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Jimenez AG, Downs CJ. Untangling life span and body mass
discrepancies in canids: phylogenetic comparison of oxidative stress
in blood from domestic dogs and wild canids. Am J Physiol Regul
Integr Comp Physiol 319: R203–R210, 2020. First published July 1,
2020; doi:10.1152/ajpregu.00067.2020.—Canids are a morphological
and physiological diverse group of animals, with the most diversity
found within one species, the domestic dog. Underlying observed
morphological differences, there must also be differences at other
levels of organization that could lead to elucidating aging rates and
life span disparities between wild and domestic canids. Furthermore,
small-breed dogs live significantly longer lives than large-breed dogs,
while having higher mass-specific metabolic rates and faster growth
rates. At the cellular level, a clear mechanism underlying whole
animal traits has not been fully elucidated, although oxidative stress
has been implicated as a potential culprit of the disparate life spans of
domestic dogs. We used plasma and red blood cells from known aged
domestic dogs and wild canids, and measured several oxidative stress
variables: total antioxidant capacity (TAC), lipid damage, and enzy-
matic activities of catalase, superoxide dismutase, and glutathione
peroxidase (GPx). We used phylogenetically informed general linear
mixed models and nonphylogenetically corrected linear regression
analysis. We found that lipid damage increases with age in domestic
dogs, whereas TAC increases with age and TAC and GPx activity
increases as a function of age/maximum life span in wild canids,
which may partly explain longer potential life spans in wolves. As
body mass increases, TAC and GPx activity increase in wild canids,
but not domestic dogs, highlighting that artificial selection may have
decreased antioxidant capacity in domestic dogs. We found that
small-breed dogs have significantly higher circulating lipid damage
compared with large-breed dogs, concomitant to their high mass-
specific metabolism and higher growth rates, but in opposition to their
long life spans.

body mass; domestic dog; life span; oxidative stress; wild canids

INTRODUCTION

Canidae is one of the most diverse groups of mammals, with
a single species, the domestic dog, demonstrating the most
phenotypic plasticity (i.e., body size, coat lengths, color, and
limb structure). In this group, body sizes range from the 2-kg
Chihuahua to the 90-kg Great Dane (23). Smaller dogs tend to
live significantly longer than larger dogs across all breeds (9,
23, 30, 35), and they have also been positively correlated to
lower cancer risks (30), with demonstrated lower prevalence of
age-related diseases such as cataracts (47). A single insulin
growth factor-1 (IGF1) haplotype seems to substantially con-

tribute to size variation in dogs (42), and serum IGF-1 is
reduced in small dogs relative to concentrations in large
breeds, providing a potential link to their longer lives (12). The
small dog phenotype is, however, also associated with signif-
icantly higher mass-specific metabolic rates and significantly
faster relative growth rates compared with large dog breeds
(20, 21, 23, 36). It is perhaps surprising that small-breed dogs
have longer life spans than large-breed dogs. However, large-
breed dogs tend to have longer developmental trajectories
compared with small-breed dogs (23). On the other hand, wild
canids do not seem to demonstrate the same whole animal traits
as their domesticated counterparts. For example, gray wolves,
the domestic dog’s closest ancestor, at ~40 kg can live up to
20.6 yr of age (43, 44), whereas a similarly sized domestic dog
(i.e., Cane corso), lives on average 10–12 yr of age (American
Kennel Club). Thus, from whole animal differences, we may
assume that domestic dogs and their wild canid counterparts
may differ in key physiological and cellular processes that may
yield differences in life span.

The process of oxidative stress could contribute to differing
life spans in the domestic dog, and differences in aging rates
across wild canids and domestic dogs. Broadly defined, oxida-
tive stress is the balance between prooxidants produced during
aerobic metabolism mainly by mitochondria, and antioxidants,
enzymatic and nonenzymatic molecules capable of thwarting
prooxidants before cellular damage occurs (4, 19). Lipids are
among the molecules most affected, and two of the most
prevalent prooxidants that can initiate damage to lipid mem-
branes are hydroxyl radicals (·OH) and hydroperoxyl radicals
(·OOH) (4). The process of lipid peroxidation continues un-
abated until the propagation of damage is halted by an antiox-
idant molecule (4, 19). Enzymatic antioxidants, such as gluta-
thione peroxidase (GPx), superoxide dismutase (SOD), and
catalase (CAT), function by catalyzing the oxidation of less
biologically insulting molecules. Other antioxidant molecules,
such as vitamin E and C, act as chain-breaking antioxidants;
they scavenge for reactive oxygen species (ROS), remove them
once they are formed, and further halt propagation of peroxi-
dation (19). At low levels, ROS are essential in gene regula-
tion, cell signaling, and apoptosis. At high levels, ROS can
overwhelm the antioxidant system, which can lead to damage
(11). The concept of oxidative stress has been implicated as the
underlying cellular determinant for life-history trade-offs (11)
and, thus, this process may potentially have cellular effects on
aging and growth rates, which may be linked to aerobic
function in wild and domestic dogs (23).Correspondence: A. G. Jimenez (ajimenez@colgate.edu).
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Previous work on primary fibroblast cells of large- and
small-breed domestic dogs, as they aged, found that dogs with
shorter mean life spans have significantly higher DNA oxida-
tive damage compared with dogs with longer mean life spans.
And, that large-breed dogs have higher rates of glycolysis
across their life span, a potential precancerous phenotype,
which may shorten their life spans (25). Many cells that are or
become cancerous are associated with higher rates of glycol-
ysis due to the Warburg effect (25). Because of the nature of
collecting skin tissue to grow primary cell lines, this work only
encompassed two disparate ends of the physiological spectrum:
very young and very old dogs. Arguably, a criticism of this
approach is that both of those phenotypes are not the predom-
inant phenotype of the animal during the majority of its life
span. Here, we address two questions 1) how does blood
oxidative stress associate with body mass and age in “middle”-
aged domestic dogs? and 2) are oxidative stress patterns in
blood from wild canids similar to those found in domestic
dogs? This approach provides evolutionary data on aging
pathways present in this group of mammals. Our current study
includes data on the oxidative stress system in blood of
domestic dogs of different sizes from 2 to 8 yr of age, and wild
canids of different sizes and ages. This comparison allows us to
start elucidating whether domestication and artificial selection
has changed oxidative stress patterns in domestic dogs.

MATERIALS AND METHODS

Oxidative stress measurements in blood from domesticated and
wild canids. We collected blood samples of domestic and wild canids
from zoos and veterinarians, as blood serves as a reservoir of meta-
bolic products, including oxidative stress. Blood was collected from
two veterinarian offices and nine zoos as part of routine veterinary
care for all animals included. Owners of domestic dogs gave informed
consent for the blood collection from their animal and participation in
this study. Sample collection was done under the guidelines of the
Colgate University Institutional Animal Care and Use Committee and
the Animal Welfare Act. Only healthy, not actively reproducing
individuals of known age, were included. Blood samples were col-
lected, spun to separate plasma from red blood cells (RBCs), and
frozen immediately. Samples were transported to our laboratory at
Colgate University on dry ice and stored at �80°C until further use.
For each individual, we collected information regarding body mass,
sex, and age at blood draw. Domestic dog samples included individ-
uals that were out of the “growing” phase (~2 yr old) and not yet in
the “aging” phase (up to ~8 yr old). Domestic dogs were categorized
into three size classes based on their body weight: small (up to ~10
kg), medium (~10 to ~20 kg), and large (~20 kg and up) (23).
Veterinary staff at nine zoos collected samples from wild canid
species and shipped these samples to Colgate University on dry ice.
We used species from zoos because these zoo animals receive veter-
inary care, extra care when they display signs of sickness, and access
to a consistent and healthy diet. Thus, by using samples from zoo
animals, we are minimizing confounding variables that would be
associated with free-ranging individual animals. We did not control
for diet of each animal in this study.

We determined circulating antioxidant capacity using the OXY-
Adsorbent (TAC) test as the ability of plasma to neutralize hypochlo-
rous acid (Diacron International, Grosseto, Italy), and we measured
oxidative damage as the presence of circulating hydroperoxides,
including products of lipid oxidation, using the d-ROMs test in plasma
(Diacron International). Using these methods, we aimed to measure
circulating whole organism markers of oxidative stress.

To estimate CAT (cat. no. 707002), SOD (cat. no. 706002), and
GPx (cat. no. 703102) activities in RBCs, we used commercially

available kits (Cayman Chemicals, Ann Harbor, MI). We added 4 �L
of RBC into 396 �L of 20 mM HEPES, 1 mM EGTA, and 90 mM
mannitol buffer solution. After dilution, samples were vortexed before
each assay. We then followed the manufacturer’s protocol to deter-
mine each of these enzyme activities. All enzyme assays were run on
the same day as sample dilution. Furthermore, we quantified total
protein in each diluted RBC sample using a protein determination kit
(Cayman Chemicals, cat. no. 704002) to standardize from across
samples (24). Sample sizes for each species are listed in Table 1.

Statistics. Each variable was analyzed using linear regressions as a
function of body size and age, first. Additionally, we used linear
regressions to correlate the ratio between age and maximum life span
(MLSP). We obtained life spans of each American Kennel Club
(AKC)-recognized breed from the AKC website, and maximum life
span of wild canids from Anage. Using these numbers, we estimated
a ratio of age/MLSP per species and AKC recognized breed. Mixed
domestic dog breeds were not included in age/MLSP correlations.
This ratio provides a more accurate estimation of where each indi-
vidual is relative to the potential life span of each species and, thus,
provides a measure of age scaled by species longevity. Additionally,
we used an ANOVA to test differences in each variable across
different domestic dog sizes.

Species and breeds are not evolutionarily independent, so we
performed phylogenetically informed analyses to account for the
evolutionary relatedness of our samples (13, 16). We also wanted to
account for the variation within each species because of the wide
range of morphological variation demonstrated within domestic dogs,
so we used all of our data in our analyses rather than species means
(10). Specifically, we performed phylogenetically informed general
linear mixed models that accounted for within-species/breed variation
to determine whether history (wild vs. domestic), species mean body
mass (species mass), within-species deviation in body mass from the
mean (individual mass), and the interaction between mean mass and
taxonomic class predicted TAC, GPx, CAT, SOD, and lipid damage.
Body mass was log10-transformed to improve the normality of its
distribution. Models were fit using the MCMCglmm package in
Program R v.3.5.1 (17, 18, 36a). The phylogenetic covariance matrix
for this analysis was estimated on the basis of a cladogram that
included wild Canidae and domestic dog breeds. Briefly, we started
with the cladogram published for domestic dogs (34), and we con-
structed a phylogenetic tree for wild Canidae species included in our
data set using NCBI molecular data and phyloT (27); polytomies were
excluded using the randomization process in phyloT. To create a
consensus tree, we merged the two trees at the closest living ancestor
for domestic dogs, the gray wolf, a merging point supported by
previous work (34) (Supplemental Fig. S1, https://doi.org/10.6084/
m9.figshare.12573914.v1). Using this tree to model phylogenetic
dependence, all mixed models were fit using a weak inverse-Gamma

Table 1. Samples sizes of each wild canid specie and
domestic dog sizes

Species Plasma N RBC N

African wild dog 3 0
Arctic fox 5 4
Bush dog 1 1
Coyote 27 23
Dhole 1 1
Domestic dog, large breeds 66 66
Domestic dog, medium breeds 16 16
Domestic dog, small breeds 139 139
Fennec fox 3
Gray wolf 5 5
Maned wolf 6 3
New Guinea singing dog 1 0
Red Fox 1 1
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prior, with shape and scale parameters set to 0.01 for the random
effect of phylogenetic variance. Default priors for all other fixed
effects were used. Model chains were run for 7.8 � 105 iterations, an
180,000 iteration burn-in, and a 600-iteration thinning interval. Chain
length was sufficient to yield negligible autocorrelation. We took an
information theoretic framework approach to determine which param-
eters were important predictors for each response variable. Relative
support for each model was determined on the basis of Deviance
Information Criterion (DIC) values and differences among models
(�DIC). Models within five �DIC values of the top model were
considered indistinguishable and informative, and values greater than
10 �DIC of the top model were not informative.

We estimated the importance of phylogenetic signal as Pagel’s
lambda (8). Larger numbers indicate that more variation is explained
by the phylogeny. We then calculated marginal R2 and conditional R2

following (32). The marginal R2 describes how much of the total
variation was explained by the fixed effects included in a particular
model, whereas the conditional R2 describes how much variation was
explained by the complete models (i.e., both fixed and random
effects).

RESULTS

Linear regressions for domestic dogs. We aimed to address
whether middle-aged domestic dogs demonstrated changes in
blood oxidative stress due to body mass and age. Considering

all size classes together, older domestic dogs had higher lipid

damage, but age was not correlated with any of the other

measures of oxidative stress (y � 0.32x � 2.87; P � 0.008;

Fig. 1 and Table 2). We found no correlation between the

age/MLSP ratio and lipid damage, TAC, CAT, GPx, and SOD

(Table 2). We found that smaller dog breeds had higher lipid

damage compared with larger breeds, but body mass was not

correlated with any other measure of oxidative stress

(y � �0.037x � 5.13; P � 0.04; Fig. 2 and Table 2).

Linear regressions for wild canids. We also wanted to

address whether, across different species of canids, oxidative

stress changed due to age and body mass, and how these

patterns may compare between wild and domestic canids. We

found that older wild canids showed significant increases in

TAC (y � 19.6x � 971; P � 0.03; Fig. 1 and Table 2), but no

other oxidative stress measure correlated with age (Table 2).

We also found that wild canids with higher Age/MLSP ratios

had significantly higher TAC, and GPx activity (TAC:

y � 366.7x � 974.2; P � 0.02; GPx: y � 8.07x � 5.04; P �
0.04; Fig. 1 and Table 2), but no other measure correlated with

Age/MLSP (Table 2). Larger wild canids had significantly

higher TAC and GPx (TAC: y � 6.5x � 969.6; P � 0.03; GPx:

y � 0.15x � 4.68; P � 0.02; Fig. 2 and Table 2), but no other

Fig. 1. A: there was a significantly positive correlation between age and lipid damage in domestic dogs, but not in wild canids (r2 � 0.18, y � 0.32x � 2.87;
P � 0.0078). B: there was a significantly positive relationship between age and total antioxidant capacity (TAC) in wild canids (r2 � 0.10, y � 19.57x � 971;
P � 0.029). C: there was a significantly positive correlation between the age/MLSP ratio and TAC in wild canids (r2 � 0.12, y � 366.67x � 974.22; P � 0.0197),
and glutathione peroxidase (GPx; D) in wild canids (r2 � 0.096, y � 8.07x � 5.04; P � 0.048). Gray line represents domestic dog regression, black line
represents wild canid regression. Samples sizes are listed in Table 1. Nonsignificant linear regressions were not plotted.
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oxidative stress measure correlated with body mass in wild
canids (Table 2).

Comparisons between domestic dog size classes. Log-Lipid
damage was significantly different across sizes where small-
breed dogs had higher damage compared with large-breed dogs
(F2,218 � 6.998; P � 0.001; Fig. 3); however, TAC, CAT,
GPx, and SOD were not significantly different across sizes
(F2,218 � 0.141; P � 0.868; F2,218 � 1.864; P � 0.160;
F2,218 � 0.795; P � 0.453; F2,218 � 0.933; P � 0.395, respec-
tively).

Phylogenetically informed general linear mixed models. We
performed phylogenetically informed analyses to account for
the fact that species are not independent because of their shared
evolutionary history (13). Three models for lipid damage had a
�DIC within five points of the top model and were considered
to be informative (Supplemental Table S2, https://doi.org/
10.6084/m9.figshare.12573908.v1). Species mass (log10-trans-
formed) was the only parameter with a credible interval (CI)
that did not overlap 0, indicating strong support for this factor
as a predictor of lipid damage. Lipid damage decreased with
mean species mass (mean � � �37.8 to �27.9), (Supplemen-
tal Table S1). The 95% CI for all other fixed effects in the
contender models overlapped 0, indicating that these parame-
ters are important for describing the results but were not
supported as factors driving the results. The fixed effects, the
phylogeny, and the overall models explained little of the
variation in the lipid damage data (Table 1).

The top model set for CAT activity included the full model
(model 5 on Supplemental Table S1), the null model, and the
model with history as the only fixed effect. The inclusion of the
null model in the list of top models indicates weak support that
species mass is an important predictor of CAT activity. In the
top model, which included species mass, individual mass,
history, and the interaction species mass by individual mass,
the fixed effects explained 27% (95% CI: 10–49%) of the
variation in the data, and phylogeny explained almost none of
the variation in the data. In contrast, the null model, which does
not include any fixed effects, explains ~50% of the variation.
Thus, a comparison of all of the top models indicates that mass
and history are conflated with phylogeny.

In contrast, the list of informative models TAC, GPx activ-
ity, and SOD activity included all of the potential models,
including the null model (e.g., intercept-only) (Supplemental
Table S2). Pagel’s lambda values indicate that models for
TAC, GPx activity, and SOD activity explained less than
0.01% of variation in TAC and GPx activity and 	15% of the
variation in SOD activity (Supplemental Table S2). Thus, fixed
effects in these models had low explanatory power. In addition,
Pagel’s lambda values indicate that models for TAC, GPx
activity, and SOD activity explained less than 0.01% of vari-
ation in TAC and GPx activity and 	15% of the variation in
SOD activity, indicating that phylogeny also had relatively low
explanatory power for (Supplemental Table S2).

DISCUSSION

Here, using plasma and RBCs from domestic dogs and
wild canids of different ages and body sizes, we found that
wild and domestic dogs exhibit different patterns in com-
ponents of oxidative stress, which may contribute to their
different patterns in aging with respect to body size. WeT
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found that lipid damage increases with age in domestic
dogs. In contrast, TAC increases with age in wild canids,
and TAC and GPx activity increase as a function of age/
MLSP in wild canids. As body mass increases, TAC and
GPx activity increase in wild canids, but not domestic dogs
in models without phylogenetic information. Surprisingly,

we found that small-breed dogs have significantly higher
circulating lipid damage on average compared with large-
breed dogs. These data suggest that artificial selection in
domestic dogs may have selected for a decrease in antiox-
idant capacity and that small-breed dogs may be “surviving”
with increased oxidative damage.

To address our first question, whether oxidative stress changes
in blood from “middle”-aged domestic dogs due to body mass
and age, we show here that the domestic dogs have an increase
in lipid damage with age. Previous work on the oxidative status
of the dog showed that lipid peroxidation increased and re-
duced glutathione decreased with age, suggesting an imbalance
of prooxidants, leading to more damage in some studies (45,
48). Whereas others have found no change in TAC in blood
plasma with increasing age (5), although most of this work has
been done on a single breed and not taking body mass into
account. Others have found an age-related increase in SOD
activity in domestic dog blood (46, 48). In primary fibroblasts
from small and large dog breeds as they age, there was a
significant increase in DNA oxidative damage in shorter-lived
breeds, but no differences in lipid peroxidation damage in this
cell type (25), pointing to the variability in oxidative stress
across tissues. For example, previous work on Wistar rats has
shown that lipid damage occurs with age in liver and brain, but
not in the heart or lungs in male rats (37).

Small-breed dogs have higher mass-specific metabolic rates
and higher growth rates (23, 38), a phenotype that some may
say would be prone to higher rates of ROS production. Al-
though the relationship between whole animal metabolism and
ROS production is not linear (41), it is often thought that
increasing metabolic rates during thermal challenges would
also increase ROS production. Small-breed dogs show no
increases in any circulating antioxidant we measured; however,
they live longer lives and are less cancer-prone than large-
breed dogs (23, 30, 31). This phenotype seems to be a physi-
ological discrepancy, however, not a particularly unique one.
Long-lived vampire bats, and long-lived birds have higher
oxidative DNA damage than their mammalian counterparts
(28). Similarly, the naked mole rat (NMR) is a mouse-sized
subterranean hystricognath that can live in captivity for ~28 yr,
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and in the wild for ~17 yr, greatly exceeding its body mass-
predicted life span (2, 6). Antioxidant enzyme activities in
NMRs do not change with age, as we have shown in dogs;
however, those of similarly sized mice showed a decline with
age in CAT and cellular glutathione peroxidase (cGPx) (2).
NMRs also exhibit significantly higher oxidative damage to
every biologically relevant molecule, including lipids, proteins,
and DNA (1, 3). Higher levels of lipid peroxidation in NMRs
seem to not be associated with their membrane peroxidation
index (28). Similarly, cell membranes of primary fibroblast
cells from small- and large-breed dogs did not show any
differences in peroxidation index or saturation levels (26). It is
suspected that the higher lipid peroxidation level in NMR
comes from an abundance of ROS production during the
growing process that is not properly thwarted, and, thus, builds
up with age, over time (28). This may be a similar case in
small-breed dogs, considering that they have faster growth
rates in comparison to larger breeds (23). These cellular-level
changes in NMR are accompanied by whole animal resistance
to change with age in body composition and basal metabolism
(33). These whole animal patterns are unlike those of dogs,
which demonstrate differing body composition changes with
age depending on breed size. For example, Great Danes in-
crease body fat with age, and the smallest breeds (Papillons)
increase their lean mass as they age (40). Additionally, dogs
show a decrease in resting metabolism and mass-specific me-
tabolism with age (23, 39).

To address our second question, whether oxidative stress
patterns in blood from wild canids are similar to those found in
domestic dogs, we found that TAC increases with age, and
TAC and GPx increase as a function of age/MLSP in wild
canids. A study looking at the scaling of oxidative stress in
blood of 48 different mammal species also found a positive
correlation between TAC and age, although older mammals
also showed increases in lipid damage (24), which we did not
see in wild canids. A correction of age/MLSP across these
mammals resulted in no correlations in any of the oxidative
stress measurements included (24), unlike the wild canids
included in the current study. Furthermore, as body mass
increases, TAC and GPx activity increase in wild canids, but

not in domestic dogs. The scaling of the oxidative stress system

with body mass is underrepresented in the literature (24).

However, when data from Jimenez et al. (24) are limited to

only mammals that are similar sizes as wild canids included in

the present study (TAC: r2 � 0.0069; P � 0.45; GPx:

r2 � 0.013; P � 0.30; Fig. 4), only the wild canids show a

positive trend with body mass. This may imply that, as a

whole, this group of animals has evolutionary traits that have

yielded increases in antioxidant protection. However, artificial

selection of the domestic dog seems to have selected against

retaining this trait. To this point, others have found total

antioxidant status, bilirubin, and glutathione metabolites to be

significantly lower in domestic dog small breeds compared

with large breeds (30). That large wild canids, such as the gray

wolf, increase antioxidant capacity with age may, in part,

explain their long potential life span and elucidate a unique

physiological trait within this group that differs from other

mammalian species. Additionally, this may also elucidate one

potential mechanism via which the gray wolf has a longer life

span compared with a similarly sized domestic dog. However,

it also should be noted that some argue the diversity of extant

wolves does not represent the diversity of wolves at the time

domestic dogs split from them (14).

Aging remains one of the most poorly understood biological

phenomena, and how metabolic processes are linked to aging

still remain unclear (6). The concept of oxidative stress as it

relates to aging has yielded variable results with seemingly

every variable changing in contradiction across species and

tissues (7). Oxidative status in domestic dogs can vary with

diet and exercise, as well as across organs (28, 38); thus, some

of the variability within our data set could stem from these

factors. However, others have demonstrated that even strenu-

ous exercise did not change the plasma TAC and antioxidant

enzymes in blood of dogs (22). Other model organisms of

aging generally show that increases in life span are linked to an

increased concentration of antioxidants and a decrease in

oxidative damage to most molecules, as it is the case of the

dwarf Ames mice (23).
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Perspectives and Significance

Here, we found that long-lived small-breed dogs seem to
have more circulating lipid damage compared with short-lived
larger breeds, in opposition of other model systems. Addition-
ally, we found that wild canids, as a group, seem to have
increases in antioxidant defenses with increased body mass and
increased age, unlike domestic dogs, which demonstrate an
overall increase in lipid damage as they age, unlike other
mammals. These patterns could be due to antagonistic pleiot-
ropy, as dogs were selected for earlier and more rapid repro-
duction (15). Broadly speaking, our study points to evolution-
ary physiological implications that may have taken place dur-
ing rigorous artificial selection to make the domestic dog have
fewer antioxidant defenses than their wild counterparts. Mech-
anistically speaking, it would be intriguing for future work to
hone down how mitochondria in these animals are working
differently to produce these results.
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