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Abstract 

Longevity is influenced by various factors, including fatty acid composition and free radical 

stress, which relate to the membrane pacemaker and rate of living hypotheses. While these 

aspects are well-documented in some long-lived species, they remain largely unexplored in tree 

squirrels. This study aimed to compare oxidative stress, antioxidant activity, nitrosative stress, 

and lipid composition between the long-lived Persian squirrel (Sciurus anomalus) and the 

short-lived Wistar rat across age cohorts (younger and older). Tissue homogenates from skin, 
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liver, skeletal muscle, spleen, lung, and kidney were analysed for lipid composition 

(monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), arachidonic to 

linoleic acid ratio, peroxidation index, and unsaturation index ). Oxidative, nitrosative, and 

antioxidant markers were assessed, including NADPH oxidase, superoxide dismutase, catalase, 

glutathione peroxidase, glutathione S-transferase (GST), nitric oxide synthase, superoxide, 

hydrogen peroxide, nitric oxide, malondialdehyde, 4-hydroxynonenal, and total antioxidant 

capacity. Squirrels demonstrated higher GST activity, lower free radical stress, lower PUFA, 

and higher MUFA compared to rats. Some antioxidant activities were negatively correlated 

with longevity. Older squirrels exhibited similar oxidative, nitrosative, and antioxidant profiles 

to younger squirrels, whereas younger rats displayed highly susceptible fatty acids, similar to 

older rats. The Persian squirrel’s longevity appears closely linked to fatty acid composition and 

free radical resistance, likely due to increased GST activity. We propose GST’s multifunctional 

role in reducing inflammation, enhancing immune response, providing disease resistance, and 

antioxidant activity contributes significantly to the longevity of the Persian squirrel. 
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Introduction 

Aging is a gradual and inevitable biological process described as the deterioration of the 

physiological function, which concurrently increases susceptibility to disease and death [1-5]. 

As such, gerontology remains the subject of intense investigation, as the elucidation of the 

mechanisms involved in this process are essential to improve the quality of life [6].  

 Oxidative stress is thought to be involved in mediating the aging process, where the 

oxidative stress theory of aging posits that reactive oxygen species (ROS) (a by-product of 

cellular metabolism) causes cellular attrition over time, subsequently damaging proteins, lipids, 
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and DNA that leads to eventual death [7,8]. Oxidative stress may be defined as the process 

where the balance between oxidative damage forming compounds like ROS and antioxidants 

are out of balance [9-11]. Some examples of cellular attrition include mitochondrial 

dysfunction and increased risk of age-related diseases [12] and overall senescence [9,13]. 

Antioxidants are the primary means of combating an imbalance of ROS through either 

enzymatic or non-enzymatic means as they inhibit radical formation, where this compromised 

redox environment results in the expression of antioxidant enzymes [10,14,15]. Additionally, 

where dietary antioxidants i.e. non-enzymatic and endogenously created antioxidants (e.g. 

glutathione (GSH)) can further contribute to ROS detoxification [9] promoting healthy living 

and increase longevity, antioxidants do not relate to the maximum lifespan potential (MLSP) 

of a species, as these factors are genetically determined [16]. Furthermore, several studies have 

found a negative or no correlation of antioxidants enzymes with longevity, where these 

correlations are highly dependent on the specific antioxidant being measured and which tissue 

it is being measured in (reviewed by Shields, Traa and Van Raamsdonk [5]). Crucially, recent 

evidence suggests that aging is evolutionary conserved and associated with consistent age-

related changes to DNA over time, and not random accumulation to cellular methylation [17]. 

Ultimately, ROS remains crucial for normal physiological function and signalling, but not all 

ROS can be scavenged and some damage will always transpire [18-23]. Two hypotheses have 

been put forward to currently explain the longevity of animals regardless of species, body size 

or metabolic rate which include the “membrane pacemaker theory” [24-26] and the “rate of 

living theory” [27-29] that may still mediate the ageing process. 

The “membrane pacemaker theory” or the “homeoviscous-longevity adaptation” theory 

is an extension of the oxidative stress theory of aging and proposes that the risk of membrane 

fatty acid composition to oxidative damage and lipid peroxidation is directly linked to healthy 

aging and longevity [24-26,30-33]. Fatty acids differ in their susceptibility to oxidation, where 
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lipids containing more than one double bond are highly susceptible to peroxidation 

[30,32,34,35]. The relevance of lipid composition to aging has found that a higher proportion 

of polyunsaturated fatty acids (PUFA), especially omega-6, in the membrane positively 

correlates with metabolism and negatively correlates with body size and longevity [36-40]. 

Additionally, higher monounsaturated fatty acid (MUFA) content promotes longevity 

[25,30,34,38,41-44]. Once oxidation occurs, the resultant ROS can interfere with membrane 

structure, compromising fluidity and other relevant properties of functional membranes [38,45-

47]. Furthermore, these free radical intermediates can be more dangerous than the ROS that 

produce them, as these products have a longer half-life, and their non-charged structure allows 

them to leave the cell to compromise cell integrity far from the site of origin [48]. The “rate of 

living” hypothesis in contrast proposes that longer-lived animals produce less free radicals over 

time and thus accrue less oxidative damage with time [27,29,49]. Furthermore, the “membrane 

pacemaker” and the “rate of living” hypotheses are not mutually exclusive, and both can act 

synergistically. 

The study of aging has used laboratory rodent models such as mice and rats, where a 

great deal of progress has been made into their gerontological research [5,50-53]. The use of 

rats and mice is beneficial as they are small, rapidly reproducing, and easy to maintain in 

captivity [50,51,54,55]. Additionally, studies focusing on the comparative differences between 

species of similar size and disparate longevity provide significant insights into the aging 

mechanisms and the physiological basis of longevity [5,50,51]. The disparate maximum 

longevity differences observed in the order Rodentia may be attributed to variable selection for 

lifestyle strategies in reproductive fitness (as argued by r and k selection) [56]. Rats are 

typically r-selected species, selecting for a rapid lifestyle and maximising reproductive success, 

whereas other long-lived rodents such as squirrels demonstrate traits of K-selection, such as 

low reproductive rate and high parental investment [57]. K-selected traits that would benefit 



5 
 

this selection pressure may have coevolved to promote extended maximum lifespan (e.g. rate 

of senescence, increased repair mechanisms) [58]. From general long-lived rodent models [50] 

the squirrels of the family Sciuridae provide a unique opportunity to study gerontological 

research.  

The Sciuridae contains the tree squirrels, it has been suggested that their arboreal 

lifestyle has promoted their longevity, as they live longer than their terrestrial squirrel 

counterparts [59-63]. Some of these squirrels are now continents apart despite them being 

closely related within the same family this being a consequence of geographic isolation [64-

66]. This may lead to novel mechanisms for extended maximum lifespan within this family. 

Furthermore, these squirrels vary in their body mass, where body mass has been shown to be 

an important correlate of longevity [67-69]. Despite this, there is a clear lack of research on 

long-lived squirrels when compared to mice models and/or comparisons between long-lived 

squirrels, and as a consequence the mechanisms behind squirrel longevity remain elusive. 

Investigating tree squirrels may provide further information associated with delayed ageing 

that will enhance our understand of ageing with potential medical benefits. 

Longevity and maximum lifespan potential research on tree squirrels are lacking 

primarily due to their arboreal nature and wariness, resulting in difficulties with their capture 

[70,71]. Due to the lack of research in this growing field, it is difficult to dissociate 

physiological mechanisms and intrinsic mechanisms inherent to the species that may or may 

not contribute to their longevity. An example includes the evolutionary mechanisms due to an 

arboreal life style that can reduce extrinsic mortality and its selection for longevity [63,72,73], 

but how these mechanisms manifests are still unknown. In order to identify factors known to 

affect longevity in long-lived species, we set out to investigate oxidative stress, antioxidants, 

nitrosative and fatty acids composition and indices as these factors are commonly associated 

with aging and longevity [8,26,74]. The exact characteristics of fatty acids that affect longevity 
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however are unknown, which in turn requires a detailed insight into the relationship of fatty 

acid profiles [43] and likely their relationship with oxidative stress variables across a wide 

array of tissues.  

Few studies have compared lipid composition and oxidative stress simultaneously in a 

wide array of tissues. Furthermore, we wanted to not just investigate species related differences, 

but whether the variables differ between younger and older animals, as such we compared 

younger and older animals within and between species. As such, we selected a wide range of 

tissue types to investigate “the membrane pacemaker” and “the rate of living” hypotheses. In 

order to investigate these hypotheses, we 1) determined species differences across all tissues 

based on antioxidant, oxidative, nitrosative, lipid indices and lipid composition variables 2) if 

antioxidant, oxidative, nitrosative, lipid indices and lipid composition variables have an age-

related pattern in rats compared to squirrels between age cohorts (younger and older) 3) 

determine whether differences observed between the species are a consequence of ageing or 

species differences. 

 

Material and Methods 

Ethical clearance 

Research Ethics Committees of the College of Sciences, University of Tehran 

(IR.UT.SCIENCE.REC.1401.010) approved all animal protocols. 

 

Experimental animals and housing conditions 

Ten Wistar rats Rattus norvegicus domestica were obtained from the Zoological Laboratory of 

Biochemistry - Biophysics Research Centre at the University of Tehran and maintained under 

the international standards of care for laboratory animals. The rats were provided with a 

standard laboratory rat diet and water as the composition of the standard rat chow diet is given 
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in the supplementary information (SI) (Table S1). Information regarding diet and the influence 

it would have on fatty acids are provided in the SI. The rats were kept in these conditions for 

three months before being euthanised.  

Ten adult Persian squirrels Sciurus anomalus  were captured with baited traps from 

their natural environment in the Zagros Mountains. Squirrels were placed in wooden boxes and 

transported to Pardisan Park Environmental Protection Organization. Animals were 

individually transferred and housed in cages of 1m2 in the isolation room at Pardisan Park for 

one week. Each individual was transferred to a cage of 2m x 3m or 3m x 4m. These cages were 

placed outside at Pardisan Park, and were designed to resemble the natural environment with 

tree trunks, nests and stone floors. The squirrels were fed daily with fresh vegetables and a fruit 

diet, supplemented with a protein-rich cereal (whole wheat, corn and soybean). The squirrels 

were kept in these conditions for three months. 

 

Experimental design 

Studies focusing on the comparative differences between species of similar size and disparate 

longevity provide significant insights into the aging mechanisms. Wistar rats are considered to 

have an maximum lifespan of 3.8 years with an average body mass of 300g [75]. The maximum 

lifespan of adult Persian squirrels is deemed to be about 15 years based on the oldest recorded 

age of the squirrel [76]. Unfortunately, Persian squirrels are illegally hunted and bought and 

sold as pets [77]. Persian squirrels are also difficult to maintain in captivity due to their dietary 

constraints and space requirements (requiring space to jump and move arboreally), thus their 

maximum lifespan may well be more than 15 years, but limited in captivity as a result of 

artificial housing.  

The exact age of the rat was known from laboratory life history. To predict the ages of 

wild-caught Persian squirrels, the eye lens weight technique was applied using known-age 
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individuals from captivity through two approaches: (1) a regression equation of lens weight 

against age and (2) a regression equation of lens weight against body weight [78,79].  Using 

the age data, we separated each species into two age cohorts representing equivalent 

chronological ages (Fig. 1). Chronological age is defined as the actual amount of time that has 

passed since an organism's birth. Estimated chronological age was determined by multiplying 

an individual's age by their MLSP. The younger cohort represents an estimated 12% of the 

chronological age, while the older cohort represents an estimated 40% (Fig. 1). A sufficient 

sample size for squirrels above this chronological age could not be attained. 

 

 

Fig. 1. The Wistar Rat (left) and Persian Squirrel (Sciurus anomalus) (right) ages in month and body 
mass in parentheses. Younger individuals have an estimated chronological age of 12% and older 
individuals 40% based on their maximum lifespan potential (not shown), where chronological age is 
defined as the actual amount of time that has passed since an organism's birth. Values represent mean ± 
SD. 

 

We proceeded to compared fatty acid profiles and oxidative stress between rats and 

squirrels from different age cohorts in several tissues (spleen, skin, liver, kidney, lung, muscle). 

We first assessed lipid composition by determining which fatty acids are present in tissues to 

determine the distribution and composition of saturated fatty acid (SFA), MUFA and PUFA. 

We also measured antioxidant activity (superoxide dismutase (SOD), catalase (CAT), 
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glutathione peroxidase (GPX), glutathione S-transferase (GST) and total antioxidant capacity 

(TAC)), oxidative stress (lipid peroxidation or damage markers malondialdehyde (MDA) and 

4-Hydroxynonenal (HNE), superoxide and hydrogen peroxide (H2O2)), nitrosative markers 

(NADPH oxidase (NOX), and nitric oxide synthase (NOS), and nitric oxide (NO: a measure 

of reactive nitrogen species (RNS)). We also analysed fatty acid indices (peroxidation index 

(PI), unsaturation index (UI), arachidonic/linoleic acid 20:4/18:2 ratio (A/L ratio)) as well as 

SFA, MUFA and PUFA ratios in all tissues. Formulas for various lipid indices as outlined by 

Pamplona, Barja and Portero‐Otín [30] are provided as SI (Table S2). Briefly, the PI explains 

the susceptibility of lipids to peroxidation, where a higher value indicates greater susceptibility. 

The UI explains the degree of unsaturation, where a higher value indicates a greater proportion 

of unsaturated fatty acids compared to saturated fatty acids. Animals with a lower A/L ratio are 

more resistant to lipid peroxidation and associated with animal longevity [33]. Lastly, since 

body mass between these animals were similar, we could reduce the variation between the 

species associated with body mass and size [67-69,80]. 

 

Tissue collection 

Animals were killed following anaesthesia (Ketamine: 80-90 mg/body mass (Bremer Pharma); 

Xylazine: 10-15 mg/body mass (Alfasan)). Tissues were immediately harvested and stored in 

liquid nitrogen until lipid extraction (˂3 weeks).  

 

Preparation of fatty acids and profiling and lipid quality indexes 

A modified Folch method containing chloroform: methanol: water (2:1:0.8, v/v/v) was utilized 

for total lipid extraction and preparation [81]. Methyl ester of fatty acids was prepared from 

total lipid extract (0.1 g) using acidic methanol (1.0 mL; methanol: sulphuric acid in 80:20 v/v) 

at 80 °C for 2h. Normal saline (NaCl 0.7%; 1.0 mL) and hexane (1.0 mL) were then added 
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sequentially, and each step vortexed for 5.0 min, subsequently centrifuged at 3000×g for 10 

min. The profile of fatty acids was assessed using an Agilent 7890B GC 7955A MSD gas 

chromatograph coupled with a single quadrupole mass spectrometer and equipped with a fused 

silica capillary HP-5MS column (30 m x 0.25 mm; thickness 0.25 µm) as described previously 

[82]. Briefly, 1.0 µL of fatty acid extract diluted in hexane was injected into the column. 

Temperature was adjusted at 50 °C, rising to 300 °C. The electron impact ionization mode was 

used to detect mass spectrometry, and the mass spectrum was achieved from 40-650 Da at 70 

eV electron ionization energy. The scanning time and split ratio were 58 min and 1:50, 

respectively. The quadrupole, source, and interface were adjusted to 150 °C, 230 °C, and 240 

°C, respectively. The temperature program of the oven was set as follows: 60 °C (1.0 min), 

ramp 5 °C/min to 220 °C, then increased 3 °C/min to 280 °C.  

 

NADH oxidase, antioxidant and detoxifying enzymes assay 

Before experiments, rat and squirrel tissues (100 mg) were homogenized in 1 mL extraction 

buffer containing (5.0 g K2HPO4, 2.7 g KH2PO4, 0.150 g EDTA, 0.2 g mercaptoethanol, 0.09 

g PMSF, 0.5 g Triton X-100, 1 g PVP, 3 g Glycerol in 500 mL; pH 7.2). After centrifugation of 

homogenates for 10 minutes at 12000×g (4 °C), the Bradford assay was used to measure protein 

concentration in supernatants. NOX activity was assessed at 345 nm by adding 500 µL of tissue 

homogenate to 500 µL of K2HPO4- KH2PO4 (0.1 M; pH 7.5) reaction mixture buffer containing 

0.1 mM NADPH, and 1.0 mM DTT [83]. SOD activity was monitored at 560 nm by adding 

200 µL of tissue homogenate to 200 µL of K2HPO4- KH2PO4  reaction mixture buffer 

containing 50 M nitroblue tetrazolium (NBT), 100 M EDTA, 50 mM sodium carbonate, 12 

mM methionine, and 10 M riboflavin [84]. CAT activity was assessed by monitoring H2O2 

decomposition in the presence of 500 µL tissue homogenate at 240 nm by adding 500 µL of 

K2HPO4- KH2PO4 containing 10 mM H2O2. GPX activity was assessed at 340 nm by adding 
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500 µL of tissue homogenate to 500 µL of phosphate buffer (100 mM, pH 7.0) reaction mixture 

buffer containing 1.0 mM glutathione, 0.15 mM NADH, and 1.0 mM hydrogen peroxide [85]. 

GST activity was measured by observing the conjugation of 1-chloro-2, 4-dinitrobenzene 

(CDNB) with reduced glutathione (GSH) in the presence of GST and monitoring absorbance 

at 340 nm [86]. NOS activity was assessed via NADPH oxidation to NADP+ by measuring 

absorbance at 340 nm in a reaction mixture containing 10 mM Tris-HCl buffer (pH 8.0), 10 

mM arginine, and 10 µM NADPH [85]. 

 

Determination of superoxide anion, hydrogen peroxide, nitric oxide and lipid peroxidation 

biomarkers 

Superoxide anions were determined at 560 nm by NBT reduction in the presence of superoxide 

and formazan formation. The reaction was initiated by adding 500 µL of tissue extract to 500 

µL of NBT (100 mM), then 50 µL of potassium hydroxide (1 M) + DMSO (0.1%) was added 

for dissolving the blue formazan particles. The standard superoxide-producing regent was 

EDTA (0.1 mM), sodium carbonate (50 mM), riboflavin (10 mM), and methionine (12 mM) 

[87]. The ferrous oxidation-xylenol orange (FOX) reagent contained 110 mM perchloric acid, 

0.250 mM xylenol orange, and 0.250 mM ferrous ions was used to measure the H2O2 amount 

in tissue homogenate using H2O2 as standard. The 0.9 mL of tissue extract was mixed with 0.1 

mL of methanol and 0.9 mL of FOX reagent sequentially and each step was incubated at room 

temperature for 30 min, subsequently, the absorbance was monitored at 560 nm [88]. The nitric 

oxide content was analysed by Griess reagent [0.1% naphthylethylenediamine dihydrochloride 

in H2O + 1% sulphanilamide in 2.5% H3PO4] using sodium nitrite as standard. Briefly, 500 µL 

of supernatant and 500 µL of Griess reagent were mixed and the absorbance was read at 540 

nm [89]. The lipid peroxidation products including MDA and other thiobarbituric acid reactive 

substances achieved through thiobarbituric acid reaction mixture (50 µL of 8.1% SDS, 375 µL 
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of 3.5 M (pH=4) acetate buffer, 375 µL of 0.8% TBA solution, 100 µL H2O) and monitoring 

light absorbance at 532 nm [90]. A commercially available ELISA kit (#Ab238538, Abcam) 

was utilized to quantify the HNE concentration following the manufacturer's instructions.  

 

Total antioxidant capacity of tissue homogenate 

The TAC was assessed at 734 nm by mixing 20 µL of tissue with 1000 µL of 2, 2-azino-bis (3-

ethylbenzothiazoline 6-sulfonic acid) (ABTS) radical solution (7 mM ABTS and 2.54 mM 

potassium persulfate; one day in dark). A calibration graph was drawn based on Trolox (10 

mg/mL) as a standard reference [91]. 

 

Statistical analyses 

Broad comparative analyses were performed first between squirrels and rats by comparing 

oxidative stress variables (NOX, SOD, CAT, GPx, GST, NOS, TAC, superoxide, H2O2, NO, 

MDA and HNE) and fatty acid indexes (UFA/SFA, MUFA/SFA, MUFA/SFA, PUFA/SFA, 

MUFA/PUFA ratios, in addition to UI and PI) between different tissues (lung, spleen, kidney, 

liver, skin and muscle) as well as by age group or cohort (older and younger) by principal 

component analysis (PCA) using R (version 4.3.3) [92]. Additionally, a PCA was used to 

determine the comparative differences of different fatty acids between squirrels and rats in 

addition to age between different tissues as well as age cohort. All PCAs were performed with 

the prcomp function using the ggplot2 package [93]. The number of PCs (principal 

components) was determined through Eigenvalues, skree plots, and the cumulative proportion 

of variance explained by the PCs [94]. The functions ggbiplot from the ggplot2 package [93] 

and cor were used to determine the relationship of the variables within each component and 

the loading of the variables within each PC was visualised as a biplot [95]. A correlation higher 

than 50 was considered to have a strong correlation, while. the ellipse probability was set to 
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68%. PCs were further analysed for their effect with respect to species, age and species*age 

interaction through MANOVA and linear models (lm). All models were corrected for multiple 

comparisons with either a sidak adjustment or Tukey’s honest significant difference. Only 

biologically relevant comparisons were pursued further, which include older rats and squirrels, 

younger rats and squirrels, and/or between younger and older rats and squirrels respectively.  

 Normality of the residuals was determined using the Shapiro wilk test. Heterogeneity 

of variance was determined using the Breusch-Pagan test. Models that were previously 

identified to have a significant effect of age, species or species*age were further analysed in 

lm. Linear models used age, species and sex, as well as the age*species interaction and body 

mass as a covariate using the base package in R. Variables that violated normality and 

heteroscedasticity, or had a unique distribution, or did not converge, were analysed using a 

generalised linear model (GLM) with a Gamma distribution and a log-link function or with a 

Tweedie distribution log-link function. Backward elimination was performed using the MASS 

package and the stepAIC function, where the best AIC model was retained. Post hoc tests were 

performed on models that retained species and age as fixed factors after backwards elimination, 

using the emmeans package. All variables were tested for multicollinearity using the car 

package with the vif function, where non-interactive fixed effects had a variance inflation factor 

of less than 5. Tissue comparisons were regrettably beyond the scope of the manuscript and 

were not interpreted. Furthermore, age effects without species were also not interpreted. 

 

Results 

 

Our main questions are whether there are larger differences between the squirrels and rats in 

all variables tested, and whether age differences exist between the age cohorts (younger rats 

and squirrels and older rats and squirrels) in these variables. Although several factors in our 

results show how variables differ with age regardless of species, it does not address our 
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question thus these results were not interpreted. Furthermore, sex and body mass effects were 

also not elaborated on as these were for controlling observed variation. 

 

PCA analyses 

Specific information of the eigen value, cumulative variance , total variance and eigen vectors 

or loadings of all PCAs can be found in the SI (Table S3, Table S4).  

Overall, there was no clear separation by species or age in the PCA plots for fatty acids 

composition (Fig.S1-3). MANOVA of the lipid PCA (with 5 PCs) showed significant effects 

for species, age, and their interaction, with the species effect being larger than age (Table 1). 

Post hoc analyses revealed significant differences between the younger and older groups, as 

well as between younger and older squirrels (Table 1). For individual PCs, only PC1 (associated 

with C18:1n9 (oleic acid), C20:4n6 90 (arachidonic acid), and C6:0 caproic acid)) was 

significant, with post hoc analyses showing differences between older rats and squirrels, 

younger rats and squirrels, and between younger and older squirrels (Table 1). PC3 (associated 

with C12:0 (lauric acid) and C17:0 (margaric acid)) was significant, with post hoc analyses 

showing differences only between younger and older rats and between younger and older 

squirrels (Table 1). Post hoc analyses of PC4 and PC5 was not significant so these correlations 

were not pursued further (Table 1). 

 



15 
 

 

Fig. 2. Principal component analysis illustrating the relationships between PC1 and PC2 for oxidative 
status, nitrosative and antioxidant markers, which include markers such as NADPH oxidase (NOX), 
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione S-transferase 
(GST) and nitric oxide synthase (NOS), the level of reactive free radical markers superoxide, hydrogen 
peroxide (H2O2), Nitric Oxide (NO), lipid peroxidation markers malondialdehyde (MDA) and 4-
Hydroxynonenal (HNE), total antioxidant capacity (TAC) and lipid indices such as MUFA/SFA, 
PUFA/SFA, MUFA/PUFA and UFA/SFA ratios, unsaturation index (UI), peroxidation index (PI) and 
arachidonic /linoleic acid 20:4/18:2 ratio (A:L) in the Persian squirrel (n=10) and the Wistar rat (n=10) 
between the different tissues (spleen, skin, liver, kidney, lung, muscle: n=5 for each tissue) between 5 
younger (squirrel = blue, rat = orange) and 5 older (squirrel = purple, rat = red) individuals. Variance 
explained by PC1 is 42.6% and PC2 is 24.9%, with a cumulative variance of 67.5%. The direction of 
the arrows represents the loadings or eigenvectors of the variables within a PC. 

 

For antioxidant, oxidative stress, nitrosative and lipid indices, there was no clear 

separation observed for age or species in PC1 and PC3, but PC2 clearly separated the variables 

(Fig. 2; Fig. S4; Fig. S5). MANOVA of the oxidative stress PCA (with 3 PCs) revealed 

significant species and age effects, with the species effect being larger, but the interaction was 
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not significant (Table 1). Post hoc analyses indicated that only the interaction between younger 

rats and squirrels was significant (Table 1). Individual PC analyses found that PC1 (associated 

with NOX, SOD, CAT, GPX, NOS, superoxide, H2O2, NO, and TAC) showed significant 

species and age effects, but no interaction, with post hoc analyses revealing significant 

differences only between older rats and squirrels, and between older and younger rats (Table 

1). PC2 (associated with HNE, MDA, GST, UI, PI, A:L, MUFA/SFA, MUFA/PUFA ratio) 

found a significant species effect, with post hoc analyses showing differences between older 

rats and squirrels and between older and younger rats (Table 1). PC3 showed a significant 

species difference, but post hoc analyses found no significant differences between groups 

(Table 1). 
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Table 1. The MANOVA and linear model outputs, statistical significance and post hoc comparisons of the principal components determined from the principal 

component analyses for lipid composition and for oxidative, nitrosative, antioxidant and lipid indices between rats and squirrels from two different age group 

cohorts (younger and older) across all tissues. 

Variables 
Model (Predictors and 

Family) 
Pilai, F, df (num, den), p-

value 

Model Fit 
(adjustedR², F-

statistic, df, p value) 

Significant Effects 
(t value, 

significance)

Post hoc Comparisons (t value, 
significance) 

Lipid 
composition 
cbind(PC1, 
PC2, PC3, 
PC4, PC5) 

MANOVA 
(Species:AgeGroup, 

Gaussian) 

Species (0.47094, 33.825, 
(3,114), **), AgeGroup 

(0.73521, 105.512, (3,114), 
**), AgeGroup:Species 

(0.12057, 5.210, (3,114, **) 

  

Species **, 
AgeGroup **, 

AgeGroup:Species 
** 

Rat Older > Rat Younger: df=116, t=7.302, 
***, Squirrel Older > Squirrel Younger: 

df=116, t=3.701, **, Rat Younger < 
Squirrel Younger: df=116, t=-5.402, *** 

Lipid 
composition 

PC1 

lm(Species:AgeGroup, 
Gaussian) 

 0.5085, 42.04 on 3 
and 116 DF, *** 

Species (t=4.310:  
↑ squirrels ***),  

Species:AgeGroup 
(t=3.539, ↑ in 

younger squirrels 
***) 

Rat Older < Squirrel Older: t=-4.310, ***, 
Squirrel Older < Squirrel Younger: t=-

5.727, ***, 
 Rat Younger < Squirrel Younger: t=-9.315, 

*** 

Lipid 
composition 

PC2 

lm(Species:AgeGroup, 
Gaussian) 

 0.5928, 58.76 on 3 
and 116 DF, *** 

Species (t= 8.813:  
↑ squirrels ***) 

Rat Older < Squirrel Older: t=-8.813, ***, 
Rat Younger < Squirrel Younger: t=-9.925, 

*** 

Lipid 
composition 

PC3 

lm(Species:AgeGroup, 
Gaussian) 

 0.4042, 7.91 on 3 
and 116 DF, *** 

Species (t=-2.434:  
↓ squirrels ***)   

AgeGroup( 
t=5.767, ↑ in 

younger squirrels 
***)  

Rat Older < Rat Younger: t=-5.767, ***, 
Squirrel Older < Squirrel Younger: t=-

6.463, *** 

Lipid 
composition 

PC4 

lm(Species:AgeGroup, 
Gaussian) 

 0.04307, 2.785 on 3 
and 116 DF, * 

AgeGroup (t=-
2.668: ↓ in younger 

**) 
NS 
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Lipid 
composition 

PC5 

lm(Species:AgeGroup, 
Gaussian) 

̶̶ 
̶̶  0,1872, 0.2711 on 3 

and 116 DF, NS 
NS NS 

Oxidative, 
Nitrosative, 
Antioxidant 
and Lipid 
Indices 

Variables 
cbind(PC1, 
PC2, PC3) 

MANOVA 
(Species:AgeGroup, 

Gaussian) 

Species (0.77230,  128.888, 
(3, 114), ***, AgeGroup 

(0.08040, 3.322, (3, 114), *) 

 Species ***, 
AgeGroup * 

 Rat Younger < Squirrel Younger: df=116, 
t=-4.013, *** 

Oxidative, 
Nitrosative, 
Antioxidant 
and Lipid 

Indices PC1 

lm(Species:AgeGroup, 
Gaussian) 

 0.128, 6.825 on 3 
and 116 DF, *** 

Species (t=-3.561: 
↓ squirrels ***), 
AgeGroup (t= -

3.106: ↓ in younger 
**)                

Rat Older > Squirrel Older: t=3.561, **, 
Rat Older > Rat Younger: t=3.106, * 

Oxidative, 
Nitrosative, 
Antioxidant 
and Lipid 

Indices PC2 

lm(Species:AgeGroup, 
Gaussian) 

 0.5928, 58.76 on 3 
and 116 DF,  *** 

Species (t=8.813:  
↑ squirrels ***) 

Rat Older < Squirrel Older: t=-8.813, ***, 
Rat Younger < Squirrel Younger: t=-9.925, 

*** 

Oxidative, 
Oxidative, 
Nitrosative, 
Antioxidant 
and Lipid 

Indices PC3 

lm(Species:AgeGroup, 
Gaussian) 

  
0.06434, 3.727 on 3 

and 116 DF, * 
Species (t=8.813:  

↑ squirrels *),  
NS 

Significance levels: *** (p < 0.001), ** (p < 0.01), * (p < 0.05), NS (not significant).  
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Table 2. The linear and general linear model outputs, statistical significance and post hoc comparisons of the specific lipids (oleic, arachidonic, caproic, margaric, 

lauric) between rats and squirrels from two different age group cohorts (younger and older) between a variety of tissues (lung, spleen, liver, kidney, muscle, 

skin).  

Variable Model (Predictors and Family) 
Deviance (Null and 

Residual) 

Model Fit 
(adjustedR², F-

statistic, df, p value)

Significant Effects (t 
value, significance) 

Post-hoc Comparisons 
(t value, significance) 

Lung_Oleic_Acid 
lm(Species + BodyMass, 

Gaussian) 
  

0.6458 , 18.32 on 2 
and 17 DF, *** 

Species (t=5.818: ↑ 
squirrels ***), 

BodyMass (t=2.318: ↑ 
*)   

N/A 

Lung_Arachidonic_Acid 
lm(Species + BodyMass, 

Gaussian) 
 0.8894 , 77.41 on 2 

and 17 DF, *** 

Species (t=-12.406: ↓ 
squirrels ***), Body 
Mass (t=-2.358: ↓*) 

  

N/A 

Lung_Caproic_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 7.5224  on 
19  degrees of freedom, 

Residual deviance: 1.6301  
on 14  degrees of freedom 

 NS N/A 

Lung_Margaric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 0.12573  
on 19  degrees of freedom, 

Residual deviance: 
0.03485  on 14  degrees of 

freedom 

 NS N/A 

Lung_Lauric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 0.629728  
on 19  degrees of freedom, 

Residual deviance: 
0.099261  on 14  degrees 

of freedom

 AgeGroup (t=-2.604: ↓ 
in younger *),         

t=2.604: Older Rat > 
Younger Rat * 
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Spleen_Oleic_Acid 
glm(AgeGroup:Species + 

AgeGroup:Species, 
Gamma(link = "log")) 

Null deviance: 5.54400  
on 19  degrees of freedom, 

Residual deviance: 
0.38921  on 16  degrees of 

freedom 

 

AgeGroup (t=-2.226: ↓ 
in younger  *), Species 

(t=9.162: ↑ squirrels 
***), 

AgeGroup:Species 
(t=2.165: ↑ in younger 

squirrels *)   

t=-9.162: Older Rat < 
Older Squirrel ***,   
t=-12.224: Younger 

Rat < Younger 
Squirrel *** 

   

Spleen_Arachidonic_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 1651.6  on 
19  degrees of freedom, 

Residual deviance:  145.5  
on 14  degrees of freedom 

 Species (t=-2.405: ↓ 
squirrels *) 

NS 

Spleen_Caproic_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 28.13930  
on 19  degrees of freedom, 

Residual deviance:  
0.36651  on 14  degrees of 

freedom 

 NS N/A 

Spleen_Margaric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 0.47303  
on 19  degrees of freedom, 

Residual deviance: 
0.16422  on 14  degrees of 

freedom

 
Species (t=-2.338 ↓ in 

squirrels *), Sex 
(t=2.262: ↑ in male *)    

NS 

Spleen_Lauric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 1.02641  
on 19  degrees of freedom, 

Residual deviance: 
0.20969  on 14  degrees of 

freedom 

 AgeGroup (t=-2.451: ↓ 
in younger *)     

NS 

Liver_Oleic_Acid 
lm(AgeGroup:Species + Sex + 

BodyMass, Gaussian) 
 0.8164, 17.89 on 5 

and 14 DF, *** 

Species (t=4.113: ↑ 
squirrels **),  

AgeGroup:Species 
(t=2.525: ↑ in younger 

squirrels *)  

 
 t=-4.113: Older Rat < 

Older Squirrel **,     
t=-8.062: Younger Rat 

< Younger Squirrel 
*** 
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Liver_Arachidonic_Acid 
glm(AgeGroup:Species + 

AgeGroup:SpeciesGamma(link 
= "log")) 

   Null deviance: 24.495  
on 19  degrees of freedom, 
Residual deviance:  5.928  
on 16  degrees of freedom 

 
AgeGroup:Species (t=-

4.743: ↓ younger 
squirrels) 

t=8.323: Younger Rat 
> Younger Squirrel 

***,       
t=5.424: Older 

Squirrel > Younger 
Squirrel ***   

Liver_Caproic_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 6.9907  on 
19  degrees of freedom, 

Residual deviance: 1.5094  
on 14  degrees of freedom 

 NS N/A 

Liver_Margaric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 1.0547  on 
19  degrees of freedom, 

Residual deviance: 0.3573  
on 14  degrees of freedom 

 NS N/A 

Liver_Lauric_Acid 
lm(AgeGroup:Species + Sex + 

BodyMass, Gaussian) 
 0.5439 , 8.552 on 3 

and 16 DF, ** 
AgeGroup (t=-2.178: ↓ 

in younger *)   

t=4.447: Older 
Squirrel > Younger 

Squirrel ** 

Kidney_Oleic_Acid 
lm(AgeGroup:Species + 

AgeGroup:Species, Gaussian) 
 0.8364, 33.37 on 3 

and 16 DF, *** 
Species (t=8.307: ↑ 

squirrels ***) 

  
 t=-8.307: Older Rat < 

Older Squirrel ***   
t=-5.526: Younger Rat 

< Younger Squirrel 
*** 

Kidney_Arachidonic_Acid 

lm(AgeGroup:Species + 
BodyMass +  

    AgeGroup:Species, 
Gaussian) 

 0.8964, 42.11 on 4 
and 15 DF, *** 

AgeGroup (t=-2.639: ↓ 
in younger *), Species 
(t=-10.980: ↓ squirrels  
***), BodyMass (t=-

2.742: ↓ *), 
AgeGroup:Species (t=-

3.156: ↓ in younger 
squirrels **)      

t=10.980: Older Rat > 
Older Squirrel ***      

t=6.841: Younger Rat 
> Younger Squirrel 

***   
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Kidney_Caproic_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

    Null deviance: 
0.0000e+00  on 19  
degrees of freedom, 
Residual deviance: 
9.7578e-22  on 14  
degrees of freedom

 NS N/A 

Kidney_Margaric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 1.09809  
on 19  degrees of freedom, 

Residual deviance: 
0.28638  on 14  degrees of 

freedom 

 
Species (t=2.698 ↑ in 
squirrels *), Sex (t=-
2.8762: ↓ in male *)     

N/A 

Kidney_Lauric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Gaussian) 
 0.8604, 30.28 on 4 

and 15 DF, *** 

AgeGroup (t=-2.945: ↓ 
*), Species (t=6.444:  ↑ 

in squirrels ***),   
AgeGroup:Species (t=-

4.724: ↓ in younger 
squirrels ***) 

NS 

Muscle_Oleic_Acid 
lm(AgeGroup:Species + Sex + 

BodyMass, Gaussian) 
 0.3219, 2.804 on 5 

and 14 DF, NS 
NS NS 

Muscle_Arachidonic_Acid 
glm(AgeGroup:Species + 

AgeGroup:Species, 
Gamma(link = "log")) 

Null deviance: 5.3436  on 
19  degrees of freedom, 

Residual deviance: 3.3114  
on 16  degrees of freedom 

 

AgeGroup (t=2.168: ↑ 
in younger *), Species 

(t=2.844: ↓ squirrels *),   
AgeGroup:Species (t=-

2.532: ↓ in younger 
squirrels *)   

NS 

Muscle_Caproic_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 
0.0000e+00  on 19  
degrees of freedom, 
Residual deviance: 
9.7578e-22  on 14  
degrees of freedom 

 NS N/A 
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Muscle_Margaric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 1.07209  
on 19  degrees of freedom, 

Residual deviance: 
0.59816  on 14  degrees of 

freedom 

 NS N/A 

Muscle_Lauric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

    Null deviance: 0.52785  
on 19  degrees of freedom, 

Residual deviance: 
0.27001  on 14  degrees of 

freedom 

 NS N/A 

Skin_Oleic_Acid 
lm(AgeGroup:Species + Sex + 
AgeGroup:Species, Gaussian) 

 0.6103 , 8.44 on 4 
and 15 DF, *** 

Species (t=4.722: ↑ 
squirrels ***), 

SexMale (t=-2.284: 
↓*), AgeGroup:Species 
(t=-3.098: ↓ in younger 

squirrels **) 

  
 t=-4.722: Older Rat < 

Older Squirrel **,   
t=4.032: Older 

Squirrel > Younger 
Squirrel ** 

Skin_Arachidonic_Acid 
glm(AgeGroup:Species + 

AgeGroup:Species, 
Gamma(link = "log")) 

Null deviance: 99.276  on 
19  degrees of freedom, 

Residual deviance: 15.202  
on 16  degrees of freedom 

 

AgeGroup (t=-6.263:  
↓ in younger ***), 

AgeGroup:Species (t=-
13.049: ↓ in younger 

squirrels ***) 

t=6.263: Older Rat > 
Younger Rat ***,       

t=18.501: Younger Rat 
> Younger Squirrel 

*** ,  
  t=24.718: Older 

Squirrel > Younger 
Squirrel *** 

Skin_Caproic_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 10.3268  
on 19  degrees of freedom, 

Residual deviance:  
2.2407  on 14  degrees of 

freedom 

 NS N/A 
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Skin_Margaric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

Null deviance: 0.77086  
on 19  degrees of freedom, 

Residual deviance: 
0.15308  on 14  degrees of 

freedom 

 BodyMass (t=2.637: ↑ 
*)                 

N/A 

Skin_Lauric_Acid 
glm(AgeGroup:Species + Sex 

+ BodyMass, Tweedie) 

    Null deviance: 15.5339  
on 19  degrees of freedom, 

Residual deviance:  
1.2407  on 14  degrees of 

freedom

  
Species (t=-4.839: ↓ in 

squirrel ***) 
t=4.839: Older Rat > 
Older Squirrel *** 

Significance levels: *** (p < 0.001), ** (p < 0.01), * (p < 0.05), NS (not significant).  
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Table 3. The linear and general linear model outputs, statistical significance and post hoc comparisons for oxidative (malondialdehyde (MDA) and 4-

Hydroxynonenal (HNE), superoxide and hydrogen peroxide (H2O2)), nitrosative (NADPH oxidase (NOX), and nitric oxide synthase (NOS), and nitric oxide 

(NO: a measure of reactive nitrogen species (RNS)), antioxidant (superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione S-

transferase (GST) and total antioxidant capacity (TAC)) and lipid indices (MUFA/SFA, PUFA/SFA, MUFA/PUFA and UFA/SFA ratios, unsaturation index (UI), 

peroxidation index (PI) and arachidonic/linoleic acid ratio (A/L)) between rats and squirrels from two different age group cohorts (younger and older) between 

a variety of tissues (lung, spleen, liver, kidney, muscle, skin). 

Variable 
Model (Predictors 

and Family) 
Deviance (Null and 

Residual) 

Model Fit 
(adjustedR², F-

statistic, df, 
significance 

Significant Effects (t value, 
significance) 

Post-hoc Comparisons (t value, significance) 

Liver_NOX 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

N/A 
0.7171, 17.05 on 3 

and 16 DF, *** 

AgeGroup (t=-5.572: ↓ in younger 
***), Species (t=-4.623: ↓ in 

squirrels ***), AgeGroup:Species 
(t=2.525: ↑ in younger squirrels *) 

t=5.572: Older Rat > Younger Rat  **,            
t=4.623: Older Rat >  Older Squirrel **         
   

Liver_SOD 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

N/A 
0.8064,27.39 on 3 

and 16 DF, ***   

AgeGroup (t=-4.816: ↓ in younger 
***), Species (t=-7.735: ↓ in 

squirrels ***), AgeGroup:Species 
(t=3.263: ↑ in younger squirrels **)  

 
t=4.816: Older Rat > Younger Rat **,              
t=7.735: Older Rat > Older Squirrel ***,            
t=3.12: Younger Rat > Younger Squirrel *         

Liver_CAT 
lm (Species, 
BodyMass, 
Gaussian) 

N/A 
0.5506, 12.64 on 2 

and 17 DF,  *** 
Species (t=-3.158: ↓ in squirrels **), 

BodyMass (t=3.529: ↑ **) 
N/A 
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Liver_GPX 

lm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gaussian) 

N/A 
0.7516, 15.37 on 4 

and 15 DF, ***   
Species (t=4.835: ↑ in squirrels ***), 

Sex (t=-3.399: ↓ in males **) 

 
 
t=-4.835: Older Rat < Older Squirrel **,           
t=4.568:  Older Squirrel > Younger Squirrel **     

Liver_GST 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

N/A 
0.8326, 32.49 on 3 

and 16 DF, *** 

Species (t=8.354: ↑ in squirrels ***), 
AgeGroup:Species (t=-2.328: ↓ in 

younger squirrels *)  

 
  
t=-8.354: Older Rat < Older Squirrel ***,          
t=-5.061: Younger Rat < Younger Squirrel **       
  

Liver_NOS 

lm (AgeGroup, 
Species, Sex, 
BodyMass, 

AgeGroup:Species, 
Gaussian) 

N/A 
0.7403, 11.83 on 5 

and 14 DF, *** 

AgeGroup (t=-6.387: ↓ in younger 
***), Species (t=-4.596: ↓ in 

squirrels ***), Sex (t=3.940: ↑ in 
males **), BodyMass (t=-3.789: ↓ 
**), AgeGroup:Species (t=5.533: ↑ 

in younger squirrels ***) 

 
t=6.387: Older Rat > Younger Rat **,               
t=4.596: Older Rat > Older Squirrel **,             
t=-3.295: Younger Rat < Younger Squirrel *,       
t=3.015: Older Squirrel > Younger Squirrel *      

Liver_Superoxide 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

N/A 
0.6257, 11.59 on 3 

and 16 DF,  *** 

AgeGroup (t=-4.848: ↓ in younger 
***), Species (t=-4.249: ↓ in 

squirrels ***), AgeGroup:Species 
(t=2.780: ↑ in younger squirrels *) 

 
t=4.848: Older Rat > Younger Rat **,               
t=4.249: Older Rat > Older Squirrel **            
    

Liver_H2O2 

lm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gaussian) 

N/A 
0.2916, 2.956 on 4 

and 15 DF, NS 

AgeGroup (t=-2.393: ↓ in younger 
*), Sex (t=2.327: ↑ in males *), 

AgeGroup:Species (t=2.204: ↑ in 
younger squirrels *) 

NS 

Liver_NO 
lm (AgeGroup, Sex, 

BodyMass, 
Gaussian) 

N/A 
0.3041, 3.767 on 3 

and 16 DF,  * 
AgeGroup (t=-2.791: ↓ in younger *) N/A 
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Liver_MDA 
lm (AgeGroup, 

Species, Gaussian) 
N/A 

0.8301, 47.41 on 2 
and 17 DF,  ***  

Species (t=-9.612: ↓ in squirrels ***) 

 
 
 t=9.612: Older Rat > Older Squirrel ***,          
 t=9.612:   Younger Rat > Younger Squirrel ***     

Liver_HNE 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.9145, 68.76 on 3 

and 16 DF,  ***   

AgeGroup (t=-2.706: ↓ in younger 
*), Species (t=-11.109: ↓ in squirrels 

***) 

 
 
 t=11.109: Older Rat > Older Squirrel ***,          
 t=8.830: Younger Rat > Younger Squirrel ***     

Liver_TAC 
lm (AgeGroup, 

Species, Gaussian) 
  

0.607, 15.67 on 2 
and 17 DF,  *** 

AgeGroup (t=-3.482: ↓in younger 
**), Species (t=4.384: ↑ in squirrels 

***) 

 
  t=3.482: Older Rat > Younger Rat *,               
  t=-4.384: Older Rat < Older Squirrel **,         
  t=-4.384: Younger Rat < Younger Squirrel **,      
  t=3.482: Older Squirrel > Younger Squirrel *     

Liver_UI 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
0.77008  on 19  

degrees of freedom
Residual deviance: 

0.23840  on 16  
degrees of freedom 

  
AgeGroup (t=3.415: ↑ in younger 

**), AgeGroup:Species (t=-3.799: ↓ 
in younger squirrels **) 

 
 
 t=-3.415: Older Rat < Younger Rat *,  
 t=5.667: Younger Rat > Younger Squirrel ***  

Liver_PI 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

    Null deviance: 
5.7501  on 19  

degrees of freedom
Residual deviance: 

1.3610  on 16  
degrees of freedom 

  
AgeGroup (t=2.202: ↑ in younger *), 

AgeGroup:Species (t=-3.766: ↓ in 
younger squirrels **) 

 
 
  t=6.832: Younger Rat > Younger Squirrel ***, 
  t=3.124: Younger Squirrel < Older Squirrel * 

Liver_UFA/SFA 
lm (AgeGroup, 

Species, Gaussian) 
  

0.7524, 29.87 on 2 
and 17 DF, *** 

AgeGroup (t=2.233: ↑ in younger *), 
Species (t=7.400: ↑ in squirrels ***) 

 
  
  t=-7.400: Older Rat < Older Squirrel ***,         
  t= -7.400: Younger Rat < Younger Squirrel *** 
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Liver_MUFA/SFA 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
5.21157  on 19  

degrees of freedom
Residual deviance: 

0.80567  on 16  
degrees of freedom 

  
AgeGroup (t=-3.059: ↓ ** ), Species 
(t=4.537: ↑ ***), AgeGroup:Species 
: (t=3.458: ↑ in younger squirrels **) 

 
 t=3.059: Older Rat > Younger Rat *,             
 t=-4.537: Older Rat < Older Squirrel **,           
  t=-9.427: Younger Rat < Younger Squirrel *** 

Liver_PUFA/SFA 

lm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gaussian) 

  
0.4829, 5.436 on 4 

and 15 DF,  **   

AgeGroup (t=4.417: ↑ in younger 
***), Species (t=2.447: ↑ in squirrels 
*), AgeGroup:Species (t=-3.444: ↓ 

in younger squirrels **) 

 
 t= -4.417: Older Rat < Younger Rat **             
  
  

Liver_MUFA/PUFA 

lm (AgeGroup, 
Species, Sex, 
BodyMass, 

AgeGroup:Species, 
Gaussian) 

  
0.7292, 11.23 on 5 

and 14 DF, *** 
AgeGroup:Species (t=3.036: ↑in 

younger squirrels **) 

 
 t=-6.609: Younger Rat < Younger Squirrel **      
  
  
  
   

Liver_ A/L 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

    Null deviance: 
29.8342  on 19  

degrees of freedom
Residual deviance:  

7.7222  on 16  
degrees of freedom 

  
AgeGroup:Species (t=-4.134: ↓ in 

younger squirrels ***) 

 
 t=7.812: Older Rat > Older Squirrel ***, 
 t=7.812: Younger Rat > Younger Squirrel ***,      
 t=5.281: Older Squirrel > Younger Squirrel *** 
  
  
   

Kidney_NOX 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.8796, 35.69 on 4 

and 15 DF,  *** 

AgeGroup (t=-7.376: ↓ in younger 
***), Species (t=-8.571: ↓ in 

squirrels ***), BodyMass (t=-2.549: 
↓ *), AgeGroup:Species (t=4.717: ↑ 

younger squirrels***) 

t=7.376: Older Rat > Younger Rat ***,              
t=8.571: Older Rat > Older Squirrel ***,            
t=3.642: Older Squirrel > Younger Squirrel *   
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Kidney_SOD 
lm (Species, 
BodyMass, 
Gaussian) 

  
0.7779, 34.28 on 2 

and 17 DF, *** 
Species (t=-7.909: ↓ in squirrels ***) N/A 

Kidney_CAT 

glm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gamma(link = 
"log")) 

Null deviance: 
4.23982  on 19  

degrees of freedom
Residual deviance: 

0.73134  on 15  
degrees of freedom 

  Species (t=-6.139: ↓ in squirrels ***) 

 
  
t=6.139: Older Rat > Older Squirrel **,            
 t=3.568:  Younger Rat > Younger Squirrel * 
   

Kidney_GPX 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.4283, 5.744 on 3 

and 16 DF,  **   
AgeGroup (t=-3.712: ↓ in younger 

**) 
t=3.712: Older Rat > Younger Rat **,                

Kidney_GST 

lm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gaussian) 

  
0.7950, 19.42 on 4 

and 15 DF,  *** 

Species (t=4.716: ↑ in squirrels ***), 
Sex (t=2.576: ↑ in males *), 

AgeGroup:Species (t=-6.919: ↓ 
younger squirrels ***) 

t=-4.716: Older Rat < Older Squirrel **,          
t=5.068: Younger Rat > Younger Squirrel **,        
 t=7.705: Older Squirrel > Younger Squirrel ***     

Kidney_NOS 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.1739, 2.333 on 3 

and 16 DF,  NS   
Species (t=-2.527: ↓ in squirrels *) NS 

Kidney_Superoxide 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.9303, 64.4 on 4 
and 15 DF, *** 

AgeGroup (t=-9.438: ↓ in younger 
***), Species (t=-12.609: ↓ in 

squirrels ***), BodyMass (t=-3.004: 
↓**), AgeGroup:Species (t=7.204: ↑ 

in younger squirrels ***) 

 
 t=9.438: Older Rat > Younger Rat ***,                
t=12.609: Older Rat > Older Squirrel ***,             
t=3.530: Older Squirrel > Younger Squirrel *      
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Kidney_H2O2 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.7579, 20.83 on 3 

and 16 DF,  ***  

AgeGroup (t=-2.181: ↓ in younger 
*), Species (t=-6.455: ↓ in squirrels 

***) 

 
 
t=6.455: Older Rat > Older Squirrel ***,           
t=4.289: Younger Rat > Younger Squirrel **       
  

Kidney_NO 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.3359, 4.203 on 3 

and 16 DF,  * 

AgeGroup (t=-2.456: ↓ in younger 
*), Species (t=-2.904: ↓ in squirrels 

*) 

 
  
t=2.904: Older Rat > Older Squirrel *            
  
 
  

Kidney_MDA 
lm (AgeGroup, 

Species, BodyMass, 
Gaussian) 

  
0.7395, 18.98 on 3 

and 16 DF,  *** 
Species (t=-6.709: ↓ in squirrels ***) 

 
  
t=6.709: Older Rat > Older Squirrel ***,            
t=6.709: Younger Rat > Younger Squirrel ***        
  

Kidney_HNE 
lm (Species, Sex, 

Gaussian) 
  

0.7113, 24.41 on 2 
and 17 DF,  *** 

Species (t=-6.605: ↓ in squirrels ***) N/A 

Kidney_TAC 
lm (Species, 
BodyMass, 
Gaussian) 

  
0.4587, 9.051 on 2 

and 17 DF,  ** 
Species (t=3.840: ↑ in squirrels **), 

BodyMass (t=2.255: ↑*) 
N/A 

Kidney_UI 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.6953, 11.84 on 4 

and 15 DF,  ***   

Species (t=-5.650: ↓ in squirrels 
***), AgeGroup:Species (t=3.861: ↑ 

in younger squirrels **) 

t=5.650: Older Rat > Older Squirrel **         
  
 
  



31 
 

Kidney_PI 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.84, 25.93 on 4 
and 15 DF,  *** 

Species (t=-8.922: ↓ in squirrels 
***), BodyMass (t=-2.163: ↓*), 

AgeGroup:Species (t=3.684: ↑ in 
younger squirrels **) 

 
 
t=8.922: Older Rat > Older Squirrel ***,            
t=3.960:  Younger Rat > Younger Squirrel **          

Kidney_UFA/SFA 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
2.6241  on 19  

degrees of freedom
Residual deviance: 

0.6515  on 16  
degrees of freedom 

  Species (t=2.648: ↑ in squirrels *) 

 
 
  
t=-5.381: Younger Rat < Younger Squirrel **,    
t=-3.268: Older Squirrel < Younger Squirrel *   

Kidney_MUFA/SFA 
lm (Species, 
Gaussian) 

  
0.6595, 37.81 on 1 

and 18 DF,  *** 
Species (t=6.149: ↑ in squirrels ***) N/A 

Kidney_PUFA/SFA 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.6217, 11.41 on 3 

and 16 DF,  *** 
AgeGroup:Species (t=3.411: ↑ in 

younger squirrels **) 

 
t=-4.193: Younger Rat < Younger Squirrel **,      
t=-5.262: Older Squirrel < Younger Squirrel **   

Kidney_MUFA/PUFA 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
5.0149  on 19  

degrees of freedom
Residual deviance: 

1.2911  on 16  
degrees of freedom 

  
Species (t=5.300: ↑ in squirrels ***), 

AgeGroup:Species (t=-2.746: ↓ in 
younger squirrels *) 

 
 
t=-5.300: Older Rat < Older Squirrel **,     
t=4.147: Older Squirrel > Younger Squirrel **   

Kidney_ A/L 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.8196, 22.58 on 4 

and 15 DF,  ***  

AgeGroup (t=-3.120: ↓ in 
younger**), Species (t=-7.850: ↓ in 
squirrels ***), BodyMass (t=-2.726: 

↓*) 

 t=3.120: Older Rat > Younger Rat *,                       
t=7.850: Older Rat > Older Squirrel ***,                  
t= 5.395: Younger Rat > Younger Squirrel *** 

Lung_NOX 
lm (Species, 
Gaussian) 

  
0.915, 204.9 on 1 
and 18 DF,  ***  

Species (t=14.31: ↑ in squirrels ***) N/A 
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Lung_SOD 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.9101, 49.09 on 4 

and 15 DF,  *** 

Species (t=7.229: ↑ in squirrels ***), 
AgeGroup:Species (t=3.070: ↑ in 

younger squirrels **) 

 
  
t=-7.229: Older Rat < Older Squirrel ***,         
t=-11.858: Younger Rat < Younger Squirrel ***      
  

Lung_CAT 
lm (Species, Sex, 

BodyMass, 
Gaussian) 

  
0.6831, 14.65 on 3 

and 16 DF,  *** 

Species (t=5.723: ↑ in squirrels ***), 
Sex (t=-2.189: ↓ in males *), 

BodyMass (t=3.523: ↑**) 
N/A 

Lung_GPX 
lm (Species, 
BodyMass, 
Gaussian) 

  
0.5849, 14.39 on 2 

and 17 DF,  *** 
Species (t=3.891: ↑ in squirrels **), 

BodyMass (t=4.110: ↑***) 
N/A 

Lung_GST 
lm (Species, 
Gaussian) 

  
0.889, 153.2 on 1 
and 18 DF,  *** 

Species (t=12.38: ↑ in squirrels ***) N/A 

Lung_NOS 
lm (AgeGroup, 

Species, Gaussian) 
  

0.7415, 28.26 on 2 
and 17 DF, *** 

Species (t=7.236: ↑ in squirrels ***) 

 
 
t=-7.236: Older Rat < Older Squirrel ***,          
t=-7.236: Younger Rat < Younger Squirrel ***       

Lung_Superoxide 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.8162, 29.12 on 3 

and 16 DF,  *** 

AgeGroup (t=-4.098: ↓ in younger 
***), Species (t=3.542: ↑ in squirrels 
**), AgeGroup:Species (t=3.365: ↑ 

in younger squirrels**) 

 
t=4.098: Older Rat > Younger Rat **,               
t=-3.542: Older Rat < Older Squirrel *,                    
t=-8.301: Younger Rat < Younger Squirrel ***        
   

Lung_H2O2 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.7899, 24.81 on 3 

and 16 DF,  ***  

AgeGroup (t=-4.130: ↓ in younger 
***), Species (t=3.490: ↑ in squirrels 
**), AgeGroup:Species (t=2.627: ↑ 

in younger squirrels *) 

 
t=4.130: Older Rat > Younger Rat **,              
 t=-3.490: Older Rat < Older Squirrel *,         
  t=-7.205: Younger Rat < Younger Squirrel ***      
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Lung_NO 
lm (AgeGroup, 

Species, Gaussian) 
  

0.7856, 35.82 on 2 
and 17 DF,  *** 

Species (t=7.672: ↑ in squirrels **), 
AgeGroup (t=-3.573: ↓ in younger 

***) 

 
t=3.573: Older Rat > Younger Rat *,              
t=-7.672: Older Rat < Older Squirrel ***,            
t=-7.672:  Younger Rat < Younger Squirrel ***,      
t=3.573: Older Squirrel > Younger Squirrel *      

Lung_MDA 
lm (Species, 
Gaussian) 

  
0.8372, 98.74 on 1 

and 18 DF, *** 
Species (t=-9.937: ↓ in squirrels ***) N/A 

Lung_HNE 
lm (Species, 
Gaussian) 

  
0.8905,155.5 on 1 
and 18 DF,  *** 

Species (t=-12.47: ↓ in squirrels ***) N/A 

Lung_TAC 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.9339, 90.44 on 3 

and 16 DF,  *** 
Species (t=12.692: ↑ in squirrels 

***) 

 
  
t=-12.692: Older Rat < Older Squirrel ***,      
t=-9.994: Younger Rat < Younger Squirrel ***,      
t=3.626: Older Squirrel > Younger Squirrel *     

Lung_UI 
lm (Species, 
Gaussian) 

  
0.5542, 24.62 on 1 

and 18 DF,  *** 
Species (t=-4.961: ↓ in squirrels ***) N/A 

Lung_PI 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.8561, 29.26 on 4 

and 15 DF,  *** 
Species (t=-6.378: ↓ in squirrels ***) 

 
  
t=6.378: Older Rat > Older Squirrel **,           
t=8.654: Younger Rat > Younger Squirrel ***      

Lung_UFA/SFA 
lm (Species, 
Gaussian) 

  
0.2898, 8.753 on 1 

and 18 DF, **  
Species (t=2.959: ↑ in squirrels **) N/A 

Lung_MUFA/SFA 
lm (AgeGroup, 

Species, Gaussian) 
  

0.6054, 15.58 on 2 
and 17 DF,  *** 

Species (t=5.369: ↑ in squirrels) 

 
 
t=-5.369: Older Rat < Older Squirrel **,          
t=-5.369: Younger Rat < Younger Squirrel **       
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Lung_PUFA/SFA 

glm (AgeGroup, 
Species, 

Gamma(link = 
"log")) 

Null deviance: 
2.1244  on 19  

degrees of freedom
Residual deviance: 

1.6744  on 17  
degrees of freedom 

  NS N/A 

Lung_MUFA/PUFA 
lm (Species, 
Gaussian) 

  
0.5874, 28.05 on 1 

and 18 DF, *** 
Species (t=5.296: ↑ in squirrels ***) N/A 

Lung_ A/L 
lm (Species, Sex, 

Gaussian) 
  

0.7241, 25.93 on 2 
and 17 DF,  *** 

Species (t=-7.132: ↓ in squirrels ***) N/A 

Spleen_NOX 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
22.72810  on 19  

degrees of freedom
Residual deviance:  

0.42939  on 16  
degrees of freedom 

  

AgeGroup (t=-3.325: ↓ in younger 
**), Species (t=-23.829: ↓ in 

squirrels***), AgeGroup:Species 
(t=2.234: ↑ in younger squirrels *) 

 
t=3.325: Older Rat > Younger Rat *,             
t=23.829: Older Rat > Older Squirrel ***,           
t=20.670: Younger Rat > Younger Squirrel ***    

Spleen_SOD 
glm (Species, 
Gamma(link = 

"log")) 

Null deviance: 
23.46291  on 19  

degrees of freedom
Residual deviance:  

0.51316  on 18  
degrees of freedom 

  Species (t=-30.51: ↓ in squirrels ***) N/A 

Spleen_CAT 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.9436, 106.9 on 3 

and 16 DF,  *** 

AgeGroup (t=-8.779: ↓ in younger 
***), Species (t=-15.066: ↓ in 

squirrels ***), AgeGroup:Species 
(t=5.710: ↑ in younger squirrels ***) 

 
t=8.779: Older Rat > Younger Rat ***,              
t=15.066: Older Rat > Older Squirrel ***,           
t=6.287: Younger Rat > Younger Squirrel ***   
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Spleen_GPX 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.879, 35.52 on 4 
and 15 DF,  *** 

AgeGroup (t=-5.361: ↓ in younger 
***), Species (t=-9.132: ↓ in 

squirrels ***), AgeGroup:Species 
(t=3.136: ↑ in younger squirrels **) 

 
t=5.361: Older Rat > Younger Rat **,               
t=9.132: Older Rat > Older Squirrel ***,           
t=4.959: Younger Rat> Younger Squirrel ***,         
t=2.929:   Older Squirrel > Younger Squirrel * 

Spleen_GST 
lm (AgeGroup, 

Species, 
AgeGroup:Species 

  
0.6495, 12.73 on 3 

and 16 DF,  *** 

Species (t=5.707: ↑ in squirrels ***), 
AgeGroup:Species (t=-2.714: ↓ in 

younger squirrels *) 

 
 
 t=-5.707: Older Rat < Older Squirrel ***,           
 t=2.953: Older Squirrel > Younger Squirrel *      

Spleen_NOS 
lm (AgeGroup, 

Species, 
AgeGroup:Species 

  
0.8512, 37.22 on 3 

and 16 DF,  *** 

AgeGroup (t=-4.475: ↓ in younger 
***), Species (t=-9.076: ↓ in 

squirrels ***), AgeGroup:Species 
(t=3.264: ↑ in younger squirrels **) 

 
t=4.475: Older Rat > Younger Rat **,             
t=9.076: Older Rat > Older Squirrel ***,          
t=4.460: Younger Rat > Younger Squirrel **       

Spleen_Superoxide 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
18.26080  on 19  

degrees of freedom
Residual deviance:  

0.56231  on 16  
degrees of freedom 

  

AgeGroup (t=7.072: ↓ in younger 
***), Species (t=-19.149: ↓ in 

squirrels ***), AgeGroup:Species 
(t=3.697: ↑ in younger squirrels **) 

 
 t=7.072: Older Rat > Younger Rat ***,               
t=19.149: Older Rat > Older Squirrel ***,            
t=13.921: Younger Rat > Younger Squirrel ***     

Spleen_H2O2 
lm (Species, 
Gaussian) 

  
0.9486, 351.4 on 1 

and 18 DF,  *** 
Species (t=-18.75: ↓ in squirrels ***) N/A 

Spleen_NO 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
13.14865  on 19  

degrees of freedom
Residual deviance:  

0.47642  on 16  
degrees of freedom 

  

AgeGroup (t=-5.930: ↓ in younger 
***), Species (t=-17.551: ↓ in 

squirrels ***), AgeGroup:Species 
(t=5.023: ↑ in younger squirrels ***) 

 
t=5.930: Older Rat > Younger Rat ***,               
t=17.551: Older Rat > Older Squirrel ***,            
t=10.448: Younger Rat > Younger Squirrel ***       
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Spleen_MDA 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.9245, 59.12 on 4 

and 15 DF,  *** 

AgeGroup (t=-3.181: ↓ in younger 
**), Species (t=-11.688: ↓ in 

squirrels ***), BodyMass (t=-2.557: 
↓ *) 

 
t=3.181: Older Rat > Younger Rat *,               
t=11.688: Older Rat > Older Squirrel ***,            
t=9.977: Younger Rat > Younger Squirrel ***       

Spleen_HNE 
glm (Species, 
Gamma(link = 

"log")) 

Null deviance: 
12.8028  on 19  

degrees of freedom
Residual deviance:  

1.0427  on 18  
degrees of freedom 

  Species (t=-15.31: ↓ in squirrels ***) N/A 

Spleen_TAC 
lm (Species, 
BodyMass, 
Gaussian) 

  
0.9368, 141.9 on 2 

and 17 DF,  *** 
Species (t=-16.249: ↓ in squirrels 

***), BodyMass (t=2.563: ↑*) 
N/A 

Spleen_UI 

lm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gaussian) 

  
0.7466, 14.99 on 4 

and 15 DF,  *** 

AgeGroup (t=4.723: ↑ in younger 
***), Sex (t=2.376: ↑ in males *), 
AgeGroup:Species (t=-4.360: ↓ in 

younger squirrels ***) 

 
t=-4.723: Older Rat < Younger Rat **,               
t=6.648: Younger Rat > Younger Squirrel ***         

Spleen_PI 

lm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gaussian) 

  
0.8533, 28.64 on 4 

and 15 DF,  *** 

AgeGroup (t=4.833: ↑ in younger 
***), Species (t=-3.212: ↓ in 

squirrels **), Sex (t=2.357: ↑ in 
males *), AgeGroup:Species (t=-
4.304: ↓ in younger squirrels ***) 

 
t=-4.833: Older Rat < Younger Rat **,               
t=3.212: Older Rat > Older Squirrel *,            
  t=9.235: Younger Rat > Younger Squirrel ***       

Spleen_UFA/SFA 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.7767, 17.52 on 4 

and 15 DF,  *** 

AgeGroup (t=2.744: ↑ in younger *), 
Species (t=7.384: ↑ in squirrels ***), 

AgeGroup:Species (t=-2.683: ↓ in 
younger squirrels *) 

 
  
t=-7.384: Older Rat < Older Squirrel ***,          
t=-3.800: Younger Rat < Younger Squirrel **      
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Spleen_MUFA/SFA 

lm (AgeGroup, 
Species, Sex, 
BodyMass, 
Gaussian) 

  
0.9082, 48.01 on 4 

and 15 DF,  *** 
Species (t=13.519: ↑ in squirrels 

***) 

 
 
t=-13.519: Older Rat < Older Squirrel ***,         
t=-13.519: Younger Rat < Younger Squirrel ***     
  

Spleen_PUFA/SFA 

lm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gaussian) 

  
0.4908, 5.579 on 4 

and 15 DF,  ** 

AgeGroup (t=3.161: ↑ in younger 
**), Sex (t=2.278: ↑ in males *), 

AgeGroup:Species (t=-3.233: ↓ in 
younger squirrels **) 

 
t=-3.161: Older Rat < Younger Rat *,           
t=3.516: Younger Rat > Younger Squirrel *       

Spleen_MUFA/PUFA 

glm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
13.3603  on 19  

degrees of freedom
Residual deviance:  

1.4796  on 15  
degrees of freedom 

  

AgeGroup (t=-3.624: ↓ in younger 
**), Species (t=6.159: ↑ in squirrels 
***), Sex (t=-2.528: ↓ in males *), 
AgeGroup:Species (t=3.436: ↑ in 

younger squirrels **) 

 
t=3.624: Older Rat > Younger Rat *,              
 t=-6.159: Older Rat < Older Squirrel ***,          
 t=-10.931: Younger Rat < Younger Squirrel ***     

Spleen_ A/L 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
55.200  on 19  

degrees of freedom
Residual deviance: 

25.776  on 16  
degrees of freedom 

  
AgeGroup:Species (t=-2.469: ↓ in 

younger squirrels *) 
 
t=5.323: Younger Rat > Younger Squirrel ***       

Muscle_NOX 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.4894, 7.071 on 3 

and 16 DF, ** 

AgeGroup (t=-4.524: ↓ in younger 
***), AgeGroup:Species (t=2.821: ↑ 

in younger squirrels *) 

 
t=4.524: Older Rat > Younger Rat **              
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Muscle_SOD 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.717, 13.03 on 4 
and 15 DF, *** 

Species (t=-5.289: ↓ in squirrels 
***), AgeGroup:Species (t=2.759: ↑ 

in younger squirrels *) 

 
  
t=5.289: Older Rat > Older Squirrel **            
 
 
 
  

Muscle_CAT 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.7585, 20.89 on 3 

and 16 DF,  *** 
AgeGroup (t=-2.541: ↓ *), Species 

(t=-6.457: ↓ ***) 

 
t=6.457: Older Rat > Older Squirrel ***,          
t=4.141: Younger Rat > Younger Squirrel **   

Muscle_GPX 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.6391, 12.21 on 3 

and 16 DF,  *** 

AgeGroup (t=-5.416: ↓in younger 
***), Species (t=-2.908: ↓ squirrels 

*), AgeGroup:Species (t=2.369: ↑ in 
younger squirrels *) 

 
t=5.416: Older Rat > Younger Rat **,              
t=2.908: Older Rat > Older Squirrel *          
 
  

Muscle_GST 
glm (Species, 
Gamma(link = 

"log")) 

Null deviance: 
1.6848  on 19  

degrees of freedom
Residual deviance: 

1.0104  on 18  
degrees of freedom 

  Species (t=3.356: ↑ in squirrels **) N/A 

Muscle_NOS 

lm (AgeGroup, 
Species, Sex, 
BodyMass, 

AgeGroup:Species 

  
0.935, 55.69 on 5 
and 14 DF,  *** 

AgeGroup (t=-6.210: ↓ in younger 
***), Species (t=-13.863: ↓ in 

squirrels ***), SexMale (t=2.333: ↑ 
in males *), BodyMass (t=-3.479: ↓ 
**), AgeGroup:Species (t=5.025: ↑ 

in younger squirrels ***) 

 
t=6.210: Older Rat > Younger Rat **,                
t=13.863: Older Rat > Older Squirrel ***,                
t=7.240:  Younger Rat > Younger Squirrel ***        
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Muscle_Superoxide 

glm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
6.62267  on 19  

degrees of freedom
Residual deviance: 

0.15145  on 15  
degrees of freedom 

  

AgeGroup (t=: ↓ in younger ***), 
Species (t=-18.755: ↓ ***), 

AgeGroup:Species (t=2.923: ↑ in 
younger squirrels *) 

 
t=7.545  Older Rat > Younger Rat ***,               
 t=18.755: Older Rat > Older Squirrel ***            
    
t=14.449: Younger Rat > Younger Squirrel ***,      
t=3.354: Older Squirrel > Younger Squirrel *     

Muscle_H2O2 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.8724, 44.3 on 3 
and 16 DF, *** 

Species (t=-9.520: ↓ in squirrels 
***), AgeGroup:Species (t=2.136: ↑ 

in younger squirrels *) 

 
 
t=9.520: Older Rat > Older Squirrel ***,           
 t=6.499: Younger Rat > Younger Squirrel ***       

Muscle_NO 

glm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gamma(link = 
"log")) 

Null deviance: 
10.00736  on 19  

degrees of freedom
Residual deviance:  

0.65428  on 15  
degrees of freedom 

  

AgeGroup (t=-3.959: ↓ in younger 
**), Species (t=-11.976: ↓ in 

squirrels ***), AgeGroup:Species 
(t=4.486: ↑ in younger squirrels ***) 

 
t=3.959: Older Rat > Younger Rat **,             
t=11.976: Older Rat > Older Squirrel ***,                
t=5.971: Younger Rat > Younger Squirrel **           
   

Muscle_MDA 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.8837, 49.1 on 3 
and 16 DF,  *** 

AgeGroup (t=-4.980: ↓ in younger 
***), Species (t=-10.214: ↓ in 

squirrels ***), AgeGroup:Species 
(t=3.378: ↑ in younger squirrels **) 

 
t=4.980: Older Rat > Younger Rat **,               
t=10.214: Older Rat > Older Squirrel ***,            
t=5.437: Younger Rat > Younger Squirrel **        

Muscle_HNE 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.6003, 10.51 on 3 

and 16 DF, *** 

AgeGroup (t=:-2.508 ↓ in younger 
*), Species (t=-4.895: ↓ in squirrels 

***) 

 
 
t=4.895: Older Rat > Older Squirrel **            

Muscle_TAC 
lm (Species, Sex, 

BodyMass, 
Gaussian) 

  
0.9063, 62.26 on 3 

and 16 DF, *** 
Species (t=-12.208: ↓ in squirrels 
***), BodyMass (t=5.002: ↑ ***) 

N/A 
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Muscle_UI 
lm (AgeGroup, 

Species, Gaussian) 
  

0.8206, 44.46 on 2 
and 17 DF,  *** 

AgeGroup (t=3.66: ↑ in younger **), 
Species (t=8.69: ↑ in squirrels ***) 

 
t=-3.660: Older Rat < Younger Rat **,             
t=-8.690: Older Rat < Older Squirrel ***,           
t=-8.690: Younger Rat < Younger Squirrel *,           
t=-3.660: Older Squirrel > Younger Squirrel **      

Muscle_PI 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

    Null deviance: 
1.95644  on 19  

degrees of freedom
Residual deviance: 

0.72281  on 16  
degrees of freedom 

  

AgeGroup (t=3.288: ↑ in younger 
**), Species (t=4.422: ↑ in squirrels 
***), AgeGroup:Species (t=-2.295: 

↓ in younger squirrels *) 

 
t=-3.288: Older Rat < Younger Rat *,           
t=-4.422: Older Rat < Older Squirrel **       
   

Muscle_UFA/SFA 

lm 
(AgeGroup:Species 
+ Sex + BodyMass, 

Gaussian) 

  
0.7228 , 10.91 on 5 

and 14 DF,   *** 
Species (t=2.973: ↑ in squirrels *) 

t=-2.973: Older Rat < Older Squirrel *,                    
t=-5.974: Younger Rat < Younger Squirrel *,           
t=-2.937: Older Squirrel < Younger Squirrel *,   
         
   

Muscle_MUFA/SFA 

lm (AgeGroup, 
Species, Sex, 
BodyMass, 
Gaussian) 

  
0.3948 , 4.098 on 4 

and 15 DF,  *    

Species (t=3.304: ↑ in squirrels **), 
Sex (t=-2.447: ↓ in males *), 

BodyMass (t=2.421: ↓ *) 

 
 
t=-3.304: Older Rat < Older Squirrel *,          
t=-3.304: Younger Rat < Younger Squirrel *,       

Muscle_PUFA/SFA 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.8248 , 30.82 on 3 

and 16 DF,  ***  

Species (t=4.007: ↑ in squirrels **), 
AgeGroup:Species (t=2.483: ↑ in 

younger squirrels *) 

 
 
 t=-4.007: Older Rat < Older Squirrel **,         
 t=-7.518: Younger Rat < Younger Squirrel ***,     
t=4.909: Older Squirrel < Younger Squirrel **    
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Muscle_MUFA/PUFA 

glm (AgeGroup, 
Species, Sex, 
BodyMass, 

Gamma(link = 
"log")) 

Null deviance: 
4.5402  on 19  

degrees of freedom
Residual deviance: 

1.0561  on 15  
degrees of freedom 

  
Species (t=-3.348: ↓ in squirrels **), 

BodyMass (t=2.622: ↑ *) 
t=:3.348 Older Rat > Older Squirrel *,           
t=3.348:  Younger Rat > Younger Squirrel *        

Muscle_ A/L 

glm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
8.9954  on 19  

degrees of freedom
Residual deviance: 

5.8238  on 16  
degrees of freedom 

  
AgeGroup:Species (t=-2.506  ↓ in 

younger squirrels *) 
NS 

Skin_NOX 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.8114, 21.44 on 4 

and 15 DF,  *** 

AgeGroup (t=-5.320: ↓ younger 
***), Species (t=-7.428: ↓ in 

squirrels ***), BodyMass (t=-2.512: 
↓ *), AgeGroup:Species (t=3.341: ↑ 

in younger squirrel **) 

 
t=5.320: Older Rat > Younger Rat **,               
t=7.428: Older Rat > Older Squirrel ***,            
t=2.905:  Younger Rat > Younger Squirrel *       
  

Skin_SOD glm (Species 

Null deviance: 
1.61704  on 19  

degrees of freedom
Residual deviance: 

0.35661  on 18  
degrees of freedom 

  Species (t=-7.648: ↓ in squirrels ***) N/A 
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Skin_CAT 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.4963, 5.681 on 4 

and 15 DF,  **   

AgeGroup (t=-3.640: ↓in younger 
**), AgeGroup:Species (t=2.731: ↑ 

in younger squirrel *) 

 
t=3.640: Older Rat > Younger Rat *,             
t=-3.350: Younger Rat < Younger Squirrel *      
  

Skin_GPX 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.5632, 9.167 on 3 

and 16 DF,  ***  
AgeGroup (t=-2.420: ↓ in younger *) 

 
 
 
 
 
t=4.537: Older Squirrel > Younger Squirrel **     

Skin_GST 

lm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gaussian) 

  
0.8787,35.42 on 4 
and 15 DF,  *** 

Species (t=9.353: ↑ in squirrels ***) 

 
 
t=-9.353: Older Rat < Older Squirrel ***,          
t=-6.966: Younger Rat < Younger Squirrel ***      
  

Skin_NOS 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.8331, 24.71 on 4 

and 15 DF, *** 

AgeGroup (t=-6.986: ↓ in younger 
***), Species (t=-7.987: ↓ squirrels 

***), BodyMass (t=-2.824: ↓*), 
AgeGroup:Species (t=5.541: ↑ in 

younger squirrel ***) 

 
t=6.986: Older Rat > Younger Rat ***,              
t=7.987: Older Rat > Older Squirrel ***         
     

Skin_Superoxide 

lm (AgeGroup, 
Species, BodyMass, 
AgeGroup:Species, 

Gaussian) 

  
0.586, 7.725 on 4 

and 15 DF,  ** 

Species (t=-3.024: ↓ in squirrels **), 
AgeGroup:Species (t=3.175: ↑ in 

younger squirrel  **) 

 
 
t=3.024: Older Rat > Older Squirrel *            
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Skin_H2O2 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.5162, 7.759 on 3 

and 16 DF,  ** 

AgeGroup (t=-4.669: ↓ in younger 
***), Species (t=:-2.871 ↓ squirrels 

*), AgeGroup:Species (t=4.157: ↑ in 
younger squirrel ***) 

 
t=4.669: Older Rat > Younger Rat **,                
t=2.871: Older Rat > Older Squirrel *,            
t=-3.008: Younger Rat < Younger Squirrel *       

Skin_NO 

lm (AgeGroup, 
Species, Sex, 
BodyMass, 

AgeGroup:Species, 
Gaussian) 

  
0.9112, 40.01 on 5 

and 14 DF,  *** 

AgeGroup (t=-10.796: ↓ in younger 
***), Species (t=-10.047: ↓ squirrels 
***), BodyMass (t=-5.766: ↓ ***), 
AgeGroup:Species (t=9.710: ↑ in 

younger squirrel ***) 

 
t=10.796: Older Rat > Younger Rat ***,              
 t=10.047: Older Rat > Older Squirrel ***,             
 t=-3.689: Younger Rat < Younger Squirrel *,       
t=4.787: Older Squirrel > Younger Squirrel **      

Skin_MDA 

glm (AgeGroup + 
Species + 

AgeGroup:Species, 
Gamma(link = 

"log")) 

 Null deviance: 
6.43955  on 19  

degrees of freedom
Residual deviance: 

0.67711  on 16  
degrees of freedom 

  

AgeGroup (t=-3.233: ↓ in younger 
**), Species (t=-9.953: ↓ squirrels 

***), AgeGroup:Species (t=2.125: ↑ 
in younger squirrel *) 

 
t=3.233: Older Rat > Younger Rat *,               
t=9.953: Older Rat > Older Squirrel ***,            
t=6.948: Younger Rat < Younger Squirrel ***   

Skin_HNE 

lm (AgeGroup, 
Species, Sex, 
BodyMass, 

AgeGroup:Species, 
Gaussian) 

  
0.8558, 23.54 on 5 

and 14 DF,  *** 

AgeGroup (t=-3.406: ↓ in younger 
**), Species (t=-8.421: ↓ squirrels 

***), BodyMass (t=-2.649: ↓*) 

 
t=3.406: Older Rat > Younger Rat *,                
t=8.421: Older Rat > Older Squirrel ***,            
  t=6.214: Younger Rat > Younger Squirrel *** 

Skin_TAC 
lm (AgeGroup, 

Species, Gaussian) 
  

0.9477, 154.1 on 2 
and 17 DF,  *** 

AgeGroup (t=-6.706: ↓ in younger 
***), Species (t=16.222: ↑ squirrels 

***) 

 
t=6.706: Older Rat > Younger Rat ***,             
t=-16.222: Older Rat < Older Squirrel ***,       
t=-16.222: Younger Rat < Younger Squirrel ***,     
t=6.706 : Older Squirrel > Younger Squirrel ***     
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Skin_UI 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.8073, 27.54 on 3 

and 16 DF,  *** 

AgeGroup (t=-2.646: ↓ in younger 
*), AgeGroup:Species (t=-3.567: ↓ 

in younger squirrel **) 

t=5.390: Younger Rat > Younger Squirrel **,        
t=7.691: Older Squirrel > Younger Squirrel ***     

Skin_PI 
lm (AgeGroup, 

Species, Gaussian) 
  

0.6891, 22.06 on 2 
and 17 DF,  *** 

AgeGroup (t=-6.174: ↓ in younger 
***), Species (t=-2.450: ↓ squirrels 

*) 

 
t=6.174: Older Rat > Younger Rat **,             
t=6.174: Older Squirrel > Younger Squirrel **      

Skin_UFA/SFA 

glm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
3.09098  on 19  

degrees of freedom
Residual deviance: 

0.58773  on 15  
degrees of freedom 

  
Sex (t=-2.288: ↓ in males), 

AgeGroup:Species (t=-5.483: ↓ in 
younger squirrels) 

t=6.054: Younger Rat > Younger Squirrel **,      
t=7.420: Older Squirrel > Younger Squirrel ***    

Skin_MUFA/SFA 

glm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
2.49684  on 19  

degrees of freedom
Residual deviance: 

0.64054  on 15  
degrees of freedom 

  

Species (t=3.218: ↑ squirrels **), 
Sex (t=-2.403: ↓ in males *), 

AgeGroup:Species (t=-5.390: ↓ in 
younger squirrels ***) 

t=-3.218: Older Rat < Older Squirrel *,          
t=4.398: Younger Rat > Younger Squirrel **,       
t=6.067: Older Squirrel > Younger Squirrel **     
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Skin_PUFA/SFA 

glm (AgeGroup, 
Species, Sex, 

AgeGroup:Species, 
Gamma(link = 

"log")) 

Null deviance: 
6.9686  on 19  

degrees of freedom
Residual deviance: 

0.7969  on 15  
degrees of freedom 

  
AgeGroup:Species (t=-5.740: ↓ in 

younger squirrels ***) 
t=8.869: Younger Rat > Younger Squirrel ***,       
t=9.451: Older Squirrel > Younger Squirrel ***    

Skin_MUFA/PUFA 

lm (AgeGroup, 
Species, 

AgeGroup:Species, 
Gaussian) 

  
0.8933, 54 on 3 
and 16 DF,  *** 

AgeGroup (t=2.521: ↑ in younger *), 
Species (t=3.779: ↑ squirrels **), 
AgeGroup:Species (t=4.035: ↑ in 

younger squirrels ***) 

t=-3.779: Older Rat < Older Squirrel **,          
t=-9.485: Younger Rat < Younger Squirrel ***,       
t=-8.228: Older Squirrel < Younger Squirrel *** 

Skin_ A/L 
lm (AgeGroup, Sex, 

BodyMass, 
Gaussian) 

  
0.6238, 11.5 on 3 
and 16 DF,  *** 

AgeGroup (t=-4.239: ↓ in younger 
***), BodyMass (t=-2.188: ↓*) 

N/A 

Significance levels: *** (p < 0.001), ** (p < 0.01), * (p < 0.05), NS (not significant).  

 



46 
 

Squirrel Age Comparison 

Lipid PCA analyses (PC1 & PC3) revealed differences in oleic acid, arachidonic acid, caproic 

acid, lauric acid, and margaric acid (Table 2; Table S3; Fig. S1-3). Caproic and margaric acids 

levels were not significant between younger and older squirrels (Fig. 3a-b. Table 2). Lauric 

acid was higher in the liver, kidney, and lung of older squirrels (Fig. 3c; Table 2). Oleic acid 

was higher in the skin of older squirrels, and arachidonic acid was higher in the skin and liver 

of older squirrels (Fig. 3d-e; Table 2).  

 

Fig. 3. The boxplot variable distributions of a) arachidonic acid, b) caproic acid, c) lauric acid, d) 
margaric acid and e) oleic acid between squirrels (n=10) and rats (n=10) between different age cohorts 
(older (n=5): circle, and younger (n=5): triangle) across a variety of tissues (kidney: red, liver: blue, 
lung: green, muscle: purple, skin: orange, spleen: yellow). Significance is indicated by *** (p < 0.001), 
** (p < 0.01), * (p < 0.05).  
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Oxidative, antioxidant, nitrosative and lipid indices PCA linear models found no 

significant differences between younger and older squirrels across all tissues, suggesting age-

related antioxidant, nitrosative, oxidative markers and lipid indices are not significantly 

different between age cohorts showing a delayed ageing phenotype in squirrels (Fig. 4a-e; Fig. 

5a-g; Fig 6. a-f; Fig. S4-5; Table 1; Table S4). 

 

Fig. 4. The boxplot variable distributions of a) catalase (CAT), b) glutathione peroxidase (GPX), c) 
glutathione-S-transferase (GST), d) superoxide dismutase (SOD) and e) total antioxidant capacity 
(TAC) between squirrels (n=10) and rats (n=10) between different age cohorts (older (n=5): circle, and 
younger (n=5): triangle) across a variety of tissues (kidney: red, liver: blue, lung: green, muscle: purple, 
skin: orange, spleen: yellow). Significance is indicated by *** (p < 0.001), ** (p < 0.01), * (p < 0.05), 
NS (not significant). 
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Fig. 5. The boxplot variable distributions of a) hydrogen peroxide (H2O2), b) 4-Hydroxynonenal 
(HNE), c) malondialdehyde (MDA), d) nitric oxide (NO), e) nitric oxide synthase (NOS), f) NADPH 
oxidase (NOX), g) superoxide between squirrels (n=10) and rats (n=10) between different age cohorts 
(older (n=5): circle, and younger (n=5): triangle) across a variety of tissues (kidney: red, liver: blue, 
lung: green, muscle: purple, skin: orange, spleen: yellow). Significance is indicated by *** (p < 0.001), 
** (p < 0.01), * (p < 0.05), NS (not significant). 
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Fig. 6. The boxplot variable distributions of a) arachidonic/linoleic acid 20:4/18:2 ratio (A/L ratio), b) 
monounsaturated fatty acid (MUFA)/polyunsaturated fatty acid (PUFA) ratio, c) MUFA/saturated fatty 
acid (SFA) ratio, d) peroxidation index (PI), e) PUFA/SFA ratio and f) unsaturation index (UI) between 
squirrels (n=10) and rats (n=10) between different age cohorts (older (n=5): circle, and younger (n=5): 
triangle) across a variety of tissues (kidney: red, liver: blue, lung: green, muscle: purple, skin: orange, 
spleen: yellow). Significance is indicated by *** (p < 0.001), ** (p < 0.01), * (p < 0.05), NS (not 
significant). 

 

Rat Age Comparison 

For the lipid PCA analyses, only PC3, which included lauric acid and margaric acid, was 

significantly different between younger and older rats (Table 2; Table S3; Fig. S1-3). 

Furthermore, no significant differences were observed between arachidonic and oleic acid 

between younger and older rats (Table 2; Fig. 3d-e). Margaric acid was not significantly 

different across all tissues in the GLMs comparing younger and older rats (Table 2; Fig. 3b). 

In contrast, lauric acid showed significant differences in the lung and kidney, with higher 
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amounts observed in older rats (Table 2; Fig. 3c). No differences between A/L and oleic acid 

suggest that rats do not protect their fatty acids from free radical stress. 

Following the oxidative stress PCA, PC1 included variables related to antioxidants, 

nitrosative and oxidative stress (NOX, SOD, CAT, GPX, NOS, superoxide, H2O2, NO, TAC), 

while PC2 included lipid peroxidation and fatty acid indices (HNE, MDA, GST, UI, PI, A:L, 

MUFA/SFA, MUFA/PUFA) (Table S3-4). Older rats showed significantly higher antioxidant 

markers: CAT (skin, spleen) (Fig. 4a), GPX (kidney, muscle, spleen) (Fig. 4b), and SOD (liver) 

(Fig 4d) (Table 3). Older rats also had higher oxidative stress markers: H2O2 (lung, skin) (Fig. 

5a), MDA (muscle, skin, spleen), (Fig. 5c), HNE (skin), and superoxide (all tissues except skin) 

(Fig. 5g) (Table 3). Nitrosative markers were also elevated in older rats, including NO (lung, 

muscle, skin, spleen) (Fig. 5d), NOS (muscle, skin, spleen) (Fig. 5e) and NOX (all tissues 

except lung) (Fig. 5g; Table 3). For fatty acid indices, older rats had lower PI and UI (muscle, 

spleen) (Fig. 6d and Fig. 6f), lower UI (liver) (Fig. 6f), and higher PI (skin) (Fig. 6d) (Table 3). 

Significant differences were found in the liver and spleen for MUFA/SFA, PUFA/SFA, and 

MUFA/PUFA ratios, where the liver had a higher MUFA/SFA ratio (Fig. 6c), but lower 

PUFA/SFA ratio (Fig. 6e), while the spleen showed a lower PUFA/SFA ratio (f), but higher 

MUFA/PUFA ratio (Fig. 6b) (Table 3). 

In summary, older rats exhibit higher levels of antioxidants, as well as increased 

oxidative stress and nitrosative markers, compared to younger rats. This pattern indicates that 

older rats experience heightened oxidative stress as they age. 

 

Species Comparisons 

Caproic acid showed no significant differences between species (Fig. 3a; Table 2). 

Margaric acid was lower in squirrels only in the spleen, but post hoc analyses found no 
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significance (Fig. 3b; Table 2). Interestingly, body mass was negatively associated with 

margaric acid only in the kidney, and males had higher amounts of margaric acid in the spleen 

and kidney (Fig. 3b; Table 2). Oleic acid was higher in all squirrel tissues except for the muscle, 

while arachidonic acid was lower across all squirrel tissues except for the muscle, where it was 

higher (Fig. 3e-d; Table 2). Post hoc analyses confirmed these patterns across most tissues and 

age cohorts, with oleic acid being higher (Fig. 3e) and arachidonic acid being lower in the 

spleen, liver, and kidney for younger and older squirrels compared to rats (Fig. 3d) (Table 2). 

In the skin, oleic acid was higher only in older squirrels (Fig. 3d, while arachidonic acid was 

lower only in younger squirrels (Fig. 3e) (Table 2). Squirrels generally have higher oleic acid 

and lower arachidonic acid compared to rats, indicating a more resistant lipid composition 

profile as opposed to rats. 

CAT is lower in the liver, kidney, muscle, and spleen, but higher in the lung and skin 

(Fig. 4a; Table 3). Post hoc analyses show higher activity in the kidney and spleen across both 

ages, lower in the muscle for older squirrels, and higher in the skin for younger squirrels (Fig. 

4a) (Table 3). GPX is higher in the muscle and spleen, but lower in the liver and lung (Fig. 4b; 

Table 3). Post hoc analyses confirm higher levels in the liver and lower in the spleen across 

both age cohorts, with higher activity in older squirrels compared to older rats (Fig. 4b; Table 

3). GST is higher in all squirrel tissues, although younger squirrels have lower GST in the 

kidney compared to younger rats (Fig. 4c; Table 3). SOD is lower in the liver, kidney, spleen, 

muscle, and skin, with post hoc analyses confirming lower activity in the liver across both ages 

and the muscle in older squirrels, but higher activity in the lung across both ages (Fig. 4d; Table 

3). TAC is higher in most tissues, except for the spleen and muscle where it is lower (Fig. 4e; 

Table 3). Post hoc analyses confirm higher levels in the liver, lung, and skin across both ages 

of squirrel (Fig. 4e; Table 3). Overall, squirrels show reduced SOD and CAT activity across 

most tissues, except the lung (SOD) and skin (CAT) where levels are higher. Additionally, 
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squirrels showed a higher GST and TAC, suggesting a compensatory mechanism for 

antioxidant defence. Most differences are consistent across both age cohorts. 

H2O2 is higher in the squirrel lung, but lower in all other tissues except the liver (Fig. 

5a; Table 3). Post hoc analyses show lower levels in the kidney and muscle across both age 

cohorts, while older squirrels have lower H2O2 than older rats, younger squirrels have higher 

H2O2 than younger rats (Fig. 5a; Table 3). Oxidative damage markers (MDA and HNE) are 

lower in all squirrel tissues, consistently across both age cohorts (Fig. 5b-c; Table 3). Post hoc 

analyses show HNE is lower in the liver and skin across both age cohorts, and in the muscle 

only in older squirrels (Fig. 5b-c ; Table 3). Superoxide is lower in the liver, kidney, spleen, 

muscle, and skin (Fig. 5g; Table 3). Post hoc analyses show lower levels in the spleen and 

muscle across both age cohorts, and in the liver, kidney, and skin only in older squirrels. In the 

lung, superoxide is higher in squirrels across both age cohorts (Fig. 5g; Table 3). Overall, 

squirrels exhibit lower free radical production and oxidative damage compared to rats, even in 

younger squirrels. Despite higher superoxide and H2O2 levels in the lung, oxidative damage 

remains low, suggesting effective defence mechanisms against free radical insults.  

NO follows a similar pattern, being lower in the kidney, spleen, muscle, and skin, but 

higher in the lung (Fig. 5d; Table 3). Post hoc analyses reveal lower NO in the spleen and 

muscle across both age cohorts, lower in the kidney only for older squirrels, and in the skin, 

lower in older squirrels but higher in younger squirrels compared to rats (Fig. 5d; Table 3). The 

lung shows higher NO levels across both age cohorts (Fig. 5d; Table 3). NOS is lower in the 

liver, kidney, spleen, muscle, and skin in squirrels (Fig. 5e; Table 3). Post hoc analyses show 

lower NOS in the spleen and muscle across both age cohorts, and lower levels in the skin only 

in older squirrels (Fig. 5e; Table 3). In the liver, NOS is lower in older squirrels but higher in 

younger squirrels compared to rats (Fig. 5e; Table 3). NOX is reduced in the liver, kidney, 

spleen, and skin but elevated in the lung of squirrels (Fig. 5f; Table 3). Post hoc analyses 
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indicate lower NOX in the spleen and skin across both age cohorts, and lower in the liver and 

kidney only for older squirrels (Fig. 5f; Table 3). The lung shows higher NOX levels in squirrels 

of both age cohorts (Fig. 5f; Table 3). Squirrels generally show lower levels of NOS, NO, and 

NOX across most tissues, but higher levels in the lung compared to rats, with the exception of 

the lung, where levels are higher in squirrels. This implies squirrel tissues have increased 

resistance to nitrosative stress, whereas this was absent in rats.  

A/L ratio is lower in all tissues except the skin, with consistent reductions in the kidney 

and liver across both age cohorts and in the spleen only for younger squirrels (Table 3). The 

lung and spleen show no significant differences after post hoc analysis (Fig. 6a; Table 3). The 

MUFA/PUFA ratio was consistently higher in squirrels compared to rats across most tissues 

and age groups, particularly in the liver, lung, muscle, and spleen. Older squirrels displayed 

higher ratios than older rats in the liver, lung, muscle, and spleen (Fig. 6b; Table 3). Younger 

squirrels also maintained higher ratios than younger rats across these tissues (Fig. 6b; Table 3). 

No significant differences were detected in the kidney across age groups or species (Fig. 6b; 

Table 3). These results indicate that squirrels generally maintain higher MUFA/PUFA ratios 

than rats across various tissues suggesting higher free radical resistant UFA in squirrels. The 

MUFA/SFA ratio is higher in all squirrel tissues and consistent across both age cohorts for the 

liver, spleen, lung, and muscle (Table 3). In the skin, the ratio is higher in older squirrels but 

lower in younger squirrels compared to rats (Table 3). No significant differences were observed 

for the kidney (Fig. 6c; Table 3). PI levels are lower in the liver, kidney, lung, spleen, and skin, 

but higher in the muscle for squirrels (Fig. 6d; Table 3). Post hoc analyses show that PI is 

consistently lower in the kidney, lung, and spleen across both age cohorts, and lower in the 

liver only for younger squirrels (Fig. 6d; Table 3). The skin shows lower PI, but this is not 

significant (Fig. 6d; Table 3). In the muscle, PI is higher in older squirrels compared to older 

rats (Fig. 6d; Table 3). The PUFA/SFA ratio is higher in the liver, kidney, and muscle, lower in 
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the skin, and shows no significant differences in the lung and spleen (Fig. 6e; Table 3). In the 

muscle, the ratio is higher across both age cohorts for squirrels, but higher only in the younger 

group for the liver (Fig. 6e;Table 3). Post hoc analyses show lower PUFA/SFA in younger 

squirrels compared to younger rats for the spleen and skin (Fig. 6e; Table 3). Squirrels have 

lower UI levels in most tissues compared to rats, with younger squirrels showing lower UI in 

the liver, spleen, and skin, and older squirrels showing lower UI overall (Fig. 6f; Table 3). UI 

is higher in the muscle across both age cohorts for squirrels (Fig. 6f; Table 3). Collectively, 

these results suggest that squirrels have lower UI, PI, and A/L ratios but higher MUFA/SFA, 

PUFA/MUFA, and PUFA/SFA ratios, indicating greater lipid free radical resistance. The higher 

unsaturation ratios and lower PI and A/L ratios likely reflect higher levels of free radical-

resistant linoleic acid and lower levels of free radical-prone arachidonic acid in squirrels 

compared to rats. 

 

Discussion 

Previously research has shown that fatty acid composition and oxidative stress play crucial 

roles in determining species longevity [27,30,96]. Factors such as the rate of free radical 

production, accumulation of oxidative damage, and lipid composition favouring resistance to 

oxidation contribute significantly to variations in lifespan [27,30,49,97]. Therefore, our study 

aimed to comprehensively assess oxidative stress and lipid composition across multiple tissues 

between rats and squirrels of differing age groups, to elucidate the primary factors influencing 

differences in longevity. We identified central themes typically associated with longevity in 

Persian squirrels when compared to Wistar rats. These include highly resistant fatty acids, 

reduced free radical production, lower oxidative damage, and lower antioxidant activity 

overall, except for the enzyme GST. These facets are discussed below. 
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Lipids can exist in a variety of forms and chemical compositions that influence their 

susceptibility to oxidative damage which, in turn, contributes to oxidative stress [30,32,34,35]. 

The degree of unsaturation and the position of double bonds on the carbon chain are critical 

factors contributing to oxidative stress resistance and are integral to the membrane pacemaker 

theory [38,98]. Despite having high amounts of UFAs, squirrels consistently exhibited higher 

levels of MUFA, particularly oleic acid, and a lower PI. This lower PI is largely a consequence 

of reduced arachidonic acid content, which is highly susceptible to oxidative stress 

[25,30,38,41-44,97]. In contrast, older rats displayed a profile with higher MUFA content and 

lower PUFA content compared to younger rats. However, differences in oleic acid and 

arachidonic acid between younger and older rats were absent. Furthermore, the A/L ratio was 

not significantly different between younger and older rats, suggesting that rats do not rely on 

different fatty acids to mitigate oxidative damage within tissues. These findings suggest that 

the tissues of Persian squirrels are generally composed of highly resistant fatty acids, 

resembling other long-lived species [32-34,97]. 

The oxidative stress theory of aging posits that accumulated oxidative damage over 

time promotes aging [29,49,99]. Although younger and older rats did not differ in their rate of 

free radical production in our study, they did differ in accrued oxidative damage, aligning with 

the typical aging process described by the oxidative stress theory [7,100]. Conversely, squirrels 

exhibited reduced free radical production across most tissues, except for the lung, accompanied 

by consistently low oxidative damage in all tissues regardless of age. This pattern demonstrates 

that squirrels maintain a delayed aging phenotype from a younger age that persists as they age, 

forming a critical factor contributing to their extended lifespan when compared to rats. This 

observation also aligns with findings from Lambert et al. [101] who reported that low rates of 

H2O2 production in a diverse group of species are associated with maximum lifespan potential. 
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Antioxidant levels did not appear to contribute significantly to species differences in 

longevity, consistent with previous studies [102-104]. In retrospect, antioxidant activity was 

negatively associated with longevity [102,103].  This observation can be explained by the fact 

that antioxidants generally respond to oxidative stress; therefore, if oxidative stress is low, 

antioxidant levels will be similarly low [105]. The squirrel reflects this fact with a lower overall 

antioxidant content and lower oxidative damage and free radical production across all tissues. 

The difference between younger and older rats also shows this, where younger rats have lower 

antioxidant activity and lower oxidative damage compared to older rats. For squirrels, the lung 

was the only tissue which had much higher antioxidant activity compared to rats, likely due to 

the high amounts of free radical production. Despite this increased free radical production, 

oxidative damage remained lower than in rats, which is attributable to the lower PI resulting 

from higher MUFA content in squirrel tissues. 

One antioxidant enzyme stood out, namely GST, which showed a positive association 

in squirrels regardless of age across all tissues compared to those levels in rats. Furthermore, 

GST was the only antioxidant in the PCA as having a positive association at mitigating 

oxidative damage associated with lipid composition. Previous studies suggest that GST 

promotes longevity under normal physiological conditions, supporting its role as a potential 

longevity factor [106-109]. This enzyme was most prominently expressed in the skin, spleen, 

liver, and lung. The lung may protect against airborne pathogens and inflammation [110], the 

spleen filters blood and removes damaged red blood cells and pathogens while storing white 

blood cells and platelets essential for immune response [111], and the liver serves as the 

primary site of GSH synthesis, an important thiol for antioxidant activity [112,113]. GSH is 

essential for GST function during phase 2 detoxification reactions [114]. As such, GST appears 

to act as a multifunctional tool for detoxification and antioxidant defence [115]. 
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Dietary fatty acid profiles can significantly influence fatty acid composition and 

antioxidant availability in animals [16]. Both species were provided with diets that were similar 

in chemical composition and they were housed and maintained in identical environments. 

Therefore, variations in membrane composition are likely under genetic control. Although 

Persian squirrels in the wild consumes a higher lipid content diet, such as nuts [116], the diet 

provided in captivity aimed at a balanced composition. Despite this, TAC was higher in squirrel 

tissues, except for the spleen and muscle, suggesting that squirrels either obtained more 

antioxidants from their diet, or they used fewer antioxidants to detoxify free radicals. Our 

findings suggest that both of these possibilities may contribute to the observed differences. The 

activity of desaturases, which convert one lipid type to another (e.g., oleic acid to linoleic acid), 

was not investigated in this study. Future research on desaturase activity could provide valuable 

insights into the lower peroxidation index observed in Persian squirrel tissues and their 

potential resistance to oxidative stress. 

While our study demonstrates that free radical stress resistance due to fatty acid 

composition is a key component of the longevity disparity observed between long-lived 

squirrels and short-lived rats, it is important to note that our findings are based on baseline 

values from unstressed animals. Crucial to our findings is to determine whether these free 

radical stress resistant patterns and the regulatory pathways associated with these patterns 

persist under stressed conditions, which should be done in future research. Furthermore, our 

study does not strictly investigate old animals, but older animals due to the limitations of 

obtaining old squirrels from the wild due to their high mortality rate, thus our data represents 

a perspective of progressive age differences within the early parts of each animals’ lifespan. 

Additionally, while our data strongly suggest that squirrels produce fewer free radicals and 

incur lower oxidative damage compared to rats, we did not directly measure free radical 

production. Furthermore, since we found more pronounced species differences than age-related 
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differences, our study cannot fully elucidate all factors associated with Persian squirrel 

longevity. Future studies comparing different long-lived squirrel species could enhance our 

understanding of traits inherent to the squirrels’ longevity. 

 

Conclusion 

Our findings show that Persian squirrels differ from short-lived rats through reduced oxidative 

damage, lower free radical production, distinctive fatty acid composition, and the use of GST 

as a multifunctional enzyme. Together, these findings support both the “membrane pacemaker” 

and “rate of living” hypotheses as explanations for the differences in longevity between the 

two species. 
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