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Abstract 12 

There is ample evidence that cell membrane architecture contributes to metabolism and 13 

aging in animals, however the aspects of this architecture that determine the rate of metabolism 14 

and longevity are still being debated. The “membrane pacemaker” hypotheses of metabolism 15 

and aging, respectively, suggest that increased lipid unsaturation and large amounts of 16 

polyunsaturated fatty acids (PUFAs) in cell membranes increases the cellular metabolic rate as 17 

well as the vulnerability of the cell to oxidative damage, thus increasing organismal metabolic 18 

rate and decreasing longevity.  Here, we test these hypotheses by experimentally altering the 19 

membrane fatty acid composition of fibroblast cells derived from small and large breed dogs by 20 

incubating them in a medium enriched in the monounsaturated fatty acid (MUFA) oleic acid (OA, 18:1)  21 

to decrease the total saturation. We then measured cellular metabolic parameters and 22 

correlated these parameters with membrane fatty acid composition and oxidative stress. We 23 

found that cells from small dogs and OA incubated cells had lower maximal oxygen 24 

consumption and basal oxygen consumption rates, respectively, which are traits associated with 25 

longer lifespans. Furthermore, although we did not find differences in oxidative stress, cells from 26 

small dogs and OA treated cells exhibited reduced ATP coupling efficiency, suggesting that 27 

these cells are less prone to producing reactive oxygen species. Membrane fatty acid 28 

composition did not differ between cells from large and small dogs, but cells incubated with OA 29 

had more monounsaturated fatty acids and a higher number of double bonds overall despite a 30 

decrease in PUFAs. Our results suggest that increasing the mono-unsaturation of dog cell 31 

membranes may alter some metabolic parameters linked to increases in longevity.  32 
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Introduction 34 

That metabolism and longevity are linked to cellular architecture is now becoming a 35 

commonly accepted tenet, however, the aspects of this architecture that determine metabolic 36 

rate and longevity are still being debated (Hulbert et al., 2007). Cellular membranes, including 37 

the plasma and mitochondrial membranes, serve as barriers for the flow of ions within and 38 

between cells, and thus govern the rate of many cellular processes (Hulbert et al., 2007). As a 39 

consequence, changes in the properties of these membranes can affect metabolic rate and 40 

impact processes associated with aging. A primary mechanism by which membrane properties 41 

are altered is through changes in lipid composition, including changes in the saturation of fatty 42 

acid tails (Hulbert, 2007). Differences in the composition of saturated fatty acids, 43 

monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) have wide-44 

ranging effects on membrane fluidity and susceptibility to oxidative damage (Calhoon et al., 45 

2015) Currently, two hypotheses attempt to explain the mechanism by which cell membrane 46 

composition determines metabolic rate and longevity – the membrane pacemaker hypothesis of 47 

metabolism and the membrane pacemaker hypothesis of aging.  48 

 The “membrane pacemaker hypothesis of metabolism” suggests that basal metabolism 49 

is closely associated with membrane protein activity such as the pumping of Na+-K+-ATPase 50 

across the plasma membrane and across the inner mitochondrial membrane (Rolfe and Brown 51 

1997; Turner et al., 2003). In addition to inherently increasing Na+-K+-ATPase activity, lipid 52 

membranes with long fatty acid chains and high PUFA content exhibit a greater proportion of 53 

more fluid hexagonal phase domains.  This greater fluidity increases activity of several 54 

membrane proteins that may increase metabolic rate (Escribá et al, 1995; Brookes et al, 1998; 55 

Calhoon et al, 2015). This pattern is demonstrated in a wide range of mammalian species, in 56 

which increases in chain length and the increases in the total number of double bonds in 57 

phospholipids correlate with higher tissue metabolic rates in some organs (Couture and Hulbert 58 

1995a; Couture and Hulbert 1995b; Hulbert et al., 2007).  59 

In addition to contributing to an elevated metabolic rate, higher levels of unsaturated 60 

fatty acids in cell membranes may also increase the susceptibility of the cell membrane to 61 

oxidative damage, and thus could lead to an accelerated rate of aging and decreased longevity, 62 

a proposed mechanism referred to as the membrane pacemaker hypothesis of aging 63 

(Pamplona et al., 1996; Pamplona et al., 1998; Pamplona et al., 2002; Portero-Otin et al., 2001; 64 

Hulbert et al., 2007; Calhoon et al., 2015). As animals produce adenosine triphosphate (ATP) 65 

through mitochondrial respiration, highly reactive molecules with an errant electron known as 66 

reactive oxygen/nitrogen species (ROS/RNS) are produced as a by-product of oxygen reduction 67 
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(Harman 1956). In small amounts, ROS are important for cell signaling and normal cellular 68 

function (Thannickal 2000). However, when there is an excess of ROS, they interact with other 69 

molecules, and can damage cellular components, including lipid membranes (Harman 1956; 70 

Hulbert 2007; Monaghan et al., 2009). As lipid peroxidation propagates across membranes, 71 

membrane composition and function are compromised, thus decreasing cellular function. In 72 

addition, lipid peroxidation damage initiates a complex chain reaction with highly reactive 73 

intermediaries which can propagate excess damage to proteins and DNA (Monaghan et al., 74 

2009). Lipid membranes containing high amounts of PUFAs exhibit the greatest sensitivity to 75 

oxidative damage, as PUFAs contain multiple double bonds with an available electron to 76 

propagate damage across membranes (Pamplona et al., 1998). It is worth noting however, that 77 

associations between lipid membrane content and longevity may also be explained by the 78 

membrane pacemaker hypothesis of metabolism, as metabolism and longevity are correlated in 79 

bird and mammals (Hulbert, 2007). 80 

To mitigate damage caused by ROS, animals have an endogenous defense system in 81 

the form of anti-oxidants (Harman 1994). These anti-oxidants are found in high concentrations 82 

in mitochondria, and in lower concentrations throughout the body. Anti-oxidants such as 83 

superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), vitamin E, and 84 

glutathione act by binding to ROS molecules without turning into ROS themselves (Monaghan 85 

et al., 2009). Thus, management of ROS and anti-oxidants becomes a balancing act that must 86 

be closely monitored to prevent the pro-oxidant concentration from outweighing the 87 

concentration of anti-oxidants sufficient for ROS removal, a process known as oxidative stress 88 

(Halliwell and Gutterridge 2015). Additionally, antioxidant concentration is sometimes related to 89 

lipid membrane composition. In some species, higher levels of PUFAs are associated with 90 

higher levels of some antioxidants (Yamamoto et al., 2001), and animals may combat high 91 

levels of oxidative stress by lowering PUFAs while simultaneously increasing certain 92 

antioxidants (Girelli et al., 1992).  93 

Membrane lipid composition is determined by the addition or transfer of fatty acids to 94 

phospholipids via deacylation and reacylation cycles (Hulbert et al., 2014). Prior to being added 95 

to phospholipids, fatty acids may undergo modifications such as elongation of the hydrocarbon 96 

chains or the addition of double bonds regulated by elongase and desaturase enzymes, 97 

respectively (Couture and Hulbert 1995a; Guillou et al., 2010; Pamplona et al., 1998). However, 98 

mammals cannot synthesize n-3 and n-6 essential fatty acids which are the precursors for long-99 

chain polyunsaturated n-3 and n-6 acids, instead, these molecules are obtained from the diet 100 

(Pamplona et al., 1998). Therefore, extrinsic modifications to lipid composition can happen 101 



 
 

4 
 

through dietary changes or hormone regulation (Couture and Hulbert 1995a). Caloric restriction 102 

(CR) experiments have determined a decrease in cell membrane polyunsaturation is linked to a 103 

decrease in lipid peroxidation damage that leads, in some cases, to increased lifespan (Naudi et 104 

al., 2013; Lopez-Dominguez et al., 2014). However, cell membrane composition often changes 105 

little despite large differences in dietary lipid composition (Abbot et al., 2012), and most changes 106 

are limited to the relative percentage of n-6 and n-3 PUFAs (Hulbert et al., 2005; Valencak and 107 

Ruff,  2011). Furthermore, concomitant increases or decreases in oxidative stress with changes 108 

in membrane saturation and the effects on cellular metabolism and lifespan are not clear. Thus, 109 

a direct test of the “membrane as a pacemaker” hypothesis is still lacking. 110 

Many previous tests of the membrane as a pacemaker hypothesis of metabolism and 111 

the membrane as a pacemaker hypothesis of aging are not only limited in their ability to 112 

manipulate membrane lipid composition, but are also often confounded by phylogenetic and 113 

body size considerations when comparing multiple species (Speakman, 2005; Calhoon et al., 114 

2015).  Here, we test these hypotheses by measuring cellular metabolism, membrane fatty acid 115 

composition, and antioxidants in fibroblast cells derived from a wide range of domestic dog 116 

breeds, and correlate these traits with lifespan and body size. Domestic dogs are a good study 117 

model for this question because artificial selection has rendered this species with a 44-fold 118 

variation in body size from the Chihuahua to the Great Dane. Similarly, aging rates are 119 

correlated with body size such that small dogs live significantly longer than large dogs (Jimenez 120 

2016). Furthermore, mammalian fibroblasts cells in culture are known to readily take up lipids 121 

contained in the culture medium, (Glaser et al., 1974; Spector and Yorek, 1985) making them a 122 

good model cell type for this experiment. We cultured fibroblast cells of dogs in media enriched 123 

with Oleic acid, an 18:1 MUFA, to increase the proportion of MUFAs, and decrease PUFA 124 

content in cellular membranes. We then measured the effects of this altered membrane 125 

composition on cellular metabolism and oxidative stress. Overall, we predicted that a lesser 126 

degree of polyunsaturation in membrane fatty acids would result in a decrease in cellular 127 

metabolism, and a decrease in oxidative stress in cells from small and large breed dogs. We 128 

expected to see a more inflated response in cells from large breed dogs. To our knowledge this 129 

is the first time that cell membrane lipids have been quantified intraspecifically across a large 130 

range of dog breeds, and the first time there is a direct measurement of cellular metabolism and 131 

changes in cell membrane composition.  132 

Materials and Methods 133 

Advantages of using fibroblast cells 134 
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 Some advantages to using fibroblasts to address this question include the ability to 135 

culture cells from relatively non-invasive procedures, control of environmental nutrients, and the 136 

ability to measure multiple physiological parameters in the same cell lines, for example, cellular 137 

metabolic rate and oxidative stress. Others have demonstrated that there is a relationship 138 

between fibroblast membrane lipid composition, longevity and metabolic rate in birds (Calhoon 139 

et al., 2014). Though the “membrane as a pacemaker” hypothesis was postulated for 140 

mitochondrial membranes, we measured total phospholipids in whole cells because in 141 

mammals, allometric variation in fatty acyl composition is similar for all subcellular 142 

compartments and the total fraction of phospholipids has been used as a proxy for variation in 143 

mitochondrial membrane composition (Hulbert et al., 2002; Turner et al., 2005). 144 

Isolation of dog fibroblasts 145 

We isolated fibroblast cells from puppies of two size classes. The small breed size class 146 

was composed of breeds with an adult body mass of 15 kg or less, and the large breed size 147 

class included breeds or mixes with an adult body mass of 20 kg or more (Table 1). These size 148 

classes are based on American Kennel club (AKC) standards of each breed, and described in 149 

Jimenez (2016). Puppy samples were obtained from routine tail docks, ear clips and dewclaw 150 

removals performed at veterinarian offices in Central New York and Michigan. The samples 151 

were placed in cold transfer medium (Dulbecco’s modified Eagle medium [DMEM], with 4.5 g/L 152 

glucose, sodium pyruvate, and 4 mM L-glutamine supplemented with 10% heat-inactivated fetal 153 

bovine serum, and antibiotics [100 U/mL pen/strep], containing 10 mM HEPES) and transferred 154 

to Colgate University. To isolate fibroblast cells, skin samples were sterilized in 70% ethanol, 155 

and 20% bleach. Once any fat and bone were removed, skin was minced and incubated in 156 

sterile 0.5% Collagenase Type 2 (Worthington Chemicals, Cat. No. LS004176) overnight in an 157 

atmosphere of 37 ˚C, 5% CO2 and  5% O2. After incubation, the collagenase mixture was 158 

filtered through a 20 μm sterile mesh, and centrifuged at 1000 rpm for 5 min. The resulting 159 

supernatant was removed, and the pellet was resuspended with 7 mL of mammal media 160 

(Dulbecco’s modified Eagle medium [DMEM], with 4.5 g/L glucose, sodium pyruvate, and 4 mM 161 

L-glutamine supplemented with 10% heat-inactivated fetal bovine serum, and antibiotics [100 162 

U/mL pen/strep]). Cells were grown in corning T-25 culture flasks at 37 ˚C in an atmosphere of 163 

5% CO2 and 5% O2. When cells reached 90% confluence, they were trypsinized (0.25%) and 164 

cryopreserved at 106 cells/mL in DMEM supplemented with 40% fetal bovine serum and 165 

dimethylsulfoxide (DMSO) at a final concentration of 10%. We stored cells in liquid N2 prior to 166 

any experiments.  167 

Treatments 168 
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For each individual dog, we split cells lines into a control (normal mammal media as 169 

listed above) and a treatment (oleic acid, OA) group. Resuspended cells at P1 were given 5 170 

days to recover from freezing before passaging to P2. At P2, each sample was trypsinized 171 

again and evenly split. 0.25 mL of each sample were added to two T25 culture flasks. 5 mL of 172 

DMEM were added to one flask to serve as controls, and 5 mL of 5 mM OA media was added to 173 

the second flask to serve as experimental treatments. A 50 mM solution of OA was made by 174 

making a 10% solution of Bovine Serum Albumin (BSA), and a solution of oleic acid by 175 

dissolving 14.1235g of OA into 1L of 0.1M NaOH while heating. We used a final 5 mM 176 

concentration of OA in DMEM media for our treatment group (Pappas et al., 2002). The cells 177 

were then allowed to grow to confluence at 37 ˚C in an atmosphere of 5% CO2 and 5% O2. All 178 

measurements were conducted using cells at passage 3 (P3). All the procedures within this 179 

study were approved by the Colgate University’s Institutional Care and Use Committee. It 180 

should be noted that OA at high concentrations has demonstrated toxicity in immune system 181 

cells such as lymphocytes (Cury-Boaventura et al. 2006) and in hen egg white lysozomes 182 

(Huang et al., 2019). However, to our knowledge, the toxicity of OA has not been demonstrated 183 

in dermal fibroblasts and we base our experimental design on studies that have previously used 184 

this concentration of OA in human dermal cells (Pappas et al., 2002). 185 

Oxygen Consumption Rates (OCR) in fibroblast cells 186 

Assays were performed prior to experiments to determine optimal cell seeding density, 187 

and optimal concentrations of each compound. We seeded 20,000 cells per well in duplicate per 188 

individual into XF-96 cell culture plates and allowed cells to attach overnight. OCR was 189 

determined using XF-96 FluxPaks from Agilent Technologies. We measured OCRs after cells 190 

were equilibrated to running media for 1 h, which contained 10 mM glucose, 1 mM sodium 191 

pyruvate and 2 mM glutamine, pH = 7.4. Baseline measurements of OCRs were made three 192 

times to establish basal OCR prior to injecting a final well concentration of 2 μM oligomycin, 193 

which inhibits ATP synthesis by blocking the proton channel of the Fo portion of the ATP 194 

synthase, causing OCR to fall. Thus, the decrease in OCR from basal levels represents ATP 195 

coupled respiration, whereas the remaining OCR is attributed to O2 consumption required to 196 

overcome the natural proton leak across the inner mitochondrial membrane plus any non-197 

mitochondrial O2 consumption. We then injected a well concentration of 0.125 μM carbonyl 198 

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), an uncoupling agent that disrupts ATP 199 

synthesis by collapsing the proton gradient across the mitochondrial membrane leading to 200 

uncoupled consumption of energy and O2 without generating ATP, providing a theoretical 201 

maximal OCR. Finally, we injected a final well concentration of 0.5 μM Antimycin A, a Complex 202 
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III inhibitor and rotenone, a Complex I inhibitor. This combination stops mitochondrial respiration 203 

and enables non-mitochondrial respiration to be evaluated (Gerenser et al., 2009, Brand and 204 

Nichols 2011, Hill et al., 2012). After measurements were completed, we used a Countess II FL 205 

cell counter to count the actual final concentration of cells in each well and normalized all rates 206 

to 20,000 cells. In addition to the OCR parameters we measured directly (as listed above), we 207 

also calculated spare respiratory capacity as the difference between maximal OCR and basal 208 

OCR, and ATP coupling efficiency as the percentage of basal OCR accounted for by ATP 209 

coupled respiration. For each OCR parameter, we followed equations supplied by Divakaruni et 210 

al., (2014). Though all cells were actively dividing, due to differing growth rates of each cell line, 211 

cells were counted after each experiment using a Countess II FL cell counter and data was 212 

normalized to a total of 20,000 cells per well.  213 

Oxidative stress measurements in fibroblast cells 214 

For oxidative stress measurements, cells were seeded at 10,000 cells per well and 215 

allowed to attach for 24 h prior to any experiments. We used Thermo Scientific™ Nunc™ 216 

MicroWell™ 96-Well Optical-bottom black chimney plates with polymer base (Cat. No. 152028) 217 

for all fluorescent stains. After staining with each fluorescent stain (below) on a separate plate, 218 

cells were imaged using a Tecan Infinite M200 fluorescence microplate reader. Cells were 219 

counted after each experiment using a Countess II FL cell counter and data were normalized to 220 

a total of 20,000 cells per well.  221 

Reduced glutathione 222 

ThiolTrackerTM Violet Kit (Glutathione Detection Reagent, Molecular Probes®) was used 223 

to measure concentration of reduced glutathione (GSH). In brief, cells were rinsed with sterile 224 

PBS twice and 20 µM ThiolTracker was added to each well. Plates were incubated at 37 °C 5% 225 

CO2 and 5%O2 for 30 minutes. Cells were then washed another three times with sterile PBS, 226 

and imaged in phenol red-free FluoroBrite DMEM.  Excitation and emission were measured in 227 

the violet spectrum at 404/526 nm, respectively (Mandavilli and Janes 2010; Roberts et al. 228 

2017).  229 

ROS production 230 

CellROX ® Oxidative Stress Reagents kit (Molecular Probes ®) was used to measure 231 

ROS production. CellROX reagent was added directly to the serum-free medium at a 232 

concentration of 5 µM and cells were incubated at 37 ºC 5% CO2 5% O2 for 30 minutes. Cells 233 

were then washed three times with sterile PBS, and imaged in phenol red-free FluoroBrite 234 

DMEM. Excitation and emission were in the green spectrum at 488/530 nm, respectively 235 

(Gebhard et al., 2013; Choi et al., 2015). As a positive control, cells were treated with or without 236 
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100 µM menadione (Sigma cat no. M5625) prior to being stained with CellROX, this confirmed 237 

that the signal was due to ROS production. 238 

Lipid peroxidation damage  239 

Lipid peroxidation (LPO) damage was measured with the Image-iT® Lipid Peroxidation 240 

Kit based on the BODIPY® 581⁄591 reagent. The ratio between red to green indicates the 241 

degree of lipid peroxidation. Cells were stained with 10 µM of component A and incubated at 37 242 

°C 5% CO2 and 5%O2 for 30 mins. Cells were then washed three times with sterile PBS and 243 

imaged in phenol red-free FluoroBrite DMEM. LPO damage red excitation and emission were 244 

575/610 nm respectively and LPO damage green was 488/525, respectively (Leirós et al., 2015; 245 

Dezest et al., 2017). A final concentration of 100 µM cumene hydroperoxide was used as a 246 

positive control to induce lipid peroxidation.  247 

Quantifying lipids in fibroblast cell extracts 248 

We used a modified Bligh and Dyer method to extract lipids from control and OA 249 

incubated cells of each individual dog (Bligh and Dyer, 1959). Briefly, we suspended cells in 1 250 

mL of sterile, distilled H2O, and sequentially added 3.75 mL of 1:2 (v/v) chloroform : methanol, 251 

1.25 mL of chloroform, and 1.25 mL of 1M NaCl, vortexing after adding each solvent. We then 252 

centrifuged the entire solution at 1000 rpm for 5 minutes at room temperature to separate 253 

aqueous and organic constituents, and recovered the lipids in the organic phase. We then 254 

added another 1.88 mL of chloroform to the remaining aqueous phase, centrifuged again, and 255 

combined the recovered organic phase with the first organic phase before  discarding the 256 

aqueous phase. To prepare lipids for gas chromatography (GC), we methylated fatty acid 257 

chains via transesterification to produce fatty acid methyl esters (FAMEs). FAMEs were 258 

produced by heating the lipid extracts in 2.0 mL of anhydrous methanolic HCl (5%) for 90 mins.  259 

After cooling, the resultant FAMEs were extracted by adding 1 mL of hexanes and 1 mL distilled 260 

H2O (Ichihara and Fukubayashi, 2010). The hexanes layer containing the FAMEs was 261 

recovered and evaporated, and we redissolved FAMEs in 20 µL 2:1 chloroform : methanol 262 

containing 50 mg/L butylated hydroxytoluene as an antioxidant.   263 

We separated FAMEs on a HP 5890A gas chromatograph with flame ionization detector 264 

(FID) equipped with a DB-23 column (30 m, 0.25 mm i.d., 0.25 µm film thickness, Agilent 265 

Technologies).  The oven was programmed from an initial temperature of 50 °C to 194 °C at a 266 

rate of 25 °C/min, held for 1 min, followed by heating at 5 °C/min to 245 °C and holding for 3 267 

minutes for a total run time of 20.5 min.  A volume of 1 µL of the FAME solution was injected 268 

with a split ratio of 50:1 (injector temperature, 250 °C).  Helium was used as the carrier gas 1.0 269 

mL/min, constant flow.  Detector conditions were 40 mL/min hydrogen, 400 mL/min air and 270 
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make up gas 25 m/L min and the temperature was 280 °C (Zou and Wu, 2018).   Identification 271 

of fatty acids was achieved by comparison of retention times with the Supelco 37 standard 272 

component FAME mix (CRM47885) and authentic individual FAME standards (MilliporeSigma, 273 

St. Louis, MO). We used the peak analyzer function of OriginPro19 (OriginLab Corporation, 274 

Northampton, MA) to identify each fatty acid and calculate peak areas on each chromatogram. 275 

The area of each peak was divided by the sum peak area to express each fatty acid as the mol 276 

% of total fatty acids.  277 

Statistics  278 

To analyze fatty acid composition, we calculated average chain length, double bond 279 

index, peroxidizability index, %PUFA, %MUFA, %saturated fatty acids, %PUFAn3, and 280 

%PUFAn6 (Pamplona et al, 1998).  Because these variables were not normally distributed, we 281 

transformed the variables with a two-step procedure (Templeton 2011), and then used paired t-282 

tests to compare control individuals with the same individuals treated with OA. To determine 283 

whether fatty acid composition correlates with lifespan, we ran Pearson correlations for each 284 

variable in the control group against lifespan.  Finally, we used independent sample t-tests to 285 

compare fatty acid composition in large and small breeds from the control group. We applied a 286 

Bonferroni correction in all instances where multiple independent comparisons were made.  All 287 

measures of fatty acid composition were analyzed with SPSS 24.0. 288 

Data from each metabolic and oxidative stress assay were first analyzed for normality 289 

using a Shapiro-Wilke test. None of our variable were normally distributed and did not re-gain 290 

normality after log-transformations. Thus, we used the Schreier-Ray-Hare extension of the 291 

Kruskal-Wallis analysis of variance to account for multiple comparisons. The data were tested 292 

for differences between size (small and large) and treatment groups (control and OA) as well as 293 

for the interaction of the two groups. We used R to run non-parametric statistics. Results were 294 

considered significant if P<0.05.  295 

Results 296 

 Table 1 includes each breed we isolated cells from, as well as adult body mass, and 297 

mean breed lifespan. We sampled a total of 114 dogs.  298 

Quantifying lipids in fibroblast cell extracts  299 

Collectively cells from all dogs treated with oleic acid had a higher double bond index 300 

overall compared with controls (p < 0.001). Table 2 shows these collective changes in fatty acid 301 

composition between treatment groups, and a breed-by-breed breakdown of fatty acid 302 

composition changes in response to treatment is presented in supplementary table 1.This 303 

difference was primarily driven by more MUFAs (p < 0.001) and fewer saturated fatty acids (p < 304 
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0.001) in the OA group, which offset the decrease in PUFAs in the OA group (p < 0.001).  305 

Because of this decrease in PUFAs, especially ones with high double bond content such as 306 

DHA and arachidonic acid, the OA treatment had a lower peroxidizability index (p = 0.014). We 307 

did not find a significant difference in any lipid variables between large and small breeds, nor did 308 

we find any significant correlations between average lifespan of each breed (from Jimenez, 309 

2016) and any lipid variable.  Within individuals in both treatments, we found that as average 310 

fatty acid chain length increased, double bond index, peroxidizabilty, and the percentage of 311 

MUFAs and PUFAs increased, whereas the percentage of saturated fatty acids decreased (p < 312 

0.001 for all).   313 

Oxygen Consumption Rates (OCR) in fibroblast cells 314 

When measuring the effects of body size (small breed and large breed), treatment 315 

(Control and OA), and the interaction of size and treatment on basal OCR, we found that large 316 

breed puppies had a higher basal OCR than small breed puppies (size: H-value, 6.6, p = 0.001; 317 

Table 3). We found no differences between treatments, nor did we find a significant interaction 318 

between treatment and body size. When measuring the effects of the same variables on 319 

maximal respiration, the OA treatment had a significantly lower maximal respiration than 320 

controls (H-value = 3.8, p = 0.051; Fig. 1A), but no differences were found between sizes or an 321 

interaction (Table 3). Small breed OA treated cells showed a decrease in spare respiratory 322 

capacity, indicating a smaller difference between basal and maximal OCR in this group (H-value 323 

= 6.6, p = 0.01; Fig. 1B). However, we found no differences between size groups or the 324 

interaction between size and treatment (Table 3). With respect to ATP coupling, large breed 325 

puppies had a significantly higher ATP coupled respiration (H-value = 9.3, p = 0.002; Table 3). 326 

However, there were no significant differences between treatments or interactions. We also 327 

found no differences between size, treatments or interaction effects in proton leak. In line with 328 

their higher levels of ATP coupled respiration, large breeds also showed marginal significance 329 

for a higher coupling efficiency compared with small breeds (H-value = 3.6, p = 0.059; Fig. 1C). 330 

Additionally, OA treated cells had a lower coupling efficiency than control cells (H-value = 10.1, 331 

p = 0.002; Fig. 1C), but we found no interaction between body size and treatment. All results 332 

can be found in Supplementary Table 2. 333 

Oxidative stress measurements in fibroblast cells 334 

ROS production, LPO damage, and GSH showed no differences in size, treatment or an 335 

interaction (Table 3; Supplementary Table 2). 336 

Discussion 337 
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Many studies have tracked the correlation between levels of membrane unsaturation, 338 

body size, and lifespan; However, direct measurement of the oxidative stress system and 339 

cellular metabolism following a cell membrane manipulation is lacking (Pamplona et al., 2000; 340 

Hulbert et al., 2006). We have directly tested the membrane as a pacemaker hypothesis of 341 

metabolism by comparing components of cellular metabolism with membrane fatty acid 342 

composition in fibroblast cells of dogs of different body sizes and lifespans. Additionally, we 343 

altered membrane fatty acid composition in these cells and measured subsequent changes in 344 

metabolic parameters. Finally, we indirectly tested the membrane pacemaker hypothesis of 345 

aging by assessing oxidative stress as a function of membrane fatty acid composition. We found 346 

that small dogs demonstrated lower basal cellular oxygen consumption rates and reduced ATP 347 

coupling efficiency compared with large dogs, but we found no differences in membrane fatty 348 

acid composition between these size classes. We also found that cells supplemented with oleic 349 

acid (OA) had lower maximal respiration and reduced coupling efficiency compared with 350 

controls in small and large breed dogs, and that spare respiratory capacity decreased in OA 351 

treated cells in small breed dogs, but not large breed dogs. These measurements may be linked 352 

to membrane lipid properties, as the OA group had more MUFAs and fewer PUFAs. These 353 

findings demonstrate that increasing the monounsaturation of dog membranes may alter cellular 354 

phenotypic traits that may be linked to their lifespan.   355 

The negative correlation between body size and lifespan in dogs has been attributed to 356 

faster rates of aging in large dogs (Kraus et al., 2013; Jimenez  2016), and the differences in 357 

various measures of oxygen consumption that we find here suggest a metabolic mechanism for 358 

these different rates of aging, in line with previous studies (Jimenez 2016; Jimenez et al., 2018). 359 

The high ATP coupling efficiency we observed in fibroblasts from large dogs allows them to 360 

maximize energy efficiency and dedicate more energy toward growth, reproduction, and 361 

external work (Rolfe and Brown 1997). Because our cells were isolated from puppies, it is likely 362 

that the increased efficiency largely contributes to growth. Indeed, puppies have demonstrated 363 

lower proton leak than older dogs, indicating that a high degree of ATP coupling is important 364 

during growth (Jimenez et al., 2018).  Furthermore, deliberate uncoupling of ATP synthesis has 365 

been shown to impair growth in other vertebrates (Bolser et al., 2018). Thus, increased coupling 366 

efficiency in the cells of large dogs may aid them in attaining larger body size. However, 367 

increased ATP coupling efficiency may also exert a metabolic cost on organisms. In general, a 368 

high degree of coupling efficiency is associated with an increase in mitochondrial membrane 369 

potential as more protons collect in the intermembrane space of the mitochondria, and this 370 

increased membrane potential is associated with greater production of ROS (Korshunov et al., 371 
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1997; Salin et al., 2018). Therefore, the enhanced degree of ATP coupling efficiency we 372 

observed in fibroblasts from large dogs may result in a higher degree of ROS production than in 373 

smaller dogs.  Although we did not detect higher amounts of ROS or oxidative damage in large 374 

dogs, a multitude of factors may account for this apparent discrepancy, as discussed later in this 375 

section. 376 

Despite the lower basal OCR and lower ATP coupling efficiency in small dog breeds 377 

compared with large dog breeds, (here and Jimenez et al., 2018), we did not find differences in 378 

membrane fatty acid chain composition between large and small dogs. These results are in 379 

contrast with previous correlations between metabolic rate and lipid unsaturation, in which high 380 

numbers of double bonds and PUFAs are associated with high proton leak and increased 381 

transmembrane ion pumping, leading to elevated metabolic rates (Brookes et al., 1998; Hulbert 382 

and Else 1999; Pamplona et al., 1999). The discrepancies between our results and previous 383 

studies may be attributed to a variety of factors. First, because we measured the lipid 384 

composition of all membranes and did not separate mitochondrial and plasma membranes, it is 385 

possible that contrasting fatty acid compositions between the mitochondrial membrane and the 386 

plasma membrane offset such that we detected no difference in lipid composition between size 387 

classes (Calhoon et al., 2015). Indeed, our metabolic measurements support this assertion, as 388 

the high degree of ATP coupling in large dogs suggests a relatively impermeable inner 389 

mitochondrial membrane with fewer double bonds, whereas the high basal OCR overall 390 

suggests a more fluid, permeable plasma membrane with lots of double bonds and a high 391 

degree of transmembrane ion pumping. Follow-up studies that isolate the mitochondrial and 392 

plasma membrane prior to analysis could test this assertion. An additional explanation for the 393 

discrepancy between our metabolic measurements and fatty acid composition is that the effect 394 

of fatty acid tails on membrane permeability is often influenced by the phospholipid head groups 395 

associated with these tails. For example, certain n-3 PUFAs exhibit different effects on 396 

membrane structure when incorporated into phosphotidylcholines as opposed to 397 

phosphotidylethanolamines (Shaikh et al., 2015). Thus, measuring phospholipid content would 398 

add more insight into the relationship between membrane lipid composition and cellular 399 

metabolic rates in large and small dogs. Additionally, induced proton leak from uncoupling 400 

proteins (UCPs) also reduce ATP coupling efficiency (Brookes 2005; Mori et al., 2008; Mailloux 401 

and Harper, 2012), and it is thus possible that small dogs have more active UCPs than large 402 

dogs. Lastly, our comparison is intra-specific whereas previous comparisons of membrane 403 

composition and body size and lifespan have focused in inter-species correlations (Hulbert et 404 

al., 2007). 405 
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In addition to the differences in coupling efficiency we found when comparing small and 406 

large dog breeds, we also found that treatment with OA decreases coupling efficiency in both 407 

small and large breeds. Here, differences in fatty acid composition between treatment and 408 

control groups suggest that coupling efficiency may be attributed in part to differences in lipids 409 

and attendant protein activities that increase mitochondrial membrane permeability in OA 410 

treated cells. Because our OA cells had fewer PUFAs with high numbers of double bonds than 411 

controls, a high mitochondrial membrane permeability seems counterintuitive. However, 412 

membrane fluidity is most influenced by the addition of the first two double bonds to a saturated 413 

lipid chain and each additional double bond has less effect on overall membrane fluidity 414 

(Brenner 1984; Pamplona et al., 2002). Therefore, because the OA cells had more double 415 

bonds overall than control cells, they may be able to exhibit greater mitochondrial membrane 416 

fluidity despite a lack of highly unsaturated PUFAs. Furthermore, the MUFA that increased the 417 

most in OA cells relative to controls was oleic acid, and oleic acid disproportionately increases 418 

membrane fluidity relative to its chain length and level of unsaturation (Epand et al., 1991). 419 

Previous studies further demonstrate the importance of MUFAs in determining membrane 420 

fluidity and influencing metabolic parameters. For example, decreased efficiency of ATP 421 

synthesis has also been found in rats with greater amounts of MUFAs and reduced PUFAs in 422 

mitochondrial membranes (Piquet et al., 2004). Additionally, whereas some studies 423 

experimentally manipulating the concentration of n-3 PUFAs in mitochondrial membranes have 424 

found mitochondrial respiration to not change (Lemieux et al., 2008), decrease (Yamaoka et al., 425 

1987), or increase (McMillin et al., 1992), these studies exhibited different patterns in MUFA 426 

concentration with respect to PUFA concentration. Furthermore, none of these studies exhibited 427 

the large increase in MUFA paired with a large decrease in saturated fatty acids that we 428 

observed in the OA incubated cells compared with controls. Overall, our data suggest that 429 

MUFA concentration may play a large role in determining cell membrane properties and thus 430 

controlling metabolic parameters.  431 

The high degree of ATP coupling in cells from large dogs and in control cells compared 432 

with cells from small dogs and OA treated cells, respectively, combined with a higher 433 

peroxidizability in control cells suggest greater amounts of ROS production and oxidative 434 

damage in these cells. However we found no differences in ROS production, LPO damage, and 435 

GSH concentration for our cells.  Overall, studies correlating cellular membrane fatty acid 436 

composition with ROS production have produced mixed results, with ROS production 437 

sometimes increasing as unsaturated fatty acids within tissues increases (Pamplona et al., 438 

2000) and sometimes decreasing or remaining unchanged (Ramsey et al., 2005; Hagopian et 439 
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al., 2010). There may be four reasons why our results and the results of other studies are 440 

inconsistent in their correlations between metabolic parameters, lipid membrane composition, 441 

and ROS production.  First, enzymatic antioxidants such as SOD and CAT are sometimes 442 

upregulated in response to enhanced ATP coupling efficiency, and are able to quench excess 443 

ROS (Brookes 2005). Second, whereas the mechanistic detail has not been elucidated, there 444 

seems to be strong support for the idea that UCP2 and UCP3 (found in fibroblasts) play a role in 445 

protection from ROS damage, thus changes in the activity or amounts of UCPs could mitigate 446 

ROS damage (Echtay and Brand 2007; Mori et al., 2008). Third, damaged PUFAs on 447 

membrane phospholipids are very quickly replaced by undamaged PUFAs by 448 

deacylation/reacylation remodeling to repair LPO damage (Hulbert et al., 2014). Finally, our 449 

cells were isolated from medically discarded tissues from puppies, and therefore may have 450 

been less susceptible to LPO damage, as during senescence membranes become more rigid 451 

and the process of LPO damage becomes accentuated (Hulbert 2005).  452 

It has been shown that ROS production and LPO damage increase as a function of the 453 

degree of unsaturation of the fatty acid substrates in tissues (Pamplona et al., 2000). In a cross-454 

sectional study were mice were fed caloric restricted diets with differing fatty acids, the group of 455 

mice that were fed the lower polyunsaturated diet demonstrated a significant reduction of ROS 456 

production through complex III (Lopez-Dominguez et al., 2014). In rats consuming fish oil, liver 457 

mitochondrial H2O2 production either decreased or remained unchanged when there was no 458 

increase in mitochondrial oxidative damage (Ramsey et al., 2005; Hagopian et al., 2010). In rats 459 

chronically fed diets with different fatty acid unsaturation, the double bond content of liver and 460 

brain was successfully manipulated. LPO damage product malondialdehyde (MDA) and 461 

mitochondrial DNA oxidative damage significantly  increased in rats fed an unsaturated diet 462 

compared with control diets in both tissues (Pamplona et al., 2004). Thus, it seems that LPO 463 

damage can increase, decrease or stay the same during lipid membrane manipulations.  464 

It is noteworthy to point out that large breeds show a decrease in maximal respiratory 465 

capacity in OA treated cells with no change in spare respiratory capacity. Spare respiratory 466 

capacity allows cells to meet increased energy demands under conditions of severe stress, 467 

including detoxification of ROS and repairing cellular damage (Hill et al., 2009). Therefore, our 468 

results suggest that treatment with OA may especially benefit large dog breeds by reducing 469 

maximal respiration, which is associated with longer lifespans (Hulbert et al., 2007) while 470 

maintaining spare respiratory capacity to respond to cellular stress. 471 

In conclusion, we have found that metabolic parameters in dog fibroblasts vary between 472 

large and small dogs, and that these parameters may be altered by changing membrane fatty 473 
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acid composition. Cells from small dogs exhibited lower ATP coupling efficiency than cells from 474 

large dogs, and reduced ATP coupling efficiency is often associated with reduced ROS 475 

production (Brookes 2005; Salin et al., 2018). Although we did not find differences in membrane 476 

fatty acid composition between small and large dogs, we found that when we altered fatty acid 477 

composition such that cell membranes contained more MUFAs and fewer PUFAs. We were 478 

able to experimentally reduce ATP coupling efficiency and reduce maximal respiration. Taken 479 

together, our results suggest that increasing the monounsaturation of fatty acids in dog cell 480 

membranes may alter metabolic function in a way that is associated with greater longevity 481 

Although we find some inconsistencies between variables in our data, separation of lipid 482 

membranes and direct measurements of membrane fluidity, phospholipid composition, and UCP 483 

activity, among other variables, may account for these inconsistencies (Calhoon et al., 2015). 484 

Such future studies would allow us to build a cohesive model of the role of cellular membranes 485 

as pacemakers of metabolism and longevity. 486 
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Tables 776 

Table 1- Breeds, sample sizes, adult body mass, mean breed lifespan (Jimenez 2016), and 777 

range of COV across variables of each breed included in the present study. Our study included 778 

data from primary fibroblast cells obtained from 17 breeds/mixes of large sized puppies and 10 779 

breeds/mixes of small sized puppies, totalling 114 dogs sampled.  780 

Breed Size 

Class 

N Adult 

body 

mass 

(Kg) 

Mean 

breed 

lifespan 

(yrs) 

 Range COV 

for all 

control 

variables 

Range COV 

for all OA 

variables 

Airedale Large 5 27.21 9.81 
 

0.3-0.78 0.26-1.41 

Boxer/Pittbull Mix Large 3 38.92 8.89 
 

0.017-1.01 0.08-1.1 

Boxer Large 7 32.88 8.89 
 

0.36- 1.28 0.37- 1.46 

Cane 

Corso/Rottweiler 

Large 1 46.88 9.9 
 

N/A N/A 

Doberman Large 4 36.28 9.36 
 

0.60- 1.29 0.43- 1.07 

English Mastiff Large 3 79.38 6.9 
 

 0.18- 0.7 0.23- 0.86 

Great Dane Large 5 71.44 7.8 
 

0.36- 0.94 0.36- 0.96 

German Short Haired 

Pointer 

Large 5 26 10.25 
 

0.32- 1 0.23- 1 

German Wire Haired 

Pointer 

Large 5 29.5 8.8 
 

0.32- 0.87 0.7- 1.4 

Labrador Retriever  Large 5 30.5 10.7 
 

0.58- 1.82 0.61- 1.57 

Labradoodle Large 5 26.1 13 
 

0.16- 1.33 0.32- 1.14 

Old English Sheep 

Dog 

Large 4 36 10 
 

0.37- 1.15 0.47- 1 

Rottweiler Large 8 48.76 8.87 
 

0.47- 1.32 0.41- 0.94 

Standard Poodle Large 5 26.1 9.6 
 

0.33- 1.19 0.36- 1.24 
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Bracco Italiano Large 1 32.5 12.5 
 

N/A N/A 

Cane Corso Large 4 45 11 
 

0.32- 0.92 0.26- 1.14 

Large Munsterlander Large 5 27.5 9.04 
 

0.06- 0.72 0.17- 0.66 

King Charles 

Cavalier  

Small 5 7 10 
 

0.15- 1.17 0.15- 0.9 

Chihuahua Small 4 2.2 11.5 
 

0.37- 1.21 0.22- 0.97 

Corgi Small 6 12 10.29 
 

0.44- 1.11 0.35- 1.21 

Miniature Poodle Small 3 9.1 10.2 
 

0.29- 0.67 0.15- 0.83 

Miniature Schnauzer Small 2 7.25 8.9 
 

0.05- 0.9 0.15- 0.88 

Pomeranian Small 2 2.7 8.9 
 

0.08- 0.81 0.09- 0.91 

Soft Coated Wheaten 

Terrier 

Small 5 14 8.75 
 

0.7 -  1.49 0.29 -1.54 

Toy Poodle Small 6 3.4 12.36 
 

0.44- 1.08 0.47- 1.55 

Yorkshire terrier Small 5 2.5 10.9 
 

0.46- 0.99 0.40- 0.98 

Havanese Small 1 5.8 11.1 
 

N/A N/A 
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Table 2-Mol percentages of membrane fatty acids (Top) and parameters derived from these 783 

measurements (Bottom) in control cells and cells incubated with oleic acid. Values represent  784 

means ± standard error for all individuals for which pairwise comparisons were available 785 

between treatments (n=112). 786 

Fatty Acid Control Oleic Acid Significance 

16:0 29.78 ± 0.72 22.11 ± 0.70 <0.001 
16:1 2.90 ± 0.13 1.43 ± 0.07 <0.001 
18:0 27.23 ± 0.68 17.68 ± 0.61 <0.001 
18:1 18.87 ± 0.72 40.05 ± 0.96 <0.001 
18:2 1.39 ± 0.05 0.94 ± 0.04 <0.001 
18:3 0.76 ± 0.11 0.50 ± 0.06 0.748 
20:0 1.04 ± 0.15 0.56 ± 0.10 0.004 
20:1 0.63 ± 0.03 1.78 ± 0.07 <0.001 
20:2 1.98 ± 0.14 2.57 ± 0.12 <0.001 
20:3 1.02 ± 0.05 0.81 ± 0.03 0.001 
20:4 5.03 ± 0.23 3.67 ± 0.13 <0.001 
20:5 0.08 ± 0.01 0.07 ± 0.01 0.579 
22:0 1.53 ± 0.16 0.72 ± 0.07 <0.001 
22:1 0.54 ± 0.04 0.87 ± 0.04 <0.001 
22:2 0.19 ± 0.06 0.06 ± 0.02 <0.001 
22:6 2.08 ± 0.10 1.52 ± 0.07 <0.001 
24:0 2.01 ± 0.14 0.89 ± 0.06 <0.001 
24:1 2.94 ± 0.16 3.77 ± 0.20 <0.001 

    
Lipid Parameter    

Average Chain Length 18.01 ± 0.03 18.13 ± 0.03 0.012 
Double Bond Index 71.31 ± 1.86 83.13 ± 1.70 <0.001 

Peroxidizability 50.80 ± 1.76 45.45 ± 1.17 0.014 
% Saturated 61.60 ± 1.01 41.96 ± 1.19 <0.001 

% MUFA 25.88 ± 0.94 47.90 ± 1.07 <0.001 
% PUFA 12.52 ± 0.41 10.14 ± 0.27 <0.001 

% PUFA n3 2.16 ± 0.11 1.60 ± 0.07 <0.001 
% PUFA n6 10.36 ± 0.34 8.54 ± 0.22 <0.001 

 787 

 788 

 789 

 790 

 791 

 792 
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 795 
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 797 

Table 3- Means and S.E.M results for cellular metabolism and oxidative stress parameters between control and treated cells. 798 

Significant results can be found in Fig. 1. 799 

Parameter (units) Size Treatment  Mean ± SEM Treatment Mean ± SEM 

Basal OCR (pmole/min/20K cells) Large Control 239.56 ± 24.09 OA 196.02 ± 21.39 

Basal OCR (pmole/min/20K cells) Small  Control 195.80 ± 40.22 OA 178.40 ± 29.15 

Proton leak (pmole/min/20K cells) Large Control 72.33 ± 7.33 OA 66.89 ± 7.24 

Proton leak (pmole/min/20K cells) Small  Control 68.23 ± 13.94 OA 77.23 ± 13.64 

ATP coupled respiration (pmole/min/20K cells) Large Control 167.23 ± 18.63 OA 130.10 ± 15.13 

ATP coupled respiration (pmole/min/20K cells) Small  Control 127.32 ± 28.21 OA 103.09 ± 18.64 

GSH (fluorescence/20K cells) Large Control 34883.24 ± 5477.71 OA 22489.51 ± 3807.21 

GSH (fluorescence/20K cells) Small  Control 43345.24 ± 10531.52 OA 34760.70 ± 8743.65 

ROS production (flurescence/20K cells) Large Control 29732.47 ± 4815.45 OA 23407.39 ± 2242.45 

ROS production (flurescence/20K cells) Small  Control 21144.09 ± 3550.62 OA 23260.78 ± 5301.86 

LPO damage (fluorescence/20K cells) Large Control 1.76 ± 0.20 OA 1.76 ± 0.22 

LPO damage (fluorescence/20K cells) Small  Control 2.13 ± 0.43 OA 2.04 ± 0.36 

 800 
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Figure legends 802 

Figure 1- Maximal respiration showed a marginal significant difference between treatment 803 

groups, but no differences were found between sizes. Spare respiratory capacity showed 804 

significant differences between treatment groups, however, no differences between size groups. 805 

Coupling efficiency showed a marginal significant difference between size, a significant 806 

difference between treatments. Asterisks indicate significant differences. Samples sizes can be 807 

found on Table 1. 808 
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