had no detectable 458 

effect in WT cells (Fig. 6B, C). Together, these results indicate that Sirt3 deficiency promotes 459 

an Scd1-associated desaturation phenotype, whereas BTZ reduces Scd1 protein abundance 460 

without fully reversing the elevated C16:1/C16:0 ratio in KO adipocytes. Together, these 461 

results indicate that Sirt3 deficiency increases Scd1-associated desaturation, while BTZ 462 

reduces Scd1 protein abundance in KO adipocytes without normalizing the elevated 463 

C16:1/C16:0 ratio.  464 
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465 

Figure 6. Sirt3 loss enhances Scd1-associated fatty acid desaturation in adipocytes. (A) 466 

Palmitoleate to palmitate ratio (C16:1/C16:0), used as an index of Scd1-dependent Δ9-467 

desaturation, in WT and KO adipocytes treated with DMSO or BTZ. (B) Relative protein 468 

expression of Scd1 in WT and KO adipocytes under DMSO and BTZ-treated conditions. (C) 469 

Representative immunoblots of Scd1. L.C., loading control. Data were analyzed by two-way 470 

ANOVA followed by post-hoc test with Bonferroni adjustment and normalized to Oil Red O 471 

staining to correct for differences in adipocyte abundance across experimental groups. 472 

***p<0.001, *p<0.05, WT vs. KO; +++p<0.001, +p<0.05, DMSO vs. BTZ. N = 4-5 biological 473 

replicates per group. Values are presented as mean ± SD. 474 
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 BTZ induces genotype-independent remodeling of glycerophospholipid and lysophospholipid 475 

profiles 476 

To further characterise the metabolic response to BTZ treatment, LC–MS-based metabolomic 477 

profiling was performed in both positive and negative ionisation modes. PLS-DA analysis 478 

revealed clear separation between DMSO- and BTZ-treated cells in both WT and KO 479 

adipocytes, with the corresponding score plots shown in Fig. 7A–D. To identify the 480 

metabolites contributing most strongly to this separation, VIP scores were calculated from 481 

the PLS-DA models, and the top 10 metabolites in each ionisation mode are shown in 482 

Supplementary Fig. S5A–D. Across both genotypes, the highest-ranking predictor metabolites 483 

predominantly belonged to glycerophospholipid and lysophospholipid classes, indicating that 484 

BTZ-induced metabolic perturbations extend to membrane lipid remodelling pathways. 485 
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486 

487 

Figure 7. PLS-DA score plots showing separation between control (green) and bortezomib-488 

treated (red) groups in WT adipocytes in (A) negative and (B) positive ion mode, and in KO 489 

adipocytes in (C) negative and (D) positive ion mode. Elipses represent 95 % confidence 490 

intervals for each individual group. N=4–5 technical replicates per group. 491 

In WT cells, key discriminant metabolites included multiple phosphatidylethanolamine (PE), 492 

phosphatidylglycerol (PG), phosphatidylserine (PS), lysophosphatidylcholine (LPC), and 493 

lysophosphatidylserine (LPS) species. In addition to broad alterations in glycerophospholipid 494 

turnover (as reflected by changes in PE, PG, and LPC levels), several PS and LPS species (PS 495 
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18:0, LPS 18:1, PS P-28:0, PS 30:0, PS 40:0) may indicate activation of phosphatidylserine 496 

externalisation and apoptotic signalling pathways. In KO cells, tentative analysis highlighted 497 

PE, lysophosphatidylethanolamine (LPE), and PG species as the dominant discriminant 498 

metabolites. Although BTZ treatment induced detectable metabolic changes in both 499 

genotypes, particularly in glycerophospholipid and lysophospholipid metabolite levels, these 500 

alterations did not clearly support impaired AMPK-associated metabolic adaptation or 501 

markedly enhanced lipid accumulation in KO adipocytes. The absence of a clear metabolomic 502 

signature of impaired AMPK activation in KO cells may indicate compensatory metabolic 503 

adaptations or insufficient metabolic divergence under the applied experimental conditions. 504 

Sirt3 Deficiency Enhances BTZ-Associated Lipid Accumulation And Ultrastructural Organelle 505 

Stress In Female Adipocytes 506 

To further assess whether the enhanced lipid accumulation observed in female KO adipocytes 507 

was accompanied by ultrastructural alterations, we performed qualitative light and 508 

transmission electron microscopy analyses. Semithin sections were used as a qualitative 509 

morphological complement to the quantitative lipid analyses and illustrated lipid containing 510 

adipocyte-like cells under control and BTZ-treated conditions, but were not used to quantify 511 

lipid droplet abundance (Supplementary Fig. S6A). Transmission electron microscopy 512 

additionally revealed lipid bodies and autophagic structures, with the most evident changes 513 

observed in KO cells (Supplementary Fig. S6B). Ultrastructural analysis at higher magnification 514 

showed features consistent with endoplasmic reticulum (ER) stress induced by BTZ treatment, 515 

including enlargement and vesiculation of the granular ER (gER) in WT cells, whereas KO cells 516 

displayed granular structures resembling aggresomes, enlarged rounded mitochondria, and 517 

apparent disruption of the close spatial organisation between gER and mitochondria 518 

(Supplementary Fig. S6C). These qualitative ultrastructural findings are consistent with a more 519 
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pronounced organelle stress response in female KO adipocytes. However, TEM was used here 520 

for qualitative ultrastructural assessment and not for quantification of mitochondrial mass or 521 

mitochondrial biogenesis. 522 

Discussion 523 

The aim of this study was to investigate the role of Sirt3 in adipogenic processes in the context 524 

of biological sex, as both factors contribute to metabolic homeostasis. Using MEF-derived 525 

adipocytes as a model system, we found that adipogenic differentiation and lipid storage 526 

were influenced by both Sirt3 status and sex. ORO-normalized expression of the adipogenic 527 

genes Ppar-γ, Fabp-4, and Adipoq increased after differentiation in all groups, supporting 528 

induction of the adipogenic transcriptional program and confirming that MEFs can serve as 529 

an adaptive in vitro model of adipogenesis [28, 29]. Sirt3 deficiency further enhanced 530 

adipogenic marker expression in both sexes, with female KO adipocytes showing the highest 531 

overall expression profile, consistent with their pronounced lipid accumulation. These 532 

findings are consistent with previous reports linking Sirt3 to the regulation of lipid 533 

metabolism, lipogenesis, and lipid uptake [30, 31] and suggest that loss of Sirt3 promotes 534 

adipocyte lipid storage in a sex-dependent manner. Consistent with the gene expression data, 535 

confocal imaging and lipid droplet morphometry revealed pronounced sex- and Sirt3-536 

dependent differences in lipid droplet organization. Female KO adipocytes showed the 537 

highest lipid droplet number and size, indicating that Sirt3 loss particularly enhances lipid 538 

storage capacity in female cells. Altered lipid droplet morphology is closely associated with 539 

metabolic dysfunction and reflects changes in lipid synthesis, lipid droplet-associated 540 

proteins, lipid mobilization, and cellular metabolic state [32, 33]. Thus, the absence of Sirt3 541 
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appears to disrupt lipid droplet homeostasis more strongly in female adipocytes, probably 542 

through combined effects on lipid synthesis and turnover. 543 

Our previous results have shown that KO MEFs exhibit sex-specific differences in stress 544 

adaptation, including Hif-1α stabilization in males, stronger antioxidant responses in females, 545 

and differential susceptibility to genotoxic stress [16, 34]. The present findings extend this 546 

concept to adipogenic differentiation, indicating that Sirt3 contributes not only to stress 547 

adaptation but also to the metabolic remodeling that supports adipocyte maturation and lipid 548 

storage capacity. Protein expression analysis further revealed discrepancies between 549 

adipogenic transcriptional activation and protein level responses. Although female KO 550 

adipocytes showed the highest ORO-normalized adipogenic gene expression profile and lipid 551 

accumulation, Ppar-γ protein levels were lower in female than male adipocytes, suggesting 552 

that lipid storage in this model is not simply explained by canonical Ppar-γ protein abundance. 553 

This may reflect sex-dependent posttranscriptional regulation, altered Ppar-γ activity, or 554 

compensatory mechanisms linked to Sirt3 absence [35]. Interestingly, the expression of Atgl, 555 

the rate-limiting enzyme in lipolysis, was also regulated in a sex- and Sirt3-dependent manner. 556 

Female WT adipocytes showed high Atgl expression, consistent with an adaptive capacity to 557 

mobilize stored triglycerides and limit excessive lipid accumulation [36]. This response was 558 

markedly reduced in female KO adipocytes, whereas male KO adipocytes showed increased 559 

Atgl expression, possibly reflecting compensatory lipid mobilization. This sex-specific 560 

difference suggests that female adipocytes may depend more strongly on Sirt3 to maintain 561 

lipolytic capacity, contributing to the pronounced lipid storage phenotype observed in female 562 

KO cells. 563 
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Based on evidence for enhanced lipogenic signaling and impaired lipid mobilization in female 564 

KO adipocytes, we next challenged female cells with bortezomib (BTZ), a proteasome inhibitor 565 

reported to activate AMPK and suppress lipogenic gene expression [24, 37]. In WT adipocytes, 566 

BTZ increased the pAMPK/AMPK ratio together with pAcc1/Acc1, consistent with activation 567 

of AMPK-dependent inhibitory phosphorylation of Acc1. In contrast, KO adipocytes showed 568 

low basal pAMPK/AMPK and failed to mount a comparable AMPK response to BTZ. Moreover, 569 

pAcc1/Acc1 remained reduced and Fasn levels remained elevated in KO cells, indicating 570 

persistence of a lipogenic state despite BTZ treatment. These data suggest that Sirt3 571 

deficiency compromises the AMPK–Acc1 antilipogenic response in female adipocytes.  572 

These signalling differences were accompanied by increased lipid storage. Oil Red O 573 

quantification and lipid droplet morphometry showed that KO adipocytes accumulated more 574 

lipids under basal conditions, and BTZ further enhanced this phenotype. Whereas WT 575 

adipocytes showed only modest lipid accumulation after BTZ treatment, KO cells displayed 576 

the highest Oil Red O signal together with increased droplet number and diameter. 577 

Qualitative light and transmission electron microscopy analyses complemented the 578 

quantitative lipid phenotype by revealing characteristic morphological and ultrastructural 579 

features. Semithin sections illustrated lipid-containing adipocyte-like cells, while TEM 580 

demonstrated lipid bodies, autophagic structures, and BTZ-associated ultrastructural 581 

alterations, with the most pronounced organelle changes observed in KO adipocytes. 582 

Although enlarged and rounded mitochondria and altered ER–mitochondria organization 583 

were observed in KO cells, these qualitative TEM images do not allow conclusions about 584 

mitochondrial mass or mitochondrial biogenesis. This distinction is relevant because recent 585 

proteomic analysis of human adipogenesis showed extensive cellular remodeling and spatial 586 

reorganization of metabolic pathways during adipocyte formation [38]. In addition, ATAD3 587 
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has recently been identified as a limiting factor for mitochondrial biogenesis, adipogenesis, 588 

and lipogenesis in white adipocyte-like 3T3-L1 cells [39]. Although ATAD3 was not examined 589 

in the present study, it represents a relevant future direction for testing whether Sirt3-590 

dependent mitochondrial regulation contributes to the sex-specific adipogenic phenotype 591 

observed here. Therefore, the qualitative ultrastructural findings are consistent with, but do 592 

not independently quantify, the increased lipid accumulation detected by Oil Red O staining 593 

and lipid droplet morphometry. High magnification immunofluorescence imaging showed 594 

that Acc1 signal was detectable in Oil Red O-positive adipocyte-like cells and appeared 595 

enriched near lipid droplet associated regions, supporting qualitative localization of Acc1 596 

within differentiated cells [40]. Together, these data support a model in which Sirt3 deficiency 597 

impairs AMPK-dependent feedback inhibition of lipogenesis, while reduced Atgl limits 598 

triglyceride mobilization, thereby favoring lipid accumulation in female KO adipocytes. 599 

Building on the lipid droplet phenotype, fatty acid profiling and immunoblotting indicate that 600 

Sirt3 loss is associated with the Scd1-linked desaturation phenotype. The C16:1/C16:0 601 

desaturation index is widely used as a proxy for Scd1-dependent Δ9-desaturation [41]. In the 602 

present study, this ratio was significantly higher in Sirt3 KO than WT adipocytes, indicating 603 

increased palmitate-to-palmitoleate desaturation in the absence of Sirt3. This was 604 

accompanied by markedly increased Scd1 protein abundance in KO adipocytes, particularly 605 

under control conditions. Since Scd1-derived monounsaturated fatty acids can support 606 

triglyceride synthesis and lipid droplet expansion [42], increased Scd1 abundance together 607 

with an elevated C16:1/C16:0 ratio provides a plausible mechanism contributing to the lipid 608 

storage phenotype of Sirt3-deficient adipocytes. Importantly, BTZ reduced Scd1 protein 609 

abundance in KO cells but did not normalize the elevated C16:1/C16:0 ratio, suggesting that 610 

the desaturation phenotype persists despite partial suppression of Scd1 protein levels. Thus, 611 
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Sirt3 deficiency appears to promote lipid deposition through coordinated changes in lipogenic 612 

signaling, lipid turnover, and Scd1-associated fatty acid desaturation [43]. In parallel, LC–MS 613 

metabolomics showed that BTZ primarily affected glycerophospholipid and lysophospholipid 614 

species in both WT and KO cells, indicating substantial membrane lipid remodeling [44]. In 615 

WT cells, enrichment of PE, PG, PS, LPC, and LPS species suggests broad glycerophospholipid 616 

turnover and may reflect stress-associated membrane remodeling, including pathways linked 617 

to phosphatidylserine dynamics during cellular stress [45]. In KO cells, PE, LPE, and PG species 618 

dominated the discriminant metabolites, further supporting membrane remodeling as a 619 

major BTZ-associated response. However, the metabolomic data did not reveal a clear 620 

genotype-specific signature explaining impaired AMPK-mediated adaptation under these 621 

experimental conditions. Taken together, these findings suggest that Sirt3 deficiency 622 

promotes lipid deposition through impaired AMPK–Acc1 antilipogenic signaling, reduced 623 

lipolytic capacity, and persistent Scd1-associated fatty acid desaturation, whereas BTZ 624 

induces phospholipid remodeling that is broadly conserved across genotypes. 625 

Conclusion 626 

The findings indicate that Sirt3 loss promotes a female-biased lipid storage phenotype 627 

associated with impaired AMPK–Acc1 antilipogenic signalling, increased de novo lipogenic 628 

markers, reduced lipolytic capacity, elevated Scd1 protein abundance, and a persistent 629 

increase in the C16:1/C16:0 desaturation index. Together, these results suggest that Sirt3 630 

deficiency drives lipid accumulation through coordinated disruption of lipid synthesis, 631 

mobilization, and Scd1-associated fatty acid desaturation. A possible explanation for the 632 

stronger phenotype observed in female KO adipocytes is that female cells may rely more 633 

strongly on Sirt3-dependent mitochondrial and AMPK-linked metabolic control to maintain 634 
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the balance between lipid storage and lipid mobilization during adipogenic differentiation. In 635 

this context, loss of Sirt3 may lower the capacity of female adipocytes to activate AMPK–Acc1-636 

dependent antilipogenic feedback, while simultaneously reducing lipolytic capacity and 637 

promoting Scd1-associated fatty acid desaturation. Because this model uses male and female 638 

MEF-derived adipocytes cultured under the same conditions, these differences may reflect, 639 

at least in part, cell intrinsic sex dependent metabolic programming rather than acute 640 

hormonal effects alone. Future studies should determine whether this female biased Sirt3-641 

dependent phenotype is conserved in primary adipocytes and adipose tissue in vivo. Further 642 

work should also address whether sex hormones, sex chromosome complement, or 643 

persistent epigenetic or metabolic programming contribute to the observed differences. 644 

Mechanistically, it will be important to test whether restoration of AMPK–Acc1 signalling, 645 

modulation of Scd1 activity, or enhancement of lipid turnover can reduce lipid accumulation 646 

specifically in female Sirt3 deficient adipocytes. 647 

Collectively, our results identify Sirt3 as a sex dependent regulator of adipocyte lipid 648 

metabolism and support a model in which female adipocytes are particularly dependent on 649 

Sirt3 to coordinate AMPK–Acc1 antilipogenic signalling, lipid turnover, and Scd1-associated 650 

fatty acid desaturation during adipogenic differentiation. This provides a basis for future 651 

studies addressing the mechanisms underlying female specific vulnerability to adipose lipid 652 

dysregulation. 653 
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