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Abstract

The endoplasmic reticulum (ER) plays a key role in the regulation of protein folding, lipid 

synthesis, calcium homeostasis, and serves as a primary site of sphingolipid biosynthesis. ER 

stress (ER dysfunction) participates in the development of mitochondrial dysfunction during 

aging. Mitochondria are in close contact with the ER through shared mitochondria associated 

membranes (MAM). Alteration of sphingolipids contributes to mitochondria-driven cell injury. 

Cardiolipin is a phospholipid that is critical to maintain enzyme activity in the electron transport 

chain. The aim of the current study was to characterize the changes in sphingolipids and 

cardiolipin in ER, MAM, and mitochondria during the progression of aging in young (3 mo.), 

middle (18 mo.), and aged (24 mo.) C57Bl/6 mouse hearts. ER stress increased in hearts from 

18 mo. mice and mice exhibited mitochondrial dysfunction by 24 mo. Hearts were pooled to 

isolate ER, MAM, and subsarcolemmal mitochondria (SSM). LC-MS/MS quantification of lipid 

content showed that aging increased ceramide content in ER and MAM. In addition, the contents 

of sphingomyelin and monohexosylceramides are also increased in the ER from aged mice. Aging 

increased the total cardiolipin content in the ER. Aging did not alter the total cardiolipin content in 

mitochondria or MAM yet altered the composition of cardiolipin with aging in line with increased 
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oxidative stress compared to young mice. These results indicate that alteration of sphingolipids 

can contribute to the ER stress and mitochondrial dysfunction that occurs during aging.
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1. Introduction

Mitochondria are essential to maintain cardiovascular function, however, aging results 

in mitochondrial dysfunction that augments the severity of cardiovascular disease in the 

aged population [1]. Although progress has been made to understand the mechanisms of 

aging-induced mitochondrial defects, the exact factors that trigger mitochondrial dysfunction 

remain unclear. Mitochondria are connected to the endoplasmic reticulum (ER) through 

mitochondria associated membranes (MAM) [2,3]. The main function of the ER is to 

regulate protein folding, lipid synthesis, and calcium homeostasis [4]. The accumulation of 

unfolded/misfolded proteins within the ER causes ER dysfunction (ER stress) [5]. Although 

the initial ER stress response is an adaptive response to restore ER function, prolonged 

ER stress is detrimental to the cell and impairs mitochondrial function [5-7]. The ER 

stress response progressively increases during aging and contributes to the mitochondrial 

dysfunction that occurs [8,9].

Sphingolipids, which include ceramides, sphingosine, sphingosine-1-phosphate, 

sphingomyelins, and glycosphingolipids, are structural components of plasma and 

intracellular organelle membranes and contribute to many cellular functions under both 

normal and pathophysiological conditions [10,11]. Alterations in sphingolipids contribute to 

mitochondrial dysfunction in pathological conditions including aging, diabetes, cancer, and 

cardiovascular diseases, including by direct effects on mitochondria [12-14]. Sphingolipids 

are synthesized in the ER and can contribute to ER stress [15]. Thus, altered sphingolipid 

synthesis is a potential source of the mitochondrial dysfunction in aging, either via direct 

effects or the induction of ER stress.

Ceramides are synthesized by ceramide synthase enzymes (CerS) which are localized in 

the ER. Although ceramides can be generated catabolically by hydrolysis of sphingomyelin 

[16], the chronic elevation of ceramides, as observed with aging in the current study, 

usually arise from the de novo synthetic pathway. There are six isoforms of CerS enzymes, 

which differ in their preference for distinct acyl-CoA species for the N-acylation reaction. 

Ceramides are classified as medium (C12–14), long (C16–C18), very long (C20–C24), and 

ultralong (C26 and above) based on the N-linked fatty acid residue chain length. Distinct 

CerS and their ceramide species promote distinct biological outcomes in cardiomyocytes 

[17,18].

ER and mitochondria are connected through the MAM that functions in lipid transfer and 

calcium exchange. Sphingolipids including ceramides are present in the MAM [12]. Recent 

studies show that the MAM contributes a key role in regulating mitophagy, mitochondrial 

fusion and fission, as well as the activation of programmed cell death [19]. However, 
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the effect of aging on MAM composition, especially in the alteration of sphingolipid 

components, remains unclear.

Although the classic induction of ER stress occurs via misfolded proteins, it is increasingly 

recognized that perturbation of the membrane composition of the ER alters the protein 

folding environment and thereby can induce ER stress [20]. It is not surprising then, that 

ceramides, which are generated in the ER, induce ER stress [15]. Indeed, depending on 

the exact molecular species, ceramides increase both membrane thickness and rigidity, and 

thus can promote protein misfolding, aggregation, and inhibit protein trafficking. Ceramide 

species also act directly through ER stress effectors including IRE1 and ATF6 [15], the 

latter increased with aging in the heart [8,9]. However, there are also signaling pathways by 

which ceramides contribute to ER stress. [21]. On the other hand, emerging evidence also 

suggests the converse scenario that ER stress lies upstream of ceramide production, which 

may serve as a protective adaptation [22]. For example, thapsigargin treatment to induce 

ER stress increased ceramide content [23], and depletion of CerS2 enhanced ER stress 

[24]. Thus, whether ceramides induce or mitigate ER stress remains uncertain and may be 

context-dependent.

Cardiolipin is mainly present in the mitochondrial inner membrane [25] and is critical for 

energy generation by maintaining the optimal activity of the electron transport chain (ETC) 

[26,27]. Because oxidative stress is increased in aged heart mitochondria, cardiolipin, which 

is highly enriched in oxidative-sensitive linoleic acid (C18:2), is especially vulnerable to 

oxidative damage in aged heart mitochondria [28]. Thus, a decrease in cardiolipin content 

or an alteration in composition is a potential mechanism to induce ETC dysfunction during 

aging [29,30]. However, cardiolipin content and composition in both SSM and IFM were 

unchanged with aging in elderly 24 mo. Fischer 344 rats [31]. Thus, the role of cardiolipin 

alteration as a mechanism of age-induced ETC defects remains uncertain. In the current 

study, the content of cardiolipin was quantified in ER, MAM, and isolated mitochondria 

from 3, 18, and 24 mo. mice. Next, the content and composition of sphingolipids in ER, 

MAM, and isolated mitochondria from 3, 18, and 24 mo. mice were characterized. The 

results received from the current study will advance the understanding of the role of lipid 

alterations in the aging-induced defects that occur in cardiac mitochondria in the aging heart.

2. Methods

2.1. Animal model of aging and treatment

The Institutional Animal Care and Use Committees of Virginia Commonwealth University 

(VCU) and the Richmond Department of Veterans Affairs Medical Center approved the 

experimental protocols based on the Guide for the Care and Use of Laboratory Animals. 

Animal care and use complied with ARRIVE guidelines. C57BL/6 male mice [young (3 

mo.), middle aged (18 mo.), and old aged (24 mo.)] were provided by National Institutes of 

Aging colony Charles River Laboratories (Wilmington, MA). Mice were anesthetized with 

pentobarbital (100 mg/kg, I.P.) and mouse hearts were collected under deep anesthesia. Five 

mouse hearts were pooled for ER, MAM, and mitochondrial isolation.
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2.2. Isolation of SSM, MAM and ER from young and aged hearts

The pooled mouse hearts were minced and diluted with 10 mL MSM-EDTA buffer A 

[220 mM mannitol, 70 mM sucrose, 5 mM MOPS (3-(N-morpholino)propanesulfonic acid), 

and 1 mM EDTA]. The minced tissue was homogenized in MSM-EDTA buffer using the 

polytron homogenizer (Kinematica, Switzerland) at 14000 rpm for 2.5 s. The polytron 

homogenate was centrifuged at 500 ×g for 10 min at 4 °C. The supernatant was collected 

and centrifuged at 10,000 ×g for 30 min to generate a crude cytosol fraction (supernatant) 

and a crude fraction of SSM (pellet). The crude cytosol was centrifuged at 20,000 ×g for 10 

min to remove residual broken mitochondria. The supernatant was centrifuged at 100,000 ×g 
for 60 min. The supernatant was purified cytosol, and the pellet was ER that was suspended 

in MSM-EDTA buffer for analysis. The crude SSM fraction was re-suspended in 200uL 

MSM-EDTA buffer and laid on 30 % percoll solution and centrifuged at 95,000 ×g for 30 

min. The upper layer (crude MAM) was transferred to a clean centrifuge tube and diluted 

with 4 mL MSM-EDTA buffer. The lower layer (SSM) was also transferred to a clean 

centrifuge tube and diluted with 4 mL MSM-EDTA buffer. Both crude MAM and SSM were 

centrifuged at 10,000 ×g for 10 min. The supernatant from the MAM tube was transferred 

into a clean tube and centrifuged at 100,000 ×g for 60 min. to yield purified MAM. The 

SSM pellet was resuspended in 3 mL MSM-EDTA buffer and centrifuged at 10,000 ×g 
for 10 min. to yield purified SSM. The purified MAM and SSM were resuspended in 

MSM-EDTA buffer and aliquoted for later analysis [2].

2.3. Lipid extraction

All internal standards were purchased from Avanti Polar Lipids (Alabaster, AL), and 

the SPLASH LIPIDOMIX standard mix was used for untargeted analyses. This mixture 

included 15:0–18:1(d7) PC, 15:0–18:1(d7) PE, 15:0–18:1(d7) PS, 15:0–18:1(d7) PG, 

15:0–18:1(d7) PI, 15:0–18:1(d7) PA, 18:1(d7) LPC, 18:1(d7) LPE, 18:1(d7) Cholesterol 

Ester, 18:1(d7) MAG, 15:0–18:1(d7) DAG, 15:0–18:1(d7)-15:0 TAG, 18:1(d9) SM, and 

Cholesterol (d7). For targeted sphingolipid analyses, internal standards were added 

to samples in 10 μL ethanol:methanol: water (7:2:1) as a cocktail of 250 pmol 

each. Standards for sphingoid bases and sphingoid base 1-phosphates were 17-carbon 

chain length analogs: C17-sphingosine, (2S,3R,4E)-2-aminoheptadec-4-ene-1,3-diol (d17:1-

So); C17-sphinganine, (2S,3R)-2-aminoheptadecane-1,3-diol (d17:0-Sa); C17-sphingosine 

1-phosphate, heptadecasphing-4-enine-1-phosphate (d17:1-So1P); and C17-sphinganine 

1-phosphate, heptadecasphinganine-1-phosphate (d17:0-Sa1P). Standards for N-acyl 

sphingolipids were C12-fatty acid analogs: C12-Cer, N-(dodecanoyl)-sphing-4-enine (d18:1/

C12:0); C12-Cer 1-phosphate, N-(dodecanoyl)-sphing-4-enine-1-phosphate (d18:1/C12:0-

Cer1P); C12-sphingomyelin, N-(dodecanoyl)-sphing-4-enine-1-phosphocholine (d18:1/

C12:0-SM); and C12-glucosylceramide, N-(dodecanoyl)-1-β-glucosyl-sphing-4-eine. For 

cardiolipin, a tetra C14:0 cardiolipin (Avanti Polar Lipids) was added as internal standard.

Samples were collected into 13 × 100 mm borosilicate tubes with a Teflon-lined cap (catalog 

#60827–453, VWR, West Chester, PA). Then 2 mL of CH3OH and 1 mL of CHCl3 were 

added along with the internal standards as above (10 μL). The contents were dispersed using 

an ultra sonicator at room temperature for 30 s. This single-phase mixture was incubated 

at 48 °C overnight. Debris was then pelleted in a centrifuge for 5 min. at 5000 ×g, and 
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the supernatant was transferred to a clean tube. The extract was reduced to dryness using 

a Speed Vac. The dried residue was reconstituted in 0.2 mL of the starting mobile phase 

solvent for untargeted analysis, sonicated for approximately 15 s., then centrifuged for 5 

min. in a tabletop centrifuge (~5000 ×g) before transfer of the clear supernatant to the 

autoinjector vial for analysis.

2.4. Targeted analysis and phosphate assay

Lipid contents were measured in SSM, MAM, and ER. Sphingoid bases and complex 

sphingolipids including ceramides were separated by reverse phase LC using a Supelco 2.1 

(i.d.) × 50 mm Ascentis Express C18 column (Sigma, St. Louis, MO) and a binary solvent 

system at a flow rate of 0.5 mL/min with a column oven set to 35 °C. Prior to injection 

of the sample, the column was equilibrated for 0.5 min with a solvent mixture of 95 % 

Mobile phase A1 (CH3OH/H2O/HCOOH, 58/41/1, v/v/v, with 5 mM ammonium formate) 

and 5 % Mobile phase B1 (CH3OH/HCOOH, 99/1, v/v, with 5 mM ammonium formate), 

and after sample injection (typically 40 μL), the A1/B1 ratio was maintained at 95/5 for 

2.25 min, followed by a linear gradient to 100 % B1 over 1.5 min, which was held at 100 

% B1 for 5.5 min, followed by a 0.5 min gradient return to 95/5 A1/B1. The column was 

re-equilibrated with 95:5 A1/B1 for 0.5 min before the next run. For LC-MS/MS analyses, 

a Shimadzu Nexera LC-30 AD binary pump system coupled to a SIL-30 AC autoinjector 

and DGU20A5R degasser coupled to an AB Sciex 5500 quadrupole/linear ion trap (QTrap) 

(SCIEX Framingham, MA) operating in a triple quadrupole mode was used. Q1 and Q3 

were set to pass molecularly distinctive precursor and product ions (or a scan across multiple 

m/z in Q1 or Q3), using N2 to achieve collision induced dissociations in Q2 (which was 

offset from Q1 by 30–120 eV); the ion source temperature was set to 500 °C.

Cardiolipin was quantified on a Sciex 6500 QTrap mass spectrometer after separation by 

reverse phase LC using a Supelco 2.1 (i.d.) × 150 mm Ascentis Express C18 column 

(Sigma, St. Louis, MO) and a binary solvent system at a flow rate of 0.3 mL/min with a 

column temperature of 60 °C. Prior to injection of the sample, the column was equilibrated 

for 0.5 min with a solvent mixture of 30 % Mobile phase A (CH3OH/H2O, 50/50, v/v, with 

2.5 mL triethylamine and 2.5 mL glacial acetic acid) and 70 % Mobile phase B (IPA/H2O, 

90/10, v/v, with 2.5 mL triethylamine and 2.5 mL glacial acetic acid), and after sample 

injection (typically 40 μL), the A/B ratio was maintained at 30/70 for 2.0 min, followed by a 

linear gradient to 100 % B over 7.0 min and held at 100 % B1 for 4.3 min, followed by a 0.6 

min gradient return to 30/70 A/B. Each cardiolipin is quantified during each run by MRM 

analysis, and the structure is confirmed via a MS2 scan within the linear ion trap during the 

elution of each peak.

Data from targeted analyses were normalized by total phospholipid as determined by a 

standard published method [32]. In brief, a portion of lipid extract was dried down and 

dissolved in 0.6 mL ashing solution (0.8 N H2SO4, 1.4 % HClO4 in H2O). Samples were left 

overnight in a heating block at 160 °C. After this incubation, 0.9 mL water, 0.5 mL 0.9 % 

ammonium molybdate solution, and 0.2 mL 9 % ascorbic acid solution were added to the 

samples. Samples were incubated in a 45 °C water bath for ~30 min. Absorbance at 600 nm 
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was determined and phosphate amounts were extrapolated from a standard curve prepared 

from sodium phosphate solution.

2.5. Untargeted analysis

For LC-MS/MS analyses, a Thermo Scientific Q Exactive HF Hybrid Quadrupole-Orbitrap 

Mass Spectrometer was used. The lipids were separated by reverse phase LC using a 

Thermo Scientific Accucore Vanquish C18+ 2.1 (i.d.) × 150 mm column with 1.5 μm 

particles. The UHPLC used a binary solvent system at a flow rate of 0.26 mL/min with a 

column oven set to 55 °C. Prior to injection of the sample, the column was equilibrated for 

2 min. With a solvent mixture of 99 % Moble phase A1 (CH3CN/H2O, 50/50, v/v, with 5 

mM ammonium formate and 0.1 % formic acid) and 1 % Mobile phase B1 (CH3CHOHCH3/

CH3CN/H2O, 88/10/2, v/v/v, with 5 mM ammonium formate and 0.1 % formic acid) and 

after sample injection (typically 10 μL), the A1/B1 ratio was maintained at 99/1 for 1.0 

min, followed by a linear gradient to 35 % B1 over 2.0 min, then a linear gradient to 60 

% B1 over 6 min, followed by a linear gradient to 100 % B1 over 11 min., which held at 

100 % B1 for 5 min, followed by a 2.0 min gradient return to 99/1 A1/B1. The column 

was re-equilibrated with 99:1 A1/B1 for 2.0 min before the next run. Each sample was 

injected two times for analysis in both positive and negative modes. For initial full scan 

MS (range 300 to 200 m/z) the resolution was set to 120,000 with a data dependent MS2 

triggered for any analyte reaching 3e6 or above signal. Data-dependent MS2 were collected 

at 30,000 resolution. Lipid species that were different between samples with statistical 

significance (adjusted p-value <0.05) were identified by the ThermoFisher LipidSearch 

software package.

2.6. Immunoblotting

Heart tissue from a single animal was homogenized in RIPA buffer with protease 

and phosphatase inhibitors (Thermo Fisher Scientific, 78446) until visibly homogenized. 

Homogenates were vortexed well and centrifuged at 10,000g for 10 min at 4 °C. The 

resulting supernatant was transferred to a new tube. Protein content was quantified using a 

Lowry assay. Ten micrograms of protein were loaded per lane of an Any kD SDS-PAGE 

gel (Bio-Rad Criterion TGX stain-free precast gels) and transferred to PVDF membranes 

using Trans-Blot® Turbo™ Transfer System (BIO RAD, 1704150). The membranes were 

blocked for 1 h. in 5 % BSA. Proteins were detected using HRP-linked anti-mouse 

secondary antibody (Cell Signaling Technology, 7076, 1:10,000), Clarity ECL Western 

blotting substrate (Bio-Rad, 1705061) for HRP, and a Chem-iDoc imaging system (BIO 

RAD, 17001401, 17001402). Blots were assessed for protein expression of CerS2 (Abnova 

H00029956-M01A, 1:1000, overnight at 4 °C), and stain-free total protein were used to 

determine even loading. The intensity was quantified using ImageJ.

2.7. Quantitative PCR

Total RNA was isolated from heart tissue of a single animal and homogenized in Trizol 

(Invitrogen, 15596026) followed by RNeasy mini kit (Qiagen, 74106) extraction and 

column purification. RNA concentration in tissue was measured using the Agilent 2100 

bioanalyzer. cDNA was synthesized from 1 μg of total RNA using iScript Advanced 

cDNA synthesis kit (Bio-Rad, 1708890). Real-time PCR was performed using a CFX96 
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Real-Time system (Bio-Rad) and SSoAdvanced Sybr (Bio-Rad, 1725272). The following 

primers were used: Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using Qiagen 

QuantiTect Primers QT01658692; Hydroxymethylbilane Synthetase (Hmbs1; IDT), Fwd 

5′ ATGAGGGTGATTCGAGTGGG 3′, Rev 5′ TTGTCTCCCGTGGTGGACATA 3′; and 

Ceramide Synthase 2 (CerS2; IDT), Fwd 5′ ATGCTCCAGACCTTGTATGACT 3′, Rev 

5′ CTGAGGCTTTGG CATAGACAC 3′. Mean normalized expression was calculated by 

normalizing to the geometric mean of reference genes GAPDH and Hmbs in heart tissue 

[i.e., root2(Cq gene 1 × Cq gene 2)] using the ΔΔCt method, where Cq is the quantitation 

cycle and Ct is the cycle threshold.

2.8. Statistical analysis

Data are expressed as the mean ± standard deviation [33]. Differences between groups were 

compared by one-way ANOVA after the data passed normality and equal distribution tests. 

When a significant F value was obtained, means were compared using the Student-Newman-

Keuls test of multiple comparisons. Statistical significance was defined as a value of p < 

0.05.

3. Results

3.1. Aging altered cardiolipin in the ER

The successful separation of mitochondria, MAM, and ER is shown in Fig. 1A. The inositol 

tris-phosphate receptor (IP3R) was found in MAM and ER [34]. FACL4 content in MAM 

was much greater than that in mitochondria and ER, consistent with previously described 

localization to MAM [2,35]. Cytochrome c was located in mitochondria as expected [36]. 

VDAC was mainly detected in mitochondria, whereas some VDAC was also detected in the 

MAM and ER. VDAC is expected to be present in MAM [34]. SERCA2 was enriched in ER 

and not detected in the mitochondria or MAM as previously described [37]. Together these 

data indicate a robust separation of these cell components.

Compared to 3 mo., total cardiolipin content was dramatically increased in the ER from 18 

mo. mice (Fig. 1B). The content of total cardiolipin in 24 mo. ER was still higher than that 

in 3 mo. mice. However, cardiolipin content was lower in 24 mo. ER compared to 18 mo. 

(Fig. 1B). There was no significant difference in total cardiolipin content in both MAM (Fig. 

1C) and SSM (Fig. 1D) between 3, 18, and 24 mo. mice.

There was some specificity in the chain-length increases in cardiolipins, with a large 

increase of (C18:2)3(C18:3)1 and (C18:2)2(C18:1)2, with less notable differences in the 

(C18:2)4, (C18:2)3(C18:1)1, (C18:2)3(C18:0)1, and (C18:2)3(C22:6)1 species at 18 months. 

These increases were attenuated at 24 months but remained elevated relative to young 3 mo. 

mice. (Fig. 2A). The chain-length composition of cardiolipin was not altered in MAM from 

3, 18, and 24 mo. mice (Fig. 2B). The chain-length composition of cardiolipin including 

[(C18:2)2(C18:1)2, (C18:2)3(C18:0)1, (C18:2)3(C22:6)1, (C18:2)2(C18:1)1(C22:6)1, and 

(18:2)2(C22:6)2] was slightly decreased in 24 mo. SSM compared to 3 mo. SSM (Fig. 

2C).
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3.2. Aging increased ceramides in ER and MAM

Relative to modest changes in cardiolipins from 3 to 18 mo. mice, changes in ceramides 

were more dramatic and for some species, attenuation from 18 to 24 mo. was generally 

of a smaller magnitude than cardiolipins. Compared to 3 mo., the contents of ceramides 

including C16:0, C18:0, C20:0, C22:0, C24:1, C24:0, C26:1, and C26:0 were dramatically 

increased in the ER from 18 mo. mice (Fig. 3A). The contents of ceramides including 

(C20:0, C22:0, C24:0, C26:1, and C26:0) remained elevated in 24 mo. ER compared to 

3 mo. (Fig. 3A), though contents were decreased at 24 mo. of age compared to 18 mo. 

(Fig. 3A). The content of very long chain ceramide (C26:0) was increased in 18 mo. MAM 

compared to 3 mo. (Fig. 3B). The contents of ceramides (C24:0 and C26:0) were increased 

in 24 mo. MAM compared to 3 mo. (Fig. 3B). There were no differences in ceramide 

content between 3, 18, and 24 mo. SSM (Fig. 3C).

3.3. Aging increased monohexosylceramides in ER

Compared to 3 mo., the contents of monohexosylceramides including (C16:0, C18:1, C18:0, 

C20:0, C22:0, C24:1, C24:0, C26:1, and C26:0) were increased in the ER from 18 mo. mice 

(Fig. 4A). The contents of monohexosylceramides including (C16:0, C18:1, C18:0, C22:0, 

C24:1, C24:0, C26:1, and C26:0) were also increased in 24 mo. ER compared to 3 mo. mice 

(Fig. 4A), though contents modestly decreased from 18 mo. to 24 mo. of age. There were 

no differences in contents of monohexosylceramides in MAM (Fig. 4B) and SSM (Fig. 4C) 

from 3, 18, and 24 mo. mice.

3.4. Aging increased sphingomyelin in ER

Compared to 3 mo., the contents of sphingomyelin including (C14:0, C16:0, C18:1, C18:0, 

C20:0, C22:0, C24:1, C24:0, C26:1, and C26:0) were increased in the ER from 18 mo. mice 

(Fig. 5A). The contents of sphingomyelin including (C16:0, C18:0, C20:0, C22:0, C24:1, 

C24:0, C26:1, and C26:0) were also increased in 24 mo. ER compared to 3 mo. mice (Fig. 

5A), although decreases in content from 18 mo. to 24 mo. were evident. There were no 

differences in contents of sphingomyelin in MAM from 3, 18, and 24 mo. mice (Fig. 4B). 

The contents of sphingomyelin including (C18:1, C18:0, and C20:0) were increased in 24 

mo. SSM compared to 3 mo. SSM (Fig. 5C).

3.5. Aging increases CerS2 content

Lipidomic analyses revealed that age increased very long-chain ceramides (C20:0 and 

greater) in ER at 24 mo. compared to 3 mo. (Fig. 3A). While the ceramide synthase 2 and 

4 isoforms could theoretically generate these chain lengths, CerS4 expression has not been 

reported in heart, whereas CerS2 has been reported [38,39]. Furthermore, C24:1 ceramide 

is a unique product of CerS2 [38], and therefore, these data suggested that CerS2 content 

may increase with age. Immunoblotting for CerS2 demonstrated a dramatic increase in 24 

mo. mice compared to 3 mo., supporting that age-induced very long chain ceramides likely 

increased via increased CerS2 (Fig. 6A). Interestingly, mRNA of CerS2 did not demonstrate 

an increase in aged mice (Fig. 6B), suggesting the increase in CerS2 may involve protein 

stability rather than regulation at the level of mRNA.
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4. Discussion

Our previous study found that aging led to increased ER stress that contributed to 

mitochondrial dysfunction by impairing the ETC [8,9]. In the current study, we found that 

aging increased the cardiolipin content in ER but not in the MAM or SSM (Fig. 1). Aging 

also increased the contents of ceramide species in both ER and MAM. Interestingly, the 

contents of sphingomyelin and monohexosylceramides were mainly increased in the 18 mo. 

ER. Mitochondrial dysfunction occurs in 24 mo. mice [8,9]. These results indicate that 

alterations of lipid content occur earlier than the onset of mitochondrial dysfunction. The 

changes in lipid content and composition mainly occur in the ER but not in mitochondria, 

indicating that alterations in the lipids are likely to alter mitochondrial function as a 

downstream event during aging. We find that ER stress contributes to mitochondrial 

dysfunction during aging [8,9]. Alteration of lipids especially ceramide can increase the ER 

stress [40]. Our results suggest that aging leads to mitochondrial dysfunction by increasing 

the ER stress potentially through the alteration of ceramide content and composition in the 

ER.

4.1. Mitochondrial dysfunction and cardiolipin alteration during aging

OXPHOS is decreased in both SSM and IFM from aged C57BL/6 mice [8,9]. Since MAM 

are separated from the same initial fraction used to subsequently isolate purified SSM [2], 

only SSM were isolated in the current study. Since cardiolipin is essential to maintain 

enzyme activity in the ETC [25,41], we first analyzed cardiolipin content and composition in 

ER, MAM, and mitochondria from the different aged mice.

Our previous studies showed that a decrease in cardiolipin content impairs the ETC in 

cardiac mitochondria following ischemia [42,43]. Cardiolipin content has been shown to 

be decreased in a mixed population of cardiac mitochondria in aged rat hearts [29,30]. 

However, aging does not alter cardiolipin content or composition in SSM or IFM from 24 

mo. aged Fischer 344 rats [31]. In agreement with the previous finding in a rat model 

of aging [31], the current study found that the total cardiolipin content was also not 

altered in aged mouse heart mitochondria. However, the current study does find that the 

chain-length compositions of cardiolipin mainly in (C18:2)2(C18:1)2, (C18:2)3(C18:0)1, 

(C18:2)3(C22:6)1, (C18:2)2(C18:1)1(C22:6)1, and (C18:2)2(C22:6)2 are decreased in 24 mo. 

mitochondria compared to young mice. Changes in cardiolipin not only affect the activity 

of individual respiratory complexes, but also impair the formation of respirasomes, so called 

“supercomplexes” [44]. In supercomplexes, the efficiency of electron transport through 

the ETC is substantially increased [45,46]. Supercomplexes are decreased in aged heart 

mitochondria from animals and in human studies [44,46,47]. The mitochondrial targeted 

drug SS-31 binds to cardiolipin and improves the efficiency of the ETC. SS-31 treatment 

improves mitochondrial function in aged hearts [48-50], indicating that the cardiolipin defect 

may indeed contribute to the mitochondrial dysfunction that occurs during aging. Our results 

suggest that alterations in cardiolipin composition likely contribute to mitochondrial defects 

during aging.

Cardiolipin is synthesized with interactions between the ER and mitochondria that 

involve transport into mitochondria through MAM with final remodeling to tetra-linoleoyl 
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cardiolipin in the mitochondria by the mitochondria-localized enzyme tafazzin [51,52]. 

Disease altered cardiolipin undergoes remodeling in the MAM and ER, including by the 

enzyme ALCAT-1 [53]. Since a cardiolipin defect leads to mitochondrial dysfunction, we 

anticipate that cardiolipin contents are also decreased in the ER and MAM. However, 

the opposite was found in the aged ER and MAM. Cardiolipin content is increased 

in the ER from aged mice, potentially indicating enhanced remodeling of cardiolipin 

that has undergone age-induced oxidative or calcium-mediated damage transferred from 

mitochondria, the latter by activation of phospholipase A2 to generate monolysocardiolipin 

[36,54]. Monolysocardiolipin is then remodeled by reacylation in the ER and MAM by 

ALCAT-1 to cardiolipin which contains non-linoleoyl acyl-groups [36]. The potential of 

oxidative damage to cardiolipin may occur in response to ER stress, via calcium activated 

or extrinsic oxidative damage, or in response to age induced defects in the ETC [8]. The 

lipidomic data suggest the potential for a mutually reinforcing feedback loop between ER 

and mitochondria to enhance damage and dysfunction in both organelles.

4.2. Mitochondrial dysfunction and ceramide alteration during aging

Aging leads to increased ceramide content and impaired mitochondrial function in aged 

heart mitochondria [55]. Reduction of the ceramide level in aged rats with lipoic acid 

treatment restores mitochondrial function in aged rats [55]. An elevation of ceramide content 

by activating CerS6 decreases OXPHOS during oxidative stress by impairing cytochrome 

oxidase activity [56]. These studies suggest that changes in ceramide content could directly 

alter mitochondrial function during aging. In the current study, we find that the content of 

ceramides is increased in the ER but not in mitochondria from the aged mouse heart (Fig. 3). 

This result suggests that aging-mediated mitochondrial ceramide alteration does not directly 

account for the age-induced defects in ETC function in the mouse heart. Although aging 

increases cytochrome oxidase defects and ROS generation from mouse heart mitochondria 

[8], the unchanged ceramide contents support that ceramides are not directly the source of 

the mitochondrial dysfunction in aged mice. In addition to direct inhibition of mitochondrial 

function, ceramide can indirectly impair mitochondrial function by increasing inflammation 

and impairing mitophagy. Aging leads to decreased mitophagy and increased ceramide level 

in mouse skeletal and heart tissue [57]. Changes in ceramides may impair mitochondrial 

function indirectly in aged mice by decreasing mitophagy thereby allowing the persistence 

of age-damaged mitochondria [58].

4.3. Ceramide alteration and ER stress during aging

Perturbation of the membrane composition of the ER alters the protein folding environment 

and thereby can induce ER stress [20]. Ceramide plays a key role in regulating membrane 

thickness and rigidity. Changes in ceramides can induce ER stress by increasing protein 

misfolding and aggregation [59]. Ceramide treatment increases Bip expression in rat 

vascular rings [40]. Ceramide also acts directly through ER stress effectors; IRE1 directly 

responds to perturbations in its membrane lipid environment, and dihydroceramides directly 

activate ATF6 [15]. These results support the idea that ceramides are potential inducers of 

the ER stress. The current study found that the content of several ceramides is increased in 

ER from hearts during the course of cardiac aging, suggesting that changes in the ceramides 

is a potential factor to increase the ER stress during aging. Interestingly, the onset of ER 
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stress in the heart precedes the onset of age-induced mitochondrial defects, suggesting that 

increased ceramide content present in the ER during aging may induce ER stress and the 

resulting downstream mitochondrial defects present in the aging murine heart.

4.4. Source of increased ceramide during aging

Ceramides are produced from palmitate and serine to generate the amino alcohol 

sphinganine that is a substrate for ceramide biosynthesis [16]. Ceramides are synthesized 

by CerS which are localized in the ER. CerS acylate the nitrogen in sphinganine to 

generate dihydroceramide. Dihydroceramide is subsequently desaturated to ceramide [16] 

(Fig. 7). Ceramides can also be generated catabolically by hydrolysis of sphingomyelin 

or monohexosylceramides [11,16] (Fig. 7). The current study found that aging increased 

the formation of sphingomyelin and monohexosylceramides, consistent with a previous 

finding [11]. Aging also leads to increased monohexosylceramides in humans [60]. 

Caloric restriction prevents the accumulation of long-chain glycosphingolipids and 

monohexosylceramides during aging [60]. Aging increases the activity of sphingomyelinase 

that can increase the formation of ceramides from sphingomyelin by catabolism of 

sphingomyelin [55]. These results support that sphingomyelin and monohexosylceramides 

are potential sources to increase the ceramide content during aging [60].

There are six isoforms of CerS enzymes that are essential to form ceramides [17,18]. 

Ceramides are classified according to length of the N-linked fatty acid residue chain 

length [17,18]. Specific CerS and ceramide molecular species promote distinct biological 

outcomes. For example, CerS5 utilizes myristoyl- (C14:0) or palmitoyl-CoA (C16:0), 

yielding medium- (C14) or long-chain (C16:0) ceramides which caused cardiomyocyte 

hypertrophy [17]. CerS2 generates very long chain ceramides that can increase 

mitochondrial damage [18]. Inhibition of CerS in C. elegans increases autophagy-dependent 

lifespan extension [61], indicating that CerS-mediated formation of ceramides contributes 

to the aging process. However, data regarding potential alterations in CerS in aged hearts 

are limited. The full characterization of the CerS profile in aged hearts to correspond to the 

profile of molecular species observed during aging in the heart observed in the current study 

warrants future evaluation.

4.5. Alteration of MAM function during aging

The interaction of the ER with mitochondria occurs through the MAM [62]. The MAM 

contribute a key role in lipid transfer and calcium exchange from the ER to mitochondria 

[12,63]. MAM also contribute to the formation of autophagosome formation [62]. A recent 

study described the distribution of sphingolipids in the MAM [12]. Staurosporine treatment 

increased apoptosis and the formation of ceramide in the MAM [12]. The activity of 

sphingomyelinase was increased in the MAM during staurosporine treatment [12]. These 

results indicate that staurosporine-induced sphingomyelinase activity augments ceramide 

formation. The current study found that aging increased the content of ceramides, especially 

long-chain ceramides, in the MAM (Fig. 3). The activity of sphingomyelinase is increased 

during aging [55]. The increased ceramide content in MAM in the current study may be due 

to activation of sphingomyelinase. The mechanism of generation of the increased ceramide 

content in the MAM with aging requires future study.
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Disruption of MAM function by inducing changes in sphingolipids increases apoptosis 

[12] and decreases autophagosome formation [62]. The MAM dysfunction can impair 

calcium transfer between mitochondria and ER [63]. Calcium overload is known to induce 

mitochondrial dysfunction [25]. An increase in calcium can sensitize to mitochondrial 

permeability transition pore opening [64,65]. Calcium overload can damage the ETC 

by activating calcium-dependent proteases including calpains [66,67]. Thus, alteration of 

sphingolipids in the MAM can contribute to mitochondrial dysfunction during aging by 

impairing autophagy and calcium balance.

4.6. Conclusion

Aging leads to cardiac mitochondrial dysfunction by increasing the ER stress [8,9]. The 

findings in the current study support that age-induced alteration of sphingolipids likely 

contributes to the increased ER stress. Restoration of sphingolipid balance is a potential 

strategy to improve mitochondrial function in aged hearts.
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Fig. 1. 
Cardiolipin content in ER, MAM, and SSM from different aged hearts.

Panel A shows the separated SSM, MAM, and ER. Cytochrome c (Cyt c) and VDAC were 

mainly detected in SSM, whereas FACL4 was mainly detected in the MAM. IP3R was found 

in MAM and ER. SERCA2 was mainly found in the ER. These marker enzyme findings 

are as expected and support a robust separation of the respective fractions (see text). Panel 

B shows the elevated content of cardiolipin in ER isolated from 18 mo. and 24 mo. aging 

hearts compared to 3 mo. adult controls. Cardiolipin content in ER from 24 mo. aged hearts 

was lower than that in ER from 18 mo. old hearts. There were no significant differences in 

cardiolipin content in mitochondrial associated membranes (MAM) isolated from 3, 18, and 

24 mo. hearts in Panel C nor in subsarcolemmal mitochondria (SSM) isolated from 3, 18, 

and 24 mo. old hearts shown in Panel D. (Mean ± SEM; *p < 0.05 vs. 3 mo. †p < 0.05 vs. 18 

mo. n = 5 in each group).
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Fig. 2. 
Alteration of cardiolipin composition in ER, MAM, and SSM isolated from different aged 

hearts: Panel A (Left Panel) shows the composition of cardiolipin in ER isolated from 

3, 18, and 24 mo. hearts. The contents of several cardiolipin molecular species including 

(C18:2)3(C18:3)1, (C18:2)4, (C18:2)3(C18:1)1, (C18:2)2(C18:1)2, (C18:2)3(C18:0)1, and 

(C18:2)3(C22:6)1 were elevated in endoplasmic reticulum (ER) isolated from 18 mo. and 

24 mo. hearts compared to 3 mo. adult controls. There were no significant differences in the 

contents of cardiolipin molecular species in mitochondrial associated membranes (MAM) 

isolated from 3, 18, and 24 mo. hearts as shown in Panel B (Middle Panel). The contents of 

cardiolipin components were also similar in subsarcolemmal mitochondria (SSM) isolated 

from 3 and 18 mo. old hearts. However, the contents of several cardiolipin molecular 

species (C18:2)2(C18:1)2, (C18:2)3(C18:0)1, (C18:2)3(C22:6)1, (C18:2)2(C18:1)1(C22:6)1, 

and (C18:2)2(C22:6)2 were decreased in SSM isolated from 24 mo. elderly compared to 3 

mo. adult hearts as shown in Panel C (Right Panel). Mean ± SEM. *p < 0.05 vs. 3 mo. †p < 

0.05 vs. 18 mo. n = 5 in each group.
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Fig. 3. 
Alteration of ceramide composition in ER, MAM, and SSM isolated from different aged 

hearts.

Panel A (Left Panel) shows the composition of ceramide molecular species in endoplasmic 

reticulum (ER) isolated from 3, 18, and 24 mo. hearts during the progression of aging. The 

contents of C16:0, C18:0, C20:0, C22:0, C24:1, C24:0, C26:1, and C26:0 were increased 

in ER isolated from 18 mo. old hearts compared to 3 mo. adult controls. The contents of 

ceramide molecular species including C16:0, C20:0, C22:0, C24:0, C26:1, and C26:0 were 

also increased in ER from 24 mo. aged hearts compared to 3 mo. old adult controls, though 

decreased from 18 mo. Panel B (Middle Panel) showed that the contents of C24:0 and C26:0 

ceramides were increased in mitochondrial associated membranes (MAM) isolated from 24 

mo. old aged hearts compared to 3 mo. adult controls. The content of ceramide (C26:0) 

was also increased in MAM isolated from 18 mo. old hearts vs. 3 mo. adult controls. There 

were no significant differences in ceramide content in subsarcolemmal mitochondria (SSM) 

isolated from 3, 18, and 24 mo. old hearts shown in Panel C (Right Panel). Mean ± SEM. *p 

< 0.05 vs. 3 mo. †p < 0.05 vs. 18 mo. n = 5 in each group.
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Fig. 4. 
Alteration of monohexosylceramides in ER, MAM, and SSM from different aged hearts. 

Panel A (Left Panel) shows the composition of monohexosylceramide molecular species in 

endoplasmic reticulum (ER) isolated from 3, 18, and 24 mo. hearts during the progression 

of aging. The contents of monohexosylceramides including C16:0, C18:1, C18:0, C20:0, 

C22:0, C24:1, C24:0, C26:1, and C26:0 were increased in ER isolated from 18 mo. and 

24 mo. old hearts compared to 3 mo. adult controls. There were no significant differences 

in the contents of monohexosylceramides in mitochondrial associated membranes (MAM) 

isolated from in 3, 18, and 24 mo. hearts (Panel B, Middle Panel) nor in subsarcolemmal 

mitochondria (SSM) (Panel C, Right Panel). Mean ± SEM. *p < 0.05 vs. 3 mo. †p < 0.05 vs. 

18 mo. n = 5 in each group.
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Fig. 5. 
Alteration of sphingomyelin in ER, MAM, and SSM from different aged hearts.

Panel A (Left Panel) shows the composition of sphingomyelin molecular species in 

endoplasmic reticulum (ER) isolated from 3, 18, and 24 mo. hearts. The contents of C14:0, 

C16:0, C18:1, C18:0, C20:0, C22:0, C24:1, C24:0, C26:1, and C26:0 sphingomyelins were 

increased in ER isolated from 18 mo. aged hearts compared to 3 mo. adult controls. The 

contents of sphingomyelins including C16:0, C18:0, C20:0, C22:0, C24:1, C24:0, C26:1, 

and C26:0 were also increased in ER from 24 mo. elderly hearts compared to 3 mo. old adult 

controls. There were no significant differences in the contents of sphingomyelin molecular 

species in mitochondrial associated membranes (MAM) isolated from in 3, 18, and 24 mo. 

hearts (Panel B, Middle Panel). Panel C (Right Panel) shows that there were no differences 

in sphingomyelin contents in subsarcolemmal mitochondria (SSM) isolated from 3 mo. and 

18 mo. old hearts. However, the content of several sphingomyelin species including C18:1, 

C18:0, and C20:0 were increased in SSM from 24 mo. elderly compared to 3 mo. adult 

hearts. Mean ± SEM. *p < 0.05 vs. 3 mo. †p < 0.05 vs. 18 mo. n = 5 in each group.
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Fig. 6. 
Content of ceramide synthase 2 is increased in the aging heart.

Hearts from 24-month aged mice show increased ceramide synthase 2 (CerS2) content 

relative to 3 mo. adult control mice. Panel A (Left Panel) displays CerS2 protein expression 

of hearts isolated from 3- and 24- mo. mice. ImageJ was used to quantify the blots, and 

normalized to total protein (Mean ± SEM. ****p < 0.01 vs. 3 mo. n = 4/group). Panel B 

(Right Panel) shows CerS2 mRNA expression from 3- and 24-month hearts (Mean ± SEM. p 

= ns between groups. n = 6/group). Each N represents an individual animal.
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Fig. 7. 
Depiction of pathways for ceramide synthesis.

Dihydroceramide is synthesized by ceramide synthase enzymes (CerS) using Palmitoyl 

Co-A and Serine or sphingosine as substrates. The dihydroceramide is processed by 

dihydroceramide desaturase (DDS) to generate ceramide. Ceramide can also be generated 

catabolically through hydrolysis of sphingomyelin by sphingomyelinase (SMase). Ceramide 

is also be generated through hydrolysis of monohexosylceramides in the presence of 

glucocerebrosidase 1 (GBA1) or galactosylceramidase (GALC). Ceramide can serve as 

a substrate in the formation of sphingomyelin via sphingomyelin synthase (SMsyn) and 

sphingosines via the action of ceramidase (Cerase).
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