
Cellular and Molecular Remodeling of Inguinal Adipose Tissue 
Mitochondria by Dietary Methionine Restriction

Yuvraj N. Patil, Kelly N. Dille, David H. Burk, Cory C. Cortez, and Thomas W. Gettys1

Nutrient Sensing and Adipocyte Signaling Laboratory, Pennington Biomedical Research Center, 
Baton Rouge, La 70808

Abstract

Dietary methionine restriction (MR) produces a coordinated series of biochemical and 

physiological responses that improve biomarkers of metabolic health, increase energy expenditure, 

limit fat accretion, and improve overall insulin sensitivity. Inguinal white adipose tissue (IWAT) is 

a primary target and site of action where the diet initiates transcriptional programs linked to 

enhancing both synthesis and oxidation of lipid. Using a combination of ex vivo approaches to 

assess dietary effects on cell morphology and function, we report that dietary MR produced a 4-

fold increase in multilocular, UCP1-expressing cells within this depot in conjunction with 

significant increases in mitochondrial content, size, and cristae density. Dietary MR increased 

expression of multiple enzymes within the citric acid cycle, as well as respiratory complexes I, II 

and III. The physiological significance of these responses, evaluated in isolated mitochondria by 

high resolution respirometry, was a significant increase in respiratory capacity measured using 

multiple substrates. The morphological, transcriptional, and biochemical remodeling of IWAT 

mitochondria enhances the synthetic and oxidative capacity of this tissue, and collectively underlie 

its expanded role as a significant contributor to the overall increase in metabolic flexibility and 

uncoupled respiration produced by the diet.

Introduction

The initial studies reporting the beneficial effects of dietary methionine restriction (MR) 

showed that it increased mean and maximal lifespan to the same extent as 40% calorie 

restriction (1-3). However, an important distinction between these dietary approaches is that 

dietary MR does not require restriction of food intake. Quite the contrary, animals on the 

MR diet develop hyperphagia but paradoxically, gain significantly less weight than animals 

on the control diet (1). Careful pair-feeding studies showed that dietary MR increased the 

energy costs of maintaining body weight and decreased the accumulation of fat (4); prima 

facie evidence that dietary MR impacts energy balance by increasing total energy 
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expenditure (EE). Not surprisingly, measurement of EE using indirect calorimetry 

established that the increase in EE fully compensated for the diet-induced increase in energy 

intake (5,6). This increase in EE has the effect of increasing the proportion of total intake 

devoted to maintenance of existing tissue, leaving less available to support growth. Dietary 

MR increases EE in both young growing animals and when the diet is introduced after 

attainment of physical maturity. In practice, the net effect of MR on energy balance in both 

experimental contexts is to limit accumulation of adipose tissue (5,6).

Several lines of evidence indicate that adipose tissue is far more than a passive participant in 

the physiological effects of dietary MR on metabolic status of the animal. First, the 

exaggerated increase in night-time EE and core body temperature in MR rats, coupled with 

increased expression of UCP1 in both BAT and WAT, is consistent with a state of 

uncoupled respiration in adipose tissue (5). Second, analysis of systems biology changes in 

tissues from methionine-restricted animals make a compelling case that adipose tissue, 

particularly IWAT, is a key transcriptional target of dietary MR (7,8). Third, in vivo and ex 

vivo analysis of tissues from methionine-restricted animals show that the capacity of IWAT 

to synthesize and oxidize lipid is significantly enhanced (5,9,10). Fourth, in vivo 

measurements of metabolic flexibility and insulin sensitivity show that the MR-induced 

enhancement of insulin-dependent glucose uptake and utilization support a diet-induced 

enhancement of de novo lipogenesis in adipose tissue (5,9-11). Fifth, loss of function studies 

establish that UCP1 is essential for MR-induced increases in EE but not insulin sensitivity 

(12). Collectively, these findings make a compelling case that the transcriptional and 

functional remodeling of IWAT by dietary MR is an important component of the overall 

mechanism through which EE and insulin sensitivity are affected by the diet. Using a 

combination of ex vivo approaches to assess the effects of dietary MR on IWAT, we show 

that the remodeling of this tissue involves targeted effects on mitochondrial ultrastructure 

and function that result in enhancement of the tissue's overall respiratory and synthetic 

capacity, creating the conditions for operation of futile cycles within the inguinal adipocytes.

Experimental Procedures

Animal Care

All animal experiments were performed with the approval of the PBRC Institutional Animal 

Care and Use Committee based on the recommendations of the Animal Welfare Act, 

National Research Council and the Public Health Service Policy on humane care and use of 

laboratory animals. Wild-type male C57BL/6J mice were obtained from Jackson 

Laboratories (Bar Harbor, ME) at 6 wks of age and randomly assigned to receive diets 

formulated by Dyets (Bethlehem, PA) to contain 0.86% methionine (control diet) or 0.17% 

methionine (MR diet) as described previously (5). The pelleted diets and water were 

provided ad libitum for 8-9 wks and the mice were housed at 22–23°C on a 12 h light cycle 

from 7 AM to 7 PM. In all experimental cohorts except the one providing tissues for 

transmission electron microscopic (TEM) analysis, the animals were euthanized and their 

organs/tissues harvested and processed for ex vivo analysis or flash-frozen in liquid nitrogen 

for subsequent processing.
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Reagents

The reagents were obtained from the following sources. All enzymes used in this work were 

purchased from Sigma-Aldrich (St. Louis, MO) with the exception of malic enzyme (Alfa 

Aesar, Ward Hill, MA) and collagenase I (Worthington Biochemical Corporation, 

Lakewood, NJ). Paraformaldehyde for tissue perfusion was purchased from Acros Organics 

(Morris Plains, NJ). Reagents used in preparation of tissue samples for electron microscopy 

were procured from Electron Microscopy Sciences (Hatfield, PA). All other substrates and 

reagents were obtained from Sigma-Aldrich (St. Louis, MO).

Transmission Electron Microscopic Analysis

Animals designated to provide tissues for TEM were perfused with a fixative solution 

comprised of 2% glutaraldehyde and 1% paraformaldehyde in phosphate buffered saline 

(PBS). Following the perfusion and tissue fixation, the tissues were harvested and stored in 

the fixative solution at 4°C. The tissues were then cut into cubical pieces and washed in 

buffer containing 0.1M cacodylate and 0.05M sucrose, followed by fixation with 1% 

osmium tetraoxide. After a brief wash, the blocks were stained with 1% uranyl acetate and 

subjected to dehydration using an ethanol gradient. The tissue blocks were then embedded in 

resin, dried and sectioned to a thickness of 70 nm using a Leica EM UC7 microtome. The 

sections were stained with lead citrate and viewed using a JEM 1400 TEM (JEOL, Tokyo, 

Japan). The resulting twenty two TEM images were used to measure mitochondrial cross-

sectional area and cristae density using Image J software (NIH) by an operator blinded to the 

identity of the tissue samples. The software was calibrated using the reference scale 

provided within the TEM image. Mitochondria were identified by their double membrane 

structure and cristae, and mitochondrial number was obtained by counting mitochondria 

within randomly selected squares within the image grid for each of the images for each 

dietary group.

Histology

Animals were perfused with a 10% formalin solution after which tissues were harvested and 

stored in the perfusion medium. IWAT samples were subsequently processed and embedded 

in paraffin, sectioned to 5μm thickness and subjected to immuno-histochemical staining. The 

prepared sections were dewaxed prior to heat induced antigen retrieval (Na Citrate, pH 6.0 

for 20 min at 100C) and avidin/biotin blocking. After a 1 hr block with 5% normal goat 

serum the slides were incubated with a 1:100 dilution of anti-UCP1 (Sigma-Aldrich, U6382) 

overnight at 4C. The slides were then washed in TBST, incubated with biotinylated goat 

anti-rabbit IgG (Vector Laboratories, BA-1000, 1:200) for one hour, washed again in TBST, 

and then incubated with a 1:300 dilution of streptavidin-Cy3 (Jackson ImmunoResearch, 

West Grove, PA) for one hour. After washing in TBST, the sections were incubated with a 

20 ug/ml solution of WGA-Oregon Green (Life Technologies, Grand Island, NY) and 

Hoechst for 15 minutes prior to a final wash before mounting. The prepared slides were 

imaged using a Leica DM6000 microscope and analyzed using CellProfiler software (http://

www.cellprofiler.org/citations.shtml) as described earlier (13). Briefly, a pipeline was 

generated that allowed for manual ROI selection of stained tissue followed by initial cell 

identification using the WGA membrane stain. Classification as UCP1 positive or negative 
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was then determined based on the presence or absence of red (UCP) staining within 

identified cells.

QRT-PCR and Western Blotting

Quantitative real-time PCR analyses was used to measure mRNA concentration of genes of 

interest from individual tissue samples as described previously (14). Briefly, 10 ng of 

cDNA, reverse-transcribed from total RNA, was used in QRT-PCR reactions in the presence 

of SYBR fluorescent dye (Takara, Japan) on an Applied Biosystems 7900 (Applied 

Biosystems/Life Technologies, Grand Island, NY). Relative content of mRNA in each 

sample was normalized to cyclophilin mRNA in that sample. Analysis of the ratio of 

mitochondrial to genomic DNA was carried out using genomic DNA isolated from each 

sample as previously described (15). The primers used for QRT-PCR are listed in table 1. 

Tissue extracts were prepared for Western blotting as previously described (11). Antibodies 

used for Western blotting included a peptide affinity-purified antibody raised against amino 

acids 145-159 of mouse UCP1 (16), the Mitoprofile Total OxPhos antibody cocktail from 

MitoSciences (Eugene, OR), and anti-β actin (Sigma).

2,3,5-triphenyltetrazolium chloride (TTC) Reduction Assay

Electron transport activity in adipose tissue explants was examined by measuring the 

reduction of TTC as previously described (17). Briefly, the fat pads from IWAT and 

epididymal WAT (EWAT) were minced in PBS, rinsed and incubated in PBS containing 

1%TTC for 15 min at 37°C. After the incubation, the reduced TTC was extracted from the 

minced tissue with isopropanol and quantified by spectrophotometry using standards.

High-Resolution Respirometry

Respirometry was performed on mitochondria isolated from IWAT adipocytes, liver and 

skeletal muscle. Adipocytes were liberated from IWATs pooled from 2 – 4 mice per trial 

and homogenized to obtain intact mitochondria. Briefly, the fresh harvested IWATs were 

rinsed in PBS, cut into small 1 mm pieces and incubated with collagenase in the Krebs-

Henseleit buffer (110mM NaCl, 5mM KCl, 4mM MgSO4·7H2O, 1.5mM NaH2PO4, 5mM 

glucose, 2% BSA, pH 7.4) with constant shaking at 37°C. After the digestion process, the 

liberated adipocytes were filtered using a nylon mesh with a pore size of about 250μm to 

remove undigested adipose tissue and then washed free of the collagenase by low speed 

centrifugation.

Mitochondrial Isolation—Mitochondria were isolated from adipocytes using the 

procedure of Martin and Denton (18). IWAT adipocytes were gently homogenized in 0.5M 

sucrose, 20mM Tris-HCL, 2 mM EGTA and 2% fatty acid free BSA (pH 7.4) on ice using a 

glass Dounce homogenizer. The homogenate was centrifuged at 3000 × g for 1 min at 4°C 

to remove intact adipocytes, nuclei and cellular debris. The infranatant was then centrifuged 

at 20,000 × g for 3 min, 4°C to sediment mitochondria. The mitochondrial pellet was re-

suspended in the homogenization medium and re-centrifuged at 20,000 × g for 3 min, 4°C. 

The final pellet was re-suspended in the homogenization medium with 0.1% fatty acid free 

BSA. Mitochondrial protein content was measured using the Lowry method. Mitochondria 

from liver and skeletal muscle were isolated as described by Frezza et al. (19).
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Respirometry—Mitochondrial flexibility and function were measured using an Oroboros 

Instruments (Innsbruck, Austria) high resolution respirometer. The chamber contained 2 ml 

of the respiration medium (110 mM sucrose, 20 mM HEPES, 10 mM KH2PO4, 20 mM 

taurine, 60 mM K-lactobionate, 3 mM MgCl2, 0.5 mM EGTA, 0.1% BSA (fatty acid free), 

pH 7.2) at 37°C. A typical series of measurements employed a single or set of substrates to 

initiate the electron flow, for instance pyruvate (5 mM) and malate (2 mM) to energize 

complex I. Addition of substrate(s) to mitochondria in the absence of ADP induced a small 

increase in oxygen consumption, which was termed leak respiration or state 2 respiration. 

The ‘leak’ rate of the mitochondria was determined to be equivalent to the oxygen 

consumption after addition of oligomycin to inhibit complex V, ATP synthase. A further 

increase in respiration was obtained by adding ADP (1 mM). This is termed Oxphos 

respiration, or state 3 respiration, which reports the maximum coupled oxygen consumption 

possible for the mitochondria with the given substrate. The full capacity of the electron 

transport system (ETS), termed Uncoupled respiration, was measured by titration with 

FCCP (carbonylcyanide p-trifluoromethoxyphenylhydrazone) in 0.5μM increments. ETS 

capacity reports the maximum uncoupled respiration of the mitochondria. Antimycin A was 

used to inhibit respiratory activity to determine and correct for non-mitochondrial oxygen 

consumption. Mitochondrial flexibility was assessed using additional substrates. For 

example, Complex II was energized using succinate (10 mM) and Rotenone (0.1μM), 

palmitoyl carnitine (2mM) was employed to measure electron input via β–oxidation, and 

finally glycerol-3-phosphate (10mM) was used to measure electron flux through the 

mitochondrial glycerol-3-phosphate dehydrogenase-mediated electron transport pathway. 

Cytochrome c (10 μM) was routinely added to the respiring mitochondria in the chamber to 

test the integrity of the outer mitochondrial membrane and thus ensure the quality of the 

mitochondrial preparation. Addition of cytochrome c always resulted in less than 10% 

stimulation of oxygen consumption.

Enzyme Activity Assays

All enzyme activities were measured at 37°C according to methods described previously 

(20-23). In brief, citrate synthase activity was measured by following the formation of 5-

thio-2-nitrobenzoate at 412 nm in a reaction mixture containing 100 mM Tris-HCL (pH 8.0), 

100 μM 5,5′-dithiobis(2-nitrobenzoic acid), DTNB, 50 μM acetyl CoA, 0.1% SDS, and 250 

μM oxaloacetate after addition of 50 μg mitochondrial protein. Aconitase activity was 

measured by monitoring the increase in absorbance of NADPH at 340 nm in a reaction 

mixture containing 50 mM Tris-HCL (pH 7.4), 30 mM sodium citrate, 0.5 mM MnCl2, 0.2 

mM NADP+, and isocitrate dehydrogenase 2 U/ml after addition of 50 μg mitochondrial 

protein. Isocitrate dehydrogenase activity was measured by following the increase in 

NADPH absorbance at 340 nm in a reaction mixture composed of 50 mM Tris HCL (pH 

7.4), 0.44 mM isocitrate, 1 mM NADP, and 0.6 mM MnCl2 after addition of 50 μg of 

mitochondrial protein. α-ketoglutarate dehydrogenase activity was measured by monitoring 

the increase in NADH absorbance at 340nm in a mixture containing 50 mM HEPES (pH 

7.4), 0.1% triton X-100, 0.5 mg/ml BSA, 0.2 mM TPP (thiamine pyrophosphate), 2 mM 

NAD+, 1 mM MgCl2, 0.3 mM DTT (dithiothreitol), 5 mM α-ketoglutarate, 2.6 mM 

cysteine, and 0.1 mM CoA after addition of 25 μg mitochondrial protein. Succinyl CoA 

ligase (synthetase) activity was measured by following the decrease in NADH absorbance at 
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340 nm in a reaction mixture containing 50 mM Tris-HCL (pH 7.4), 10 mM MgCl2, 0.1 mM 

Coenzyme A, 2 mM phosphoenol pyruvate, 0.1 mM guanosine triphosphate, 0.2 mM 

NADH, 50 mM succinate, 0.8 U pyruvate kinase, and 0.8 U lactate dehydrogenase after 

addition of 50 μg mitochondrial protein. Succinate dehydrogenase activity was measured by 

following the decrease in absorbance at 600 nm in a reaction mixture composed of 100 mM 

KH2PO4 (pH 7.6), 4 mM sodium azide, 1mM EDTA, 72μM (dichlorophenolindophenol) 

DCPIP, and 40mM succinate after addition of 30 μg of mitochondrial protein. Fumarate 

hydratase (fumarase) activity was measured by following the increase in NADPH at 340 nm 

in a reaction mixture containing 50 mM HEPES (pH 7.6), 4 mM MgCl2, 0.4 mM NADP+, 

malic enzyme (0.2U), and 10 mM fumarate after addition of 50 μg of mitochondrial protein. 

Malate dehydrogenase activity was measured by following the decrease in absorbance of 

NADH at 340 nm in a mixture containing 50 mM Tris-HCL (pH 7.4), 0.3 mM oxaloacetate, 

and 0.2 mM NADH after addition of 10 μg mitochondrial protein. Malic enzyme activity 

was measured by following the increase in absorbance of NADPH at 340 nm in a reaction 

mixture containing 50 mM Tris-HCL (pH 7.4), 10 mM malate, 5 mM Fumarate, 0.3 mM 

NADP+, 5 mM MnCl2, 5 mM MgCl2, and 1 mM DTT after addition of 50 μg mitochondrial 

protein.

Statistical analysis

Students t tests were used to compare mRNA levels of individual genes, protein levels from 

Western blots, imaging measures of mitochondrial or adipocyte remodeling, and enzyme 

activities. Protection against type I errors was set at 5% (α=0.05).

Results

Effects of dietary MR on remodeling of inguinal WAT and expression of UCP1

To assess the extent of remodeling of IWAT by dietary MR, dual label 

immunohistochemistry was used to measure changes in the number of cells expressing 

UCP1 within the entire inguinal depot. This was accomplished by staining cell membranes 

with wheat germ agglutinin (WGA, green) and mitochondrial UCP1 (red) in replicate 

sections of the depot. Figures 1A and 1B show the staining of entire IWAT sections from 

representative mice in each group, along with insets showing areas of higher magnification 

within each pad. The respective images illustrate the heterogeneity of staining for UCP1 

between groups, although close inspection reveals that the morphology of UCP1 expressing 

cells from each group is comparable (Figs. 1A and 1B). To compare the extent of UCP1 

induction between treatment groups, an unbiased imaging algorithm was used that counted 

the total number of adipocytes within each section and the total number of cells also 

expressing UCP1 within the same section. The median number of cells expressing UCP1 in 

the MR group sections was >40% while only 10% of cells in the Control group sections 

expressed UCP1 (Fig. 1C). Real time PCR and Western blotting of whole cell extracts for 

UCP1 showed that UCP1 mRNA and protein expression were ∼3.5-fold higher in IWAT 

from MR compared to Control mice (Fig. 1D). Further analysis using a cell-sizing algorithm 

revealed that dietary MR increased the number of smaller adipocytes (size<800μm2) while 

decreasing the overall mean adipocyte size within the pad (unpublished data). While smaller 

adipocytes also appear in IWAT from control fed animals, their appearance in MR-fed 
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animals coincides with areas where increased numbers of beige/brite cells were detected. 

Thus, the diet-induced increase in number of smaller adipocytes coincides with the 

significant increase in UCP1-expressing adipocytes within the depot. Collectively, these 

data show that the increase in total UCP1 expression induced by MR can be explained by a 

4-fold expansion in the number of adipocytes within the IWAT depot expressing UCP1.

Effects of dietary MR on mitochondrial density and morphology

To evaluate the effects of dietary MR on the amount of mitochondrial DNA/cell, the ratio of 

mitochondrial DNA to genomic DNA was measured by quantitative RT-PCR as described 

previously (15). Despite an increase in multilocular adipocytes and the associated changes in 

cell morphology within the IWAT depot (Fig. 1), the ratio of mitochondrial DNA/cell was 

unaffected by dietary MR (Fig. 2A). The mitochondrial DNA/cell ratio was also unchanged 

by MR in liver, BAT, and skeletal muscle (Fig. 2A).

To explore the apparent dichotomy between the effects of diet on UCP1 expression and the 

predicted increase in mitochondrial numbers per cell, mitochondrial architecture was 

examined using transmission electron microscopy (TEM) coupled with image analysis using 

Image J software (Fig. 2B). Analysis of mitochondria within adipocytes from multiple 

IWAT sections for mitochondrial size, number, and cristae density revealed that dietary MR 

increased the cross sectional area of mitochondria by 2.5-fold (Fig. 2C), mitochondrial 

number by 1.7-fold (Fig. 2D), and decreased cristae interval by ∼2-fold (Fig. 2E). Fig. 2B 

shows that the mitochondria in IWAT of MR mice were significantly enlarged (P<0.05), 

while the interval (separating distance) between the cristae in individual mitochondria was 

50% less than the distance in IWAT mitochondria from control mice (Fig. 2E). The smaller 

interval indicates a closer stacking of the cristae and therefore a greater cristae density in 

IWAT mitochondria from the MR group. The cristae make up a portion of the inner 

mitochondrial membrane surface to which the respiratory proteins are localized. The 

mitochondrial number, quantified by counting of individual mitochondria within image grids 

was significantly higher in the MR mice (Fig. 2B and 2D). It is unclear why the imaging- 

and PCR-based approaches led to different conclusions on mitochondrial density, but it 

should be noted that adipocytes represent only ∼50% of the cells present within the IWAT 

depot. Therefore, the PCR-based method would not have distinguished between cell types in 

its measurement of mitochondrial DNA. However, the increased mitochondrial size, content 

and cristae density assessed by imaging represents a direct and selective measurement of 

these variables only within adipocytes. The results of these measurements are fully 

consistent with the observed increases in UCP1 and multi-locular adipocytes in IWAT of the 

MR group.

Effect of dietary MR on the expression of cytosolic and mitochondrial respiratory proteins

Consistent with the increase in inner mitochondrial membrane surface produced by MR 

(Fig. 2E), expression of the mRNAs encoding respiratory Complexes I –V were all 

increased by MR in IWAT (Fig. 3A). The largest change was a 2.8-fold increase in complex 

IV/cytochrome c oxidase (COX) mRNA, although cytochrome c, which is crucial for 

electron transport and respiratory activity, was also up-regulated by 1.9-fold (Fig. 3A). 

Additional electron transfer pathways were surveyed, including the glycero-phosphate 
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shuttle, consisting of cytosolic and mitochondrial glycerol-3-phosphate dehydrogenases 

(gpd1, cytosolic; gpd2, mitochondrial). They catalyze the interconversion of dihydroxy-

acetone phosphate and glycerol-3-phosphate, coupling to NADH oxidation in the cytosol 

and FAD reduction in the mitochondria. Dietary MR significantly increased mRNA 

expression of both the cytosolic and mitochondrial components of this shuttle, along with 

cytosolic glycerol kinase (gk), which phosphorylates glycerol released from triglyceride 

breakdown after lipolysis, providing glycerol-3-phosphate for re-esterification (Fig. 3A). 

ETF dehydrogenase (etf), a mitochondrial flavoprotein localized to the inner mitochondrial 

membrane, was significantly increased by dietary MR (P<0.05) whereas the outer 

mitochondrial membrane voltage-gated anion channel, vdac, did not differ in IWAT from 

mice on the two diets (Fig. 3A). Considered together, the TEM analysis showed that the 

primary impact of dietary MR on mitochondrial ultrastructure was an increase in the inner 

mitochondrial membrane surface area, where essentially all of the upregulated genes 

involved in respiration are localized. Of particular note was that several genes involved in 

futile cycling of glycerol, both in the triglyceride/fatty acid cycle (gk) and the glycero-

phosphate cycle (gpd1,gpd2) were all up regulated by dietary MR. Lastly, in sharp contrast 

to IWAT, expression of respiratory genes in the liver were unaffected by dietary MR (Fig. 

3B), highlighting the tissue specific nature of the changes induced in IWAT by the MR diet.

The diet-induced changes in respiratory complex mRNAs in IWAT were mirrored in large 

part by MR-induced changes in protein expression of three of the five respective respiratory 

complexes (Fig. 3C). Western blotting shows that Complexes I through III were 

significantly increased by MR in extracts of isolated IWAT mitochondria (Fig. 3C). In 

contrast, the within group heterogeneity of expression of Complex IV in the Control group 

precluded detection of a difference between the dietary groups (Fig. 3C). The expression of 

Complex V was far more uniform within and across the dietary groups and no effect of MR 

was detected for this complex (Fig. 3C).

Effect of dietary MR on respiratory capacity of IWAT and EWAT

To further examine the impact of the MR diet on the bioenergetics of WAT, we measured 

complex I related oxido-reductase activity using the redox probe, TTC, in IWAT and 

EWAT. Fig 4A shows that dietary MR produced a 5-fold increase in reductase activity in 

IWAT, but had no discernible effect in EWAT. It is particularly interesting that the TTC 

activity in EWAT Controls and IWAT Controls was indistinguishable, further emphasizing 

that the diet-induced changes in reductase activity were specific to the inguinal depot.

The increased TTC reductase activity in IWAT is a summative measure indicative of 

increased electron flux within the mitochondrial respiratory system in this depot. To explore 

the mitochondrial bioenergetics of IWAT in greater detail, oxygen consumption was 

measured using high performance respirometry in mitochondria isolated from inguinal 

adipocytes from each dietary group (Fig. 4B). Multiple substrates were used to measure the 

impact of diet on the activity of specific respiratory complexes as well as when input 

occurred through alternative electron transfer proteins such as gpd2 and etf. For example, 

the Leak and OxPhos respiration for complex I and II, measured using pyruvate + malate 

and succinate, respectively (Fig. 4B), provide evidence of a diet-induced increase in 
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respiratory capacity that parallels the increased expression of these Complexes (see Figs. 3A 

and 3C). Increased expression of UCP1 (Fig. 1) also contributes to increased respiratory 

activity in mitochondria by de-repressing electron flux that is normally auto-regulated 

during coupled phosphorylation. The combined up-regulation of UCP1 and the complexes 

themselves (Figs. 3A and 3C) are consistent with the additional enhancement of uncoupled 

respiration and net capacity of IWAT mitochondria to respire. Using glycerol-3-phosphate 

and palmitoyl carnitine (fatty acyl carnitine) as substrates, we observed a lower overall rate 

of oxygen consumption compared to respiratory rates obtained with pyruvate and succinate. 

Nevertheless, significant diet-induced increases in respiratory capacity were detected with 

both substrates (Fig. 4B). Glycerol-3-phosphate can be oxidized by gpd2 and the resultant 

electrons channeled into the ubiquinone pool (24), although in white adipose tissue, 

glycerol-3-phosphate is also an essential substrate for re-esterification of fatty acyl-CoA 

molecules after their release during lipolysis (25). It is worth noting that the activity of the 

glycerol-phosphate cycle is quite prominent in brown adipose tissue where glycerol-3-

phosphate becomes a significant respiratory substrate in brown adipose tissue during cold 

exposure (26). In the present study, the component enzymes (e.g., gpd1, gpd2) are both 

readily detected in IWAT and significantly increased by the MR diet (Fig. 3A), where 

pronounced diet-induced increases in beige adipocytes were observed (Fig. 1). Fig. 4B 

illustrates that mitochondria from the MR compared to Control mice have increased capacity 

to oxidize glycerol-3-phosphate under all conditions examined. These findings suggest that 

the remodeling of IWAT by dietary MR has significantly enhanced the activity of the 

glycerol-phosphate shuttle in this tissue. A significant but more modest increase in 

respiratory activity was attributable to the MR diet when palmitoyl carnitine was employed 

as substrate (Fig. 4B). These observations are consistent with the increased capacity for fatty 

acid oxidation previously shown in IWAT of rats after consumption of the MR diet (9).

To assess the tissue specificity of the effects of dietary MR on mitochondrial respiratory 

capacity, liver (Fig. 4C) and skeletal muscle (Fig. 4D) mitochondria were evaluated under 

identical conditions. Using substrates for complex I and II as before, the mitochondria 

isolated from both tissues failed to provide any evidence that dietary MR had modified their 

respiratory capacity or bioenergetics (Fig. 4C, D). Taken together with the lack of a TTC 

response in EWAT (Fig. 4A) or change in respiratory capacity in liver or muscle 

mitochondria, the present findings provide further evidence that the remodeling of IWAT by 

dietary MR was targeted and involved transcriptional and morphological changes that 

enhanced the size and respiratory capacity of the mitochondria in this fat depot.

Effect of dietary MR on TCA cycle components

Given the subcellular juxtaposition and functional integration of the TCA cycle with the 

electron transport system, the expression and functional activity of TCA cycle components 

were evaluated to test the impact of the diet on this system. The TCA cycle, along with the 

upstream enzyme complex, pyruvate dehydrogenase, generates the primary electron input 

for the respiratory complexes in the form of NADH and succinate. The activity of the TCA 

cycle therefore plays an indispensable role in the flow of electrons from substrate oxidation 

into the mitochondrial respiratory system. Fig. 5A shows that mRNA expression of all but 

one enzyme of the TCA cycle was significantly increased in IWAT by dietary MR. The 
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coordinated increase in TCA cycle components by MR was concurrent with the diet-induced 

increase in mitochondrial size and matrix volume. To assess the relevance of the increase in 

mRNA expression of each enzyme, their activities were measured in IWAT mitochondria 

and with the exception of succinyl-CoA ligase (suclg), the activity of each TCA enzyme was 

increased by dietary MR (Fig. 5B). Interestingly, the enzymatic activity of the mitochondrial 

form of malic enzyme was increased (Fig. 5B). Malic enzyme serves as a potential outlet for 

cataplerotic removal of malate from the TCA cycle, followed by subsequent oxidation to 

pyruvate and conversion to lactate by lactate dehydrogenase (LDH). LDH mRNA 

expression was increased in IWAT by dietary MR (Fig. 5A), suggesting the potential for 

enhancement of cataplerotic activity through this pathway.

In contrast to the observed effects of MR on TCA cycle components in IWAT, the diet 

produced no detectable changes in mRNA levels or enzyme activity of TCA enzymes in the 

liver (Figs. 5C and 5D). Considered together, these findings illustrate that in IWAT, dietary 

MR produced a coordinated increase in mitochondrial size, matrix volume, and oxidative 

and respiratory capacity of the tissue.

Fig. 6 provides a diagrammatic model of the morphological and transcriptional remodeling 

of the respiratory capacity of IWAT produced by chronic consumption of a methionine-

restricted diet. The diet increases the number of multilocular, UCP1-expressing adipocytes 

by 4-fold, while also significantly increasing mitochondrial size, cristae density, and 

mitochondrial numbers. The remodeled mitochondria have increased expression of 

respiratory complexes, accessory respiratory proteins, and TCA cycle components, which 

translates into increased respiratory capacity and enhanced metabolic flexibility.

Recent work in our lab shows that the capacity of the remodeled IWAT to take up glucose in 

response to insulin is increased ∼8-fold by dietary MR (12). Together these findings support 

the view that the morphological and functional remodeling of IWAT by MR is central to the 

contributions of this tissue to the associated changes in physiological roles of this tissue.

Discussion

Dietary methionine restriction (MR) produces a beneficial series of metabolic responses that 

develop within days of starting the diet and are maintained for as long as it is continued 

(4,5,9). The most prominent short-term responses are increased EE (5) and increased in vivo 

insulin sensitivity (11). While improvements in overall insulin sensitivity are predicted to 

accrue in part from diet-induced reductions in adiposity and serum lipids (5), concomitant 

increases in the insulin-sensitizing hormones, adiponectin (4,5) and FGF-21 (11)may also be 

involved. Systematic examination of transcriptional responses to MR in peripheral tissues 

has been employed as part of an overall strategy to identify the systems biology being 

affected by the diet (4,7,8,10,27-29). Given that inguinal WAT emerged as a primary target 

of dietary MR (6,9,27,28), the objective of the present work was to understand how the 

resulting cellular and molecular responses within this tissue are contributing to specific 

components of the metabolic phenotype.
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Dietary MR limits ongoing fat accumulation by increasing total EE by mimicking the 

responses of thermoregulatory thermogenesis. For example, dietary MR rapidly increases 

Ucp1 expression in brown adipose tissue while simultaneously remodeling the morphology 

of white adipose tissue (5,9). The present work illustrates that the changes occurring in 

inguinal adipocytes include a 3.5-fold increase in UCP1 expression, a corresponding 4-fold 

increase in the number of cells expressing UCP1, and specific morphological changes in the 

ultrastructure of mitochondria within these cells. Using both bromo deoxyuridine 

incorporation (30) and cell lineage tracing approaches (31), recent studies have shown that 

essentially all new UCP1-expressing adipocytes in IWAT after cold exposure are derived 

from preexisting unilocular adipocytes. This transdifferentiation process is blocked entirely 

by surgical denervation of IWAT but can be restored by infusion of sympathomimetics (32). 

Thus, it seems likely that the remodeling of inguinal WAT by dietary MR is also a SNS-

dependent process (6). An important unanswered question is the relative significance of this 

“browning” to the capacity for substrate oxidation as well as the overall increase in EE 

produced by MR. For example, we have shown that dietary MR increased total EE by 35% 

in mice (6,10) and rats while doubling the night time increase in core body temperature in 

rats (5). In fully cold-adapted mice, Shabalina et al. (33) established that newly formed beige 

adipocytes in IWAT were functionally thermogenic and estimated that UCP1-dependent O2 

consumption per g of IWAT was ∼20% of the rate in BAT. Based on the robust “browning” 

of IWAT produced by dietary MR, we conclude that the 4-fold increase in UCP1-expressing 

adipocytes is making a modest but significant contribution to the EE component of the MR 

phenotype.

We found that the diet-induced transdifferentiation of white to beige adipocytes in the 

IWAT depot also involved significant increases in mitochondrial number, size, and cristae 

density in conjunction with increased expression of essentially all TCA cycle enzymes and 

respiratory complexes. These changes in mitochondrial ultrastructure were detected using 

TEM, the gold standard for detecting mitochondrial changes (34). In addition to an increase 

in numbers, the TEM images revealed significant differences in size and shape of adipocyte 

mitochondria between the groups. For example, the cross-sectional surface area was roughly 

two-fold greater in mitochondria from the MR-fed mice. In addition, mitochondria from 

control adipocytes were elongated or ellipsoid while the adipocyte mitochondria from MR 

mice were more rounded. The relevance of these changes is unclear, but the increase in 

cristae density in the MR group is indicative of a larger surface area of the inner 

mitochondrial membrane. Thought to roughly approximate the capacity of the electron 

transport system (35), the increased surface area observed here supports the prediction of an 

expanded respiratory capacity in these cells. This conclusion is also supported by the 

comprehensive increase in TCA cycle gene expression and activity, which would enhance 

TCA cycle flux in a manner commensurate with the coordinated increase in ETS capacity. 

The interdependence of these two pathways was shown by Rowe et al. (35), who reported 

that compromised TCA cycle activity negatively impacted ETS capacity. In contrast to 

IWAT, the MR diet had no discernible effect on mitochondrial morphology or respiratory 

gene expression in liver or muscle. Epididymal WAT (EWAT) was also virtually unaffected 

with respect to any change in morphology of adipocytes within this depot. The reasons for 

depot-dependent differences in the extent of browning are unclear, but one possibility is that 
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IWAT is more densely innervated by the SNS than EWAT (31,36,37). Given that MR is 

thought to effect remodeling of WAT through a combination of increased SNS stimulation 

and direct effects of FGF-21 (11,12), the increased formation of beige adipocytes in IWAT 

compared to EWAT may be a reflection of depot-dependent differences in intensity of SNS 

input to the two sites. Alternatively, it has also been suggested that the appearance of beige 

adipocytes in IWAT after an increase in SNS input is indicative of reactivation of brown 

adipocytes that have gradually transdifferentiated back to white adipocytes after weaning 

under normal conditions (12,32). In contrast to IWAT, EWAT is thought to contain only 

classical white adipocytes that are capable of minimal morphological remodeling after 

increased SNS stimulation (12,32). Establishing the basis for this depot-specific difference 

in remodeling after MR will require experimental verification.

Respiration analysis of mitochondria from inguinal adipocytes of MR-fed mice revealed bio-

energetic profiles that were fully consistent with the observed changes in mitochondrial 

ultrastructure and gene expression. A series of substrates were used to energize 

mitochondria prior to measuring O2 consumption, and in all cases leak respiration was 

higher in mitochondria from the MR-fed mice. As shown previously, the higher leak 

respiration may not be attributable solely to UCP1-mediated uncoupling since increased 

content of the respiratory proteins can also contribute to increasing the overall capacity of 

the ETS (38). Oxphos (Oxidative phosphorylation) respiration was also higher in 

mitochondria from the MR group, indicating that the capacity for coupled/ADP-stimulated 

respiration is not compromised. Thus, the increased respiratory capacity is likely explained 

by a combination of increased expression of UCP1 and the respiratory complexes. 

Experimentally uncoupled respiration (using FCCP) is higher in MR mitochondria, but it 

does not differ from Oxphos (state 3) respiration for any given substrate. This observation 

suggests that these mitochondria remain partially coupled despite their elevated UCP1 

content.

The higher, pyruvate-energized respiration in mitochondria from the MR group is indicative 

of an enhanced capacity to utilize glycolytic carbon flux (33). Indeed, a defining property of 

brown adipose tissue is its heightened capacity to oxidize glucose to support 

thermoregulatory thermogenesis (25). Succinate fueled oxygen consumption is a function of 

the capacity of the ETS in conjunction with glycolytic flux through the TCA cycle (24). 

Therefore, the enhanced capacity to use succinate as a respiratory substrate in mitochondria 

from the MR adipocytes is consistent with the observed changes in these mitochondria (e.g., 

increased cristae density, and expression of respiratory complexes and TCA cycle enzymes), 

giving them a higher capacity to accommodate increased electron flux from the TCA cycle.

Expression of electron transferring flavoprotein (etf) was higher in IWAT of MR-fed mice. 

Electrons from the beta-oxidation of fatty acids are channeled into etf, which transfers 

electrons via FAD/FADH2 to the ubiquinone pool of the ETS (24). We recently showed that 

the capacity to oxidize palmitate was significantly enhanced (5-fold) in IWAT explants from 

MR rats (9). In the current study, MR enhanced palmitate oxidation in mitochondria from 

mouse inguinal WAT, but in this context the effects of the diet were modest by comparison. 

In previous studies where in vivo fuel selection was evaluated in fed and fasted states, we 

found that fasting produced an exaggerated decrease in RER to levels indicative of a nearly 
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complete shift to fat as metabolic substrate (5). Given that EE was also 20-25% higher in the 

MR group during fasting, these and the present findings are consistent with an expanded 

capacity of IWAT to oxidize fat.

The cytoplasmic (gpd1) and mitochondrial (gpd2) forms of glycerol-3-phosphate 

dehydrogenase were significantly increased by MR in IWAT. The two enzymes form the 

glycerol phosphate shuttle, which links the inter-conversion of dihydroxyacetone phosphate 

and glycerol-3-phosphate to re-oxidation of cytosolic NADH produced by glycolysis. 

Operation of the shuttle was originally proposed to be particularly important in insect flight 

muscle because it enables sustained ATP production without accumulation of lactic acid 

(39). The shuttle requires comparable expression of both enzymes which, with the exception 

of BAT and flight muscle, does not occur in most tissues because of low expression of gpd2 

(40). In activated BAT, the shuttle functions as a supplemental thermogenic conduit to 

supply additional reducing equivalents to the mitochondria. This view is supported by the 

partial thermogenic defect and increased thriftiness observed in gpd2 null mice (41,42). 

Alternatively, the shuttle could provide glycerol-3-phosphate needed for triglyceride 

synthesis. This seems unlikely because even in thermogenically active BAT, the majority of 

glycerol-3-phosphate needed for re-esterification of fatty acids originates from either 

glucose oxidation or glyceroneogenesis(43). What is clear from our studies is that 

mitochondria from the MR group are particularly well adapted to use glycerol-3-phosphate 

as a respiratory substrate. We also observed a significant induction of glycerol kinase in 

IWAT by dietary MR, and although its importance in providing glycerol-3-phophate for 

triglyceride synthesis appears minimal (43), perhaps the primary purpose of the induction of 

glycerol kinase and gpd2 by MR is to provide glycerol-3-phosphate to mitochondria. For 

example, Shabalina et al. (33) showed that mitochondria from both beige and brown 

adipocytes are well adapted to oxidize glycerol-3-phosphate, while mitochondria from white 

adipocytes are essentially unable to use this substrate. They attribute the difference to low 

expression of gpd2 in white adipocytes. Collectively, our findings suggest that the 

coordinated changes in mitochondrial morphology and glycerol-3-phosphate generating 

pathways induced by MR are particularly important in enhancing the oxidative capacity of 

the newly formed beige adipocytes in inguinal WAT.

Previous studies have established that dietary MR enhances both the oxidative and synthetic 

capacities of IWAT with respect to lipid metabolism (5,9,10). Multiple lines of evidence are 

presented herein to show that the morphological remodeling of IWAT involves a 

coordinated expansion of mitochondrial numbers and ultrastructure. In addition to 

expanding oxidative and respiratory capacity of the tissue, the changes enhance substrate 

flexibility and the ability of the cells to engage futile cycling of substrates. Together, we 

conclude that the cellular and molecular remodeling of IWAT by dietary MR transforms the 

metabolic flexibility of the tissue, enabling it to contribute to the diet-induced phenotype.
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Figure 1. Effect of dietary MR on morphology and UCP1 expression in inguinal WAT
IWAT sections from Control (1A) or MR mice (1B) were stained for UCP1 (red), wheat 

germ agglutinin (green) for cell membranes and Hoechst (blue) for nuclear staining. The 

inset images show various regions within the section at 20 × magnification for greater detail. 

The percentage of the total cells in each section expressing UCP1 was determined in 

replicate sections (n=4) from each treatment group using Cell Prolifer Software as described 

in the Methods. The percentage of UCP1-expressing cells in each group is presented in Fig. 

1C as a floating bar plot, illustrating the minimums and maximums for each group. Diet-

induced differences are denoted with an asterisk (P<0.05). Expression of UCP1 mRNA 

(n=8) and protein (N=4) in IWAT from each treatment group was measured by quantitative 

real time PCR and Western blotting as described in the Methods, and means ± SEM 

differing at P<0.05 are denoted with an asterisk (Fig. 1D).
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Figure 2. Effect of dietary MR on mitochondrial morphology in inguinal WAT
The ratio of mitochondrial to genomic DNA was measured by quantitative real time PCR in 

IWAT, liver, BAT, and skeletal muscle (SM) as described in the Methods. Means ± SEM 

were calculated from 8 replicates per group (Fig. 2A). Replicate sections of electron 

micrographs from 4 mice per group were analyzed by blinded operators to assess the impact 

of MR on mitochondrial ultrastructure in IWAT. Fig. 2B shows representative IWAT 

sections from Control (top panel) and MR mice (bottom panel) and are annotated as follows: 

L, lipid droplet; N, nucleus; M, mitochondria. Using Image J software, the mitochondrial 

cross-sectional area (Fig. 2C), mitochondrial number (Fig. 2D), and cristae interval, a 

measure of cristae density (Fig. 2E) were computed for each section and compared by 

Students t. Data are presented as mean ± SEM and diet-induced differences are denoted with 

an asterisk (P<0.05).
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Figure 3. Effect of dietary MR on mRNA and protein expression of selected mitochondrial genes 
in IWAT and liver
The mRNA expression of electron transport system genes and related mitochondrial genes 

were measured by quantitative real time PCR in IWAT (Fig. 3A) and liver (Fig. 3B). Data 

are presented as mean ± SEM from 8 replicates per tissue, and means denoted with an 

asterisk differ at P<0.05. For Complexes I-V, the mRNA for a single subunit per complex 

was chosen for analysis. Auxiliary respiratory components were also included in the analysis 

and they are designated in Figs. 3A and 3B as follows: cyt C, cytochrome C; gk, glycerol 

kinase; gpd1, glycerol-3-phosphate dehydrogenase 1; gpd2, glycerol-3-phosphate 

dehydrogenase 2; etf, electrotransfering flavoprotein; vdac, voltage-dependent ananion 

channel. Fig. 3C shows the impact of MR on expression of Complexes I-V determined by 

Western blot in IWAT. The mean ± SEM expression levels for Control (n=4) and MR (n=7) 

are shown in the lower panel of Fig. 3C, with significant differences denoted with an 

asterisk (P<0.05).
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Figure 4. Effect of dietary MR on mitochondrial oxidative and respiratory capacity in inguinal 
WAT and liver
The 2,3,5-triphenyltetrazolium chloride (TTC) reductase activity was measured in IWAT 

and EWAT isolated from control and MR diet-fed mice as described in the Methods. The 

formation of TTC was compared in the respective tissues of 6 mice per group and means 

denoted with an asterisk differ at P<0.05 (Fig. 4A). Respiratory capacity of isolated 

mitochondria from IWAT (Fig. 4B), liver (Fig. 4C) and muscle (Fig. 4D) was assessed by 

measuring oxygen consumption in mitochondria provided with various substrates as 

described in the Methods section. The substrates used are listed in each figure panel, and 

conditions were used in each series to measure (1) maximum coupled oxygen consumption 

in an energized (oxidative) state driving phosphorylation of ADP to ATP (Oxphos 

respiration), (2) oxygen consumption in the presence of substrate oxidation driven only by a 

proton leak back into the mitochondrial matrix (Leak respiration), and (3) oxygen 

consumption during maximum proton leak induced by using an artificial uncoupler 

(Uncoupled respiration). Data is represented as mean ± SEM of 7 independent mitochondrial 

preparations from each dietary group. For each substrate and mitochondrial tissue source, 

diet-induced differences in Leak, Oxphos, and Uncoupled respiration were compared, and 

means denoted with an asterisk differ at P<0.05.
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Figure 5. Effects of dietary MR on tricarboxylic acid (TCA) cycle enzyme mRNA expression and 
activity in IWAT (5A and 5B) and liver (5C and 5D)
Figs. 5A and 5C show the relative mRNA levels of TCA genes in IWAT and liver, 

respectively. Figs. 5B and 5D show the corresponding activities of the TCA cycle enzymes 

in IWAT and liver, respectively. The data are presented as mean ± SEM (n=7-8) for each 

variable, and significant differences (P<0.05) are denoted with an asterisk. Genes are 

designated in the figures as follows: cs, citrate synthase; aco, aconitase; idh, isocitrate 

dehydrogenase; α-kg, α-ketoglutarate dehydrogenase; suclg, succinyl-CoA ligase; sdh, 

succinate dehydrogenase; fh, fumarase; mdh, malate dehydrogenase; me, malic enzyme; ldh, 

lactate dehydrogenase.
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Figure 6. Model of effects of dietary MR on IWAT morphology, mitochondrial morphology and 
mRNA expression of subunits of mitochondrial Complexes I through V of the electron transport 
chain
Alteration in morphology of IWAT by MR includes increased formation of multilocular, 

UCP1-expressing cells, and an overall decrease in cell size. At the organelle level, MR 

increases the number and size of mitochondria, and increases cristae density. At the 

molecular level, MR increases expression and function of UCP1, respiratory proteins and 

TCA cycle enzymes, and increases the capacity of mitochondria to oxidize substrates. The 

tabular data in red shows the MR-induced fold changes in mRNA expression of the subunits 

within each mitochondrial respiratory complex.
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Table 1

Primers for QRT-PCR analysis of mitochondrial and nuclear encoded genes1

Gene Abbr. Forward Reverse

Uncoupling protein 1 ucp1 gat cca agg tga agg cca gg gtt gac agg ctt tct gtg gtg g

Complex I ndufb8 ctc aga act cag gat gaa ctg g cac aaa gcc gaa gag atg ttt ac

Complex II sdhd ggt ggg cag aat gtc ttc taa tca cga atg gtc gaa cct aac

Complex III uqcrfs1 cag tcg aag tgt ccc agt taa g cac aac caa gat gag tac aga ca

Complex IV coxI tga ggt gta cat cct gat cct atg ccc atg tag ccg aaa g

Complex V atp5a cct atc ctg gtg atg tgt tct ac act ggt aag gca gtc aaa gag

Cytochrome c cycs cac gct tta ccc ttc gtt ct act cat ttc cct gcc att ctc

Electrotransfering Flavoprotein b etfb gg caa gca ggc tat tga tga tca cct gag agg cga atg ta

Glycerol kinase gk gca cta gaa gct gtt tgt ttc c gct ggt cat tcc tcc atc tac

Glycerol-3-phosphate dehydrogenase 1 (c) gpd1 cct act gct gac ctt tct tct c gcc ctg agg acg ata aac tat aa

Glycerol-3-phosphate dehydrogenase 2 (m) gpd2 gac cgt agt tgt gga gga ttg gca gct acg aga tcc act att t

Voltage dependent anion channel vdac cgg aat agc agc caa gta tca ctg agt gta ccc taa gcc aat c

Citrate synthase cs cga gac tac atc tgg aac aca c caa act ctc gct gac agg aat a

Aconitase 2 aco2 gtt gga cct cac cca aag at ggt ccg tgg tat tcc aca ata g

Isocitrate dehydrogenase 3 idh3 cac tac cct cag atc acc ttt g aga gat tag gca tca cca tga c

α-ketoglutarate dehydrogenase ogdh ggc atc gta tat gag acc ttc c gtc tgt ggt gaa gcc aat ct

Succinyl CoA ligase sucgl1 gca acg gct tct gtc atc ta ctg cgg aat acc ttc cgt aat

Fumarase fh gat gct ctg gtt gag ctt agt aga acc cag gaa gcg aat atc

Malate dehydrogenase 2 mdh2 ggt gtg tac aa ccc taa caa ga gag ctg gat cca aac cct tta

Malic enzyme 3 (m) me3 gga gac gca gtg aga gta aac gtg aag gat ggg aag gag aat c

Complex I (mtDNA) nd1 ccc att cgc gtt att ctt aag ttg atc gta acg gaa gc

Lipoprotein lipase (nucDNA) lpl gat gga cgg taa gag tga atc caa ggg tag cag aca ggt

1
The symbols (m) and (c) denotes̶ mitochondrial and cytosolic isoforms respectively. The primers for nd1 and lpl are genomic primers designed to 

assess mitochondrial DNA (mtDNA) and nuclear DNA (nucDNA) respectively.
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