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Abstract

Cardiac phospholipids, notably cardiolipin, undergo acyl chain remodeling and/or loss of content 

in aging and cardiovascular diseases, which is postulated to mechanistically impair mitochondrial 

function. Less is known about how diet-induced obesity influences cardiac phospholipid acyl 

chain composition and thus mitochondrial responses. Here we first tested if a high fat diet 

remodeled murine cardiac mitochondrial phospholipid acyl chain composition and consequently 

disrupted membrane packing, supercomplex formation and respiratory enzyme activity. Mass 

spectrometry analyses revealed that mice consuming a high fat diet displayed 0.8–3.3 fold changes 

in cardiac acyl chain remodeling of cardiolipin, phosphatidylcholine, and 

phosphatidylethanolamine. Biophysical analysis of monolayers constructed from mitochondrial 

phospholipids of obese mice showed an impairment in the packing properties of the membrane 

compared to lean mice. However, the high fat diet, relative to the lean controls, had no influence 

on cardiac mitochondrial supercomplex formation, respiratory enzyme activity, and even 

respiration. To determine if the effects were tissue specific, we subsequently conducted select 

studies with liver tissue. Compared to the control diet, the high fat diet remodeled liver 

mitochondrial phospholipid acyl chain composition by 0.6–5.3 fold with notable increases in n-6 

and n-3 polyunsaturation. The remodeling in the liver was accompanied by diminished complex I 

to III respiratory enzyme activity by 3.5 fold. Finally, qRT-PCR analyses demonstrated an 

upregulation of liver mRNA levels of tafazzin, which contributes to cardiolipin remodeling. 
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Altogether, these results demonstrate that diet-induced obesity remodels acyl chains in the 

mitochondrial phospholipidome and exerts tissue specific impairments of respiratory enzyme 

activity.
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1. Introduction

Mitochondria have a central role in a multitude of cellular functions including energy 

production and apoptosis [1]. Impairments in mitochondrial function, driven through a range 

of mechanisms, contribute to the etiology of several diseases. One potential set of 

mechanisms that disrupt mitochondrial respiratory function is through the loss of cardiolipin 

(CL) content and aberrant remodeling of CL acyl chains in the inner mitochondrial 

membrane. Specifically, the loss of CL concentration and atypical CL acyl chain 

composition are associated with impaired enzymatic activity and disrupted respiratory 

supercomplex assembly [2–4]. For example, in heart failure, mitochondria are unable to 

produce enough energy to maintain heart homeostasis, which can be partially attributed to 

the loss of the most abundant CL species, (18:2)4CL [2,5,6]. In turn, the loss of (18:2)4CL is 

postulated to disrupt supercomplex assembly and this may lead to an increase in reactive 

oxygen species, which further damages the mitochondria [7,8]. Similarly, in aging, there is a 

decrease in the amount of (18:2)4CL and an increase in highly polyunsaturated acyl chains 

(PUFA) such as 20:4 and 22:6 [9], which may contribute to the reduction in supercomplex 

assembly [10].

Phospholipid acyl chains, particularly those of CL, are important since they can bind a 

multitude of inner mitochondrial membrane proteins and influence bioenergetics [11]. CL 

binds to the oxidative phosphorylation machinery including complexes I, III, IV, V, and the 

mobile electron carrier cytochrome c [12–16]. CL also mediates the formation of respiratory 

supercomplexes and has been proposed to be the “glue” that holds them together [17,18]. In 

addition, it is hypothesized that CL acyl chains create distinct microdomains that allow for 

optimal protein diffusion and clustering [19–21]. There is also some suggestion that CL 

microdomains serve as platforms for pro-apoptotic signals [20].

CL’s four acyl chains and small headgroup regulate membrane biophysical organization by 

promoting formation of highly curved membranes, which influences cristae formation 

[22,23]. CL acyl chain composition, in addition to its content, is also relevant for regulating 

the packing properties of phospholipids and potentially influencing protein activity [24,25]. 

Phospholipids such as phosphatidylethanolamine (PE) and phosphatidylcholine (PC) also 

have an influential role in mitochondrial function, although they are significantly less 

studied compared to CL. Several studies demonstrate that PE and PC acyl chains are 

remodeled in diseases such as type 2 diabetes and Barth Syndrome [26,27]. For instance, in 

human models of Barth syndrome, PC and PE acyl chains are remodeled to fatty acids such 

as 16:0, 16:1, 18:1, and 20:1 which likely contributes to impaired mitochondrial function 
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[28]. Ischemia-reperfusion injury is also associated with a loss in total PC and PE 

concentration [29].

The influence of diet-induced obesity on phospholipid acyl chain composition and 

subsequent mitochondrial function is poorly studied. Obesity contributes to cardiovascular 

complications by increasing dyslipidemia, hypertension, and glucose dysregulation [30]. 

These factors and others link obesity to an increased risk of cardiovascular diseases [31–33]. 

Therefore, the primary objective of this study was to determine if administration of a high 

fat diet to mice remodeled the cardiac acyl chain profile of key mitochondrial phospholipids 

and if acyl chain remodeling was associated with impaired membrane packing, formation of 

respiratory supercomplexes, respiratory enzyme activity, and respiration. We then compared 

results from cardiac tissue with the liver to determine if the results were tissue specific.

2. Materials and Methods

2.1 Animals and Diets

All experiments were conducted in accordance with guidelines established by the Guide for 

the Care and Use of Laboratory Animals (NIH Publication No. 85–23, revised 1996) and 

with prior approval by East Carolina University’s Animal Care and Use Committee. Male 

C57BL/6 mice (Charles River, Wilmington, MA) were fed a control diet with 10 kcal% lard 

or a high fat diet with 60 kcal% lard for 20 weeks (Research Diets Inc., New Brunswick, NJ) 

(Supp. Table S1). The fatty acid composition of the control and high fat diet is provided in 

Supp. Table S2. Mice were housed on a 12:12 h light-dark cycle with free access to water. 

Mice were sacrificed via isoflurane inhalation followed by cervical dislocation.

2.2 Isolation of Mitochondria

Mitochondrial isolations were performed on ice and all instruments and buffers were chilled 

to 4°C before isolation using our established protocols [25]. Hearts and livers were removed 

and rinsed in mitochondrial isolation medium (MIM) containing 300 mM sucrose, 10 mM 

Na-HEPES (pH=7.2) and 1 mM EGTA (Sigma-Aldrich, St. Louis, MO). The tissue was 

minced for 5–6 minutes and diluted in MIM+BSA (1mg/ml BSA) (pH=7.4). Tissue was then 

subjected to homogenization with a Teflon Potter homogenizer. The homogenate was 

centrifuged at 800 × g for 10 minutes and the supernatant was centrifuged at 12,000 × g for 

15 minutes. The mitochondrial pellet was resuspended in MIM and used immediately for 

respiration studies or stored at −80°C. Protein content was determined using a BCA protein 

quantification assay (Thermo Fisher Scientific, Waltham, MA).

2.3 Electrospray Ionization Mass Spectrometry

Phospholipid molecular species were determined in lipid extracts (0.2 mg) of mitochondrial 

protein by liquid chromatography with electrospray ionization mass spectrometry (LC/MS) 

and analyzed as previously described [34].

2.4 Lipid Extractions and Phosphorous Quantification Assay

Total lipids were extracted from mitochondria as previously shown [2,25]. Total phosphate 

of lipids extracted from mitochondrial samples was obtained from UV-Vis spectrum 
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analysis. From the lipid extraction, 1.0 mg of resuspended lipids was dried under nitrogen 

along with phosphate standards (0.0 μmol – 0.650 μmol). Sulfuric acid (Sigma-Aldrich, St. 

Louis, MO) was added to all samples and heated to 200°C – 215°C for 25 minutes. Samples 

were then cooled to room temperature. Hydrogen peroxide (Sigma-Aldrich, St. Louis, MO) 

was subsequently added to all samples and heated to 200°C – 215°C for 30 minutes. 

Samples were then cooled to room temperature. Deionized water, ammonium molybdate 

(VI) tetrahydrate solution, and ascorbic acid solution (Sigma-Aldrich, St. Louis, MO) were 

added and vortexed. A glass marble was placed on each tube to prevent evaporation of 

samples while they were heated to 100°C for 7 minutes. Samples and standards were cooled 

to room temperature a final time. Absorbance (820 nm) of each sample was determined via a 

UV-Vis Spectrophotometer (Shimadzu, Kyoto, Japan). From the UV-Vis spectrum data, a 

calibration curve was generated to determine total phosphate in all samples.

2.5 Thin-Layer Chromatography (TLC)

TLC was performed as previously described [25]. Briefly, lipid extracts were spotted on a 

Whatman (10×10 cm, silica gel) TLC plate 2 cm from the bottom. The plate was developed 

in a glass chamber until the mobile phase consisting of chloroform, methanol, glacial acetic 

acid and water (100:30:1:4) (v/v/v/v) (Sigma-Aldrich, St. Louis, MO) reached 1 cm from the 

top of the plate. The plate was air dried, sprayed with a charring solution (4% phosphoric 

acid and 5% copper sulfate, Sigma-Aldrich, St. Louis, MO) and then placed in an oven at 

190°C for 15 minutes. The charred lipid spots were quantified using an Odyssey Infrared 

Imager (LI-COR Biosciences, Lincoln, NE).

2.6 Generation of Mitochondrial Monolayers for Packing and Elasticity Measurements

Surface pressure-area isotherms (π − A) were obtained on a Mini LB Trough (KSV NIMA, 

Biolin Scientific, Stockholm, Sweden) using a Wilhelmy plate at a compression rate of 3.0 

mm/min [35]. The trough was washed three times with 70% ethanol, Milli-Q water, and 

subphase (10 mM sodium phosphate buffer, pH 7.4) (Sigma-Aldrich, St. Louis, MO) before 

each run. Trough barriers were compressed and expanded before spotting lipid, until the 

surface pressure remained constant (<0.3 mN/m). Extracted mitochondrial lipids (1.09 nmol) 

were spread onto the subphase, ensuring the surface pressure did not exceed 0.3 mN/m. 

Compression began 10 minutes after lipid spotting to ensure the evaporation of chloroform. 

Surface pressure (π) values were measured by the Wilhelmy method and all samples were 

run in triplicate. The surface pressure-area isotherms were used to calculate the mean 

molecular area and the surface elasticity modulus  at 30mN/m:

where A is the mean molecular area of the lipid mixture at the indicated surface pressure 

(π). Lower  values indicate higher elasticity modulus [36].
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2.7 Blue-Native PAGE for Assessing Supercomplex Formation

Mitochondria were centrifuged at 16,873 × g for 10 minutes at 4°C. Pelleted mitochondria 

were resuspended in Native PAGE Sample Buffer (Life Technologies, Carlsbad, CA). 

Mitochondria were then solubilized using an 8:1 digitonin (Sigma-Aldrich, St. Louis, MO) 

to protein ratio for 15 minutes on ice. After solubilization, samples were centrifuged at 

16,873 × g for 30 min at 4°C. The supernatants were collected and protein content was 

determined via a BCA protein quantification assay (Thermo Fisher Scientific, Waltham, 

MA). Samples were combined with 5% G-250 sample additive (Life Technologies, 

Carlsbad, CA) and were loaded onto the 3–12% Bis-Tris gel (Life Technologies, Carlsbad, 

CA). The gel was run on ice at 150 V for 3 hours and had molecular weight markers 

(NativeMark Unstained Protein Standard, Life Technologies, Carlsbad, CA). Gels were fixed 

using a solution of 40% methanol and 10% acetic acid (Sigma-Aldrich, St. Louis, MO) and 

destained in 8% acetic acid overnight or until desired background was reached. Gels were 

imaged and quantified using the Odyssey Infrared Imager (LI-COR Biosciences, Lincoln, 

NE). Data were normalized to the total amount of protein in each sample.

2.8 Kinetic Assays

Kinetic assays were done using a UV-Vis Spectrophotometer (Shimadzu, Kyoto, Japan) at 

37°C as previously demonstrated [25]. Briefly, complex I activity was measured by the 

oxidation of 0.8 mM NADH (Sigma-Aldrich, St. Louis, MO) at 340 nm, complex II activity 

was measured by the reduction of 80 μM dichlorophenolindophenol (DCPIP) (Sigma-

Aldrich, St. Louis, MO) at 600 nm, complex III activity was measured by the reduction of 

40 μM cytochrome c (Sigma-Aldrich, St. Louis, MO) at 550 nm and complex IV activity 

was measured by the oxidation of 10 μM reduced cytochrome c (Sigma-Aldrich, St. Louis, 

MO) at 550 nm. Activity of complexes I+III was measured by the reduction of 40 μM 

cytochrome c at 550 nm. For complexes II+III, activity was measured by the reduction of 40 

μM cytochrome c and measured at 550 nm. Citrate Synthase activity was assayed using 0.1 

mM 5,5-dithio-bis-(2-nitobenzoic acid) (DTNB) (Sigma-Aldrich, St. Louis, MO) at 412 nm. 

Each reaction was performed in triplicate and normalized to citrate synthase activity.

2.9 Mitochondrial Respiration

Mitochondrial respiration was assayed using an Oroboros 2k oxygraph (High-resolution 

respirometer, Oroboros Instruments, Innsbruck, Austria) using our established techniques 

[37]. Oxygen consumption was measured using 50–150 μg of freshly isolated mitochondria. 

Mitochondria were incubated in Buffer Z (105 mM K-MES, 30 mM KCl, 10 mM KH2PO4, 

5 mM MgCl·6H2O, 1mM EGTA, 0.5 mg/ml BSA, pH=7.1) (Sigma-Aldrich, St. Louis, MO) 

in the oxygraphic chamber under continuous stirring at 37°C. State 3 (4mM ADP) and state 

4 (no ADP) respiration were measured utilizing various substrates as electron donors 

(10mM/2mM glutamate/malate, 10 mM succinate, 5mM/2mM pyruvate/malate, and 

0.018mM/0.02mM/5mM/2mM palmitoylcarnitine/palmitoylCoA/carnitine/malate) (Sigma-

Aldrich, St. Louis, MO). State 3 respiration was measured with the addition of 4 mM ADP 

to the chamber. Oxygen consumption was normalized to protein content. Mitochondrial 

integrity was ensured by the addition of cytochrome c (10 μM) during state 3 respiration. 
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Mitochondria were considered damaged if there was >10% increase in respiration with the 

addition of cytochrome c and were not used for functional assays [38].

2.10 Quantitative RT-PCR

Total RNA was isolated from cardiac and liver tissue using the RNeasy Plus Universal Mini 

Kit (Qiagen, Valencia, CA). RNA was subjected to reverse transcription and qPCR in a one-

step reaction using iScript One-Step RT-PCR kit with Syber Green reagents (Biorad, 

Hercules, CA). Gene products were amplified and detected using a ViiA 7 Real-Time PCR 

System (Thermo Fisher, Waltham, MA). mRNA quantities were calculated using the 2-ΔΔCt 

method and Ct values were normalized to GAPDH and β-actin. The following primers were 

used:

GAPDH 5′-GGTGTGAACGGATTTGGCCGTATT-3′ and 5′-

GTCGTTGATGGCAACAATCTCCAC-3′, β-actin 5′-

GCAGCCACTGTCGAGTC’3′ and 5′-GCAGCGATATCGTCATCCAT-3′, ALCAT 

5′-CCTCAGGGTGGAGAAGATTTG-3′ and 5′-

GGCTCTTATCATCCTTCCACTT-3′, TAZ 5′-GGCTGATTGCTGAGTGTCAT-3′ 
and 5′-GTACTGAAGGGCTTCCCAATC-3′.

2.11 Statistical Analyses

Data are presented as average ± S.E.M. All data are from multiple independent experiments, 

as indicated in the figure legends. The data were normally distributed and were analyzed 

using GraphPad Prism 6 software. Statistical significance was established using a student’s 

t-test. P< 0.05 was considered significant.

3. Results

3.1 Murine cardiac mitochondrial phospholipids are remodeled in response to a high fat 
diet

We first determined if mice consuming a high fat diet displayed aberrant remodeling of CL 

acyl chains as previously reported in diabetic and aged animals [9,39,40]. Therefore, mice 

were administered a control or high fat diet (Supp. Table S1), which resulted in the lean 

mice having a body weight of 31.8 ± 1.5 grams compared to obese mice with a body weight 

of 38.6 ± 2.8 grams (p<0.0001). To assay acyl chain composition, LC/MS was performed on 

mitochondrial lipid extracts. An example of the raw LC/MS data from mice consuming a 

lean or a high fat diet are presented in Supp. Fig. 1A–B.

LC/MS analyses revealed that cardiac CL acyl chains were remodeled with the high fat diet 

compared to the lean control. The CL species (18:2)3(16:1), (18:2)3(16:0), (18:2)3(18:1), 

(18:2)3(20:4), (16:1)(18:1)(18:2)(22:6), (16:0)(18:2)2(22:6), (16:1)(18:2)(20:3)(20:4), and 

(16:0)(18:2)(20:4)2 were significantly lowered with the high fat diet relative to the lean 

controls by 0.76 to 3.32 fold (Fig. 1A). There was also an increase in the CL species 

(18:2)2(18:1)(20:4) in obese mice compared to lean controls by 0.75 fold (Fig. 1A). There 

were no alterations in the highly abundant (18:2)4CL. With cardiac PC, (18:2)(18:2) and 

(18:0)(20:5) increased in the obese mice compared to the lean controls by 0.87 and 1.40 fold 

respectively (Fig. 1B). In addition, (16:0)(18:1)PC was decreased in the high fat diet relative 
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to the lean controls by 0.73 fold (Fig. 1B). With cardiac PE, (16:0)(18:1) was reduced in the 

obese animals compared to the lean controls by 2.0 fold (Fig 1C). In addition, (18:2)

(20:4)PE was elevated in obese mice compared to lean controls by 0.93 fold (Fig. 1C). TLC 

analysis revealed the total amount of each phospholipid remained unchanged between lean 

controls and the high fat fed animals (Fig. 1D–E).

3.2 Cardiac mitochondrial monolayer packing is impaired with mice consuming a high fat 
diet

We next determined if the structural organization of mitochondrial phospholipids was altered 

in response to remodeling of CL, PC, and PE acyl chains. Monolayers were constructed 

from extracted mitochondrial phospholipids. Pressure-area isotherm analysis of monolayers 

(Fig. 2A) provided quantitative values for area per molecule (a measure of lipid packing) 

and the elasticity modulus of the monolayers. Data were quantified at the physiological 

surface pressure of 30mN/m [41,42]. There was a 10% increase in the area per molecule of 

monolayers composed of phospholipids isolated from high fat fed animals compared to 

those constructed from lean animals (Fig. 2B). This increase suggested that each 

phospholipid was occupying a larger area of the monolayer and was therefore less packed. 

The high fat diet had no influence on the elasticity modulus of the monolayer (Fig. 2C).

3.3 Cardiac mitochondrial supercomplex formation and oxidative phosphorylation enzyme 
activities are maintained in mice consuming a high fat diet

We next tested if the aforementioned changes were mechanistically associated with impaired 

functionality of the mitochondrial membrane. BN-PAGE analysis revealed that the extent of 

mitochondrial respiratory complex or supercomplex formation in high fat fed animals was 

unchanged when compared to lean controls (Fig. 3A–B). Analysis of the specific activities 

for single oxidative phosphorylation enzymes (Fig. 3C) and the combined activities of CI to 

CIII and CII to CIII (Fig. 3D) showed no differences between high fat fed animals and lean 

controls. We further measured state 3 and state 4 respiration with a variety of substrates. 

Mice consuming the control and high fat diets responded similarly to each substrate, 

indicating no differences in respiration (Supp. Fig. 2).

3.4 Murine liver mitochondrial phospholipids are remodeled in response to a high fat diet

Given that we observed no major change in cardiac mitochondrial enzyme activity, we next 

determined if the effects were tissue specific. We focused on the liver since it is a major 

metabolic tissue and there is precedence in the literature to suggest that obesity impairs 

mitochondrial function although underlying mechanisms are not completely established [43–

46]. LC/MS analyses revealed that liver CL acyl chains were remodeled with the high fat 

diet compared to the lean control. The CL species (18:2)3(16:1), (18:2)3(16:0), (18:2)2(18:1)

(20:4), (18:2)3(22:6), (16:0)(18:2)(20:4)(22:6), (18:2)2(20:4)2, and (16:0)2(22:6)2 were all 

significantly reduced by 0.73–5.25 fold in the high fat fed animals compared to the lean 

controls (Fig. 4A). There was also an increase in the (18:2)4CL and (18:2)3(20:2)CL by 1.6 

and 0.7 fold respectively in the obese mice compared to lean controls (Fig. 4A). The liver 

PC species (16:0)(16:0), (16:0)(18:1), and (18:2)(18:2) were decreased by 0.6, 2.02, and 

0.74 fold respectively in the high fat diet animals compared to the lean controls (Fig. 4B). In 

contrast, liver (18:0)(20:5)PC and (18:0)(22:6)PC were significantly increased in obese 
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animals compared to lean controls by 0.8 and 0.72 fold (Fig. 4B). With PE, (16:0)(18:1) was 

reduced in the obese animals compared to the lean controls by 2.10 fold and liver (18:0)

(22:6)PE was elevated in obese mice compared to lean controls by 1.76 fold (Fig. 2C). 

Finally, TLC analysis revealed the total amount of each phospholipid remained unchanged 

between lean controls and the high fat fed animals (Fig. 4D–E). Although there were 

significant alterations in the phospholipid profile of liver mitochondria, there were no 

changes in membrane packing (data not shown).

3.5 Complex I to III activity in mitochondria isolated from the liver is impaired with mice 
consuming a high fat diet

Supercomplex formation and oxidative phosphorylation enzymatic activities were measured 

in liver mitochondria isolated from mice consuming a high fat or control diet. There was no 

apparent impairment in supercomplex formation in the liver (Fig. 5A–B). In addition, 

individual complex enzymatic activities were unchanged between mice consuming a high fat 

diet compared to control mice (Fig. 5C). However, there was a 3.5 fold reduction in the rate 

of NADH oxidation coupled to cytochrome c reduction (complex I to III activity) in obese 

mice compared with lean controls (Fig. 5D).

3.6 Tafazzin mRNA levels in the liver are increased with mice consuming a high fat diet

Acyltransferases catalyze CL acyl chain remodeling in the mitochondria [47]. Therefore, we 

determined if acyltransferases were upregulated given that PE, PC, and particularly CL had 

aberrantly remodeled acyl chains with the high fat in the heart and the liver. We specifically 

assayed for lysocardiolipin acyltransferase (ALCAT1), which remodels CL to more highly 

oxidizable acyl chains and is upregulated in select murine obesity models [48]. In addition, 

we determined if there were any differences in tafazzin (TAZ), a well-known acyltansferase 

[49]. qRT-PCR analysis showed no increase in ALCAT1 or TAZ mRNA levels in high fat 

fed animals compared to lean controls in cardiac tissue (Fig. 6, left panel). In liver, ALCAT1 

mRNA levels were similar between control and high fat fed mice (Fig. 6, right panel). 

However, TAZ mRNA levels in the liver increased by 2.4 fold in obese mice compared with 

lean controls (Fig. 6, right panel).

4. Discussion

The objectives of this study were to determine if diet-induced obesity remodeled myocardial 

mitochondrial phospholipid acyl chains and if the remodeling was mechanistically 

associated with impaired mitochondrial membrane structure and protein function. The 

rationale for the study was based on data that show alterations in mitochondrial phospholipid 

acyl chain remodeling, particularly with CL, are associated with a multitude of diseases 

including Barth Syndrome, cardiovascular diseases, diabetes, and aging. These diseases 

generally display decreased mitochondrial supercomplex formation, decreased respiration, 

and increased oxidative stress [2,5,7–10,40,50–53]. Therefore, we specifically hypothesized 

that remodeling of phospholipid acyl chains in response to a high fat diet would be 

associated with impaired mitochondrial membrane structure and enzyme activity.
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4.1 High fat diet remodels cardiac and liver mitochondrial phospholipids with differential 
effects on levels of n-6 and n-3 polyunsaturated fatty acids

The data establish that a high fat diet remodels the phospholipidome of cardiac and liver 

mitochondria. We speculate that the remodeling is driven by fatty acids directly obtained 

from the diet and due to changes in lipid metabolism as a consequence of the obese 

phenotype [54,55]. To exemplify, there were no detectable levels of 20:5 in the high fat diet, 

yet in cardiac and liver tissue (18:0)(20:5)PC levels were increased in obese mice. In 

contrast, 20:4 levels, which were elevated in the high fat diet, were increased in the 

phospholipidome of cardiac tissue of obese mice. Thus, future studies will need to tease out 

how the diet and obesity-associated changes in lipid metabolism contribute toward 

phospholipid acyl chain remodeling.

There were clear differences in the acyl chain composition of cardiac and liver tissue in 

response to the high fat diet. There were losses in several shorter CL acyl chains as well as 

in increase in 20:4 in cardiac mitochondria. In liver mitochondria, CL acyl chain remodeling 

followed a similar pattern to cardiac phospholipid remodeling but had significant decreases 

in acyl chains with 20:4 and an elevation in (18:2)4. Furthermore, in cardiac mitochondria, 

there were increases in 18:2(n-6) and 20:5 whereas liver mitochondria showed a reduction in 

18:2(n-6) and increases in 20:5 and 22:6.

We speculate that the change in membrane packing in cardiac tissue may have been driven 

by changes in polyunsaturation, consistent with data in rodent models and biomimetic 

membranes that show that PUFAs regulates membrane packing [56–58]. To exemplify, the 

increase in the relatively abundant (18:0)(20:5)PC may have promoted a significant decrease 

in packing due to the presence of 20:5, which has a highly disordered structure [59]. 

Surprisingly, there was no change in membrane packing in liver mitochondria (data not 

shown) despite elevated levels of 20:5, 22:6, and even 18:2. More studies are needed in this 

area given that the role of n-3 and n-6 PUFAs on liver mitochondrial structure are not well 

understood.

4.2 Cardiac supercomplex formation and enzyme activity are not impaired with a high fat 
diet

Despite the alterations in cardiac phospholipid acyl chains and membrane packing with the 

high fat diet, there were no abnormalities with either supercomplex formation or respiratory 

enzymatic activity, contrary to our hypothesis. In addition, we analyzed supercomplex 

formation and oxidative phosphorylation enzyme activity in the liver and indeed found that 

liver complex I to III activity was lowered in mice consuming a high fat diet relative to lean 

controls but supercomplex formation was not impaired. Perhaps liver mitochondria have 

significantly less supercomplex formation than cardiac mitochondria and therefore may rely 

more heavily on the diffusion and movement of the electron carriers. Future studies need to 

assay for differences in supercomplex formation between the heart and liver, which is 

critical since supercomplexes stabilize electron transport complexes and improve electron 

transport efficiency [60,61].
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Our functional data with the high fat diet model provide new information not seen in 

previous studies. In ob/ob mice, there is a reduction in mitochondrial oxidative capacity that 

may contribute to cardiac dysfunction. This reduction in oxidative capacity correlated with a 

significant loss of oxidative phosphorylation machinery, including complexes I, II, III, and V 

[62]. Ob/ob mice also have significant aberrant CL remodeling including acyl chains that are 

redistributed from (18:2)4 to highly unsaturated acyl chains such as 22:6 [40]. The lack of 

effect between our study and the previous work with ob/ob mice may reflect differences in 

model systems. Ob/ob mice gain weight at a much more rapid rate compared to our model 

system of diet-induced obesity. Furthermore, ob/ob mice are genetically different than the 

C57BL/6 mice used in this study.

In another study using an obese model, ALCAT1 was upregulated, which remodels CL with 

species that are highly oxidizable, leading to mitochondrial damage [40,63,64]. However, in 

our high fat diet model we observed no change in ALCAT1 mRNA levels compared with 

lean controls in both cardiac and liver tissues. The failure to upregulate ALCAT1 mRNA in 

this study may contribute to the lack of respiratory dysfunction and oxidative stress, at least 

in cardiac mitochondria. This may be a kinetic effect and perhaps ALCAT1 mRNA levels 

change with time and we did not capture this change. Similarly, we measured mRNA levels 

of TAZ, a non-specific acyltransferase, known to incorporate 18:2 acyl chains into CL [49]. 

Although there was a no reduction in TAZ mRNA levels in cardiac tissue, there was a 

significant increase in TAZ mRNA in liver of high fat fed mice compared to lean controls 

(Fig 6). This increase in TAZ mRNA may explain the significant increase in (18:2)4CL 

observed in liver mitochondria of obese mice. Subsequent studies will need to address if 

ALCAT1 and TAZ mRNA levels change with time in response to a high fat diet. We fed 

mice for 20 weeks to ensure a strong difference in fat mass between the control and obese 

mice. We acknowledge that additional feeding over time may have resulted in stronger 

effects on the phospholipidome and thereby mitochondrial function.

4.3 Importance of acyl chain remodeling versus loss of phospholipid content

The results from this study showed that total CL levels were not lowered in response to a 

high fat diet. In most reported diseases with impaired CL remodeling, there is also a loss in 

overall phospholipid concentration. For example, Barth Syndrome and other models of 

aberrantly remodeled CL such as the knockdown of ALCAT1, result in a loss of total CL 

content [48,50]. Therefore, models with both remodeled CL and a loss of total concentration 

make it difficult to distinguish the importance of only remodeled CL on the endpoints of 

mitochondrial function. Thus, an advancement from this study was that the high fat diet is 

not promoting a loss of phospholipid content but only the remodeling of associated acyl 

chains in cardiac and liver tissue.

These results support an emerging view suggesting that mitochondrial acyl chain remodeling 

is not a major driver of disrupting mitochondrial function in cardiac tissue. In agreement, it 

was recently suggested that nascent CL does not have a negative impact on the function of 

the mitochondria. Using a yeast mutant that only affected CL remodeling and not 

concentration, it was found that nascent CL had no effect on multiple mitochondrial 

functions including respiration and supercomplex formation [65]. It was concluded that 

Sullivan et al. Page 10

J Nutr Biochem. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nascent CL is equally able to maintain mitochondrial morphology and respiration, which 

disagrees with the prevailing model that CL remodeling is critical for optimal mitochondrial 

function [2–4,24,25]. In addition, it is important to note that the high fat diet fed animals did 

not display dramatic acyl chain remodeling in CL, PE, and PC. More substantial 

pathological remodeling and/or a loss of total CL may lead to dysfunctional mitochondria in 

cardiac tissue.

Our results were also in agreement with work focused on cardiac metabolism and the delta-6 

desaturase, the rate-limiting enzyme of long chain polyunsaturated fatty acid biosynthesis 

[66,67]. To exemplify, inhibiting the delta-6 desaturase with a pharmacological inhibitor in 

aged mice prevented the age-associated increase in several PUFAs such as 22:6 in CL [67]. 

However, inhibition of the enzyme did not influence state 3 respiratory capacity although 

select measures of cardiac function such as hypertrophy were improved. Thus, our results in 

parallel with others provide additional evidence that CL remodeling is not mechanistically 

driving an impairment in select measures of respiratory function.

4.4 Potential mechanisms for cardioprotection in an obesity model

Multiple studies have shown that an increase in PUFAs is beneficial to heart function 

[68,69]. Although the mechanism of protection is still widely unknown, there is a link 

between increased PUFAs and cardioprotection. One hypothesis is PUFAs incorporate into 

mitochondrial membrane phospholipids and allow for efficient cardiac function. We 

discovered a significant reduction in shorter saturated acyl chains, thereby increasing the 

relative levels of PUFAs in cardiac tissue. This increase in the levels of PUFA acyl chains 

could potentially be contributing to the maintenance of mitochondrial function we observed 

during this study. In addition, some studies show that a high fat diet can potentially be 

cardioprotective [70–72]. Lastly, the heart is a metabolically flexible organ and it is possible 

that cardiac mitochondria, even with the onset of obesity, adapt to the substrate supplied by 

the diet and continue to function normally. In contrast, liver enzymatic activity may be 

impaired due to an imbalance in the appropriate levels of n-3 and n-6 PUFAs [73].

4.5 Conclusions

The data suggest that a chronic high fat diet that promotes mitochondrial phospholipid 

remodeling may not be detrimental to cardiac mitochondrial function but could contribute to 

mitochondrial dysfunction in liver. Furthermore, the results open the door to investigating 

how acyl chain remodeling enzymes are regulated in response to dietary changes.
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Highlights

• Diet-induced obesity remodels mitochondrial acyl chains in heart and liver 

tissue.

• Membrane packing is modified in cardiac tissue of obese mice.

• Supercomplex formation is maintained in heart and liver mitochondria of 

obese mice.

• Diet-induced obesity impairs liver but not heart respiratory enzyme activity.

• TAZ mRNA levels are upregulated in the liver of obese mice.
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Figure 1. Cardiac mitochondrial phospholipid acyl chains are remodeled in response to a high 
fat diet
Acyl chain composition of (A) CL, (B) PC, and (B) PE in cardiac mitochondria. (D) 

Representative TLC plate of phospholipids assayed from cardiac mitochondria of lean and 

obese mice. (E) Quantification of total CL, PC, and PE in lean controls versus obese 

animals. Data are the average ± S.E.M. from 4 independent experiments. The asterisks 

indicate significance from control (*p < 0.05, ** p < 0.01, ***p < 0.001).
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Figure 2. Mitochondrial monolayer packing is impaired in response to a high fat diet
(A) Sample pressure-area isotherms constructed from extracted mitochondrial lipids from 

mice consuming a control or high fat diet. (B) Area per molecule, and (C) elasticity modulus 

were calculated from the pressure-area isotherms as described in the methods. Data are the 

average ± S.E.M. from 4 independent experiments. The asterisk indicates significance from 

control (*p < 0.05).
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Figure 3. Mice consuming a high fat diet have appropriately assembled cardiac mitochondrial 
supercomplexes and no alterations in specific respiratory enzyme activities
(A) Representative BN-PAGE gel of complexes (C-I-V) and supercomplexes (SC-I-IV) from 

lean and obese mice. “SD” is the molecular weight marks, “C” is for lean control, and “H” is 

for high fat diet. (B) Quantification of BN-PAGE. (C) Specific enzymatic activities of 

individual complexes and (D) NADH oxidation or succinate oxidation coupled to 

cytochrome c reduction (CI or CII to CIII). Activities were determined relative to total 

protein content and then normalized to citrate synthase (CS) activity. Data are the average ± 

S.E.M. from 4 independent experiments.
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Figure 4. Liver mitochondrial phospholipid acyl chains are remodeled in response to a high fat 
diet
Acyl chain composition of (A) CL, (B) PC, and (B) PE in liver mitochondria. (D) 

Representative TLC plate of phospholipids assayed from liver mitochondria. (E) 

Quantification of total CL, PC, and PE in lean controls versus obese animals. Data are the 

average ± S.E.M. from 4 independent experiments. The asterisks indicate significance from 

control (*p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 5. Mice consuming a high fat diet have impaired liver complex I to III enzyme activity
(A) Representative BN-PAGE gel, complexes (C-I-V) and supercomplexes (SC) from mice 

consuming a lean or high fat diet. “SD” is the molecular weight markers, “C” is lean control, 

and “H” is high fat diet. (B) Quantification of BN-PAGE. (C) Specific enzymatic activities 

of individual complexes and (D) NADH oxidation or succinate oxidation coupled to 

cytochrome c reduction (CI or CII to CIII). Activities were determined relative to total 

protein content and then normalized to citrate synthase (CS) activity. Data are the averages ± 

S.E.M. from 4 independent experiments. The asterisk indicates significance from control (*p 
< 0.05).
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Figure 6. Mice consuming a high fat diet have increased liver tafazzin mRNA levels
ALCAT1 and TAZ mRNA levels were measured in cardiac and liver tissues isolated from 

lean and obese mice using qRT-PCR. The fold change is relative to GAPDH and β-actin. 

Data are the average ± S.E.M. from 8 independent experiments. The asterisk indicates 

significance from control (*p < 0.05).
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