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Abstract Beta-guanidinopropionic acid (GPA) is a
creatine analog suggested as a treatment for hyperten-
sion, diabetes, and obesity, which manifest primarily
in older adults. A notable side effect of GPA is the
induction of mitochondrial DNA deletion mutations.
We hypothesized that mtDNA deletions contribute to
muscle aging and used the mutation promoting effect
of GPA to examine the impact of mtDNA deletions
on muscles with differential vulnerability to aging.
Rats were treated with GPA for up to 4 months start-
ing at 14 or 30 months of age. We examined quadri-
ceps and adductor longus muscles as the quadriceps
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exhibits profound age-induced deterioration, while
adductor longus is maintained. GPA decreased body
and muscle mass and mtDNA copy number while
increasing mtDNA deletion frequency. The inter-
actions between age and GPA treatment observed
in the quadriceps were not observed in the adduc-
tor longus. GPA had negative mitochondrial effects
in as little as 4 weeks. GPA treatment exacerbated
mtDNA deletions and muscle aging phenotypes in the
quadriceps, an age-sensitive muscle, while the adduc-
tor longus was spared. GPA has been proposed for
use in age-associated diseases, yet the pharmacody-
namics of GPA differ with age and include the det-
rimental induction of mtDNA deletions, a mitochon-
drial genotoxic stress that is pronounced in muscles
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that are most vulnerable to aging. Further research is
needed to determine if the proposed benefits of GPA
on hypertension, diabetes, and obesity outweigh the
detrimental mitochondrial and myopathic side effects.

Keywords Guanidinopropionic acid - Aging -
Skeletal muscle - Mitochondria - Genetics - Creatine

Introduction

The prevalence of cardiometabolic disease increases
dramatically with age and is greater than 49% in
adults over age 65 in the USA [1]. This public
health crisis is driving the search for interventions
to improve metabolic health in older adults. Beta-
guanidinopropionic acid (GPA) is a creatine analog
that has been proposed as a therapeutic intervention
for cardiometabolic diseases including type 2 diabe-
tes and hypertension [2, 3]. GPA is also an additive
in some commercially available, over-the-counter die-
tary supplements where it is touted to have beneficial
metabolic and exercise-mimetic effects [4]. The use
of GPA as an “exercise mimetic,” and proposals to
use GPA as a treatment for cardiometabolic disease in
older adults necessitate a clear understanding of GPA
effects in aged mammals.

Despite rodent studies of GPA and its effects on
metabolism and skeletal muscle, and the proposed
use of GPA for diseases of aging, there have been
few studies of GPA in appropriately aged rodent
models. In young rodents, GPA treatment has posi-
tive and negative effects on skeletal muscle struc-
ture, function, and metabolism [5, 6, 7, 8, 9] as well
as myopathic alterations [10, 11]. The GPA-induced
myopathy in young rodents includes abnormal mito-
chondria with paracrystalline inclusions similar to
those observed in some human mitochondrial myo-
pathies. In 28-month-old rats, markers of mitochon-
drial biogenesis in response to GPA were reduced
compared to 3-month-old rats [12]. In 18-month-old
mice, GPA delayed age-related declines in lean mass,
improved gait performance, and increased fat metabo-
lism [5]. A number of gaps remain in our understand-
ing of GPA’s effects on mammalian skeletal muscle.
Little is understood about the effects of GPA on aged
muscle. No comparisons have been made between
muscles with different susceptibility to age-induced
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muscle mass loss, and a time course of these effects
is lacking.

A spectrum of mtDNA deletion mutations increase
with age. These deletions clonally accumulate to high
abundance within individual cells. In muscle fibers,
deletion accumulation results in a focal loss of electron
transport and oxidative phosphorylation. This metabolic
insufficiency activates apoptosis and leads to necrosis,
fiber rupture, and fiber loss. In aged rat quadriceps,
approximately 15% of muscle fibers harbor an accumu-
lation of mtDNA deletion mutations [13], and genetic
induction of these segmental biochemical defects in
homozygous polymerase gamma mutator mice accel-
erates sarcopenia [14]. MtDNA deletion mutations are
also observed in genetic diseases that arise from muta-
tions in numerous nuclear genes required for normal
mitochondrial function. The findings of a GPA effect
in muscle that resembles mitochondrial genetic myopa-
thies [15, 16, 17, 18] led us to compare the mitochon-
drial effects of GPA treatment initiated at different ages
and in muscles that exhibit different aging phenotypes.
Muscles such as the adductor longus are resistant to
age-induced degeneration as compared to muscles of
the quadriceps [19]. We hypothesized that GPA treat-
ment would exhibit different effects depending on the
age, length of treatment, and type of muscle examined.
Because of the concerning muscle- and mitochondrial-
specific side effects of GPA, we focused our methods
on body, muscle, and muscle fiber morphometric prop-
erties, as well as mitochondrial respiratory function,
mtDNA integrity, and gene expression profiles.

We found pleiotropic muscle and mitochondrial
effects of GPA treatment when deployed at different
ages, for different durations, and in different muscles.
These outcomes interacted with age and GPA treat-
ment in the quadriceps muscle with respect to mass,
fiber number, and mtDNA deletion frequency, but
were not observed in the adductor longus [19]. GPA
increases mtDNA mutation frequency and increases
fiber loss at old age more than at young age in rats,
which may complicate the therapeutic use of GPA.

Materials and methods

Animals and GPA treatments

This study was carried out in accordance with the rec-
ommendations in the NIH Guide for Care and Use of
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Laboratory Animals and the guidelines of the Cana-
dian Council on Animal Care. The protocols used were
approved by the Institutional Animal Care and Use
Committees at the University of Alberta and UCLA.
Male Fischer 344 x Brown Norway F1 hybrid rats of
various ages were obtained from the National Institute
on Aging (NIA) colony. Beta-guanidinopropionic acid
(GPA, reagent grade,>99% pure) was purchased from
a commercial vendor (Green Stone Swiss Co., Ltd.,
Xiamen, China), and identity was verified by mass
spectroscopy (data not shown). GPA was formulated to
1% by weight in NIH-31 rodent chow (Envigo, Madi-
son, WI, USA) and fed for 1-4 months ad libitum. Oral
delivery of GPA at this dose results in similar skeletal
muscle GPA concentrations in young as compared to
aged rodents [5]. Rats were housed on a 12-h light/
dark cycle. No difference was observed in the survival
of rats treated with GPA vs controls. Rat ages were
selected based on our previously published molecular
and histological data in aging rat quadriceps across the
rat lifespan including measurements at three month
intervals from 12 to 38 months of age [20].

Tissue collection and preparation

We chose to study the quadriceps and adductor longus
muscles. The quadriceps, one of the largest muscle
groups in mammals, was chosen because this muscle
group is susceptible to sarcopenia, has a mixed fiber
type, can be cleanly dissected in the rat from origin
and insertion landmarks, and is a component of human
clinical assessments such as chair stands that predict
disability, falls, and other health related outcomes
such as hospitalization and death [21, 22, 23, 24, 25].
Adductor longus was chosen given the resistance of
this muscle to sarcopenia as discussed above. Animals
were euthanized, the tissues dissected, weighed, and
embedded in optimal cutting temperature compound
(Sakura Finetek, Torrance, CA, USA), frozen in lig-
uid nitrogen, and stored at— 80 °C. A minimum of one
hundred 10-micron-thick consecutive transverse cross
sections were cut with a cryostat at—20 °C and placed
on Probe-On-Plus slides (Thermo Fisher). Slides were
stored at— 80 °C until needed. For the mouse studies,
frozen quadriceps tissues from control or GPA-fed
male mice were obtained from the NIA Intervention
Testing Program (ITP) Collaborative Interactions
Program. Treated mice had been fed a diet contain-
ing GPA at 3300 ppm (0.33%) starting at 6 months

[26]. We examined quadriceps tissue from 12 and
22 months control and 22 months GPA-treated male
UM-HET3 mice. Tissues for each age and treatment
were pooled from across all three ITP testing sites.

Histochemical and immunohistochemical staining

At 70-pm intervals, sections were stained for COX
(brown) or SDH (blue) enzymatic activities as previ-
ously described [13]. A third slide was dual stained,
first for COX and secondly for SDH. Electron transport
chain (ETC) abnormal fibers appear blue on a brown
background following dual staining. Two slides within
the series were used for hematoxylin and eosin (H&E)
staining. Fibrotic tissue was stained using Masson’s tri-
chrome, as previously described [27]. After histochem-
istry or immunohistochemistry, slides were imaged by
a scanning microscope (Nanozoomer, Hamamatsu).

Image analysis, counts, and quantitation

Cross-sectional area measurements and fiber counts
of the rectus femoris were obtained from digital
images at the mid-belly. Rectus femoris muscle is
used for CSA measurements and fiber counts because
it is entirely encapsulated by the vasti and has a low
pennation angle to the muscle fibers, facilitating
accurate and precise quantification. Individual fiber
morphometric data was obtained by overlaying each
rectus femoris image with ten regions of interest.
Each ROI was a square with a length of 0.552 mm.
Muscle fibers contained entirely within the ROI were
measured using Image J software. Measurements
obtained included the length of the minor and major
axes, minimum ferret diameter, area and perimeter.
From these values, the circularity (4n*CSA/perim-
eter’), roundness (minor axis/major Axis) and solid-
ity (CSA/area of fitted hull) were calculated. The fiber
density is the area of fibers within a ROI divided by
the contiguous area of fibers and interconnected inter-
stitial tissue. The absolute number of ETC abnormal
fibers (COX-/SDH + +) were identified and annotated
across a 10-pum tissue section in both GPA treated and
control rats.

DNA isolation and quality control

Rat quadriceps muscle was ground to a powder using
a mortar, pestle, and liquid nitrogen. Total DNA was
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extracted using proteinase K digestion with SDS and
EDTA, phenol/chloroform extraction, and ethanol
precipitation as previously described [13]. Total DNA
quantity and quality was measured using spectropho-
tometry at A230, A260, and A280 (Thermo Scien-
tific Nanodrop 2000 Spectrophotometer), fluorometry
(Thermo Fisher Qubit 2.0 Fluorometer), and integrity
examined by gel electrophoresis or TapeStation 4200
(Agilent).

MtDNA copy number and mtDNA deletion
frequency by digital PCR

A 5-prime nuclease cleavage assay and chip-based
digital PCR (dPCR) were used to quantitate copy
numbers for nuclear DNA (nDNA), total mtDNA,
and mtDNA deletions with specific primer/probe sets
for each as previously described [20]. Samples were
diluted to the manufacturer’s recommended target
range (200 to 2000 copies per microliter) in 17.5 ul
reactions using QuantStudio 3D Digital PCR Master
Mix v2 (Thermo Fisher; Waltham, MA) and loaded
onto QuantStudio 3D Digital PCR 20 K Chip (Ver-
sion 2, Thermo Fisher; Waltham, MA). Final primer
and probe concentrations were 900 nM and 250 nM,
respectively. Digital PCR cycling conditions were
Tag-polymerase activation at 95 °C for 10 min, 40
cycles of denaturation at 94 °C for 30 s, and anneal-
ing/extension at 60 °C for 2 min. MtDNA copy num-
ber per microliter and the threshold were determined
using QuantStudio 3D Analysis Suite Cloud Software
(Version 3, Thermo Fisher; Waltham, MA). Direct
quantitation of the major arc deletions by dPCR used
the same cycling conditions but for 60 cycles. DPCR
quantitation of all samples and for all targets was per-
formed on blinded samples.

RNAseq

Frozen muscle samples were cooled in liquid nitro-
gen and crushed to powder by a pestle in a liquid
nitrogen—cooled mortar and 50 mg of powdered
muscle transferred into 1 mL QIAzol Lysis Rea-
gent (Qiagen) and homogenized using TissueRuptor
(Qiagen) at full speed for 15 s, twice. Total RNA
was isolated from the homogenate using RNeasy
Mini Kit (Qiagen). RNA integrity and concentration
were determined using Agilent Tapestation 4200
(Agilent Technologies Inc, Santa Clara, CA), and
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all samples had a RIN>8. Using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosys-
tems, Foster, CA), 200 ng of total RNA was con-
verted to cDNA and sequencing performed using
the Illumina HiSeq 2000 system (Illumina, San
Diego, CA).

Alignment of cDNA sequenced reads was carried
out using Tophat v2.0.8. Reads counted by gene fea-
ture were performed by featureCounts in Rsubread
1.14.2. All RNAseq data were submitted to NCBI
BioProject ID PRINA793055.

Respirometry assay on frozen tissue samples

Respirometry was performed on frozen skeletal
muscle and cardiac tissue according to a validated
protocol [28]. Briefly, frozen tissues were thawed
in ice-cold PBS, minced, and homogenized. Pro-
tein concentration was determined by BCA Protein
Assay (Thermo Fisher). Mitochondrial respiratory
chain oxygen consumption rate (OCR) via com-
plexes I, II, and IV were measured using a Seahorse
XF96. Substrates used for the respirometry assays
were NADH for Complex I, succinate for Complex
IT with rotenone to inhibit Complex I, TMPD for
Complex IV, and ascorbic acid to keep TMPD in
the reduced state. Seahorse Wave software (Version
2.6.1, Agilent) was used to calculate oxygen con-
sumption rates normalized by protein concentration.

Statistical analysis

All data are presented as means+SEM. As some
data were not normally distributed, we used rank
transformation and Mann—Whitney U tests to make
statistical comparisons. Comparisons were made
between young and old controls as well as between
young or old controls and age-matched GPA-
treated rats. Unadjusted p values are reported, and
no corrections are made for multiple comparisons.
Because some data were not normally distributed,
interactions between treatment and age were ana-
lyzed by linear regression and extra sum of squares
F-tests. We tested the null hypothesis that the slopes
were the same for control and GPA regressions with
the alternative hypothesis that the slope were differ-
ent for control and GPA.



GeroScience (2023) 45:555-567

559

Results

Cohorts of 14-month-old and 30-month-old rats were
randomized to control diet or diet compounded with
GPA at 1% w/w in chow. Within age groups, body
weights at baseline before treatment were not differ-
ent between GPA-treated and control rats (p=0.29
and 0.44 for 14 months and 30 months, respectively;
Fig. S1). After 4 months, tissues were collected from
four experimental groups: 18-month-old rats on the
control diet (18C), 18-month-old rats on the GPA diet
(18G), 34-month-old rats on the control diet (34C),
and 34 month-old rats on the GPA diet (34G). Fol-
lowing 4 months of GPA treatment, average rat body
mass decreased by 14.4% at 18 month and by 19.1%
at 34 months (Fig. 1A). Food consumption decreased
upon GPA treatment in both the young and old rats
(Fig. S2). With time, however, food consumption
returned to a level similar to controls. In the quadri-
ceps, GPA treatment decreased muscle mass by 19.8%
at 18 months and 18.2% at 34 months (Fig. 1B).
Quadriceps muscle mass also declined with age by
37.4%. By contrast, the adductor longus mass did not
change with age (average loss of 2.6%, p=0.6151;
Fig. 1C). GPA treatment induced a loss of adduc-
tor longus (AL) mass at 18 months and 34 months
(12.1% and 14.2% average loss, respectively).
Following 4 months of GPA treatment, rectus
femoris fiber number did not decrease at 18 months
and decreased by 10.6% at 34 months (Fig. 2A).
Between 18 and 34 months, fiber number declined
by 7.5%. Rectus femoris muscle cross-sectional area
(CSA) was decreased by both age and GPA treatment.

With age, CSA decreased by 35.6% (Fig. 2B). GPA
treatment reduced rectus femoris CSA by 20.6%
and 23.7% at 18 and 34 months of age, respectively.
Fiber density decreased 10.6% with age and 2.4%
and 6.7% with GPA treatment at 18 and 34 months
of age (Fig. 2C). Out of approximately 50,000 mus-
cle fibers, there was one ETC-deficient fiber observed
in one of five 18-month-old control rats (Fig. 2D). In
the GPA-treated 18-month-old rats, 4 of 5 rats had
ETC-deficient fibers with a mean of 3.8 fibers per rat
rectus femoris tissue section. At 34 months of age,
control rats had average of 36.5 ETC-deficient fibers
per rectus femoris tissue section and this was further
increased by GPA treatment to 148.4. The percent-
age of type I muscle fibers increased by 49.3% with
GPA treatment at 18 months. There was no change
in type I fiber percentage by age or with GPA treat-
ment at 34 months of age (Fig. 2E). Muscle fiber
morphology was affected by age, with decreases in
average fiber cross-sectional area (49.4%), fiber circu-
larity (10.5%), and minimum Feret diameter (33.1%)
(Fig. 3). GPA treatment at 18 months also decreased
each of these parameters; however, no effects of GPA
treatment were observed at 34 months.

MtDNA copy number declined with GPA treat-
ment in both quadriceps (21.7% at 18 months and
36.3% at 34 months (Fig. 4A) and AL (14.5% at
18 months and 36.3% at 34 months (Fig. 4B).
The age-induced decline in mtDNA copy number
in the quadriceps (Fig. 4A) was not observed in
the AL (Fig. 4B). MtDNA deletion mutation fre-
quency increased by 57.3 times in the quadriceps
and 17.6 times in the adductor longus between

A B p<.0001
6007  p=.0002 p<.0001 %1 p<.0001
= ) ' ' ! 7 ] '
2 5004 um . 84 “E"
a Ly | e o e [ ]
g 'ﬁl -&- @3 —
> mm [0}
S 400 A ol £
8 — 21
G

w
o
o
Y

18C 18G  34C  34G 18C

Fig. 1 Effects of GPA treatment and age on (A) body mass,
B quadriceps mass, and (C) adductor longus mass in 18- and
34-month-old rats. 18C, 18 months control; 18G, 18 months
GPA-treated; 34C, 34 months control; 34G, 34 months GPA-

treated. Black symbols denote control rats and gray symbols

18G

c
p=.0005 20181 p=.0383 p=.0137
. . @ | : . .
©
£ | ud'm
2 0.15 : oo 0
o (]
> 2ozl 0 =E T
* = Soo09] .
=}
O
. - 20061 — : : :
34C  34G 18C 118G 34C  34G

denote GPA-treated rats. Boxes represent data from 18-month-
old rats and circles denote 34-month-old rats. Whisker plots
denote mean and SEM. P values were calculated using Mann—
Whitney tests. N=9-10 per experimental group

@ Springer



560 GeroScience (2023) 45:555-567
A p=.0592 B p=.0095 C p=.0043
=.0274 - — — _
12000+ = p=.0274 80 p=.0190 p=.0173 104 p=0087 p=.0221

2 510000 +hr S 2

§ g100001 “F§* $2a5 2360 m S0 Mg o

5 E 8000- o 2% Cul 208+ 2

22 60004 8 S 40 = . G LT

2% 23 —e.q— 507 ==

32 4000 20 = o

yw o o 204 5 0.6

2000+ w2 s
0 , . r . O 0l : . . 051 — . . '
18C  18G 34C 34G 18C  18G 34C  34G 18C  18G  34C  34G

D p=.0022 E

. 300, P=0195 p=.0043 6. p=0079

25 2R

€% 200 2% 4 u T

58 83 . —I

5 2 -+ 22 == >

T 5 1004 2= us

0 Q S o 24 .

= © O Q

g 2 €5

O--ompmm—— T T 0 : . . i
18C  18G  34C  34G 18C  18G  34C  34G

Fig. 2 Effects of GPA treatment and age on rectus femo-
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Fig. 3 Effects of GPA treatment and age on rectus femoris
muscle fiber morphology. A Fiber cross-sectional area, B fiber
circularity, C fiber minimum Feret diameter. 18C, 18 months
control; 18G, 18 months GPA-treated; 34C, 34 months control;

18 and 34 months of age. Similarly, GPA treat-
ment increased deletion frequency in both mus-
cles. GPA treatment increased mtDNA dele-
tion frequency by 76% at 18 months and 185%
at 34 months in the quadriceps (Fig. 4C). In the
AL, GPA treatment increased mtDNA deletion
frequency by 53% at 18 months and 125% at
34 months (Fig. 4D).

We observed no effect of age or GPA treatment on
Complex II- or Complex [V-dependent respiration
in the quadriceps muscle (Fig. 5 and S3). Complex
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34G, 34 months GPA-treated. Whisker plots denote mean and
SEM. P values were calculated using Mann—Whitney tests.
N=6-9 per experimental group

I-dependent respiration decreased by 61.2% with age
and 27.1% with GPA treatment but only at 18 months.

Some effects of GPA treatment interacted with age
(Fig. 6), while other effects did not (Fig. S2). GPA
has a greater impact on fiber cross-sectional area,
minimum Feret diameter, oxygen consumption rate
(OCR), and quadriceps mass loss at 18 months than
at 34 months. At 34 months, GPA effects were greater
in adductor longus mtDNA copy number, mtDNA
deletion frequency in the quadriceps, ETC-deficient
fiber number, and fiber loss. In the adductor longus,
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Fig. 6 Divergent effects of GPA treatment in muscle on
18- and 34-month-old rats. Interactions plots of (A) fiber
cross-sectional area, B minimum Feret diameter, C Complex
I-related oxygen consumption rate, D quadriceps mass, E
adductor longus mtDNA copy number, F quadriceps mtDNA

quadriceps with delayed effects in the adductor lon-
gus. Similarly, mtDNA copy number and deletion fre-
quency responded to GPA treatment within 1 month.

Differential gene expression analyses from the
quadriceps showed four distinct clusters based on
age and treatment (Fig. 8A). The intersections of
these four DEG lists are visualized in an UpSet
plot [29] in Fig. 8B and DEG lists are in Table S1.
As the 34G rats have the highest abundance of
ETC abnormal fibers and mtDNA deletion muta-
tion frequency and based on the interaction plots
in Fig. 6, we considered the DEG list intersec-
tion of 34C versus 34G the most informative for
identifying genes that correlate with deletion fre-
quency, ETC fiber accumulation, and fiber loss.
Gene ontology analysis of the 34C/34G DEG
intersection showed pathway changes in proteo-
stasis, mitochondrial fission, autophagy, mito-
chondrial solute carriers, and muscle fiber devel-
opment (Table S2).
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deletion mutation frequency, G ETC-deficient fiber number, H
quadriceps fiber number. P values were generated with extra
sum of squares F-tests, Error bars are 95% confidence inter-
vals. Sample sizes are as listed in the previous figures for each
experimental group and outcome

The striking pathology induced by GPA in aging rats
prompted us to examine skeletal muscle tissue available
from a study of chronic GPA treatment in mice [26]. In
the mouse study, GPA was given as 3300 ppm in the diet
of UM-HET3 male mice starting at 6 months of age.
After 16 months of treatment in the 22-month-old mice,
chronic GPA had no effect on quadriceps mtDNA copy
number (Fig. 9A), and mtDNA deletion frequency was
lower (p=0.0561, Fig. 9B). By contrast GPA treatment
in aged rats increased quadriceps deletion mutation fre-
quency (Fig. 4C). Also, unlike GPA treatment in rats,
long-term GPA treatment at the 3300 ppm dose in male
UM-HET?3 mice had no effect on body weight (Fig. S5).

Discussion
We found that GPA has genotoxic and cytotoxic

effects on skeletal muscle with age in male rats. The
detrimental effects of GPA were pronounced in the
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tions for differentially expressed genes (DEG) sets are shown
in the UpSet plot. Each row corresponds to a DEG set. Each

quadriceps, which undergoes substantial age-induced
degeneration. In contrast, the detrimental effects
of GPA were muted in the adductor longus, which
exhibits resistance to aging. Reductions in mtDNA
copy number and dramatic increases in mtDNA

Months of treatment
(starting at 30mo)

Lines denote the best fit curves (linear except for E where they
are exponential growth). Symbols denote mean+SD. N=9-10
per experimental group

Intersection size

DEG Sets
34G/34C 799 I
18G/18C 1,391 ° I
18C/34C 4,045 I .
18G/34G 4,410 .

# of genes
with p <0.001

column corresponds to a possible intersection: filled-in cells
show which set is part of an intersection. 18C, 18 months con-
trol; 18G, 18 months GPA-treated; 34C, 34 months control;
34G, 34 months GPA-treated

deletion mutations demonstrate the pathogenic effects
of GPA on the mitochondrial genome. GPA is not a
known chemical mutagen; however, it does inhibit
creatine uptake and metabolism [30]. GPA alters
skeletal muscle fibers to promote the proliferation of
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diet) treatment on mtDNA copy number and deletion fre-
quency in male mouse quadriceps. All mouse quadriceps tis-
sues were obtained from the NIA ITP Collaborative Inter-
actions Program. 12C, 12 months control. 22C, 22 months

genotoxic mtDNA deletion mutations [18] Although
the mechanism remains unclear, the gene expression
data suggest the involvement of mitochondrial home-
ostasis and muscle fiber development.

We found pleiotropic effects of GPA on skeletal
muscles. While greatest in the 34-month-old rats,
there were similar, but less severe perturbations in
the 18-month-old rats. At the muscle fiber level, we
observed myopathic changes with greater numbers
of fibers containing high levels of mtDNA deletions
following GPA treatment. These deletion-containing
fibers lack the capacity for respiration and oxidative
phosphorylation, resulting in fiber death [31] GPA
treatment at old ages resulted in fiber loss. Together,
these outcomes suggests that GPA treatment pro-
motes mtDNA deletion mutation accumulation and
accelerates muscle aging at old ages, with lesser
effects at young ages.

Many of the main study outcomes have interaction
effects that must be considered to interpret the effects
of GPA treatment. For example, mtDNA copy num-
ber in the adductor longus is lower with age and with
GPA treatment, but the interaction plot clarifies that
GPA treatment exacerbates the age effects (Fig. 6E).
Examination of the interaction plots revealed two
categories, those outcomes the parameters where
GPA treatment exhibits greater effects on young rats
and those outcomes the parameters where GPA has
greater effects on aged rats. For fiber cross-sectional

@ Springer

Age (months) and treatment

control. 22G, 22 months GPA-treated. Samples were pooled
across ITP testing sites. A MtDNA copy and (B) MtDNA
mutation frequency. Whisker plot denotes mean=+SEM.
N=7-18 per experimental group

area, minimum Feret diameter, Complex I oxy-
gen consumption rate, and quadriceps mass, GPA
has greater effects at 18 months, but little apparent
effect at 34 months. A blunted effect on Complex I
at 30 months, when Complex I activity in muscle is
reduced, suggests that GPA-induced decreases may
be biologically limited at certain points. For adduc-
tor longus mtDNA copy number, quadriceps mtDNA
deletion frequency, ETC-deficient fiber number, and
quadriceps fiber number, GPA has far greater effects
at 34 months, as compared to 18 months. The more
profound effects in the adductor longus further dem-
onstrates the ability of GPA treatment to accelerate
some domains of skeletal muscle aging.

The current study builds on earlier investigations of
GPA by examining rodents of distinct ages and differ-
ent lengths of GPA treatment. The current data show
negative effects at 18 months, including a decline in
complex I-dependent respiration, an effect not previ-
ously reported for GPA. The appearance of genotoxic
and myopathic effects within a month of treatment in
aged rats argues against the safety of even short-term
treatments with GPA, particularly in aged mammals.
Gene expression studies show changes expected from
a treatment that impairs skeletal muscle energy flux,
but do not reveal specific mediators for the cellular
action of GPA at young or old age.

GPA treatment was noted to have some benefi-
cial metabolic effects, but these do not translate to
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increased lifespan. In skeletal muscle, GPA depletes
the phosphocreatine pool, causing an energy defi-
cit and a corresponding activation of AMP-activated
protein kinase (AMPK). The resulting beneficial
physiological effects of GPA include lower blood
glucose, lower blood insulin, and lower blood pres-
sure [8]. The energy deficit and physiological effects
were thought to mimic calorie restriction (CR), an
intervention known to extend rodent lifespan robustly.
Due to these similarities to CR, the National Insti-
tutes on Aging Intervention Testing Program (ITP)
examined the lifespan effects of GPA at a dose of
3300 ppm in the diet initiated at 6 months of age
in the HET3 mouse strain (Strong, Miller et al.).
There was no effect of this GPA regimen on mouse
lifespan. The response to lifelong GPA treatment in
mice differed greatly from our shorter treatments in
aged rats (Fig. 9) with limited effects on quadriceps
mtDNA copy number and lowered mtDNA deletion
frequency. This was surprising because shorter GPA
treatments in rats reduces copy number and increases
deletion mutation frequency in the quadriceps [32].

There are many possible explanations for the dif-
ferences between life-long and subacute GPA treat-
ment including the differing doses, ages of initiation,
and metabolic state of the muscles. The dose used in
the ITP was 3300 ppm in the food, which is 1/3 of the
dose we used. At this dose, the mice had no appre-
ciable weight loss (Fig. S3) demonstrating that GPA
treatment at 3300 ppm was not having similar physi-
ological effects as the 10,000 ppm dose in aged rats
used in this study. Young mice have greater resilience
to stressors and may better tolerate the energy deficit
caused by short-term GPA treatment. This youthful
compensation may negate the age-induced responses
to GPA. Many of the processes thought to be acti-
vated by GPA including mitochondrial function,
mitochondrial biogenesis, mitophagy, fission/fusion
decline with age [33], such that older rodents may
be ill-equipped to handle the energy deficit. GPA in
young rodents is a potent activator of AMPK, but this
is not observed in aged rodent muscle [5, 12]. Future
studies will examine short-term GPA treatment in
aged mice.

Limitations of our study include our focus on
male rates and glycolytic respiration. Data from
this rat strain are predominantly in males and the
female F344 x Brown Norway rats have a shorter
lifespan than the males [34], which limits the

generalizability to other rodents where females gen-
erally live longer. The lack of hybrid vigor in the
female rats of the F344 x Brown Norway F1 is not
widely appreciated as a possible confounder to the
use of females from this cross. A genetically hetero-
geneous rat strain analogous to the UM HET3 mice
may provide an improved model of rat aging that
addresses sex-specific hybrid vigor in the F344 x
Brown Norway F1 strain. We used substrates asso-
ciated with glycolytic respiration (e.g., NADH and
succinate), while GPA has been noted to modulate
fatty acid oxidation [5]. Our data showing mini-
mal GPA effects on glycolytic respiration may not
reflect the full scope of mitochondrial effects.

In summary, our data demonstrate mitochon-
drial and skeletal muscle damage by GPA in both
young and old rats. Together with the earlier reports
of GPA’s myopathic effects, the data suggest that
GPA use by older adults may result in irreversible
damage, which may warrant future testing. The pro-
posed benefits of GPA in older adults would not
seem to outweigh the potential risks. Future work
should examine the pleiotropic mitochondrial DNA
effects of other metabolic drugs preferentially used
in older adults.

Acknowledgements This material is the result of work sup-
ported with resources and the use of facilities at the Veter-
ans Administration Greater Los Angeles Healthcare System.
Mouse quadriceps tissues were provided by the NIA Interven-
tion Testing Program Collaborative Interactions Program.

Author contribution Study design and conception: AH and
JW. Experiments were performed by CK, AH, SC, and DG.
Gene expression analyses were performed by TM and JZ. Data
analysis by AH and JW. All authors contributed to writing and
revising the manuscript.

Funding This work is supported by the National Institutes
of Health grant numbers R56AG060880, RO1AG055518,
K02AG059847, R21AR072950, and UCLA CFAR grant num-
ber P30A1028697.

Data availability The data that support the findings of this
study are available from the corresponding author upon reason-
able request.

Declarations

Ethics approval This study was carried out in accordance
with the recommendations in the NIH Guide for Care and Use
of Laboratory Animals and the guidelines of the Canadian
Council on Animal Care. The protocols used were approved by

@ Springer



566

GeroScience (2023) 45:555-567

the Institutional Animal Care and Use Committees at the Uni-
versity of Alberta and UCLA.

Conflict of interest The authors declare no competing interests.

References

1. Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bitten-
court MS, Callaway CW, Carson AP, Chamberlain AM,
Cheng S, Delling FN, Elkind MSV, Evenson KR, Fergu-
son JF, Gupta DK, Khan SS, Kissela BM, Knutson KL,
Lee CD, Lewis TT, Liu J, Loop MS, Lutsey PL, Ma J,
Mackey J, Martin SS, Matchar DB, Mussolino ME, Nava-
neethan SD, Perak AM, Roth GA, Samad Z, Satou GM,
Schroeder EB, Shah SH, Shay CM, Stokes A, VanWag-
ner LB, Wang NY, Tsao CW, American Heart Association
Council on, C. Prevention Statistics and S. Stroke Sta-
tistics. Heart disease and stroke statistics-2021 update: a
report from the American Heart Association. Circulation.
2021;143(8):e254-743.

2. Karamat FA, Horjus DL, Haan YC, van der Woude L,
Schaap MC, Oudman I, van Montfrans GA, Nieuwland
R, Salomons GS, Clark JF, Brewster LM. The acute
effect of beta-guanidinopropionic acid versus creatine
or placebo in healthy men (ABC-Trial): a randomized
controlled first-in-human trial. Br J Clin Pharmacol.
2017;83(12):2626-35.

3. Meglasson MD, Wilson JM, Yu JH, Robinson DD, Wyse
BM, de Souza CJ. Antihyperglycemic action of guanidi-
noalkanoic acids: 3-guanidinopropionic acid ameliorates
hyperglycemia in diabetic KKAy and C57BL6Job/ob mice
and increases glucose disappearance in rhesus monkeys. J
Pharmacol Exp Ther. 1993;266(3):1454-62.

4. Ross TT, Overton JD, Houmard KF, Kinsey ST. beta-GPA treat-
ment leads to elevated basal metabolic rate and enhanced
hypoxic exercise tolerance in mice. Physiol Rep. 2017;5(5).

5. Dorigatti JD, Thyne KM, Ginsburg BC, Salmon AB.
Beta-guanidinopropionic acid has age-specific effects
on markers of health and function in mice. Geroscience.
2021;43(3):1497-511.

6. Fitch CD, Jellinek M, Mueller EJ. Experimental depletion
of creatine and phosphocreatine from skeletal muscle. J
Biol Chem. 1974;249(4):1060-3.

7. Fitch CD, Shields RP, Payne WF, Dacus JM. Creatine
metabolism in skeletal muscle. 3. Specificity of the cre-
atine entry process. J Biol Chem. 1968;243(8):2024-7.

8. Oudman I, Clark JF, Brewster LM. The effect of the
creatine analogue beta-guanidinopropionic acid on
energy metabolism: a systematic review. PLoS One.
2013;8(1):e52879.

9. Shields RP, Whitehair CK. Muscle creatine: in vivo deple-
tion by feeding beta-guanidinopropionic acid. Can J Bio-
chem. 1973;51(7):1046-9.

10. De Tata V, Cavallini G, Pollera M, Gori Z, Bergamini E.
The induction of mitochondrial myopathy in the rat by
feeding beta-guanidinopropionic acid and the reversibil-
ity of the induced mitochondrial lesions: a biochemical

@ Springer

11.

12.

13.

14.

16.

17.

18.

20.

21.

22.

and ultrastructural investigation. Int J Exp Pathol.
1993;74(5):501-9.

Gori Z, De Tata V, Pollera M, Bergamini E. Mitochon-
drial myopathy in rats fed with a diet containing beta-
guanidine propionic acid, an inhibitor of creatine entry in
muscle cells. Br J Exp Pathol. 1988;69(5):639-50.
Reznick RM, Zong H, Li J, Morino K, Moore IK, Yu
HJ, Liu ZX, Dong J, Mustard KJ, Hawley SA, Befroy
D, Pypaert M, Hardie DG, Young LH, Shulman GI.
Aging-associated reductions in AMP-activated protein
kinase activity and mitochondrial biogenesis. Cell Metab.
2007;5(2):151-6.

Wanagat J, Cao Z, Pathare P, Aiken JM. Mitochondrial
DNA deletion mutations colocalize with segmental elec-
tron transport system abnormalities, muscle fiber atro-
phy, fiber splitting, and oxidative damage in sarcopenia.
FASEB J. 2001;15(2):322-32.

Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer
K, Wohlgemuth SE, Hofer T, Seo AY, Sullivan R,
Jobling WA, Morrow JD, Van Remmen H, Sedivy JM,
Yamasoba T, Tanokura M, Weindruch R, Leeuwenburgh
C, Prolla TA. Mitochondrial DNA mutations, oxida-
tive stress, and apoptosis in mammalian aging. Science.
2005;309(5733):481-4.

. Herbst A, Johnson CJ, Hynes K, McKenzie D, Aiken JM.

Mitochondrial biogenesis drives a vicious cycle of meta-
bolic insufficiency and mitochondrial DNA deletion muta-
tion accumulation in aged rat skeletal muscle fibers. PLoS
One. 2013;8(3):e59006.

Herbst A, Lee CC, Vandiver AR, Aiken JM, McKenzie
D, Hoang A, Allison D, Liu N, Wanagat J. Mitochon-
drial DNA deletion mutations increase exponentially
with age in human skeletal muscle. Aging Clin Exp Res.
2020;33(7):1811-20.

Herbst A, Ness A, Johnson CJ, McKenzie D, Aiken JM.
Transcriptomic responses to prion disease in rats. BMC
Genomics. 2015;16:682.

Herbst A, Wanagat J, Cheema N, Widjaja K, McKen-
zie D, Aiken JM. Latent mitochondrial DNA deletion
mutations drive muscle fiber loss at old age. Aging Cell.
2016;15(6):1132-9.

Bua EA, McKiernan SH, Wanagat J, McKenzie D,
Aiken JM. Mitochondrial abnormalities are more fre-
quent in muscles undergoing sarcopenia. J Appl Physiol.
2002;92(6):2617-24.

Herbst A, Widjaja K, Nguy B, Lushaj EB, Moore TM,
Hevener AL, McKenzie D, Aiken JM, Wanagat J. Digi-
tal PCR quantitation of muscle mitochondrial DNA: age,
fiber type, and mutation-induced changes. J Gerontol A
Biol Sci Med Sci. 2017;72(10):1327-33.

Cesari M, Kritchevsky SB, Newman AB, Simonsick
EM, Harris TB, Penninx BW, Brach JS, Tylavsky FA,
Satterfield S, Bauer DC, Rubin SM, Visser M, Pahor
M, Health A, Body Composition S. Added value of
physical performance measures in predicting adverse
health-related events: results from the Health, Aging
And Body Composition Study. J Am Geriatr Soc.
2009;57(2):251-9.

den Ouden ME, Schuurmans MJ, Arts IE, van der Schouw
YT. Physical performance -characteristics related to



GeroScience (2023) 45:555-567

567

23.

24.

25.

26.

217.

28.

disability in older persons: a systematic review. Maturitas.
2011;69(3):208-19.

den Ouden ME, Schuurmans MJ, Brand JS, Arts IE,
Mueller-Schotte S, van der Schouw YT. Physical func-
tioning is related to both an impaired physical ability and
ADL disability: a ten year follow-up study in middle-aged
and older persons. Maturitas. 2013;74(1):89-94.

Mayhew AlJ, Griffith LE, Gilsing A, Beauchamp MK,
Kuspinar A, Raina P. The Association Between Self-
Reported and Performance-Based Physical Function With
Activities of Daily Living Disability in the Canadian Lon-
gitudinal Study on Aging. J Gerontol A Biol Sci Med Sci.
2020;75(1):147-54.

Shea CA, Ward RE, Welch SA, Kiely DK, Goldstein
R, Bean JF. Inability to Perform the Repeated Chair
Stand Task Predicts Fall-Related Injury in Older
Primary Care Patients. Am J Phys Med Rehabil.
2018;97(6):426-32.

Strong R, Miller RA, Bogue M, Fernandez E, Javors MA,
Libert S, Marinez PA, Murphy MP, Musi N, Nelson JF,
Petrascheck M, Reifsnyder P, Richardson A, Salmon AB,
Macchiarini F, Harrison DE. Rapamycin-mediated mouse
lifespan extension: late-life dosage regimes with sex-spe-
cific effects. Aging Cell. 2020;19(11):e13269.

Lushaj EB, Johnson JK, McKenzie D, Aiken JM.
Sarcopenia accelerates at advanced ages in Fisher
344xBrown Norway rats. J Gerontol A Biol Sci Med Sci.
2008;63(9):921-7.

Acin-Perez R, Benador IY, Petcherski A, Veliova M,
Benavides GA, Lagarrigue S, Caudal A, Vergnes L,
Murphy AN, Karamanlidis G, Tian R, Reue K, Wanagat
J, Sacks H, Amati F, Darley-Usmar VM, Liesa M, Diva-
karuni AS, Stiles L, Shirihai OS. A novel approach to
measure mitochondrial respiration in frozen biological
samples. EMBO J. 2020;39(13):e104073.

29.

30.

31.

32.

33.

34.

Lex A, Gehlenborg N, Strobelt H, Vuillemot R, Pfister H.
UpSet: visualization of intersecting sets. IEEE Trans Vis-
ual Comput Graphics. 2014;20(12):1983-92.

Daly MM, Seifter S. Uptake of creatine by cultured cells.
Arch Biochem Biophys. 1980;203(1):317-24.

Cheema N, Herbst A, McKenzie D, Aiken JM. Apopto-
sis and necrosis mediate skeletal muscle fiber loss in age-
induced mitochondrial enzymatic abnormalities. Aging
Cell. 2015;14(6):1085-93.

Herbst A, Prior SJ, Lee CC, Aiken JM, McKenzie D,
Hoang A, Liu N, Chen X, Xun P, Allison DB, Wanagat
J. Skeletal muscle mitochondrial DNA copy number and
mitochondrial DNA deletion mutation frequency as pre-
dictors of physical performance in older men and women.
Geroscience. 2021.

Sun N, Youle RJ, Finkel T. The mitochondrial basis of
aging. Mol Cell. 2016;61(5):654—66.

Turturro A, Witt WW, Lewis S, Hass BS, Lipman RD,
Hart RW. Growth curves and survival characteristics of
the animals used in the Biomarkers of Aging Program. J
Gerontol A Biol Sci Med Sci. 1999;54(11):B492-501.

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor holds exclusive rights to this
article under a publishing agreement with the author(s) or other
rightsholder(s); author self-archiving of the accepted manuscript
version of this article is solely governed by the terms of such
publishing agreement and applicable law.

@ Springer



	Age- and time-dependent mitochondrial genotoxic and myopathic effects of beta-guanidinopropionic acid, a creatine analog, on rodent skeletal muscles
	Abstract 
	Introduction
	Materials and methods
	Animals and GPA treatments
	Tissue collection and preparation
	Histochemical and immunohistochemical staining
	Image analysis, counts, and quantitation
	DNA isolation and quality control
	MtDNA copy number and mtDNA deletion frequency by digital PCR
	RNAseq
	Respirometry assay on frozen tissue samples
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References


