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Original Article
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Abstract

We generated a genetically heterogenous rat model by a 4-way cross strategy using 4 inbred strains (Brown Norway [BN], Fischer 344 [F344], 
Lewis [LEW], and Wistar Kyoto [KY]) to provide investigators with a highly genetically diverse rat model from commercially available 
inbred rats. We made reciprocal crosses between males and females from the 2 F1 hybrids to generate genetically heterogeneous rats with 
mitochondrial genomes from either the BN (OKC-HETB, a.k.a “B” genotype) or WKY (OKC-HETW a.k.a “W” genotype) parental strains. 
These two mitochondrial genomes differ at 94 nucleotides, more akin to human mitochondrial genome diversity than that available in classical 
laboratory mouse strains. Body weights of the B and W genotypes were similar. However, mitochondrial genotype antagonistically affected grip 
strength and treadmill endurance in females only. In addition, mitochondrial genotype significantly affected multiple responses to a high-fat 
diet (HFD) and treatment with 17α-estradiol. Contrary to findings in mice in which males only are affected by 17α-estradiol supplementation, 
female rats fed a HFD beneficially responded to 17α-estradiol treatment as evidenced by declines in body mass, adiposity, and liver mass. Male 
rats, by contrast, differed in a mitochondrial genotype-specific manner, with only B males responding to 17α-estradiol treatment. Mitochondrial 
genotype and sex differences were also observed in features of brain-specific antioxidant response to a HFD and 17α-estradiol as shown by 
hippocampal levels of Sod2 acetylation, JNK, and FoxO3a. These results emphasize the importance of mitochondrial genotype in assessing 
responses to putative interventions in aging processes.

Keywords:   Aging, Estrogen, Genetic diversity, Mitochondria, Physical function, Sex differences

Largely because of its genetic tractability and short life span, the mouse 
has become the mainstay of mammalian biomedical research focused 
on elucidating mechanisms of aging and identifying putative anti-

aging interventions. Because the translatability of effective pharmaco-
logical interventions from mice to humans has been weak (eg, cancer 
(1), Alzheimer’s disease (2), and amyotrophic lateral sclerosis (3)), it is  
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critical to assess the generality of mouse findings with respect to 
disease-modifying interventions. One way to assess generality is to 
employ a second, experimentally tractable species to confirm or dis-
pute the initial result, especially if the second species displays greater 
similarity to humans with a specific disease phenotype. Previously, we 
argued that the laboratory rat would be a useful animal model to test 
the translatability of observations in mice to humans (4). Rats diverged 
from a common ancestor at about the same time that humans diverged 
from African monkeys and differ from mice in multiple physiological 
parameters important in aging (eg, insulin sensitivity, muscle and bone 
biology, cognitive capacity, end-of-life pathology, and sex differences in 
longevity). In each of these cases, rats are more similar to humans than 
mice. Also, despite their larger size, which is advantageous for a variety 
of reasons, rats generally do not live longer than mice.

Because inbred rodents are genetically homozygous at every locus, 
they show strain-specific idiosyncrasies, some of which are known, 
others of which may not be. For example, it is well-established that 
multiple inbred mouse genotypes have lost the ability to synthesize 
melatonin in their pineal glands (5). Some strains also show idio-
syncrasies in the primary pathologies of aging or cause of death (6). 
A major improvement in mouse models to study aging was the devel-
opment of the UM-HET3 model, which is a controlled, genetically 
heterogeneous stock in which each mouse is genetically unique but 
the population can be replicated at will (7).

We describe below the development of a similar genetically heter-
ogenous rat model (OKC-HETB/W), which allows investigators to test the 
translatability of data from mice to another species or to compare the 
translatability of results from a second rodent species to humans. Our 
rat model is generated using a 4-way cross strategy, which was initially 
used by Roderick (8) in producing a population of genetically heter-
ogenous mice to identify mouse strains that show different sensitivities 
to X-irradiation. Miller and colleagues used a similar strategy to develop 
UM-HET3 mice, described above, which are now widely used in aging 
research, including the NIA Intervention Testing Program (9). The ad-
vantage of a 4-way cross is that anyone can generate a similar population 
by obtaining the parental strains from commercial vendors. Although 
the UM-HET3 mice are genetically heterogenous with respect to nuclear 
encoded alleles, the breeding scheme was designed in a manner that leads 
to all pups having the same BALB/c mitochondrial genome.

It is important to note that the interaction between mitochon-
drial and nuclear genomes is an underappreciated intracellular dy-
namic. Mitochondrial function depends on more than 1,200 proteins 
synthesized in the nucleus, but only thirteen produced from the mito-
chondria genome. These 13, however, are important in metabolism 
as they form critical components of 4 of the 5 electron transport 
chain complexes. Thus, coordination of transcription, translation, 
and intracellular transport of mito-nuclear proteins must be tightly 
regulated under a range of cellular conditions that can alter the dy-
namics of mitochondrial biogenesis or mitophagy (10). Illustratively, 
two mouse mitochondria that differ at only a handful of nucleo-
tides can alter nuclear gene expression, bioenergetic and organismal 
metabolic efficiency, as well as cardiac function, and adiposity when 
paired with the same nuclear genome (11,12). Another unique fea-
ture of mitochondrial nuclear dynamics is that because mitochondria 
are transmitted intergenerationally only through the female lineage, 
selection will be stronger for optimizing female mito-nuclear coordin-
ation relative to males, in which any male-specific deleterious muta-
tions will have minimal evolutionary consequence. This sex-specific 
mito-nuclear inheritance dynamic has been adduced to explain sex 
differences in longevity and later life diseases (13) and in Drosophila 
has been shown to affect sex-specific aging phenotypes (14).

The OKC-HETB/W rat model we describe below was generated by 
crossing 4 commercially available inbred strains deliberately selected 
to maximize genetic diversity (15,16). Traditional rat strains, because 
they represent multiple, disparate domestication events, are genetically 
far more diverse than traditional mouse strains used in research (4). 
Specifically, we used Brown Norway (BN), Fischer 344 (F344), Lewis 
(LEW), and Wistar Kyoto (WKY) inbred rats to produce 2 F1 lines 
[(BN/F344)F1 and (WKY/LEW)F1]. By performing reciprocal crosses 
between males and females from these 2 F1 hybrids, 2 F2 stocks (OKC-
HETB and OKC-HETW) are created with all the advantages of typical 
4-way cross populations but also with half of the progeny having the 
BN (henceforth “B”) mitochondrial genotype and the other half the 
WKY (henceforth “W”) mitochondrial genotype. These mitochondrial 
genomes, again because of the domestication of rats from multiple wild 
populations, are far more diverse than mitochondrial genomes from 
traditional inbred mouse strains, which have a single mitochondrial 
ancestor and thus differ at only a handful of nucleotides (17). Below, 
we describe an initial characterization of the OKC-HETB/W rats. In add-
ition to assessing their baseline phenotypes, we also challenged them 
metabolically with a high-fat diet (HFD) to investigate whether such 
metabolic stress might result in different responses depending on mito-
chondrial genotype. We also investigated the generality of sex differ-
ences previously observed in mice by supplementing the rats’ diet with 
17α-estradiol (17α-E2), an intervention demonstrated to have benefi-
cial effects almost exclusively in male mice (18–29).

Method

Animals and Diets
Brown Norway (BN), Fischer 344 (F344), Lewis (LEW), and Wistar 
Kyoto (WKY) rats were obtained from Charles River at approxi-
mately 2 months of age. BN females were bred to F344 males to 
produce BN/F344F1 hybrids, and WKY females were bred to LEW 
males to produce WKY/LEWF1 hybrids. The female BN/F344F1’s 
were crossed with male WKY/LEWF1’s to generate the OKC-HETB 
stock, and male BN/F344F1’s were crossed with female WKY/
LEWF1’s rats to generate the OKC-HETW stock. We found that litter 
size differed between the 2 stocks: WKY/LEWF1 females produced 
a mean litter size of 17 pups (range: 14–20), whereas BN/F344F1 fe-
males produced a mean litter size of 11 pups (range: 9–12). The rats 
were bred and maintained in the animal facilities at the Oklahoma 
City VA Medical Center and fed ad libitum a commercial rodent 
chow diet (Picolab Rodent Diet 5053, LabDiet, St. Louis, MO). 
Animals were group housed with the number per cage dependent on 
the size of the rats. Once the rats reached 15 months of age males 
were housed 1 or 2 per cage and the females were housed 2–3 per 
cage. Their environment was enriched with nesting materials, plastic 
lodges, and wooden chew sticks. In the HFD experiments, con-
trol rats were fed normal chow diet (58YP: 66.6% carbohydrates, 
20.4% protein and 13% fat; TestDiet, IN) or a HFD (58V8: 35.5% 
carbohydrate, 18.3% protein, 45.7% fat; TestDiet, IN) with, or 
without, 14.4 ppm 17α-estradiol (Steraloids, Newport, RI). All ex-
periments were performed in accordance with the National Institutes 
of Health’s guidelines and approved by the Institutional Animal Care 
and Use Committee at the Oklahoma City VA Medical Center.

Sequencing of Mitochondrial Genomes
DNA isolation
Total DNA was extracted from frozen quadriceps muscles using 
proteinase K digestion with SDS and EDTA, phenol/chloroform 
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extraction, and ammonium acetate/ethanol precipitation as previ-
ously described (30).

Cas9 cleavage, library preparation, and nanopore sequencing
We used a tiling approach for nanopore re-sequencing of rat 
mtDNA. Custom guide RNA sequences targeting rat mitochondrial 
DNA (mtDNA) are listed in Table 1 and purchased from IDT-DNA.

Pre-complexed Alt-R CRISPR-Cas9 single guide RNA (sgRNA) 
(IDT) was diluted to a concentration of 10 µM and combined with 
HiFi Cas9 Nuclease V3 (IDT, cat 1081060)  in CutSmart Buffer 
(NEB, cat B7204). Cas9 cleavage, library preparation, and nanopore 
sequencing was performed in accordance with previously described 
methods (31). Prepared libraries were run on a MinION flow cell 
(v9.4.1) using the MinION Mk1C sequencer. Sequencing and base-
calling were done using the MinKNOW software (v21.10.8).

Sequence analysis
The analysis was done using python version 3.6.15 and R version 
4.0.2. The reference mitochondrial genomes for the Brown-Norway 
strain was AY172581.1, and the WKY strain was DQ673907.1. Base 
calling was performed using MinKNOW (v4.5.4, release 4/20/21), 
and reads meeting a QC threshold of 5 were included in analysis. 
All fastqs passing quality control were aligned to the rotated mito-
chondrial genome using Minimap2, version 2.24. All nanopore 
sequencing data are available at BioProject PRJNA899912.

PCR-restriction length polymorphism to genotype BN and 
WKY DNA samples
To verify the mitochondrial DNA genotype in rat samples, we de-
veloped a polymerase chain reaction (PCR)-restriction length poly-
morphism screen. A 614-bp portion of the rat mtDNA minor arc 
from 4902  bp to 5515  bp flanking a polymorphism at position 
5269 (BN G to WKY C numbering according to BN rat reference 
mtDNA AY172581.1) was PCR amplified using forward primer 
AAGTACCCTTACCCTACCGC (bp 4902-4922) and reverse primer 
sequence TTACGAATGCATGGGCTGTGA (bp 5515-5494; IDT 
DNA). Restriction enzyme digestion of the PCR amplicon was used 
to discriminate between the BN and WKY rat strains as shown in 
Supplementary Figure 1. Five microliters of each PCR reaction was 
prepared in 3 separate restriction digestion reactions with no restric-
tion enzyme, BanII (Cat no.: R0119S to cut the BN sequence), or 
HaeIII (Cat no.: R0108S to cut the WKY sequence).

Grip Strength and Treadmill Performance
Rats from the Oklahoma VA Medical Center were sent to the 
University of Alabama at Birmingham at 2 to 3  months of age 
for performance-related outcomes. After habituation to their new 

environments, grip strength and treadmill performance was meas-
ured. Animals were also habituated and trained prior to the tread-
mill performance task using a Five Lane Touchscreen Convertible 
Treadmill (Panlab, Holliston, PA). On the first day of habituation, 
the rats were placed on the treadmill for 10 minutes. On the second 
through fifth day, the treadmill was set to 8 cm/s and then increased 
by 1 cm/s until reaching 12 cm/s (5 minutes) to train them to run 
a moderate speed. On the sixth day, the rats were placed on the 
treadmill apparatus at 12 cm/s for 2 minutes, after which the speed 
increased by 2 cm/s until 16 cm/s max speed was achieved and there-
after, animals were allowed to run at this speed. When rats stopped 
moving, they were prodded with a stylus 3 times. If they did not re-
spond by the third prodding, they were considered to have reached 
their endurance limit.

Grip strength was tested using a Chatillon Grip Strength appar-
atus (Columbus Instruments; Columbus, OH). Briefly, rats were held 
by the tail and allowed to place their forelimbs on the mesh grid. 
Once they gripped the mesh, they were firmly pulled away from the 
machine until their grip was broken. This was repeated for a total 
of 3 trials. Maximum grip strength measurement was then corrected 
for body weight. The same experimenter performed all grip strength 
testing for all rats and was blinded with respect to the mitochondrial 
genotype.

Assays of Mitochondrial Function
Preparation of skeletal muscle fiber permeabilization was performed 
as described previously with minor modifications (32). A  small 
piece (~3–5 mg) of red gastrocnemius muscle was dissected, and the 
separated fibers placed in ice-cold buffer X, containing (in mM):  
7.23 K2ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic 
acid) (EGTA), 2.77 CaK2EGTA, 20 imidazole, 0.5 dithiothreitol 
(DTT), 20 taurine, 5.7 ATP, 14.3 PCr, 6.56 MgCl2-6H2O, 50 K-2-(N-
morpholino)ethanesulfonic acid (MES) (pH 7.1). The muscle bundle 
was permeabilized in saponin-containing solution (30 µg/mL) for 30 
minutes, followed by three 5-minute washes in ice-cold wash buffer 
Z containing (in mM): 105 K-MES, 30 KCl, 10 K2HPO4, 5 MgCl2-
6H2O, 0.5 mg/mL bovine serum albumin, 0.1 EGTA (pH 7.1). Rates 
of mitochondrial respiration were determined using the Oxygraph-2k 
(O2k, OROBOROS Instruments, Innsbruck, Austria). We sequen-
tially added substrates and inhibitors to measure complex-specific 
respirations as follows: glutamate (10  mM), malate (2  mM), ADP 
(5 mM), succinate (10 mM), rotenone (1 µM), antimycin A (1 µM), 
and TMPD (0.5 mM) immediately followed by ascorbate (5 mM). All 
respiration measurements were normalized to antimycin A to account 
for non-mitochondrial oxygen consumption. Data for OCR were 
normalized by milligrams of muscle bundle wet weight.

Western Blot Assays
Brains were rapidly extracted from the skull following decapita-
tion, hippocampi dissected out, and the tissue flash frozen in liquid 
nitrogen. Lysates from hippocampi were prepared in RIPA buffer 
containing protease inhibitors (Roche cOmplete Protease Inhibitor 
Cocktail) and protein concentration determined using the Pierce 
BCA assay (Thermo Fisher, Waltham, MA). Equal amounts of 
protein (10 µg/lane) were subjected to SDS/PAGE and subsequently 
transferred to a nitrocellulose membrane. The membrane was 
blocked in a solution containing 5% bovine serine albumin in TBST 
(20 mM Tris, 0.9% NaCl, 0.1% Tween-20, pH 7.4) and probed with 
primary antibodies for Sod2 (Abcam, Waltham, MA, cat# ab13533, 
1:5 000), Sod2-acetyl-K68 (Abcam, cat# ab137037, 1:5 000), Sod1 

Table 1.  RNA Primer Sequences Targeting Mitochondrial Genome

Probe 

Location 
of 5-prime 
End* crRNA Sequence Sense 

Probe-1 469 ACGATAGCTAAGACCCAAAC Positive
Probe-2 4444 TATTCATCAATTGCCCACAT Positive
Probe-3 8917 GTTCCTACCCACGACCTAGG Positive
Probe-4 14370 ATCCGATACCTACACGCCAA Positive

*Based on Brown-Norway mitochondrial DNA GenBank reference se-
quence AY172581.1.
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(Abcam, cat# ab51254, 1:1  000), glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) (Cell Signaling, cat# 97166, 1:2 000), JNK 
(Cell Signaling, cat# 9252, 1:1  000), p-JNK (Cell Signaling, cat# 
4668, 1:1 000), FoxO3a (Cell Signaling, cat# 2497, 1:1 000), and 
p-FoxO3a (Cell Signaling, cat# 9466, 1:1 000). Following secondary 
incubation with IRDye donkey anti-mouse and donkey anti-rabbit 
antibodies (LI-COR Biosciences, Lincoln, NE, 926-68072 and 926-
32213, 1:5  000), images were captured using an Odyssey CLX 
imaging system (LI-COR Biosciences). Band densitometry was quan-
tified using ImageStudio software (LI-COR Biosciences) with all sig-
nals normalized to GAPDH as a loading control.

Results

Generation of the OKC-HETB/W Rats and 
Mitochondrial DNA Resequencing of Both 
Genotypes
To produce rats with the greatest genetic heterogeneity, we selected 4 
commercially available, but phylogenetically diverse, inbred strains 
of rats as shown in Figure 1A: BN, F344, LEW, and WKY. Using 
a 4-way cross of these strains, we generated 2 F2 populations of 
rats that have equal numbers of alleles from each of the 4 inbred 
strains but have mitochondrial genomes from either BN or WKY 
strains. We refer to these as OKC-HETB (abbreviated “B” genotype) 
and OKC-HETW (abbreviated “W” genotype) rats. The BN rat was 
the third complete mammalian genome, including the mitochon-
drial genome, to be sequenced after the human and mouse genomes 
(33) that we used as a reference sequence (GenBank Accession: 
AY172581.1). Similarly, the WKY rat mtDNA has been sequenced 
(GenBank Accession: DQ673907.1) (34). Using nanopore Cas9-
targeted sequencing (31), we resequenced the mtDNA from our 
founder female BN and WKY animals as well as the female F1 
hybrids. With greater than 100-fold coverage across the BN and 
WKY mtDNA, we found no differences in the BN mtDNA sequence 
from the AY172581.1 BN reference genome and two bases that dif-
fered from the DQ673907.1 WKY mtDNA reference genome: one 
at position 11339 (A to C synonymous mutation in ND4) and one 

at 15351 (C to A in tRNA-Pro). Comparing our updated WKY and 
BN mtDNA sequences, we identified 94 nucleotide differences be-
tween the two mitochondrial genomes with 88 base substitutions 
and 6 base insertions/deletions (Figure 1B). These substitutions were 
distributed throughout 7 of the 13 protein coding genes, 5 tRNAs, 
both rDNA subunits, and the D-loop. Of these substitutions, 16 are 
nonsynonymous substitutions in the genes for ND2, COI, ATPase8, 
ATPase6, ND4, ND6, and Cytb.

General Phenotypic Characterization
OKC-HETB/W rats come in 3 coat colors (Figure 2A). Approximately 
50% of the OKC-HETB/W rats are white albino, as are the F344, 
LEW, and WKY parental strains. The remaining 50% are equally 
divided between charcoal gray, similar to the BN parental strain, 
or a combination of white and charcoal gray. We observed no sig-
nificant differences among the two mitochondrial genotypes in the 
body weights of either sex up to 20 months of age (Figure 2B). At 
20 months of age, the average size of males was ~550 ± ~60(SD) g 
compared to ~310 ± 40(SD) g for females. Overall, the animals ap-
peared normal with no major observable pathology up to 24 months 
of age at which point approximately 85% of animals were still alive. 
The mean life span of F344, BN, and F344BNF1 rats in the NIA 
Biomarkers colony was 24–29, 29–30, and 31–32 (male–female) 
months, respectively, with females being the longer-lived sex in all 
3 genotypes (35).

Our small number of observations indicated antagonistic differ-
ences in grip strength and treadmill performance between females of 
the 2 mitochondrial genotypes at 4 months of age (Figure 3C and 
D). Specifically, females with the B mitochondrial genotype showed 

Figure 1.  (A) Phylogenetic tree of domesticated rats from Atanur et al. (16) 
for 28 inbred strains using 9.6 million single-nucleotide variants (SNVs). The 
phylogenetic distribution of the 4 inbred lines of rats used to generate the OKC-
HETB/W rat are shown in red outline. (B) Nucleotide and amino acid differences 
between BN and WKY mitochondrial DNA. The rat mitochondrial genome is 
denoted by the gray scale circular diagram. The 88 nucleotide differences 
between the two genomes are denoted in the color of the corresponding 
divergent nucleotide. Nonsynonymous amino acid changes are denoted 
using the single letter amino acid code. Differences in the BN genome are 
on the outer track and differences in the WKY genome on the inner track. 
Numbering is according to the BN reference genome (AY172581.1).

Figure 2.  Characterization of OKC-HETB and OKC-HETW rats. (A) Coat color 
for OKC-HETB/W rats. (B) Body weights for male and female B (blue bars) and 
W (red bars) genotypes. Data are the mean ± SD for 40–50 rats per group. (C) 
Grip strength (g/g body weight), and (D) Treadmill performance (seconds) for 
4-month-old male and female rats as described in the Methods. The mean ± 
SEM are given for 8–10 rats per group, and the data were analyzed by two-
way analysis of variance with Tukey posthoc comparisons. *p < .05.
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significantly greater grip strength, whereas W females displayed 
greater treadmill performance. We observed no significant differ-
ences in grip strength or treadmill performance among males.

Mitochondrial Function
We measured mitochondrial function under basal conditions and 
under metabolically challenging HFD conditions. Specifically, under 
both these conditions we assessed mitochondrial respiration in per-
meabilized fibers from the gastrocnemius of 13- to 14-month-old 
animals of both sexes (Figure 3A–D). To establish adequate power 
for assessment of whether respiration differed as a function of mito-
chondrial genotype, we combined sexes for the analysis because 
sex-specific effects were largely equivalent (Supplementary Figure 
2). Leak respiration, which occurs when electrons passed down the 
respiratory chain exit prior to the reduction of oxygen to water at 
cytochrome C oxidase, had little response to the HFD in the W mito-
chondrial genotype, but was robustly higher for the B mitochon-
drial genotype (Figure 3A). These relative responses persisted for 
Complexes I, I&II, and IV. In general, it appears that the B geno-
type had compensatory increases in respiration to the HFD, whereas 

the W genotype did not. Further, it appeared that the W genotype 
may have some decline in respiratory rate to HFD as observed at 
Complex I (Figure 3B).

Response to High-fat Feeding and 17α-estradiol 
Supplementation
The NIA Intervention Testing Program found that long-term ad-
ministration of 17α-estradiol (17α-E2) extended median life span 
of male, but not female, mice in a dose-dependent manner (18,20). 
Our group has been exploring potential mechanisms by which 17α-
E2 may improve health span and extend life span in a male-specific 
manner. We reported that 17α-E2 supplementation reduces calorie 
intake, body mass, and regional adiposity in combination with sig-
nificant improvements in a multitude of systemic metabolic param-
eters in both middle-aged obese and old male mice without inducing 
deleterious effects (19,25–29,36). Given that 17α-E2 elicits sex-
specific effects in mice, which could be at least partially mediated 
through altered mitochondrial activity, we sought to determine if 
17α-E2 would elicit similar sex-specific effects in 4-month-old OKC-
HETB/W rats fed HFD ± 17α-E2 for 8 weeks. Interestingly, 17α-E2 
prevented HFD-induced increases in body mass and organ mass (eg, 
liver and white adipose tissue [WAT]) in a mitochondrial genotype- 
and sex-specific manner. In males, 17α-E2 prevented gains in body 
mass, liver, gonadal WAT, and inguinal WAT mass in the B mito-
chondrial genotype only (Figure 4A and C). This was an unexpected 
finding because prior work with male mice showed that 17α-E2 
treatment elicited benefits to health parameters in both UM-HET3 

Figure 3.  Mitochondrial bioenergetics in the gastrocnemius from OKC-
HETB and OKC-HETW rats. Permeabilized fibers from red gastrocnemius of 
13- to 14-month-old OKC-HETB (blue bars) and OKC-HETW (red bars) rats fed 
a normal chow (control) or high-fat diet (HFD) (45.7%) for 12 weeks were 
used to measure mitochondrial oxygen consumption rate. (A) Mitochondrial 
Leak respiration was measured after adding Complex I substrates in absence 
of ADP. Complex I (B), Complex I&II (C), and Complex IV (D) activities were 
measured by ADP-stimulated mitochondrial oxygen consumption rates with 
sequential additions of substrates and inhibitors. The mean ± SEM are given 
for 7–9 rats per group. Data were analyzed by two-way analysis of variance 
with Tukey posthoc comparisons. *p < .05.

Figure 4.  Young OKC-HETB and OKC-HETW rats respond differently to high-
fat feeding and 17α-E2 treatment. Male and female B (blue) and W (red) 
genotypes at 4 months of age received a 45.7% high-fat diet (HFD) ± 17α-E2 
(14.4 ppm) over an 8-week intervention. (A, B) Longitudinal percent change 
in body mass in male and female rats. The data are the mean ± SEM for 5 
animals per group and were analyzed by 2-way repeated measures analysis 
of variance (ANOVA) with Tukey post-hoc comparisons. *p < .05 between 
OKC-HETB HFD and OKC-HETB HFD+17α-E2; #p < .05 between OKC-HETW 
HFD and OKC-HETW HFD+17α-E2. (C,D) Liver, gonadal (G-WAT), and inguinal 
(I-WAT) white adipose tissue masses at necropsy. The data are mean ± SEM 
for 5 animals per group and were analyzed by 1-way ANOVA with Tukey 
posthoc comparisons within individual tissues and sexes. *p < .05, **p < .01.
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as well as inbred (C57BL/6J or C57BL/6N) mice, suggesting a con-
served species pattern. We observed similar effect of 17α-E2 on body 
mass of 13- to 14-month-old OKC-HETB/W rats fed HFD ± 17α-E2 
for 12 weeks (Supplementary Figure 3).

Female OKC-HETB/W rats receiving 17α-E2 also displayed unex-
pected results. Both mitochondrial genotypes beneficially responded 
to 17α-E2 treatment as evidenced by a prevention of HFD-induced 
gains in body mass, liver, gonadal WAT, and inguinal WAT mass 
(Figure 4B and D). These observations are contrary to previous 
studies in mice, in which females are generally unresponsive to 17α-
E2 treatment unless ovariectomized (21,37). These observations 
suggest that unlike in mice, 17α-E2 may have significant biological 
activity in female rats.

17α-E2 has also been shown to have neuroprotective ef-
fects by mitigating the toxic effects of oxidative stress in humans 
and ovariectomized rats (38). Therefore, we investigated whether 
markers of oxidative stress and response to a HFD and 17α-E2 are 
impacted in our rat model by mtDNA genotype. We previously re-
ported that mitochondrial function and antioxidant expression were 
altered in a mouse model of brain aging with reduced circulating 
levels of IGF-1 (39). Additionally, a decline in levels of both Cu/Zn- 
and Mn-superoxide dismutase (Sod1 and 2, respectively) was associ-
ated with impaired hippocampal-dependent spatial learning (40,41). 
We therefore measured the levels of Sod1, Sod2, and acetylated 
Sod2, in the hippocampus of W and B genotypes under chow-fed 
(control) and HFD feeding with and without 17α-E2 supplementa-
tion. Acetylated Sod2 has been shown to lack its normal dismutation 
activity but a gain in peroxidase activity (42).

Brain weights (normalized to body weight) were comparable 
between mitochondrial genotypes within sex, albeit female percent 

brain weights were higher than males (Figure 5A). No significant dif-
ference was found between the genotypes with respect to the levels 
of Sod1 (Figure 5D) or Sod2 (Figure 5C) in either sex. However, we 
did observe that the levels of acetylated Sod2 (K68) were signifi-
cantly lower in male W genotypes compared to B genotypes (Figure 
5B). Conversely, when fed HFD, acetylated Sod2 levels were signifi-
cantly increased in male W, but not B, genotypes. Acetylated Sod2 
levels trended to be lower in female W, but not B genotype fed HFD 
with and without 17α-E2.

We also measured the levels of upstream regulators of the anti-
oxidant pathway, Jun N-terminal kinase (JNK) and FoxO3a. It is 
well established that oxidative stress can activate the JNK pathway 
(43), and FoxO transcription factors, which are activated by the 
JNK pathway, regulate the transcription of genes coding for anti-
oxidant proteins (44). Levels of JNK were significantly lower in W 
genotype male rats fed the HFD with or without 17α-E2, while JNK 
levels were significantly elevated in the OKC-HETB male rats fed the 
HFD with 17α-E2 only (Figure 5E). No significant differences were 
found in JNK levels in the 2 genotypes in female rats. FoxO3a levels 
were comparable in the hippocampus of the 2 mitochondrial geno-
types for male rats, and feeding a HFD with or without 17αE2 had 
no detectable effect on FoxO3a levels (Figure 5F). However, female 
FoxO3a levels were significantly reduced in the W genotype when 
fed a HFD with 17α-E2 compared to rats fed HFD alone. These 
data suggest that adaptive changes in cellular response to stressful 
stimulus such as HFD, and responsiveness to 17α-E2 treatment, may 
be mediated through mtDNA variants in a sex-specific manner, po-
tentially contributing to cognitive health.

Discussion

We have developed a new genetically heterogeneous 4-way cross 
rat model with 2 genetically divergent mitochondrial backgrounds. 
We have furthermore shown that mitochondrial genotype, often 
interacting with sex, affects multiple physiological parameters im-
portant to the biology of aging. Specifically, we observed that one 
mitochondrial genotype was associated with greater grip strength, 
whereas the other associated with greater exercise endurance in fe-
male rats only. The 2 mitochondrial genotypes also differentially 
affected gastrocnemius respiratory response to HFD. We also dis-
covered that mitochondrial genotype interacting with sex had some 
dramatic effects on cellular and physiological response to HFD and 
supplementation with 17α-E2 and that these effects clearly differed 
from previous research done in mice. These findings emphasize the 
importance of this new model for understanding the role of mito-
chondrial genotype in multiple aspects of aging biology and also 
for distinguishing phenomena that may or may not be generalizable 
across species.

An important difference between laboratory mice and rats is the 
genetic diversity represented in commonly used domesticated stocks 
and strains. Virtually all traditional inbred strains of laboratory mice 
originated from a small number of “fancy mice,” so their diversity is 
highly constrained (45). Phylogenetic mtDNA studies show that 50 
of 52 common inbred strains of mice descended from a single female 
Mus musculus domesticus mouse (17). In contrast, laboratory rats 
have come from multiple domestications and in fact were often bred 
back to wild-caught animals; hence, both nuclear and mitochondrial 
diversity are considerably greater in laboratory rats compared with 
laboratory mice.

A unique feature of the OKC-HETB/W rat that we have gener-
ated is that it gives investigators a rodent model where substantial 
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Figure 5.  Expression of antioxidant and oxidative stress pathway proteins 
in hippocampus of OKC-HETB and OKC-HETW rats. (A) Percent brain weight 
(normalized to body weight). (B) Levels of acetylated SOD2(K68), (C) Sod2, 
(D) Sod1, (E) JNK, (F) FoxO3a from hippocampi of 13–14-month-old male and 
female rats fed either a control diet (dark blue or dark red bars), a 45.7% high-
fat diet (HFD) (light blue or light red bars), or HFD + 17α-E2 (stripped blue or 
red bars) for 12 weeks, and levels were determined by Western blots, which 
are shown in Supplementary Figure 4. The data are the mean ± SEM for 4 
animals and were analyzed using a 2-way analysis of variance with Tukey 
posthoc comparisons. *p < .05.
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differences in the mitochondrial genome can be studied in rats with 
the same genetically diverse nuclear backgrounds. Our BN-derived 
mitochondria differ from our WKY-derived mitochondria in 94 nu-
cleotides with 88 base substitutions and 6 base insertions/deletions 
(Figure 2A). The importance of even considerably less divergent 
mitochondrial genomes on a variety of physiological outcomes was 
shown by Ballinger’s group when they generated mitochondrial nu-
clear exchange mouse models (MNX) in which the mtDNA from the 
C3H mouse was merged with the C57BL/6 nuclear background and 
vice versa (11). They showed that the mitochondrial genetic back-
ground modulated a variety of functions and pathways, e.g., bio-
energetics and susceptibility to acute cardiac volume overload (11); 
macrosteatosis, inflammation, fibrosis, and mitochondrial function 
in liver induced by an atherogenic diet (46); metabolic efficiency, 
body composition, and gene expression in adipose tissue (12); and 
insulin sensitivity (47). Importantly, the mitochondrial genomes 
from C57BL/6 and C3H mice differ by only 5 nucleotides (17).

The normal response to relatively short-term HFD as seen in 
mice is a compensatory increase in mitochondrial biogenesis and 
respiration (48). Interestingly, our B genotype rats appeared to 
make this compensation with trends or significant increases as ex-
pected. However, the W genotype rats did not and, in fact, had sig-
nificantly lower Complex I activity with HFD compared to control. 
Unfortunately, we did not assess ROS generation in this preliminary 
work to determine if the failure to respond was associated with in-
creased ROS production, although we suspect it would (49). Finally, 
we found similar trends in the changes in respiration between sexes. 
It is worth noting that our preliminary data indicate the failure to 
adapt to HFD is most pronounced in females of the W genotype. This 
finding is interesting because rats (compared to mice) and female rats 
(compared to males) are generally more resistant to increases in fat 
deposition and declines in insulin sensitivity to a HFD (50).

Because 17α-E2 has been shown to modulate metabolic- and 
age-related outcomes in different strains of male, but not female 
mice, we studied the effects of 17α-E2 in both sexes and mitochon-
drial genotypes of rats undergoing HFD feeding. This is the first 
study to test the effect of feeding 17α-E2 to rats. Contrary to find-
ings in mice (18,20–24,26,28), female rats of both genotypes benefi-
cially responded to 17α-E2 treatment as evidenced by the prevention 
of HFD-induced gains in body mass and adiposity. Liver mass was 
also reduced by 17α-E2 treatment in female rats of both mitochon-
drial genotypes. Male rats in our study responded in a mitochon-
drial genotype-specific manner with only B genotype males showing 
a decline in body mass, adiposity, and liver mass, similar to previous 
studies in mice (19,21,22,25–29). Our findings in both sexes were 
unexpected and interesting because we anticipated that both male 
genotypes would beneficially respond to treatment and that female 
responsiveness would be mild or absent. The mechanisms underlying 
these observations remain unknown. It should be noted that the dose 
provided in these studies is equivalent to what mice are provided. 
As such, the dosing regimen has not yet been allometrically scaled 
downward to account for differences in size and surface area be-
tween mice and rats. Thus, in the current studies female rats are con-
suming a higher dose than female mice relative to size and surface 
area, which could contribute to female responsiveness in our studies. 
Future studies will be required to determine if lower dosing regi-
mens will effectively mimic 17α-E2 blood levels observed in mice. 
We surmise that genotype-specific differences in male responsiveness 
to 17α-E2 arises from differences in mitochondrial activity, which 
almost certainly affects substrate utilization, and thus, attenuates 

effects on adiposity. Additional studies will be needed to confirm 
this possibility.

Sex and genotype-specific changes were also evident in the stress 
response in the hippocampus with HFD feeding, potentially ameli-
orated by 17α-E2. While Sod2 detoxifies superoxide in the mito-
chondrial matrix, acetylated Sod2 (K68) can generate hydrogen 
peroxide and have detrimental effects on tissue function (42). Thus, 
the increase in Sod2 acetylation we observed in OKC-HETW males 
could impact hippocampal mitochondrial and cognitive dysfunction 
with HFD feeding. Additional functional studies on brain function in 
these models would be pertinent to unraveling mitochondrial contri-
bution to cognitive decline in aging and neurodegenerative disorders.

These observations on 17α-E2 provide support for our con-
cept that studying anti-aging compounds in both mice and rats will 
provide additional insights, particularly related to the mechanisms 
that underlie sex-specific aging. Although our findings should be 
considered preliminary, they suggest that the sex differences in the 
impact of 17α-E2 on life span might be different in rats and that 
mitochondrial genotype may play a role in male-responsiveness to 
17α-E2. However, more studies are needed to unravel the interaction 
between mitochondrial genotypes and sex-specific aging and disease 
burden. Notably though, this short interventional study provides 
proof-of-concept that mice and rats may age differently in a sex-
specific fashion and these differences, depending on mitochondrial 
genotype could impact the effect of aging-interventions. These find-
ings raise the prospect that the OKC-HETB/W rat may be applied to 
study dietary interventions that purport to improve cognitive and 
performance phenotypes associated with improvements in mito-
chondrial function.

We note that tissues and OKC-HETB/W rats are available 
to the scientific community and can be obtained by contacting 
Arlan Richardson (Arlan-Richardson@ouhsc.edu), Michael Stout 
(Michael-Stout@omrf.org), or Steven Austad (austad@uab.edu).

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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