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Supplementary Information. 
 
Antibodies: The mouse Mfn1 and Mfn2 antibodies were custom raised by Yenzym antibodies, CA, USA.   The 
antibody for mouse Mfn1 was raised in rabbit by injecting a peptide sequence starting from AA 720 at the N 
terminal to 741 at the C terminal from the mouse Mfn1 protein and a peptide sequence from AA 739-757 for 
Mfn2. The antibodies against NDUFA9 (complex I subunit, Mitosciences, Ab14713, dil.  1:2000), SDHA 
(complex II subunit, Abcam, Ab14715, dil. 1:5000), UQCRC1 (complex III subunit, Abcam, Ab110252, dil. 
1:2000), MTCO1 (complex IV subunit, Abcam, Ab14745, dil. 1:1000), ATP5A (complex V subunit, Abcam, 
Ab14748, dil. 1:5000), α tubulin (Sigma, T9026, dil. 1:5000) were used for determination of protein expression of 
mitochondrial ETC subunits. Anti DRP1 (CST, #8570, dil. 1:1000), MFF (ProteinTech, 17090-1AP, dil. 1:1000) 
were used to analyze mitochondrial fission. Antibody against CRTC2 (anti TORC2, Millipore, ST1099, dil. 1: 
2000), phospho AMPKα Thr172 (Cell Signaling Technologies (CST), #2531, dil. 1:1000), AMPKα (CST, #2532, 
dil. 1:1000), phospho Raptor Ser792 (CST, #2083, dil. 1: 1000), Raptor ( CST, #2280, dil. 1: 1000), phospho 
CREB Ser133 (CST, #9198, dil. 1:1000), CREB (CST, #9197, dil. 1:1000), α Tubulin (Sigma, T9026, dil. 
1:5000) were used to determine signaling events after Metformin treatment. Antibodies for peIF2α Ser51 (CST, 
#3398, dil. 1:1000), eIF2α (CST, #5324, dil. 1:1000), pIRE1 Ser724 (Abcam, ab104157, dil. 1:1000), IRE1 
(Abcam, ab37073, dil. 1:1000) were used to probe ER stress signaling.  
 
qPCR Primers:  The following primer sequences were used to perform gene expression analysis:  
 

Gene  Sequence 
LPK Forward GGGCCGCATCTACATTGAC 

  Reverse GTCCCTCTGGGCCAATTTT 

PEPCK Forward CCACAGCTGCTGCAGAACA 

  Reverse GAAGGGTCGCATGGCAAA 

G6Pase Forward CCGGATCTACCTTGCTGCTCACTTT 

  Reverse TAGCAGGTAGAATCCAAGCGCGAAAC 

B2M Forward ATGGGAAGCCGAACATACTG 

  Reverse CAGTCTCAGTGGGGGTGAAT 

Cyclophilin Forward CAGGGGAGATGGCACAGGAG 

  Reverse CGGCTGTCTGTCTTGGTGCTCTCC 
 

Electron Microscopy: For the ultrastructural analysis of the hepatocytes, mice were perfusion fixed, via the 
heart, with a solution of 2 % paraformaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.4). 
Vibratome sections of 80 microns thickness were cut through a piece of liver, and washed thoroughly with 
cacodylate buffer (0.1M, pH 7.4), postfixed for 40 minutes in 1.0 % osmium tetroxide, and then 30 minutes in 
1.0% uranyl acetate in water, before being dehydrated through increasing concentrations of alcohol and then 
embedded in Durcupan ACM (Fluka, Switzerland) resin. The slices were then sandwiched between two glass 
slides, coated with mold releasing agent (Glorex, Switzerland), and placed in a 65°C oven for 24 hours for 
hardening. Regions of the tissue were selected, cut from the section with a razor blade, and then mounted on 
blank resin blocks with acrylic glue. Thin sections (50 nm thick) were cut with a diamond knife mounted in an 
ultramicrotome (Leica UC7, Leica Microsystems), and collected onto single-slot, copper grids with a pioloform 
support film. These sections were contrasted with lead citrate and uranyl acetate and imaged with a transmission 
electron microscope (FEI Company, Tecnai Spirit) and CCD camera (FEI Company, Eagle). Images were taken 
of hepatocytes at a final magnification of 2nm per pixel. Cells were selected only if they showed a large nucleus 
to indicate the section had been cut approximately through the middle of the cell. A total of 20 cells were imaged 
from one control and one knockout animal. 
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 Analysis of the cell ultrastruture was carried out using the TrakEM2 plugin running in the FIJI software (1). 
The size and area fraction of the mitochondria, within the cytoplasmic domain, were compared between the two 
groups of images. The total surface area of each cell was delimited using the arealists tool, and this value 
subtracted from the area occupied by the nucleus and lipid droplets. Next, the area of the each mitochondria was 
measured, as well as its maximum diameter. This analysis is able to compare the two sets of cell images in an 
unbaised manner, assuming that the mitochondria are randomly distributed and oriented in the cells. It does not, 
however, give their absolute length, or density, in the volume of the cell. 
 
Mitochondrial isolation from mouse livers:  livers were extracted and the gallbladder was removed using a 
scalpel. The liver was then immediately rinsed free of blood using 4 washes in abundant ice-cold mitochondrial 
isolation buffer (IB): 250 mM sucrose, 10 mM Tris-MOPS and 0.1 mM EGTA/Tris; adjusted to pH=7.4).  The 
liver was then minced in a beaker placed in an ice batch and the tissue pieces were placed in 5 ml of ice-cold fresh 
IB, keeping a 1:5 to 1:10 w:v proportion. This suspension was then transferred to a glass potter and homogenized 
at 4°C using a Teflon pestle rotating at 1600 rpm (4 strokes). The homogenate was then transferred to a falcon 
tube and centrifuged at 600g for 10 min at 4 °C. The supernatant was then transferred to glass centrifuge tubes 
and centrifuged at 7’000g for 10 min at 4 °C. After discarding the supernatant, the pellet was washed once more 
with 5 ml of ice-cold IB and centrifuged for 10 min at 4 °C. The supernatant was then discarded and the pellet, 
containing mitochondria, was resuspended using the small amount of buffer that remains after discarding the 
supernatant. Mitochondrial protein concentration was then determined using the BCA method. 
 
Skeletal muscle fiber permeabilization: glycolytic EDL skeletal muscle was placed in relaxing buffer (in mM: 
2.8 CaK2EGTA, 7.2 K2EGTA, 5.8 ATP, 6.6 MgCl2, 20 taurine, 15 Na2 phosphocreatine, 20 imidazole, 0.5 
dithiothreitol, and 50 MES, pH 7.1) immediately after dissection, and fibers were separated under a microscope 
using small forceps. Then, the fibers were placed in fresh relaxing buffer supplemented with 0.005% (wt/vol) 
saponin and left for 30 minutes shaking at 4 °C. The tissue was then equilibrated in respirometry medium (MiR) 
(in mM: 0.5 EGTA, 3 MgCl2•6H2O, 60 K-lactobionate, 20 taurine, 10 KH2PO4, 20 HEPES, 110 sucrose and 
0.1% (wt/vol) bovine serum albumin, pH 7.1]. Thereafter, skeletal muscle fibers were blotted for ∼30 s and 1.0–
2.5 mg of tissue was added to the respirometry chamber. 
 
Respirometry:   
 
Mitochondrial Respiration (MIR) Buffer composition:  
 
Compound  Concentration 
EGTA    0.5 mM 
MgCl2.6H2O   3 mM (free Mg2+ = 2.1 mM) 
Lactobionic acid  60 mM 
Taurine   20 mM 
KH2PO4   10 mM 
HEPES   20 mM 
d-sucrose   110 mM 
BSA, fatty acid free  1g/liter 
 
Respirometry on isolated mitochondria: For respirometry analyses on isolated mitochondria, 200 g of isolated 
mitochondrial protein were used (in a 2 ml chamber) and the incubations were done at 30 °C.  State 2 respiration 
defines the steady-state respiration achieved after the addition of substrates for Complex I (malate and glutamate; 
2 and 10 mM respectively) or Complex II (succinate 10 mM) in the absence of ADP. For analyses aimed to 
specifically analyze Complex II, rotenone (0.5 M) was added in addition to succinate, in order to inhibit 
Complex I. State 3 respiration was evaluated by adding ADP (250 M or 5 mM, as indicated in the figure 
legends). Respiratory Control (RC) was calculated as the State 3/State 2 ratio obtained at this stage. Maximal 
respiration was explored by titrating FCCP at 0.5 M steps until maximum effects were reached. Antimycin A 
(2.5 M) was used to inhibit Complex III and verify the complete abrogation of respiration in our samples, but the 
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values were not substracted from State 2, State 3 or FCCP, as there was no statistical significant difference 
between corrected and uncorrected data. Isolated mitochondria preparations were routinely tested for the integrity 
of the outer mitochondrial membrane by adding Cytochrome C (10 M) during State 3 respiration. All studies in 
isolated mitochondria used exclusively samples where Cytochrome C addition increased respiration by less than 
5%. Similarly, mitochondrial preparations with an RC below 4 (upon Complex I stimulation) were discarded. 
 
Respirometry studies in cultured cells: One million cells were placed on the each Oroboros chamber, 
containing, unless otherwise indicated, DMEM (25 mM glucose). Then, basal respiration was measured for 10 
minutes. The contribution of ATP synthesis-indepenent respiration to basal respiration rates was then examined 
by adding Oligomycin (2.5 M). Finally, maximal respiration rates were evaluated by titrating FCCP. Finally, 
Antimycin A (2.5 mM) was added to inhibit respiration via Complex III and examine residual oxygen 
consumption (ROX). In experiments comparing glucose to galactose, both substrates were added at 5 mM 
concentrations. 
 
ROS measurements: ROS measurements were performed using the O2k-Fluo LED2-Module that acts as s 
fluorometer for O2k Oxygraphs. Optical sensors are inserted through the front window of the O2k-glass 
chambers, for measurement of hydrogen peroxide production, Amplex Red was used, as described previously (2).  
Amplex Red is a colorless substrate that reacts with hydrogen peroxide (H2O2) with a 1:1 stoichiometry to 
produce highly fluorescent resorufin (excitation/emission=570/585 nm). Briefly, the respirometry media (MiR05) 
was supplemented with 0.010 mM Amplex Red, 4 U/ml horseradish peroxidase and 40 U/ml superoxide 
dismutase. Then, mitochondria were added and basal fluorescence in the absence of substrates was recorded. 
After 5 minutes of stable signal, malate and glutamate were added and fluorescence was measured during State 2 
respiration. H2O2 titrations were used to ensure the linearity of the response and quantify ROS production. 
 
RNA Extraction and Real-Time PCR:  Snap frozen tissues were used for RNA extraction using TRIzol reagent 
(Invitrogen) following the manufacturer’s instructions. RNA was reverse-transcribed with the SuperScript III 
reverse transcriptase kit (Invitrogen). Real time quantitative PCRs were performed using Light cycler machine 
(Roche) using the SYBR Green PCR Master Mix (Roche). All measurements were normalized to mean of β-actin 
and cyclophilin gene expression..  
 
Western Blotting: Cells were lysed in lysis buffer (50 mM Tris-HCL pH7.5, 150 mM NaCl, EDTA 5 mM, NP40 
1%, sodium butyrate 1mM, protease inhibitors). Proteins were quantified using BCA assay (Pierce). For western 
blotting, proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes. The membranes 
were blocked with 5% BSA prepared in TBST and incubated overnight with antibodies against target proteins.  
 
Histology: H&E staining were performed using the fully automated Ventana Discovery XT (Roche Diagnostics, 
Rotkreuz, Switzerland). All steps were performed on the machine with Ventana solutions. Immuno-
histochemistry for cleaved Caspase 3 was performed using a cell signaling antibody. DAB technology was used 
for revelation.  
 
Acyl-Carnitine analyses: Acylcarnitines were extracted from HFD-fed WT and Mfn1 LKO mice liver tissues 
based on the procedure described previously (3). Tissues were freeze-dried overnight, and dried tissues were re-
suspended in 100% acetonitrile (ACN) together with deuterium-labeled internal standards (25 μl of 5 μM [3,3,3-
2H3]C3-carnitine and 2 μM [6,6,6-2H3]C6-, [8,8,8-2H3]C8-, [10,10,10-2H3]C10- and [16,16,16-2H3]C16-carnitine 
in ACN, and 25 μl of 325 μM[methyl-2H3]-L-carnitine in 20% ACN).The samples were homogenized using a 
TissueLyser II (Qiagen) for 2x2.5 min at a frequency of 30 times/sec followed by centrifugation at 20,000 g for 
10 min at 4°C. The supernatant was evaporated at 40°C under a stream of nitrogen, and acylcarnitine residues 
were resuspended in 100 μl propylation reagent (4:1 mixture of 1-proponol and acetylchloride) and incubated at 
60°C for 15 min. The derivatization reagent was evaporated under nitrogen stream, the acylcarnitine residues 
were dissolved in 100% ACN, and analyzed by tandem mass spectrometry as described previously (3).  
 
Microarray: Illumina microarrays were used to profile the gene expression levels of approximately 25,000 genes, 
in the Livers of Mfn1 WT and Mfn1 LKO mice on high fat diet (n = 4 per group). The mRNA samples were 
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hybridized on a single chip and raw microarray data were analyzed using the Illumina genome studio software. 
The results of the microarray are available in the GEO database with the accession number GSE74888. To test for 
sets of related genes that might be systematically altered in Mfn1 LKO high fat diet fed Livers, we used a Gene 
Set Enrichment Analysis (GSEA), a method which combines information from the members of previously defined 
sets of genes (e.g. curated biological pathways) to increase signal relative to noise and improve statistical power 
to detect subtle changes (4). Complete details on the method for this analysis are available on the 
http://www.broad.mit.edu/gsea website. Briefly, genes from the microarray were first ranked according to the 
expression difference (signal to noise ratio) between genotypes. The extent of association was then measured by a 
non-parametric running sum statistic termed the enrichment score (ES), and the maximum ES (MES) was 
recorded over each gene set. Permutation tests were used to assess the statistical significance of the MES, which 
is calculated as the fraction of the 100 random permutations of the gene list in which the top pathway gave a 
stronger result than that observed in the actual data. The unadjusted nominal P value estimates the statistical 
significance of a gene set without adjusting for gene set size or multiple hypothesis testing, whereas the false 
discovery rate (FDR) statistic adjusts for both. In this analysis, an FDR of approximately 30% was considered 
acceptable. The nominal P-values for the gene set are indicated in the corresponding panels. 
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Supplementary Figure S1. (A) Total protein content of mitochondrial dynamics-related proteins in livers from 
control or Mfn1 liver-specific KO mice (Mfn1LKO). (B-C) Total body weight and liver weights of WT and Mfn1 
LKO mice on low fat diet (LFD) at the time of sacrifice. (D-E) Total liver triglyceride content and food intake 
between WT and Mfn1 LKO mice on chow diet. Results shown are mean ± SEM, * p<0.05, n=9-10 per group. 
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Supplementary Figure S2. (A) Mean lipid droplet size in control and Mfn1LKO mice livers as analyzed by 
transmission electron microscopy. (B) Mitochondria respiration in liver homogenates from control and Mfn1 
LKO mice. Malate (2 mM) and glutamate (10 mM) were used to stimulate State 2 respiration, then ADP (5 mM) 
was added to analyze State 3. Subsequently, State 3 was also studied in the presence not only of Complex I 
substrates, but also Complex II (succinate, 10 mM). Then, FCCP was titrated in order to analyze maximal 
respiratory capacity. Respiratory control (RC; State 3/ State 2 ratio) for malate+glutamate is shown on the right. 
(C) Respiratory capacity was tested in permeabilized muscle fibers following the protocol described in (B). (D) 
H&E staining and immuno-histochemistry for cleaved Caspase 3 on liver using DAB revelation. (E) 4-HNE 
levels were measured in total liver homogenates using the OxiSelect HNE-His Adduct ELISA Kit (Cell Biolabs 
Inc.). (F) Total protein content of diverse mitochondrial markers in WT or Mfn1-/- MEFs. Results shown are mean 
± SEM, * p<0.05 vs. repective control group, 9-10 per group. 
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Supplementary Figure 3. (A) AML12 (mouse hepatocytes) response to lipid overload. AML12 cells were 
incubated in media with or without 100 µM palmitate for 2 hours, then fixed for immunostaining with 
mitochondrial protein Tomm20 to study mitochondrial architecture. (B) mRNA expression of liver pyruvate 
kinase (LPK), phosphoenol pyruvate kinase (PEPCK) and glucose 6 phosphatase (G6Pase) in HFD-fed WT or 
Mfn1 LKO mice livers. (C) Panel of liver acylcarnitine assessment from HFD-fed WT vs Mfn1 LKO mice liver. 
Results shown are mean ± SEM, * p<0.05 vs. respective control group, n=6-10 per group  
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Supplementary Figure 4. (A) Microarray data obtained from HFD-fed WT or mfn1 LKO mice liver was 
analyzed by DAVID pathway analysis. The graph indicates the logarithmic (10-x) p value of the top 5 higher 
enriched gene sets. (B) Mitochondria were isolated from WT and Mfn1LKO livers. Then, State 2 and State 3 
respiration were analyzed by adding malate, glutamate in the presence or absence of ADP (5 mM). Then, 
metformin was sequentially added at increasing concentrations after the assessment of State 3 respiration. 
Mitochondria were incubated for 10 minutes after each step. Total respiration values with and without metformin 
treatment are shown on the left. Changes in the RC induced by metformin are shown in the right. (C) As in (B), 
but using succinate as oxidative substrate, together with rotenone in order to inhibit Complex I respiration. * 
p<0.05 n= 4 per group   
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Supplementary Figure 5. (A-B) Representative Immunoblot for markers of ER-stress in either chow or HFD-fed 
WT or Mfn1 LKO mice livers. (C) Ratio of protein expression of mitochondrial DNAencoded SDHA to nuclear 
DNA encoded MTCO1 in HFD-fed WT vs Mfn1 LKO mice liver total homogenate.   
 

 


