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G E N E R A L A R T I C L E

Dimethyl fumarate dose-dependently increases
mitochondrial gene expression and function in
muscle and brain of Friedreich’s ataxia model mice
Chun Kiu Hui, Elena N. Dedkova, Claire Montgomery and Gino Cortopassi*

Department of Molecular Biosciences, School of Veterinary Medicine, University of California, Davis, CA 95616,
USA
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Abstract

Previously we showed that dimethyl fumarate (DMF) dose-dependently increased mitochondrial gene expression and
function in cells and might be considered as a therapeutic for inherited mitochondrial disease, including Friedreich’s ataxia
(FA). Here we tested DMF’s ability to dose-dependently increase mitochondrial function, mitochondrial gene expression
(frataxin and cytochrome oxidase protein) and mitochondrial copy number in C57BL6 wild-type mice and the FXNKD mouse
model of FA. We first dosed DMF at 0–320 mg/kg in C57BL6 mice and observed significant toxicity above 160 mg/kg orally,
defining the maximum tolerated dose. Oral dosing of C57BL6 mice in the range 0–160 mg/kg identified a maximum increase
in aconitase activity and mitochondrial gene expression in brain and quadriceps at 110 mg/kg DMF, thus defining the
maximum effective dose (MED). The MED of DMF in mice overlaps the currently approved human-equivalent doses of DMF
prescribed for multiple sclerosis (480 mg/day) and psoriasis (720 mg/day). In the FXNKD mouse model of FA, which has a
doxycycline-induced deficit of frataxin protein, we observed significant decreases of multiple mitochondrial parameters,
including deficits in brain mitochondrial Complex 2, Complex 4 and aconitase activity, supporting the idea that frataxin
deficiency reduces mitochondrial gene expression, mitochondrial functions and biogenesis. About 110 mg/kg of oral DMF
rescued these enzyme activities in brain and rescued frataxin and cytochrome oxidase expression in brain, cerebellum and
quadriceps muscle of the FXNKD mouse model. Taken together, these results support the idea of using fumarate-based
molecules to treat FA or other mitochondrial diseases.

Introduction
Friedreich’s ataxia (FA) is a lethal inherited neurodegenerative
disorder which affect every 1 in 50 000 in the USA and currently
has no approved therapy (1–3). FA is caused by inheritance
GAA(n) nucleotide expansions in the intron of frataxin gene,
causing a silencing and thus reduced expression of the mito-
chondrial frataxin protein (4). Thus, all comorbid consequences
of Friedreich’s are the result of deficient frataxin expression.
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Common symptoms of FA include ataxia with areflexia (5–7),
cardiomyopathy (8–10), impaired hearing and verbal communi-
cation (11–13), diabetes (14,15) and scoliosis (16). Frataxin is a
23 kDa mitochondrial protein localized at the inner mitochon-
drial membrane and functionally rescues the sulfur transfer pro-
cess of iron–sulfur cluster biogenesis (17). Although the complete
pathophysiological cascade downstream of frataxin deficiency is
not completely elucidated, recent publications suggest that one
consequence of frataxin deficiency is a defect in mitochondrial
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biogenesis (18,19), and this impairment of mitochondrial bio-
genesis could lead to the severe signs of Friedreich’s described
above.

Because all consequences of FA are ultimately the result of
deficient frataxin expression, increasing frataxin expression by
small molecules or gene therapy or other methods is a major
therapeutic strategy for treating the disease. In addition, we have
previously shown that decreased frataxin expression impairs
mitochondrial biogenesis in cells, mice and FA patient whole
blood (18). Therefore, we hypothesize that the pathophysiology
of FA patients is the outcome of impair mitochondrial biogen-
esis and activity due to frataxin deficiency. Thus, finding a
drug-like molecule that can increase frataxin should result in
increasing mitochondrial function and activity and could have a
therapeutic impact.

We previously screened 1600 FDA-approved drug library
in a search for potential mitochondrial protector and FA
therapeutics, and have identified dimethyl fumarate (DMF),
a fumaric acid derivative approved for treating multiple
sclerosis and psoriasis, as the most promising drug since
DMF dose-dependently protected mitochondria in a cell-based
assay (20,21). In addition, DMF dose-dependently increase
in mitochondrial biogenesis and frataxin expression in cells
(22,23). MMF, DMF’s major metabolite, is thought to exert its
mitochondria-activating effect through a ‘dual agonism’ of Nrf2
and Hca2 receptor (24). In this study, we dosed DMF orally in
both C57BL6 wildtype mice and a doxycycline-induced FXNKD
mouse to identify the optimal oral dosage of DMF and to verify
the therapeutic potential of DMF at the optimal dosage in mice.
We believe that this study serves as an important starting
point for developing DMF into first potential FA therapeutic in
human.

Results
I.P. dosage of DMF dose-dependently increases frataxin
and mitochondrial protein expression in normal C57Bl6
mice

We first performed an intraperitoneal injection (I.P.) of DMF on
normal C57Bl6 mice to investigate the pharmacodynamic effect
of DMF and to identify the optimal oral dosage of DMF in mouse.
Our first I.P. dosing was done 0–320 mg/kg DMF, and mortality
was observed at 160 and 320 mg/kg (Fig. 1A). In addition, we
observed an abnormality in the livers from all the mice dosed
with 320 mg/kg DMF, e.g. the observable white spots on the liver
(Fig. 1A), whereas neither occurred in mice dosed with 80 mg/kg
of DMF (Fig. 1A and B). Since toxicity is observed at DMF dosage
above 160 mg/kg, we repeated I.P. dosing of DMF on C57Bl6
mice with a lower dosage range up to 160 mg/kg. Mouse liver
lysate was collected and assayed for the expression of both
frataxin and cytochrome oxidase 4 (Cox4). The measurement
demonstrated a significant and approximately 3-fold increase in
frataxin and 2.5-fold increase of Cox4, respectively at 80 mg/kg
(Fig. 1C and D). Frataxin expression continue to increase (∼5-
fold increase) with 160 mg/kg DMF dosage, however expression
was variable among biological replicates as indicated by the
standard error of mean as compared with those at 80 mg/kg
(Fig. 1C). Also, the increased Cox4 expression was diminished at
160 mg/kg DMF dosage (Fig. 1C and D). Combined with the earlier
observable liver toxicity and lethality, we concluded that DMF
dosed at 160 mg/kg or high is toxic to mice and the optimum
effective dose for increasing frataxin expression is between 80
and 160 mg/kg.

DMF raises mitochondrial function and protein
expression in brain

Although I.P. injection of DMF on C57Bl6 mice created a
promising result, oral administration is still the most relevant
and common route of drug administration in humans (25). As
a result, we repeated the dosing on C57Bl6 mice by feeding
the mice peanut butter mixed with DMF at indicated dose.
We first investigated the DMF effects in the mice’s brains after
DMF dosing as brain is target tissue for this neurodegenerative
disease like FA (26). Aconitase activity is of special interest
downstream of frataxin expression for multiple reasons which
will be discussed later. Brains from the C57BL6 mice dosed
with DMF were used to perform a quantitative measurement
on aconitase activity, and the results indicated a significant
(P < 0.05, 1-tailed t-test) and mean 1.12-fold increase in aconitase
activity within the brain from mice dosed with 80 mg/kg
DMF comparing to vehicle (Fig. 2A). By contrast, there is no
increase on mitochondrial copy number in C57Bl6 mice brain
after DMF dosage, suggesting that the increase in aconitase
activity was not due to the increase in mitochondrial biogenesis
(Fig. 2B). To examine whether mitochondrial protein expression,
including frataxin, increased after DMF dosing, western blot
analysis was used to determine the expression of frataxin
and cytochrome c oxidase-4 (Cox4) (Fig. 2C–E). Two weeks of
oral DMF dose-dependently and significantly increased both
frataxin and Cox4 expression in the brain of C57Bl6 mice, with
frataxin increased by 1.8-fold (P < 0.001) and Cox4 increased
by 4-fold (P < 0.001) at 80 mg/kg DMF (Fig. 2C and D). Overall,
oral-dosed DMF raised protein expression of mitochondrial
frataxin and Cox4, as well as mitochondrial aconitase activity
in brain, a target tissue of Friedreich’s pathophysiology. As we
did not observe an increased mitochondrial copy number in
these samples, the increases in mitochondrial function and
gene expression are better explained by a hypothesis of ‘mito-
chondrial activation’ rather than increased mitochondrial copy
number.

Oral DMF raises mitochondrial function and protein
expression in quadricep muscles

Because muscle weakness is important in FA, we investigated
DMF’s impact on quadricep muscles mitochondrial function and
gene expression (27,28). Two weeks oral DMF orally raised quadri-
ceps aconitase activity significantly with a mean 216% increase
(P < 0.01) at 80 mg/kg (Fig. 3A). Similarly to the brain result we did
not observe an increase in mitochondrial copy number (Fig. 3B).
Two weeks of DMF dose-dependently appeared to increase
mitochondrial frataxin and Cox4, by a mean ∼1.65-fold increase
in frataxin and ∼1.15-fold increase in Cox4 at 80 mg/kg, but these
were not statistically significant (Fig. 3C and D). Expression of
both proteins appeared to increase at 160 mg/kg, but the P-
values were trending (P < 0.06) and not strictly significant at
the 1/20 cutoff (Fig. 3C and D). We also performed an additional
oral dosing on C57Bl6 mice at 110 mg/kg, a dosage which we
hypothesized to be the most effective and safe DMF dosage on
mice, and lysate of quadricep muscles was used to determine
the change of expression for frataxin and mitochondrial
protein cytochrome C (CytoC) using quantitative Jess Western
analysis. Jess Western showed a significant 2.8-fold increase
in frataxin (P < 0.05) (Fig. 3F, black bar) and a 3.3-fold increase
in CytoC expression (P < 0.01) (Fig. 3F, gray bar). Thus, DMF
dose-dependently and significantly increased mitochondrial
function and protein expression in mouse quadricep muscles.
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Figure 1. Identifying optimal IP dosage of DMF in mice. C57Bl6 mice were dosed with ascending dosage of DMF via I.P. for 2 weeks, and liver tissues were collected and

analyzed as described above. Percentage of animal death (A) and percentage of mice with observable liver abnormality (B) were recorded on the day of scarification. For

(A), bars are showing the percent deaths of animals observed throughout the course of dosing. For (B), bars are showing the percent of animals with observable liver

abnormality on the day of scarification, N for each group: Vehicle = 6; 80 mg/kg = 7; 160 mg/kg = 8; 320 mg/kg = 8. I.P. dosing of DMF was repeated on C57Bl6 mice at a

lower dosage to avoid toxicity as described. Liver were collected after dosing and tissue lysate were prepared as described in method. Lysate were used for western blot

analysis and the fold change response of frataxin (C), cytochrome c oxidase 4 (D) and gel image (E) were showed. Bars are showing the average fold change normalized

to vehicle, error bars are representing SEM; N for each group: Vehicle = 6; 10 mg/kg = 4; 20 mg/kg = 4; 40 mg/kg = 4; 80 mg/kg = 5; 160 mg/kg = 5; P-value were calculated

using 2-tail t test, ∗= P < 0.05; ∗∗ = P < 0.01; ∗∗∗ = P < 0.001.

As in brain, these quadriceps increase appear to result from
‘mitochondrial activation’, i.e. increased mitochondrial gene
expression and function with the same number of mitochondrial
genomes.

FXNKD mice have decreased mitochondrial protein
expression and functions, rescued by oral DMF

DMF at its apparent optimal dose of 110 mg/kg was dosed
3 weeks in the FXNKD mice, a recently developed ‘more
physiological’ model of Friedreich’s (29). After dosing with

doxycycline to deplete them of frataxin, mice were sacrificed,
and brains extracted to analyze mitochondrial function.
Doxycycline-exposed FXNKD mice exhibited significant deficits
in mitochondrial Complex II (P < 0.05) and Complex IV activity
(P < 0.05) when compared either to FXNKD without doxycycline
treatment (Fig. 4A and B). About 110 mg/kg of DMF dosing
to these dox-treated FXNKD mice significantly raised mito-
chondrial Complex II activity by mean 460% (P < 0.0001) and
raised Complex IV activity 60% (P < 0.00001) compared with
DMF-untreated FXNKDs after doxycycline treatment (Fig. 4A
and B).
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Figure 2. Orally dosed DMF dose-dependently improved mitochondrial protein expression and mitochondrial activity in brains from C57Bl6 mice. C57Bl6 mice were

dosed with ascending dosage of DMF orally by mixing DMF powder with peanut butter for 2 weeks as described in method. Whole brain was isolated from mice and

tissue lysate were prepared for experiments as described above. Quantitative measurement on aconitase activity in mice brain was showed in (A). Bars are showing

the average fold change of aconitase activity normalized to vehicle, error bars are representing SEM. qPCR analysis of mitochondrial DNA copy number over nuclear

DNA copy number (mito8.9–9.1/actin) in mice brain was showed in (B). Bars are showing the average fold change of mitoDNA/nuclearDNA normalized to vehicle, error

bars are representing SEM. For (A) and (B), N = 6 for each group. Western blot analysis was done on the tissue lysate, and fold-change response of frataxin expression

(C), cytochrome c oxidase 4 (D) and western gel image (E) were showed. For (C) and (D), bars are showing the average fold change, error bars are representing SEM, N = 6

for each group, P-value were calculated using 2-tail t test, ∗ = P < 0.05; ∗∗ = P < 0.01; ∗∗∗ = P < 0.001.

FXNKD mice dosed with doxycycline to deplete frataxin an
apparent mean ∼15% decrease in mitochondrial aconitase activ-
ity, but not statistically significant. Additional administration
of 110 mg/kg DMF significantly increased the brain mitochon-
drial aconitase by mean 15% (P < 0.001) (Fig. 4C). In contrast to
results obtained from C57BL6 mice, mitochondrial copy number
appeared to decline in the doxycycline-treated FXNKD brains,
but not statistically significant (Fig. 4D). DMF administration
significantly raised mitochondrial copy number by a mean 27%

(P < 0.01) comparing with DMF-untreated FXNKDs after doxycy-
cline treatment (Fig. 4D). Thus, while DMF activated mitochon-
drial function and gene expression but not copy number in the
healthy C57BL6 mice, DMF did increase the activities of mito-
chondrial Complexes 2, 4 and aconitase as well as mitochondrial
copy number in the FXNKD mice.

Jess Western analysis was performed to quantify mitochon-
drial protein expression in the brain, cerebellum and quadriceps
muscles collected from FXNKD mice. In the doxycycline-dosed
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Figure 3. Orally dosed DMF dose-dependently improved mitochondrial protein expression and mitochondrial activity in quadriceps muscle from C57Bl6 mice. C57Bl6

mice were dosed with ascending dosage of DMF orally by mixing DMF powder with peanut butter for 2 weeks as described in method. Left and right quadriceps

muscle was isolated from mice and tissue lysate were prepared for experiments as described above. Quantitative measurement on aconitase activity in mice quadricep

muscle was showed in (A). Bars are showing the average fold change of aconitase activity normalized to vehicle, error bars are representing SEM. qPCR analysis of

mitochondrial DNA copy number over nuclear DNA copy number (mito8.9–9.1/actin) in mice quadricep muscle was showed in (B). Bars are showing the average fold

change of mitoDNA/nuclearDNA normalized to vehicle, error bars are representing SEM. Western blot analysis was done on the tissue lysate, and fold-change response

of frataxin expression (C), cytochrome c oxidase 4 (D) and Western gel image (E) were showed. For (A) to (D), bars are showing the average fold change normalized to

vehicle, error bars are representing SEM, N = 6 for each group, P-value were calculated using 2-tail t test, ∗ = P < 0.05; ∗∗ = P < 0.01; ∗∗∗ = P < 0.001. Additional DMF dosing

at 110 mg/kg experiment orally mixed with peanut butter was done. Jess Western analysis was done on quadricep muscle lysate, and fold-change response of frataxin

(white bar) and cytochrome c oxidase (gray bar) (F) and gel image (G) were showed, bars are showing the average fold change normalized to vehicle, error bars are

representing SEM. N = 6 for each group, P-value were calculated using 2-tail t test, ∗ = P < 0.05; ∗∗ = P < 0.01; ∗∗∗= P < 0.001.
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Figure 4. Inducible FA mouse demonstrated a decrease in mitochondrial activity, which was rescued by orally dosage of DMF. Inducible FXNKD mice were provided by Dr

Vijayendran Chandran and doxycycline +/− DMF mixed with peanut was provided to animals as described above. Quantitative measurement on brain’s mitochondrial

Complex II (A) and Complex IV (B) activity in FXNKD vehicle (Black bar), FXNKD with doxycycline treatment (Light gray bar), and FXNKD with doxycycline and DMF

treatment (Dark gray bar) were showed. Bars are showing the average fold change of Complex II or IV activity in FXNKD mice’s brain normalized to vehicle, error bars

are representing SEM. Quantitative measurement on aconitase activity in FXNKD mice brain was showed in (C). Bars are showing the average fold change of aconitase

activity normalized to vehicle, error bars are representing SEM. qPCR analysis of mitochondrial DNA copy number over nuclear DNA copy number (mt-ND1/actin) in

FXNKD mice brain was showed in (D). Bars are showing the average fold change of mitoDNA/nuclearDNA of three individual qPCR experiment replicates normalized

to vehicle, error bars are representing SEM. N = 6 for each group, P-value were calculated using 2-tail t test, ∗= P < 0.05; ∗∗= P < 0.01; ∗∗∗ = P < 0.001.

and frataxin depleted mice, frataxin and CytoC expression were
significantly decreased in brain (P < 0.01, P < 0.0001), cerebellum
(P < 0.00001, P < 0.00001) and quadricep muscle (N.S., P < 0.01)
(Fig. 5A–C). These deficits in mitochondrial protein expression
were significantly rescued by 110 mg/kg of DMF in brain and
cerebellum (P < 0.05), and also in quadricep muscle (P = 0.16,
P = 0.09) (Fig. 5A and B). Thus, frataxin depletion by doxycycline
depleted mitochondrial protein expression in brain, cerebellum
and quadriceps, and significantly decreased aconitase activity in
brain, and 110 mg/kg DMF rescued these.

Discussion
Friedreich’s Ataxia and frataxin and the MTD and MED
of dimethyl fumarate in C57BL6 mice

FA is a lethal inherited neurodegenerative disease with no
approved therapy (31,32). The only cause of Friedreich’s is
deficient frataxin expression usually 5–15% residual of normal

wildtype (4,33). Frataxin supports iron–sulfur cluster assembly
and mitochondrial biogenesis (17,18,34). Because frataxin
deficiency is the only cause of FA, restoring frataxin is a major
‘upstream’ therapeutic strategy for FA treatment (Fig. 6). DMF is
a fumaric acid derivative approved for the treatment multiple
sclerosis. Previously we demonstrated that DMF requires both
HCA2 and Nrf2 to elicit increased expression of TFAM, the single
most important mitochondrial biogenesis factor (22). While
we had previously shown that DMF increases mitochondrial
function and gene expression in vitro (22,23), we did not know
the dose-dependence of this induction in vivo, and this is of
substantial importance for any mitochondrial therapeutic. So
in this study the major questions to be addressed were: (1)
how high can DMF be dosed before toxicity is observed, i.e.
what is the maximum tolerated dose (MTD)? and (2) What is
the maximal effective dose (MED) for maximal mitochondrial
response in Friedreich’s-relevant tissues—e.g. brain and muscle?
Both questions were asked and answered in this study.
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Figure 5. Inducible FA mouse demonstrated a decrease in mitochondrial protein expression, which was rescued by orally dosage of DMF. Jess Western analysis was

done on FXNKD mice’s brain (left), cerebellum (middle) and quadricep muscle lysate (right), and fold change response of frataxin (A), cytochrome c oxidase (B) and gel

image (C) were showed. For (A) and (B), bars are showing the average fold change of two individual Jess Western experiment with N = 4 normalized to vehicle, error bars

are representing SEM, P-value were calculated using 2-tail t test, ∗ = P < 0.05; ∗∗ = P < 0.01; ∗∗∗ = P < 0.001.

Identification of the safety profile and maximum
tolerated dose

As shown in Fig. 1, it was clear that 160 mg/kg I.P. was the
MTD because a single lethal event occurred, i.e. 1/8. And at
the higher dose 320 mg/kg I.P., 2/8 mortalities occurred, and
8/8 mice had obvious liver pathology. The pattern of results
could be explained by hepatotoxicity resulting in lethality,
as does occur in cirrhosis in which mitochondrial factors

and frataxin are implicated (35,36). We also note that the
variability in the liver mitochondrial gene expression data
at DMF doses 160 mg/kg and above become quite variable,
which could potentially be explained by mosaic liver damage
affecting some hepatocytes and not others. Thus, we conclude
the MTD of DMF I.P. in C57BL6 mice is 160 mg/kg, and
we researched DMF’s efficacy only up to that dose and no
higher.
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Figure 6. A schematic of the potential mechanisms of frataxin expression-targeted FA treatment by DMF. Genetic mutation on frataxin gene with addition of GAA

trinucleotides repeats on the intron was known to be a main reason of causing FA. In a normal individual, there is no mutation on the frataxin gene, resulting in

a normal frataxin expression and thus leading to normal mitochondrial activity (A). In a FA patient, GAA trinucleotides repeats are added to the frataxin gene via

genetic mutation, causing a reduction of frataxin expression. This lower iron–sulfur cluster accumulation within mitochondria and will result in an overall decrease

in mitochondrial activity (B). Based on our results, DMF should rescue this situation. DMF was found to be activating transcription factors like Nrf2 and HCA2, which

can be a mechanism in which resulting in the increase in frataxin expression as showed in our results. By increasing the frataxin expression, DMF can upregulate the

level of frataxin in FA patient, resulting in an increase mitochondrial activity, and rescuing the FA phenotype (C).

DMF dose-dependently increases mitochondrial
frataxin and mitochondrial cytochrome oxidase gene
expression

We observed DMF dose-dependently increases mitochondrial
proteins frataxin and cytochrome oxidase in both brain and
quadricep muscle of C57Bl6 mice after 2 weeks orally dosed
DMF, with maximal effectiveness at 80 and 110 mg/kg (Figs 2
and 3). Friedreich’s pathology preferentially affects brain and
muscle as target tissues (26,28). Therefore, observing an increase
in mitochondrial frataxin expression (the cause of FA), and mito-
chondrial cytochrome oxidase expression supports the idea that
DMF is increasing mitochondrial gene expression in target tis-
sues relevant to FA, and that the MED for this is in the range of
80–110 mg/kg.

DMF dose-dependently increases functional aconitase
activity

The simple increase in mitochondrial gene expression does not
necessarily mean that mitochondria are more functional, that
requires independent measurements of mitochondrial function.
We functionally assayed aconitase activity for two reasons. First,
aconitase is a Kreb’s cycle enzyme and thus a surrogate for
mitochondrial activity (37). Second, aconitase contains a four-
iron four-sulfur iron–sulfur cluster with a labile iron, and thus
aconitase is often used as a surrogate activity for frataxin’s only
physiologically proven role, i.e. iron–sulfur cluster biogenesis
(38). Thus the inference is, when frataxin is low, aconitase activ-
ity will be low, and conversely, a rise in frataxin expression will
cause increased aconitase activity (38). Since we observe DMF
causes a dose-dependent increase in brain and muscle aconitase
activity, this could be the result of increased frataxin expression
or overall mitochondrial gene expression, or both. In addition,

frataxin and Cytochrome C gene expression rose significantly
in C57BL6 quadriceps muscle dosed at 110 mg/kg DMF orally,
supporting the idea that the MED for DMF in this tissue is
between 80 and 110 mg/kg. Taken together, our efficacy studies
support that the MED for DMF in brain and muscle of C57BL6
mice is ∼110 mg/kg, and this is below the 160 mg/kg MTD. Since
DMF is a drug dosed in humans for multiple sclerosis (Biogen’s
Tecfidera) and for psoriasis (Almirall’s Skilarence), we calculated
what the MED human-equivalent dose of DMF would be. Because
mice metabolize drugs 12-fold faster than humans, one converts
Human Equivalent Dose = Mouse Equivalent Dose/12. Thus, the
MED of DMF in humans to raise frataxin and mitochondrial
function is 110 mg/kg/12 = 9 mg/kg. For a 50-kilo teenager with
Friedreich’s, this would be 9 x 50 = 450 mg/day DMF. The maximal
dosage of DMF, under the name of Tecfidera which is approved
in USA for multiple sclerosis, is 480 mg/day, so this is within
the approved dosage of DMF in human. And in Europe, DMF
under the name of Skilarence is approved for psoriasis up to
720 mg/day. So, the human-equivalent doses, inferred from the
mouse MED, overlap those dosages of DMF that are already given
to humans, with acceptable toxicity.

Doxycycline-inducible FA mouse had reduced
mitochondrial protein expression, mitochondrial
activity and mitochondrial copy number, which were
rescued by oral dosing of DMF

We dosed DMF orally in the FA mouse model FXNKD mouse
which was characterized previously (29). Mitochondrial protein
expression and enzyme activities went down in FXNKD as a
consequence of doxycycline administration, consistent with the
reduced mitochondrial gene expression we and others observe
in FA cells, mice and humans (18,19). All these mitochondrial
deficits were abolished and reversed in FXNKD dosed with
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110 mg/kg DMF as shown (Figs 4 and 5). These results support the
idea that DMF is therapeutic in the context of a mitochondrial
deficit, as have been demonstrated in FA (18,19).

Interestingly, mitochondrial copy number decreased in brains
from FXNKD after doxycycline treatment and was significantly
rescued by 110 mg/kg DMF dosage. (Fig. 4D). This was different
from what we observed in C57BL6 mice, as we did not obtain
any increase in mitochondrial copy number in neither brain
nor quadricep muscle from C57BL6 mice after DMF dosage
(Figs 2 and 3). We have a hypothesis to explain the difference
synthesized from the three following facts. First, the main
difference between C57Bl6 mice and the FXNKD mice made
on the C57Bl6 genetic background is deficiency of a single gene,
frataxin, Second, the knockdown of a single frataxin gene by
siRNA causes a mitochondrial biogenesis defect after 3 days
(18). Third, DMF increases frataxin, as shown multiple times in
this study. We put these three facts together into a hypothesis,
FXNKD → decrease frataxin → decrease in mitochondrial
biogenesis. And then conversely, in FXNKD, with a decreased
mitochondrial biogenesis, DMF → increase frataxin → increase
mitochondrial protein expression → increase mitochondrial
activity → increase mitochondrial biogenesis. Said another way,
while DMF can increase mitochondrial gene expression and
activity in C57BL6 mice, there is no defect in mitochondrial
biogenesis to rescue. However, once frataxin is deficient in
the FXNKD mouse there is an obvious defect in mitochondrial
biogenesis, and that can be rescued by the frataxin-promoting
and mitochondrial function-promoting DMF. Because DMF
is rescuing frataxin expression, other mitochondrial gene
expression, and mitochondrial function in important target
tissues of the FXNKD mouse, we believe this demonstrates
therapeutic potential of DMF for human FA.

Previously, in one, single experiment the C57Bl6 mouse
model dosed with 20 mg/kg/day I.P. carried out in 2016, we
observed a significant increase in mtDNA/nDNA ratio, signifying
an increased mitochondrial copy number per cell in brain and
muscle (22). By contrast, in the current series of five independent
dose-dependence experiments with a minimum of 4 mice per
dose group over 2 years utilizing 120 mice, dosing DMF in
the C57Bl6 mice orally from 10 to 160 mg/kg/day, we did not
observe a significant increase in mtDNA/nDNA at any dose.
A trivial explanation of the apparent conflict in the two sets
of observations is that the single experiment done in 2016
was I.P., thus the DMF drug avoided first-pass metabolism and
degradation by the liver and was thus more active than the
orally administered DMF shown here. Another explanation is
that the mitocopy experiments done in 2016 on 10 mice reached
the incorrect conclusion, which we believe is superceded by
the five sets of experiments shown here in 120 C57Bl/6 mice.
In C57Bl/6 mice, we find that DMF dose-dependently induces
the expression of multiple mitochondrial genes, and also dose
dependently induces mitochondrial enzyme aconitase activity
in brain and heart, but in C57Bl/6 mice dosed orally with DMF
from 10 to 160mpk we do not find an increase in mtDNA/nDNA.
However, in the FXNKD mice in which there is a depletion
of frataxin and a significantly decreased mitochondrial copy
number, we see that orally 110mpk DMF significantly rescues
this, as well as frataxin expression, and mitochondrial function
as assayed by mitochondrial aconitase, Complex 2 and Complex
4 assays. Thus, while orally dosed DMF is not able to increase
mitochondrial copy number at any non-toxic concentration in
C57BL6 mice, in the FXNKD mice with depleted frataxin, there
is a significant decrease in mtDNA/nDNA ratios in brain, and
a significant rescue by 110 mg/kg orally dosed DMF. One ad hoc

hypothesis to explain the available data is that fumarate is able
to rescue sub-physiological mtDNA/nDNA levels (as in the case
of FXNKD mice), but not physiological levels of mtDNA/nDNA as
in the case of the C57BL/6 mice.

The data presented here show that DMF induces mitochon-
drial frataxin gene expression in the context of the FXN KD
mouse, in which frataxin is reduced through a doxycyline-driven
frataxin siRNA. Thus, it is a formal possibility that DMF could
work through inhibition of doxycycline’s suppression of frataxin,
but we find this possibility unlikely for the following reasons.
First, DMF induces frataxin expression dose dependently in FA
patient lymphoblasts, and there is no doxycycline or siRNA in
that system (30). Second, DMF induces multiple mitochondrial
gene expression and mitochondrial function by Seahorse in
normal human fibroblasts, with no complicating doxycycline
or siRNA in that system (22). Thirdly, DMF induces frataxin
and mitochondrial gene expression and copy number in
Friedreich’s patient fibroblasts, in brain of the YG8 mouse model
of Friedreich’s, and in the circulating white blood cells of MS
patients dosed with DMF, with no complicating doxycycline
or siRNA in any of those systems (23). Lastly, the chemical
structures of DMF and doxycycline are quite different, as are
the structures of their receptors. Thus, while it is a formal
possibility that the stimulation of frataxin expression could
occur by an artifactual interaction of DMF with gut permeability
of doxycycline or through ‘blocking’ doxycycline’s activity,
we consider this is very unlikely in light of the data stated
above.

As the FXNKD is a unique model in which doxycycline
induces a frataxin-specific inhibitory RNA, it is a reasonable
question to ask, how is this siRNA-mediated inhibition of
frataxin overcome by DMF in FXNKD mice? While we do
not have explicit data on this mechanism, one can interpret
our previous published findings to explain the DMF effect
on frataxin in the following way. First, DMF causes more
transcriptional starts at frataxin’s transcriptional start site
(TSS) as shown previously (23). The shRNA construct reduces
the amount of frataxin protein produced by binding to
frataxin transcripts with some efficiency to block translation.
By increasing frataxin transcriptional starts, there are more
frataxin transcripts, and if shRNA knockdown is less than
100% effective in the FXNKD mouse as shown previously (29),
then this ‘bulk effect’ should increase frataxin expression.
This will result in the beneficial effects on mitochondrial gene
expression and mitochondrial activities we observed in this
study.

To summarize, we (1) show the MTD of DMF I.P. in C57Bl6
mice is less than 160 mg/kg, and significant liver toxicity is
observed above that dose; (2) show the MED of oral DMF is
80 < x < 160 mg/kg, and we observe that 110 mg/kg appears
to be a ‘sweet spot’ of dosing for maximal effectiveness and
limited toxicity; (3) at the MED, DMF increased frataxin and
cytochrome oxidase gene expression and aconitase functional
activity in target tissues brain and muscle of C57Bl6 mice; (4)
at the MED, DMF increased frataxin and cytochrome oxidase
gene expression and aconitase functional activity, as well
as mitochondrial biogenesis, in important target tissues of
brain and muscle of the FXNKD mouse model of FA and
(5) the human dose equivalent of the MED mouse dose of
110 mg/kg calculates to 9 mg/kg, which up to a 60 kg human
completely overlaps the maximal daily dose 720 mg/day that
DMF is currently allowed in humans. These data tend to
support the use of DMF in FA and other pediatric mitochondrial
diseases.
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Materials and Methods
Animals

Animals were housed and bred in animal facility in the Depart-
ment of Nutrition at the University of California, Davis, and
were maintained on a 12-h light–dark cycle. All experimental
protocols were approved and supervised by the University of
California Davis Institutional Animal Care and Use Committee.

About 3–6 months old C57Bl6 mice were equally separated
and assigned to different group as indicated and were treated
with either vehicle or DMF via different route of administra-
tion. For I.P., DMF powder (Sigma Aldrich, St Louis, MO) was
dissolved in sterile PBS containing 400 mg/ml captisol (Ligand
Technologies, San Diego, CA) to indicated concentration. Mice
were received an injection of 200 μl vehicle solution or solu-
tion with DMF at indicated concentration once per day for a
total of 14 days. IP protocol was approved and supervised by
University of California Davis Institutional Animal Care and Use
Committee. Mice were sacrificed at day 15, tissues were collected
and freeze in liquid nitrogen for future experiments. For oral
dosing, DMF powder was added to peanut butter to reach the
indicated drug concentration and the product was mixed until
homogenize. Mice were fed with 200 μl of plain peanut butter
or peanut butter mixed with DMF once per day for total of
14 days. Mice were sacrificed at day 15, tissues were collected
and freeze in liquid nitrogen for future experiments. For testing
the therapeutic effects of DMF on FA animal models, inducible
FA mouse model ‘FXNKD’ mouse were created and bred by Dr
Vijayendran Chandran and mating pairs were received as gift,
FXNKD mouse was characterized and described previously (29).
About 3–5 months old FXNKD mice were equally separated and
assigned to indicated groups. To induce FA phenotype, FXNKD
mice were receiving 625 ppm of doxycycline mixed in chow diet
for total of 18 weeks. At week 16 after the doxycycline chow diet
started, mice were receiving additional 200 μl of plain peanut
butter or peanut butter mixed with 110 mg/kg of DMF once per
day for the reminding of the experiment. Mice were sacrificed at
week 18, tissues were collected and freeze in liquid nitrogen for
future experiments.

Western blotting analysis

Frozen tissues were cut on a frozen surface and 5 mg of chopped
tissues were collected. Total protein was isolated with ice-cold
CellLytic MT Cell Lysis Reagent (Sigma Aldrich. St Louis, MO)
containing 1 tablet of PhosSTOP phosphatase inhibitor and
Complete EDTA-free mini protease inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN). Briefly, 200 μl of CellLytic MT Cell
Lysis Reagent with phosphatase inhibitor and protease inhibitor
was added to 5 mg of chopped tissues, and tissues were grinded
until homogenized using a manual grinder. Tissue homogenates
were then spin at 4◦C for 10 min; at the speed of 5000 rpm
for liver, heart and quadricep muscle; 10 000 rpm for brain
and cerebellum. Top fat layer and pellet were avoided, and the
middle tissue lysate was collected. Protein concentration was
determined by Bradford assay (BioRad Laboratories, Hercules,
CA) and 20 mg of protein per line were loaded and resolved
by SDS-PAGE using NuPAGE Bis-Tris Gels and the NuPAGE LDS
Sample Buffer (Invitrogen Inc.) following the manufacturer
instructions. Results were then transferred to nitrocellulose
membrane and blocked with Odyssey Blocking Buffer (Li-
Cor Biosciences), followed by hybridization with indicated
primary antibodies at the dilution of 1:1000: rabbit monoclonal
anti-frataxin (gift from Dr Franco Taroni), mouse monoclonal

anti-Cytochrome C (Santa Cruz Biotechnology, Dallas, TX),
mouse monoclonal anti-Cytochrome C oxidase IV (COXIV)
(Cell Signaling Technology, Danvers, MA); mouse monoclonal
anti-α-tubulin (Sigma Aldrich, St Louis, MO) at 1:2000 dilution
was used as internal control. Membrane were developed with
infrared IR-dye 700CW and 800CW labeled secondary antibodies
at a dilution of 1:15 000 (Li-Cor). Blots were scanned on Li-
Cor Odyssey infrared imaging instrument and results were
quantified and analyzed using Odyssey 2.1 software.

Protein Simple Jess Western analysis

Protein expressions were also determined using Protein Simple
Jess Western instrument (San Jose, CA). Tissue lysates were pre-
pared as described above. About 6 μl of 2 mg/ml protein simple
were mixed with 5x fluorescent master mix (Protein Simple) to
achieve a finial concentration of 1x master mix buffer according
to manufacturer’s instructions. Samples were then denatured
at 95◦C for 5 min. All materials and solutions were added onto
the assay plate purchased from protein simple except primary
antibodies. About 10 μl of antibody diluent, protein normalizing
reagent, primary antibodies, secondary antibodies, chemilumi-
nescent substrates, 3 μl of sample and 500 μl of wash buffer were
prepared and dispensed into the assay plate. Assay plate was
loaded into the instrument and protein was separated within
individual capillaries. Protein detection and digital images were
collected and analyzed with Compass software (Protein Simple)
and data were reported as area under the peak, which repre-
senting the intensity of the signal. For primary antibody, rabbit
monoclonal anti-frataxin (gift from Dr Franco Taroni), mouse
monoclonal anti-Cytochrome C (Santa Cruz Biotechnology,
Dallas, TX), mouse monoclonal anti-Cytochrome C oxidase
IV (COXIV) (Cell Signaling Technology, Danvers, MA) were
used at 1:100 dilution, and is mixed with mouse monoclonal
anti-α-tubulin (Sigma Aldrich, St Louis, MO) at 1:250 dilution.
For secondary antibody, anti-mouse NIR and anti-rabbit HRP
secondary antibodies from Protein Simple were used.

DNA and RNA extraction

Total DNA was extracted from chopped mouse tissues using
DNeasy blood and tissue kit (Qiagen, Valencia, CA). Extraction
was done via following manufacturer’s protocols. Concentration
of DNA extracted was quantified using NanoDrop 2000c Spec-
trophotometer (Thermo Scientific, Waltham, MA). Total RNA was
extracted from chopped mouse tissues using RNeasy plus mini
kit (Qiagen, Valencia, CA). For brain and cerebellum, RNA was
extracted using ENeasy Lipid Tissue mini kit to maximize yield
from fatty tissues (Qiagen, Valencia, CA). Extraction was done via
following manufacturers’ protocols. Concentration and quality
of RNA were quantified using NanoDrop 2000c Spectrophotome-
ter (Thermo Scientific, Waltham, MA).

Quantitative RT-PCR

cDNA was synthesized from mRNA in C1000 Touch Thermal
Cycler (Bio-Rad Laboratories, Hercules, CA) using iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA), as instructed
by manufacturer. qPCR was performed on the DNA and syn-
thesized cDNA using a SensiFAST SYBR No-ROX kit (Bioline,
Taunton, MA) in a Roche Lightcycler 480 (Roche Diagnostics,
Indianapolis, IN). Cycle threshold was determined using a sec-
ond derivative of the amplification curve, and the data were
analyzed by converting the CT values to relative DNA/cDNA
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concentration using a standard curve measurement. Primers
sets used in the qPCR are listed below (5′ —> 3′′): mouse mito8.9:
CATGATCTAGGAGGCTGCTGACCTC; mouse mito 9.1: CGTTTAC-
CTTCTATAAGGCTATGA; mouse mt-ND1 F: TCCGAGCATCTTATC-
CACGC; mouse mt-ND1 R: GTATGGTGGTACTCCCGCTG; mouse
β-actin F: TGGAACGGTGAAGGCGACAGCAGTTG; mouse β-actin
R: GTGGCTTTTGGGAGGGTGAGGGACTT.

Quantification of oxygen consumption in DMF-treated
animals by seahorse XF analyzer

C57Bl6 mice were dosed with DMF in peanut butter at indicated
concentration for 2 weeks, dosing protocol were described above.
Mice were sacrificed after dosing and indicated tissues were
retained and homogenized in sterile mitochondrial isolation
medium, receipt provided by Agilent (Santa Clara, CA), using a
manual glass Teflon Homogenizer (Thomas Scientific, Swedes-
boro, NJ). Mitochondria was isolated out from the homogenized
tissues following the mitochondrial isolation protocol specif-
ically for seahorse analysis provided by Agilent (Santa Clara,
CA). Protein concentration of the mitochondrial extracts were
measured using Bradford assay (BioRad Laboratories, Hercules,
CA), and 100 μg of the mitochondrial extracts were loaded onto
a 24-well seahorse tissue culture plate (Agilent, Santa Clara, CA).
Extracts were incubated with 450 μl of seahorse assay medium
(Agilent, Santa Clara, CA) mixed with 5.5 mM of succinate and
2.2 μM of rotenone at 37◦C for 10 min to stimulate basal mito-
chondrial respiration. Seahorse tissue culture plates were then
assayed using a Seahorse XF-24 (Agilent, Santa Clara, CA). In
brief, tissues’ mitochondrial extracts after incubation were pre-
equilibrated for 20 min, oxygen consumption rate and proton
production rate were recorded with the Seahorse XF-24after
sequential addition of ADP (2 μM), oligomycin (2 μM), FCCP (4 μM)
and antimycin A (4 μM) (Sigma-Aldrich. St. Louis, MO, USA). Total
protein in each well was measured and protein concentration
was used to normalize the readings.

Statistical analysis

All statistical analysis was performed with Excel Statistical Data
Analysis Tool package 2007. Unless indicated otherwise, P-values
were determined with 2-tails t-test.

Supplementary Material
Supplementary Material is available at HMG online.
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