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Abstract
Duchenne	muscular	dystrophy	 (DMD)	 is	an	 intractable	genetic	disease	associ-
ated	 with	 progressive	 skeletal	 muscle	 weakness	 and	 degeneration.	 Recently,	 it	
was	 reported	 that	 intraperitoneal	 injections	 of	 ketone	 bodies	 partially	 amelio-
rated	 muscular	 dystrophy	 by	 increasing	 satellite	 cell	 (SC)	 proliferation.	 Here,	
we	 evaluated	 whether	 a	 ketogenic	 diet	 (KD)	 with	 medium-	chain	 triglycerides	
(MCT-	KD)	could	alter	genetically	mutated	DMD	in	model	rats.	We	found	that	
the	MCT-	KD	significantly	increased	muscle	strength	and	fiber	diameter	in	these	
rats.	 The	 MCT-	KD	 significantly	 suppressed	 the	 key	 features	 of	 DMD,	 namely,	
muscle	 necrosis,	 inflammation,	 and	 subsequent	 fibrosis.	 Immunocytochemical	
analysis	 revealed	 that	 the	 MCT-	KD	 promoted	 the	 proliferation	 of	 muscle	 SCs,	
suggesting	enhanced	muscle	regeneration.	The	muscle	strength	of	DMD	model	
rats	fed	with	MCT-	KD	was	significantly	improved	even	at	the	age	of	9 months.	
Our	findings	suggested	that	the	MCT-	KD	ameliorates	muscular	dystrophy	by	in-
hibiting	myonecrosis	and	promoting	the	proliferation	of	muscle	SCs.	As	far	as	we	
can	ascertain,	this	is	the	first	study	to	apply	a	functional	diet	as	therapy	for	DMD	
in	experimental	animals.	Further	studies	are	needed	to	elucidate	the	underlying	
mechanisms	of	the	MCT-	KD-	induced	improvement	of	DMD.
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1 	 | 	 INTRODUCTION

Duchenne	 muscular	 dystrophy	 (DMD)	 causes	 progres-
sive	 muscle	 weakness	 and	 atrophy	 due	 to	 mutations	 in	
the	DMD	gene	encoding	dystrophin,	a	component	of	the	
dystrophin-	glycoprotein	complex	(DGC)	that	connects	the	
cytoskeleton	to	the	basal	lamina.1	Defects	in	DGC	lead	to	
fragile	cell	membranes,	causing	an	influx	of	extracellular	
fluid	and	components,	especially	calcium.	Abnormal	cal-
cium	 levels	 in	 myofibers	 cause	 muscle	 contraction2	 and	
increased	proteolysis,	resulting	in	persistent	degeneration	
and	 muscle	 cell	 destruction.	 Continued	 muscle	 degen-
eration/necrosis	 leads	 to	 chronic	 inflammation,	 and	 the	
replacement	 of	 muscle	 with	 fibrous	 and	 adipose	 tissues	
causes	progressive	muscle	weakness.3	Patients	with	DMD	
usually	 require	 a	 wheelchair	 by	 the	 ages	 of	 8–	14  years	
and	succumb	to	respiratory	and	heart	failure.4	The	main	
genetic	 and	 pharmaceutical	 approaches	 to	 DMD	 are	 re-
spectively	aimed	at	increasing	dystrophin	expression,	pro-
moting	 muscle	 regeneration,	 protection,	 and	 mass,	 and	
activating	dystrophin	compensatory	mechanisms.	Genetic	
therapies	such	as	exon	skipping	have	recently	been	inves-
tigated.	However,	the	delivery,	effects	and	the	safety	of	ge-
netic	therapies	are	suboptimal,	indicating	a	need	for	other	
mono-		or	combination	therapies.5

Skeletal	muscle	regeneration	depends	on	the	properties	
of	satellite	cells	(SCs),	which	are	adult	stem	cells	of	skele-
tal	muscle,	and	their	environment	(stem	cell	niche).6,7	SCs	
reside	 between	 the	 basal	 lamina	 and	 muscle	 membrane	
and	are	quiescent	 in	normal	adult	muscle,	but	damaged	
muscle	fibers	activate	SC	proliferation.	SCs	are	constantly	
activated	 in	 DMD	 due	 to	 chronic	 muscle	 degeneration,	
leading	to	depletion	of	the	stem	cell	pool	of	SCs	and	conse-
quently	impaired	muscle	regeneration.8	SCs	are	therefore	
an	important	target	of	DMD	treatment.	However,	despite	
advances	in	cell	transplantation	therapy,	this	approach	is	
still	under	development	due	to	problems	associated	with	
the	effects	of	transplanted	cells,	their	engraftment	in	mus-
cle,	 and	 the	 need	 for	 systemic	 injection.9,10	 Therefore,	
therapies	using	regulators	are	needed	that	can	control	SC	
functions	such	as	activation,	proliferation,	differentiation,	
and	self-	renewal.11,12

High-	fat,	 low-	carbohydrate,	 moderate-	protein	 keto-
genic	 diets	 (KDs)	 promote	 the	 production	 of	 acetoace-
tate,	 beta-	hydroxybutyrate,	 and	 acetone	 (ketone	 bodies)	
by	 shifting	 energy	 production	 from	 glucose	 to	 ketone	
bodies.13	Ketone	bodies	that	are	produced	in	the	liver	are	
released	 into	 the	 bloodstream,	 and	 serve	 as	 peripheral	

energy	sources	for	various	organs,	particularly	the	skeletal	
muscle	and	brain,	under	conditions	of	starvation	and	lim-
ited	carbohydrate	availability	(including	that	imposed	by	
a	KD),	as	well	as	the	neonatal	period.14	KDs	have	proven	
effective	for	treating	refractory	epilepsy,	and	growing	ev-
idence	 supports	 their	 beneficial	 effects	 in	 diet-	sensitive	
disorders	such	as	Alzheimer	disease,15	cancer,16	and	dia-
betes.17	Ketone	bodies	can	enhance	muscle	regeneration	
by	inducing	the	proliferation	of	muscle	SCs,	and	daily	in-
traperitoneal	injections	of	ketone	bodies	partially	amelio-
rate	 symptoms	 in	 mouse	 models	 of	 DMD	 (mdx	 mice).18	
Therefore,	 a	 KD	 that	 promotes	 ketone	 body	 production	
should	 improve	 muscle	 regenerative	 capacity.	 However,	
treating	 skeletal	 muscle	 diseases	 with	 a	 KD	 has	 the	 dis-
advantage	 of	 causing	 muscle	 atrophy.19,20	This	 might	 be	
associated	 with	 the	 “classic”	 or	 “standard”	 KD	 usually	
requiring	a	3:1	 to	4:1	weight	ratio	of	 fat	 to	non-	fat	mac-
ronutrients,	and	extremely	low	amounts	of	carbohydrates	
and	protein	to	increase	blood	ketone	levels.	Carbohydrates	
inhibit	the	activity	of	enzymes	that	degrade	amino	acids	
in	the	liver,	resulting	in	a	protein	sparing	effect,21	whereas	
extreme	 low-	carbohydrate	diets	eliminate	 this	effect	and	
cause	muscle	catabolism.22	In	addition,	a	decrease	in	pro-
tein	intake	beyond	the	appropriate	range	leads	to	a	loss	of	
muscle	mass	and	strength.23	A	medium-	chain	triglyceride	
(MCT)	KD	was	developed	during	the	1970s	as	an	alterna-
tive	to	the	classical	diet.24	Unlike	long-	chain	triglycerides	
(LCTs),	MCTs	do	not	require	micelle	formation	with	bile	
acids,	are	readily	absorbed	into	capillaries	in	the	intestinal	
tract,	 flow	 directly	 into	 the	 portal	 vein	 without	 forming	
chylomicrons,	and	are	rapidly	converted	to	ketone	bodies	
in	the	liver.	Therefore,	a	KD	containing	MCT	(MCT-	KD)	
seems	to	contain	sufficient	protein	and	carbohydrates	 to	
prevent	 muscle	 catabolism,	 because	 the	 MCTs	 increase	
blood	ketone	levels	more	efficiently	than	LCTs.13

We	 speculated	 that	 an	 MCT-	KD	 would	 improve	 the	
DMD	 phenotype	 by	 inducing	 the	 activation	 of	 muscle	
SCs.	We	therefore	fed	an	MCT-	KD24	to	DMD	model	rats,25	
which	are	prevalent	animal	models	of	DMD.	Unlike	mdx	
mice,	DMD	rats	develop	severe	disease	phenotypes	such	
as	 skeletal	 muscle	 fibrosis	 and	 adipogenesis26,27	 that	 are	
representative	 of	 late	 stage	 DMD	 in	 humans.	Therefore,	
the	effects	of	MCT-	KD	on	late	stage	DMD	pathology	can	
be	investigated	in	these	rats.

We	 found	 that	 the	 MCT-	KD	 led	 to	 increased	 blood	
ketone	 levels,	 improved	 muscle	 function,	 and	 improved	
pathology	 and	 the	 characteristic	 parameters	 of	 necrosis,	
inflammation,	and	fibrosis	in	a	rat	model	of	DMD.	These	
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findings	showed	that	the	MCT-	KD	could	be	a	new	avenue	
for	preventing	or	treating	DMD.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals and diets

All	animal	experiments	conducted	herein	were	approved	
by	 the	 Institutional	 Animal	 Care	 and	 Use	 Committees	
at	 the	National	 Institute	of	Advanced	 Industrial	Science	
and	 Technology	 (AIST)	 (Permission	 No:	 2020-	358)	 and	
the	 University	 of	 Tokyo	 (Permission	 No:	 P20-	012)	 and	
complied	with	the	guidelines	for	animal	experiments	pub-
lished	by	AIST	and	the	University	of	Tokyo.

Established	 rat	 models	 of	 DMD25	 were	 maintained	 by	
crossing	 female	 rats	 with	 a	 heterozygous	 mutation	 in	 the	
Dmd	gene	(XDmdX),	with	wild-	type	(WT)	male	rats.	We	ran-
domly	assigned	newborn	DMD	male	rats	and	their	WT	litter-
mates	to	receive	a	normal	(ND),	or	an	MCT-	KD	diet	(Tables 1	
and	2)	from	3 weeks	of	age	for	32 weeks.	The	ND	group	was	
pair-	fed	with	the	MCT-	KD	based	on	daily	caloric	 intake	in	
a	short-	term	experiment	(individually	caged)	(Figures 1–	4),	
and	the	others	were	fed	with	either	the	ND	or	MCT-	KD	ad	

libitum	in	a	long-	term	experiment	(2–	4	rats/cage)	(Figure 5).	
The	MCT-	KD	had	a	ratio	of	fat	weight	to	carbohydrate	plus	
protein	 weight	 (ketogenic	 ratio;	 KR)	 of	 1.95	 for	 the	 first	
10 days	followed	by	1.43	for	the	remainder	of	the	rearing	pe-
riod.	The	rats	were	maintained	at	23°C	under	a	12-	h	light/
dark	cycle	(lights	on	at	8:00),	and	water	was	supplied	ad	li-
bitum.	Food	 intake	was	measured	daily,	 and	 the	 rats	were	
weighed	weekly.	The	caloric	contents	were	387.7,	615.6,	and	
584.8 kcal/100 g	for	ND,	and	MCT-	KD	with	KRs	of	1.95,	and	
1.43,	respectively.	The	ratios	(%)	of	calories	derived	from	fat,	
carbohydrate,	and	protein	were	9.5%,	77.5%,	and	13.0%,	re-
spectively,	 for	ND,	82.3%,	10.4%,	and	7.3%,	respectively,	 for	
MCT-	KD	with	a	KR	of	1.95,	and	77.15%,	10.4%,	and	12.45%,	
respectively,	for	MCT-	KD	with	a	KR	of	1.43.	The	DMD	rats	
fed	 with	 ND	 or	 MCT-	KD	 were	 fasted	 for	 12  h	 from	 20:00	
followed	by	feeding	for	60 min	at	the	age	of	10 weeks.	The	
tibialis	anterior	(TA),	soleus	muscles	and	epididymal	white	
adipose	 tissues	 (eWAT)	 dissected	 from	 sacrificed	 rats	 were	
weighed,	and	the	TA	was	frozen	in	liquid	nitrogen.

2.2	 |	 Measurement of ketone bodies and 
glucose in plasma

Blood	was	sampled	from	rat	tail	veins,	then	blood	ketone	
bodies	(β-	hydroxybutyrate	and	acetoacetate)	and	glucose	
concentrations	 were	 measured	 using	 Precision	 Exceed	
kits	(Abbott	Laboratories,	Chicago,	IL,	USA).

2.3	 |	 Grip test

Forelimb	muscle	strength	was	measured	as	grip	strength27	
using	 a	 dynamometer	 (GPM-	101B;	 Melquest,	 Toyama,	
Japan).	The	rats	grasped	a	T-	shaped	rod	connected	to	the	
dynamometer,	 their	 tails	 were	 pulled	 backwards,	 then	

T A B L E  1 	 Diet	composition

Ingredients (g/kg)
AIN 
93M

MCT- KD 
(1.95)

MCT- KD 
(1.43)

Casein 140 125.4 119.2

L-	Cystine 1.8 1.6 1.5

Corn	starch 495.7 127 120.7

Maltodextrin	10 125 0 0

Sucrose 106.7 15.6 15.1

Cellulose,	BW200 50 0 0

Soybean	oil 40 10 9.5

Lard 0 164.7 156.4

t-	Butylhydroquinone 0.008 0.017 0.017

Mineral	mix	S10022C 3.5 5.6 5.3

Calcium	carbonate 12.5 17.3 16.4

Potassium	citrate,	1	H2O 0.98 1.6 1.5

Potassium,	phosphate,	
monobasic

8.8 14 13.3

Calcium	phosphate,	
dibasic

0 3.5 3.3

Sodium	chloride 2.6 3 2.9

Vitamin	mix	V10037 10 15.9 15.1

Choline	bitartrate 2.5 4.0 3.8

Quest	nutrition	MCT	oil	
(powder	form)

0 490.6 423.1

Casein	(Bulk	sports) 0 0 93.1

T A B L E  2 	 Ratios	of	energy	sources	in	experimental	diets

AIN 
93M

MCT- KD 
(1.95)

MCT- KD 
(1.43)

3.88 
(kcal/g)

6.16 
(kcal/g)

5.85 
(kcal/g)

Protein	(%	g) 12.36 11.10 18.06

Carbohydrate	(%	g) 74.70 17.47 16.59

Fat	(%	g) 4.00 55.58 49.44

Protein	(%	kcal) 13.0 7.3 12.5

Carbohydrate	(%	
kcal)

77.5 10.4 10.4

Fat	(%	kcal) 9.5 82.3 77.2

Ketogenic	ratioa	 0.05 1.95 1.43
a	Defined	as	ratio	of	fat	(g)	to	carbohydrate	plus	protein	(g).
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maximum	resistance	(muscle	strength)	was	averaged	from	
10	consecutive	measurements.

2.4	 |	 Histological and 
immunohistochemical analyses

Cryosections	(7 μm	thick)	of	tibialis	anterior	muscle	were	
fixed	 in	 4%	 paraformaldehyde	 for	 15  min	 at	 room	 tem-
perature	 then	 stained	 with	 hematoxylin	 and	 eosin	 (HE)	
and	Masson	trichrome,	and	immunostained	as	described	
below.

Albumin,	 CD11b	 and	 eMHC	 immunostaining:	
Nonspecific	 protein	 binding	 was	 blocked	 with	 5%	 goat	
serum	 in	 phosphate-	buffered	 saline	 (PBS)	 containing	 0.1%	
Triton	 (blocking	 buffer)	 and	 0.6%	 H2O2	 to	 quench	 endop-
eroxide	 activity.	The	 sections	 were	 incubated	 with	 the	 pri-
mary	antibodies	(listed	below)	for	2 h	at	room	temperature,	
washed	in	PBS,	and	incubated	with	Histofine	Simple	stain	
Rat	MAX-	PO	(Nichirei	Bioscience,	Tokyo,	Japan)	for	1 h	at	
room	 temperature.	 After	 the	 3,3-	diaminobenzidine	 (DAB)	
reaction,	nuclei	were	counterstained	with	hematoxylin.	All	
samples	were	visualized	using	a	BX51	 fluorescence	micro-
scope	(Olympus,	Tokyo,	Japan)	equipped	with	a	DP73	digital	
camera	(Olympus).

IgG	immunostaining:	Nonspecific	protein	binding	was	
blocked	with	5%	fetal	bovine	serum	in	phosphate-	buffered	
saline	 (PBS)	 containing	 0.1%	 Triton	 (blocking	 buffer).	

The	sections	were	 incubated	with	 laminin	primary	anti-
body	(listed	below)	for	2 h	at	room	temperature,	washed	
in	 PBS,	 the	 incubated	 with	 1:100-	diluted	 AlexaFluor-	
conjugated	secondary	goat	anti-	rabbit	IgG	(H + L)	F(ab′)2	
Fragment	 Alexa	 Fluor	 488	 (#4412;	 Cell	 signaling	 tech-
nology,	MT,	USA)	and	goat	anti-	rat	IgG	H&L	Alexa	Fluor	
647	 (ab150159;	 Abcam,	 Cambridge,	 UK)	 antibodies	 for	
1  h	 at	 room	 temperature.	 Nuclei	 were	 counterstained	
with	 Hoechst	 33258.	 All	 samples	 were	 visualized	 using	
a	BZ-	X810	all-	in-	one	 fluorescence	microscope	 (Keyence,	
Tokyo,	 Japan).	 Whole	 tibialis	 anterior	 muscle	 sections	
were	 photographed,	 and	 myonecrosis	 was	 quantified	 as	
ratios	(%)	of	IgG-	positive	to	total	fibers	counted	blindly	in	
photographs.

Pax7,	 MyoD	 and	 Ki67	 immunostaining:	 Nonspecific	
protein	 binding	 was	 blocked	 with	 5%	 donkey	 serum	 in	
phosphate-	buffered	 saline	 (PBS)	 containing	 0.1%	Triton	
(blocking	buffer).	The	sections	were	incubated	with	pri-
mary	antibodies	(listed	below)	overnight	at	4°C,	washed	
in	PBS,	followed	by	1:400-	diluted	AlexaFluor-	conjugated	
secondary	donkey	anti-	mouse	 IgG	(H + L)	Alexa	Fluor	
594	(1:400;	Jackson	Immuno	Research	Laboratories,	West	
Grove,	 PA,	 USA)	 and	 donkey	 anti-	rabbit	 IgG	 (H  +  L)	
Alexa	 Fluor	 488	 (1:400;	 Jackson	 Immuno	 Research	
Laboratories)	 antibodies	 for	 1  h	 at	 room	 temperature.	
Nuclei	 were	 counterstained	 with	 Hoechst	 33258.	 All	
samples	 were	 visualized	 using	 the	 BZ-	X810	 all-	in-	one	
fluorescence	microscope.	The	Pax7+,	MyoD+	and	Ki67+	

F I G U R E  1  Body	weight,	blood	
glucose	and	ketones	in	DMD	rats.	(A)	
Changes	in	weight	of	DMD	rats	fed	with	
ND	and	MCT-	KD.	(B,	C)	Fasting	and	
postprandial	(B)	blood	glucose	and	(C)	
blood	total	ketone	levels	after	7 weeks	
of	feeding	with	ND	or	MCT-	KD.	Data	
are	expressed	as	means ± SEM	and	
were	compared	by	two-	way	ANOVA	
followed	by	Tukey–	Kramer	multiple	
comparisons	tests	(ND:	n = 7,	MCT-	KD:	
n = 6).	Results	of	statistical	comparisons	
between	genotypes	at	indicated	ages	and	
conditions.	*p < .05;	**p < .01;	***p < .001

(A)

(B) (C)
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   | 5 of 13FUJIKURA et al.

cells	were	counted	blindly	in	5	randomly	selected	fields	at	
10	×	the	objective	of	a	fluorescence	microscope	(Keyence,	
Tokyo,	Japan).

The	following	primary	antibodies	were	obtained	from	
the	 respective	 suppliers:	 anti-	albumin	 (1:100,	 mouse,	
clone	 R-	Alb	 214A-	1;	 Takara	 Bio	 Inc,	 Otsu,	 Japan),	 anti-	
CD11b	 (1:100,	 mouse,	 clone	 OX-	42;	 BioLegend,	 San	
Diego,	CA,	USA),	anti-	eMHC	(1:100,	mouse,	clone	F1.652;	
Developmental	 Studies	 Hybridoma	 Bank,	 Iowa	 City,	 IA,	
USA),	 anti-	laminin	 (1:100,	 rabbit,	 L9393;	 Sigma-	Aldrich	
Corp.,	St.	Louis,	MO,	USA),	anti-	Pax7	(1:200,	mouse,	clone	
P3U1;	 Developmental	 Studies	 Hybridoma	 Bank),	 anti-	
MyoD	(1:200,	mouse,	clone	5.8A;	Novocastra,	Newcastle	
upon	 Tyne,	 UK),	 anti-	laminin	 (1:100,	 rabbit,	 L9393;	
Sigma-	Aldrich	Corp.,	St.	Louis,	MO,	USA),	and	anti-	Ki67	
(1:200,	rabbit,	ab16667;	Abcam,	Cambridge,	UK).

Myofiber	 size	 and	 Masson	 trichrome	 positive	 areas	
were	quantified	as	described.27

2.5	 |	 FACS analysis

Immune	 cell	 infiltration	 in	 the	 excised	 quadriceps	 and	
gastrocnemius	 muscles	 of	 euthanized	 rats	 fed	 with	 the	
KD	 and	 ND	 diets	 was	 evaluated	 using	 a	 FACSVerse™	
Flow	 Cytometer	 (BD	 Biosciences,	 San	 Jose,	 CA,	 USA).	
Quadriceps	 and	 gastrocnemius	 muscles	 were	 minced	
and	 digested	 for	 45  min	 in	 collagenase	 II	 (0.63  mg/ml,	
Sigma-	Aldrich	 Corp.),	 Dispase	 (0.32  mg/ml,	 Sigma-	
Aldrich	Corp.)	and	DNase	 I	 (5 mg/ml,	Sigma)	at	37°C.	
Digested	muscle	was	filtered	and	washed.	The	cells	were	
resuspended	in	40%	Percoll,	underlain	with	80%	Percoll,	

F I G U R E  2  Grip	strength,	muscle	
weight	and	fiber	diameter	in	DMD	rats.	
(A)	Muscle	strength	(grip	test)	of	DMD	
rats	after	9 weeks	of	ND	or	MCT-	KD	
feeding.	(B–	D)	Weight	of	tibialis	anterior	
(TA)	muscles	(B),	soleus	muscles	(C),	and	
epididymal	white	adipose	tissue	(eWAT;	
D)	relative	to	body	weight	of	DMD	rats	
after	9 weeks	of	feeding	with	ND	or	
MCT-	KD.	(E)	Representative	HE-	stained	
TA	muscle	sections	from	DMD	rats	after	
9 weeks	of	ND	or	MCT-	KD	feeding.	
Scale	bar = 100 μm.	(F)	Distribution	of	
minimal	Feret	diameter	of	11474	and	
8974	TA	muscle	fibers	from	DMD	rats	
after	9 weeks	of	ND	or	MCT-	KD	feeding,	
respectively.	Arrowheads,	median	
values.	(A–	D)	Results	are	expressed	as	
means ± SEM	and	were	compared	by	
unpaired	Student	t	tests.	(ND,	n = 7;	
MCT-	KD,	n = 6)	(F)	Data	were	compared	
by	Wilcoxon	rank	sum	tests.	*p < .05;	
**p < .01;	***p < .001
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6 of 13 |   FUJIKURA et al.

F I G U R E  3  Necrosis,	inflammation,	and	fibrosis	of	skeletal	muscle	in	DMD	rats.	(A,	B)	Representative	fluorescent	microscopy	images	
of	TA	muscle	sections	(A)	and	numbers	of	IgG-	positive	fibers	per	total	fibers	in	TA	muscle	sections	stained	with	IgG	(red),	laminin	(green)	
and	Hoechst	(blue)	(B).	Scale	bar,	200 μm.	(C)	Basal	serum	creatine	kinase	levels	of	DMD	rats	fed	with	ND	or	MCT-	KD	for	9 weeks.	(D)	
Immunohistochemical	analysis	of	CD11b	in	TA	muscle	sections	and	(E)	ratios	of	CD11b-	positive	fibers	per	total	fibers	in	TA	muscle	
sections	from	DMD	rats	fed	with	ND	or	MCT-	KD	for	9 weeks.	Scale	bar,	100 μm.	(F)	Numbers	of	Tregs	in	quadriceps	and	gastrocnemius	
muscles	determined	by	flow	cytometry	in	DMD	rats	fed	with	ND	or	MCT-	KD	for	9 weeks.	Expression	of	CD8	(cytotoxic	T	cell	marker),	
CD11b	(marker	of	monocytes,	macrophages,	NK	cells,	and	granulocytes),	CD4	(marker	of	helper	T	cells),	and	CD25	and	Foxp3	(regulatory	
T	cell	markers).	(G)	Relative	mRNA	levels	of	TGF- β1	in	DMD	rats	fed	with	ND	or	MCT-	KD	for	9 weeks	(normalized	by	Hprt).	(H)	Masson	
trichrome-	stained	TA	muscle	sections	and	(I)	positive	areas	per	total	area	of	TA	muscle	sections	from	DMD	rats	fed	with	ND	or	MCT-	KD	for	
9 weeks.	Scale	bar,	100 μm.	(B,	C,	E–	G,	I)	Data	are	expressed	as	means ± SEM;	ND,	n = 7;	MCT-	KD,	n = 6.	*p < .05;	**p < .01;	***p < .001	
(unpaired	Student	t	tests)
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   | 7 of 13FUJIKURA et al.

and	spun	for	20 min	at	2200 rpm	to	separate	the	leuko-
cyte	fraction.	The	interphase	containing	leukocytes	was	
collected,	 washed,	 and	 stained	 for	 analysis	 or	 sorting	
by	 flow	 cytometry.	 Cell	 suspensions	 were	 multiplex-	
labeled	 with	 CD8,	 PE;	 CD11b,	 PECy7;	 CD4,	 APC-	Cy7	

(1:100,	BioLegend);	Foxp3,	APC-	Cy7	(1:100,	eBioscience	
Inc,	 San	 Diego,	 CA,	 USA)	 and	 CD25,	 FITC	 (1:100,	 BD	
Biosciences).	 Dead	 cells	 were	 stained	 using	 Invitrogen	
LIVE/DEADTM	Fixable	Red	Dead	Cell	Stain	Kit	(Thermo	
Fisher	Scientific	Inc).

F I G U R E  4  Parameters	associated	with	regenerative	capacity	in	DMD	rats.	(A)	Immunohistochemical	findings	of	eMHC	in	TA	muscle	
sections	and	(B)	eMHC	positive	fibers	per	total	fibers	in	TA	muscle	sections	from	DMD	rats	fed	with	ND	or	MCT-	KD	for	9 weeks.	Scale	
bar,	40 μm.	(C–	G)	Immunohistochemical	analysis	of	Pax7,	MyoD	and	Ki67	in	TA	muscle	sections.	Representative	images	of	Pax7,	MyoD	
and	Ki67	positive	cells	(C).	Quantitation	of	Pax7+	(D)	and	MyoD+	(E)	cells	in	sections.	Ratios	(%)	of	Ki67+	cells	among	Pax7+	cells	(F)	and	
MyoD+	cells	(G).	(H)	Relative	mRNA	levels	of	FGF2	in	TA	muscles	of	DMD	rats	fed	with	ND	or	MCT-	KD	for	9 weeks	(normalized	by	Hprt).	
(B,	E,	F)	Data	are	expressed	as	means ± SEM	(ND,	n = 7;	MCT-	KD,	n = 6)	*p < .05;	**p < .01;	***p < .001	(unpaired	Student	t	tests)
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8 of 13 |   FUJIKURA et al.

2.6	 |	 Reverse transcription- PCR

Frozen	TA	muscles	were	disrupted	in	RNAiso	Plus	(Takara	
Bio	 Inc)	 using	 a	 Micro	 Smash	 MS-	100R	 (Tommy	 Seiko	
Co.,	 Ltd.,	 Tokyo,	 Japan),	 then	 total	 RNA	 was	 extracted.	

Contaminating	 DNA	 was	 removed,	 and	 cDNA	 was	 syn-
thesized	using	PrimeScript™	RT	Reagent	Kit	and	gDNA	
Eraser	 (Takara	 Bio	 Inc),	 respectively.	 Target	 amplicons	
were	generated	by	reverse	transcription-	PCR	with	an	an-
nealing	temperature	of	57°C	and	45	cycles	as	described19	

F I G U R E  5  Effects	of	long-	term	MCT-	KD	on	muscle	strength,	fiber	diameter,	and	fibrosis	in	DMD	rats	at	the	age	of	9 months.	(A)	Body	
weight	changes	in	WT	rats	fed	with	ND	and	DMD	rats	fed	with	ND	or	MCT-	KD	(1 month:	ND,	n = 4,	UD,	n = 8;	MCT-	KD,	n = 12;	WT,	
n = 5,	UD,	n = 5;	2 months:	ND,	n = 4,	UD,	n = 8;	MCT-	KD,	n = 12;	WT:	n = 5,	UD,	n = 5;	3-	4 months:	ND,	n = 12;	MCT-	KD,	n = 12;	WT,	
n = 10;	5–	9 months:	ND,	n = 11;	MCT-	KD,	n = 11;	WT:	n = 10)	(B)	Muscle	strength	(grip	test)	of	DMD	and	WT	rats	fed	with	ND	or	MCT-	
KD	(3 months:	ND,	n = 12;	MCT-	KD,	n = 12,	WT;	n = 10,	5–	7 months:	ND,	n = 11;	MCT-	KD,	n = 11;	WT,	n = 10).	(C)	Representative	HE-	
stained	TA	muscle	sections	from	WT	rats	fed	with	ND	and	DMD	rats	fed	with	ND	or	MCT-	KD.	Scale	bar = 200 μm.	(D)	Median	of	minimal	
Feret	diameter	of	TA	muscle	from	WT	rats	fed	with	ND	and	DMD	rats	fed	with	ND	or	MCT-	KD	(ND,	n = 11;	MCT-	KD,	n = 11;	WT,	n = 10).	
(E,	F)	Masson	trichrome-	stained	TA	muscle	sections	(E)	and	quantification	(F)	of	positive	areas	per	total	area	of	TA	muscle	sections	from	
WT	rats	fed	with	ND	and	DMD	rats	fed	with	ND	or	MCT-	KD	(ND,	n = 11;	MCT-	KD,	n = 11;	WT,	n = 10).	Scale	bar,	200 μm.	(A,	B,	D,	F)	
Data	are	expressed	as	means ± SEM,	and	were	compared	by	one-	way	ANOVA	followed	by	Tukey–	Kramer	multiple	comparisons	test	at	each	
month	of	age.	Superscript	letters	indicate	significant	difference	at	p < .05.	UD,	undetermined
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   | 9 of 13FUJIKURA et al.

using	 SYBR®	 Premix	 Ex	 Taq™	 II	 (Takara	 Bio	 Inc),	 a	
LightCycler™	(Roche	Diagnostics,	Mannheim,	Germany)	
and	the	following	respective	forward	and	reverse	primers	
(5′→3′):	 Hprt:	 TGACCTTGATTTATTTTGCATACC  and	
CGAGCAAGACGTTCAGTCCT;	TGF-	β1:	CCTGGAAAG	
GGCTCAACAC	 and	 CAGTTCTTCTCTGTGGAGCTGA;	
FGF2:	AAGAGCGACCCACACGTC	and	CCCTTGATGG	
ACACAACTCC.

The	amount	of	 target	mRNA	was	normalized	 to	 that	
of	Hprt.

2.7	 |	 Creatine kinase activity

Serum	 was	 added	 to	 Fuji	 Dry-	Chem	 slides	 (Fuji	 Film	
Medical,	 Inc,	 Tokyo,	 Japan)	 to	 measure	 serum	 creatine	
kinase	(CK)	activity	using	a	DRI-	CHEM	7000V	analyzer	
(Fuji	Film	Medical,	Inc).

2.8	 |	 Statistical analysis

All	data	are	presented	as	means ± SEM.	Significant	differ-
ences	between	groups	were	evaluated	using	unpaired,	two-	
tailed	Student	t-	tests.	The	effects	of	the	KD	on	the	diameter	
of	muscle	fibers	were	statistically	evaluated	using	Wilcoxon	
rank	 sum	 tests.	 Multiple	 groups	 were	 compared	 using	
Tukey–	Kramer	tests.	The	results	of	statistical	comparisons	
between	genotypes	at	various	ages	are	displayed.	Differences	
were	considered	statistically	significant	at	p < .05.

3 	 | 	 RESULTS

3.1	 |	 KD with MCT causes continuous 
ketosis without loss of body weight in 
DMD rats

We	evaluated	the	effects	of	feeding	DMD	rats	with	either	
an	MCT-	KD	or	an	ND	between	the	ages	of	3	and	12 weeks.	
The	ketogenic	ratio	of	fat	to	the	carbohydrate-	plus-	protein	
weight	of	the	MCT-	KD	was	1.95	for	the	first	10 days	and	
1.43	 for	 the	 remainder	 of	 the	 study	 (Table  1).	 The	 ND	
group	was	pair-	fed	with	MCT-	KD	based	on	daily	caloric	
intake,	because	KD	decreases	appetite	and	food	intake	in	
mice	and	rats.28

Figure  1A	 shows	 that	 BW	 did	 not	 significantly	 dif-
fer	between	the	ND	and	MCT-	KD	DMD	rats.	By	the	age	
of	 12  weeks,	 the	 BW	 of	 these	 rats	 was	 ~83%	 of	 that	 of	
DMD	rats	fed	ad	libitum	(data	not	shown).	At	the	age	of	
10 weeks,	concentrations	of	postprandial	blood	glucose	
were	 significantly	higher	 in	 the	ND,	 than	 the	MCT-	KD	
rats,	 although	 their	 fasting	 blood	 glucose	 values	 were	

identical	 (Figure  1B).	 Postprandial	 concentrations	
of	 blood	 ketone	 bodies	 were	 significantly	 higher	 in	
MCT-	KD,	 than	 in	 ND	 rats,	 but	 identical	 between	 them	
under	 fasting	 conditions	 (Figure  1C).	 Blood	 concentra-
tions	 of	 glucose	 and	 ketone	 bodies	 were	 identical	 be-
tween	 fasting	 and	 postprandial	 MCT-	KD	 rats,	 and	 like	
those	of	fasting	ND	rats.

3.2	 |	 Skeletal muscle dysfunction is 
suppressed by the MCT- KD in DMD rats

Grip	strength	at	the	age	of	12 weeks	was	21.4%	higher	in	
MCT-	KD,	compared	with	ND	rats	(Figures 2A	and	S1A).	
The	 relative	 TA	 muscle	 weight	 to	 BW	 was	 increased	 by	
16.2%	in	MCT-	KD,	compared	with	ND	rats,	although	the	
weight	 of	 soleus	 muscle	 did	 not	 significantly	 differ	 be-
tween	the	groups	(Figures 2B,C	and	S1B,C).	The	relative	
weight	of	eWAT	to	BW	was	slightly,	but	not	significantly	
decreased	by	MCT-	KD	(Figures 2D	and	S1D).	We	evalu-
ated	the	effects	of	MCT-	KD	on	skeletal	muscle	pathology	
by	staining	the	TA	muscles	of	DMD	rats	with	hematoxy-
lin	 and	 eosin	 (HE;	 Figure  2E).	 The	 MCT-	KD	 obviously	
suppressed	 the	 appearance	 of	 small	 skeletal	 muscle	 fib-
ers	that	were	evident	in	ND	rats.	The	distribution	of	the	
minimal	 Feret	 diameter	 of	 muscle	 fibers	 showed	 that	
MCT-	KD	increased	the	size	of	muscle	fibers	in	the	DMD	
rats	(Figure 2F).

3.3	 |	 Muscle necrosis, inflammatory cell 
infiltration, and fibrosis are suppressed by 
MCT- KD in DMD rats

Immunohistochemical	 analysis	 of	 IgG	 and	 albumin	
in	 sections	 of	 TA	 muscles	 from	 DMD	 rats	 showed	 that	
MCT-	KD	significantly	suppressed	the	increase	in	IgG	and	
albumin	uptake,	a	marker	of	damage	to	muscle	cell	mem-
branes29,30	(Figures 3A,B	and	S2A,B).	This	was	in	accord-
ance	with	 the	decline	 in	serum	CK	activity	 in	MCT-	KD	
rats	 (Figure 3C).	The	number	of	CD11b	positive	cells,	a	
marker	 of	 monocytes,	 was	 significantly	 decreased,	 in-
dicating	 that	 skeletal	 muscle	 damage	 was	 suppressed	
(Figure 3D,E).	The	ratio	of	Foxp3+	CD25+	cells,	a	marker	
of	 immunosuppressive	 regulatory	 T	 cells	 (Tregs),	 to	
CD4+	CD11b−	cells	that	are	associated	with	the	suppres-
sion	 of	 muscular	 damage,31	 was	 significantly	 higher	 in	
the	MCT-	KD,	than	ND	rats	(Figure 3F).	The	mRNA	ex-
pression	of	TGF-	β1,	which	regulates	extracellular	matrix	
(ECM)	 remodeling,	 was	 significantly	 decreased	 by	 the	
MCT-	KD	(Figure 3G).	Masson	trichrome	staining	showed	
that	the	MCT-	KD	significantly	suppressed	DMD-	induced	
fibrosis	(Figure 3H,I).
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10 of 13 |   FUJIKURA et al.

3.4	 |	 Proliferation of satellite stem cells 
is promoted by MCT- KD

We	investigated	the	effects	of	MCT-	KD	on	muscle	regen-
eration	in	the	DMD	rats.	Immunohistochemical	analysis	
of	eMHC,	a	marker	of	regenerated	myofibers,	showed	that	
the	 DMD	 rats	 fed	 with	 MCT-	KD	 tended	 to	 have	 fewer	
eMHC+	 myofibers	 (Figure  4A,B).	 Ratios	 of	 fibers	 with	
central	 nuclei	 did	 not	 significantly	 differ	 between	 DMD	
rats	fed	with	the	MCT-	KD	and	ND	(Figure S2A).	We	im-
munohistochemically	assessed	the	SC	markers,	Pax7	and	
MyoD,	 in	sections	of	TA	muscle	from	ND	and	MCT-	KD	
rats	 (Figure  4C–	G).	 We	 also	 examined	 the	 proliferative	
potential	of	SCs	by	double	staining	with	Ki67	and	Pax7	or	
MyoD.	The	number	of	Pax7+	and	MyoD+	cells	tended	to	
decrease	in	the	MCT-	KD	rats.	The	ratios	of	Ki67+	Pax7+	
cells	to	Pax7+	cells	and	Ki67+	MyoD+	cells	to	MyoD+	cells	
were	 significantly	 increased	 in	 the	 MCT-	KD	 rats.	 The	
mRNA	expression	of	FGF2,	which	promotes	the	prolifera-
tion	of	muscle	SCs,	was	significantly	increased	in	the	TA	
muscles	of	MCT-	KD	rats	(Figure 4H).

3.5	 |	 MCT- KD suppressed DMD 
progression for 9 months

We	 investigated	 the	 long-	term	 effects	 of	 MCT-	KD	 on	
DMD.	The	DMD	rats	were	 fed	with	either	 the	MCT-	KD	
or	the	ND	for	33 weeks	from	3 weeks	of	age	(Figure 5A,B).	
The	reference	was	WT	siblings	of	DMD	rats	fed	with	the	
ND.	All	rats	were	given	food	ad	libitum	and	maintained	
in	 groups	 of	 2–	4	 per	 cage.	 One	 DMD	 rat	 each	 fed	 with	
MCT-	KD	and	ND	died	due	to	DMD	at	4 months	of	age,	
but	all	other	rats	remained	alive	at	9 months	of	age.

The	 grip	 strength	 findings	 showed	 stronger	 muscles	
in	the	MCT-	KD,	than	the	ND	DMD	rats	at	the	ages	of	5,	
7,	and	9 months	(Figures 5B	and	S3A),	and	the	MCT-	KD	
rats	at	the	age	of	7 months	were	as	strong	as	they	were	at	
the	age	of	4 months,	whereas	 the	ND-	treated	DMD	rats	
lost	 muscle	 strength	 with	 age.	 The	 muscle	 strength	 of	
the	MCT-	KD	rats	at	 the	age	of	7 months	did	not	signifi-
cantly	differ	from	that	of	WT	rats	fed	with	the	ND.	Unlike	
at	 3  months	 of	 age,	 the	TA,	 soleus	 muscle,	 and	 adipose	
tissue	 weight	 did	 not	 significantly	 differ	 between	 ND	
and	 MCT-	KD	 (Figure  S3B–	F).	 We	 evaluated	 the	 effects	
of	MCT-	KD	on	skeletal	muscle	pathology	by	staining	TA	
muscles	 with	 HE	 (Figure  5C).	The	 MCT-	KD	 suppressed	
the	 appearance	 of	 small	 skeletal	 muscle	 fibers	 that	 was	
evident	in	ND	rats.	The	distribution	of	the	minimal	Feret	
diameter	of	muscle	fibers	showed	that	MCT-	KD	increased	
the	size	of	muscle	fibers	in	the	DMD	rats	(Figure 5D),	and	
Masson	trichrome	staining	showed	that	MCT-	KD	signifi-
cantly	 suppressed	 DMD-	induced	 fibrosis	 (Figure  5E,F).	

Serum	CK	activity	did	not	significantly	differ	between	the	
ND	and	MCT-	KD	groups	(Figure S3H).

4 	 | 	 DISCUSSION

We	fed	genetically	mutated	DMD	model	rats	with	a	KD	
containing	 medium-	chain	 triglycerides	 (MCT-	KD)	 to	
evaluate	 whether	 it	 could	 function	 as	 nutritional	 ther-
apy.	The	MCT-	KD	significantly	increased	muscle	weight,	
fiber	 diameter,	 and	 muscle	 strength,	 and	 significantly	
suppressed	 the	muscle	necrosis,	 inflammation,	and	sub-
sequent	 fibrosis	 that	 are	 characteristic	 manifestations	 of	
DMD	in	these	rats.	The	MCT-	KD	promoted	the	prolifera-
tion	of	muscle	SCs,	suggesting	enhanced	muscle	regenera-
tion.	Furthermore,	the	DMD	model	rats	fed	with	MCT-	KD	
retained	 the	 significantly	 improved	 muscle	 strength,	 in-
creased	 muscle	 fiber	 diameter,	 and	 inhibited	 muscle	 fi-
brosis	even	by	the	age	of	9 months.	The	MCT-	KD	applied	
herein	maintained	a	state	of	nutritional	ketosis	that	mim-
icked	starvation,	similar	to	the	conventional	KD.	However,	
in	contrast	to	previous	findings,19,20	the	MCT-	KD	did	not	
induce	muscle	atrophy.	These	results	 suggested	 that	 the	
MCT-	KD	 is	 an	 ideal	 KD	 that	 contains	 sufficient	 protein	
and	 carbohydrates	 to	 suppress	 muscle	 atrophy	 (protein-	
sparing	effect),	while	inducing	nutritional	ketosis.

The	 MCT-	KD	 was	 effective	 over	 9  months,	 and	 side	
effects	were	not	noticeable.	The	suppression	of	myofiber	
necrosis	 and	 inflammation	 seemed	 responsible	 for	 the	
MCT-	KD-	induced	 amelioration	 of	 a	 series	 of	 patholog-
ical	processes	of	muscular	dystrophy	 that	are	 the	main	
causes	of	subsequent	fibrosis	and	muscle	weakness.3	In	
addition,	MCT-	KD	promoted	the	proliferation	of	muscle	
SCs.	 These	 findings	 suggested	 that	 the	 MCT-	KD	 ame-
liorated	 the	pathogenesis	of	DMD	by	suppressing	mus-
cle	necrosis	and	inflammation	while	promoting	muscle	
regeneration.

A	possible	mechanism	for	the	suppression	of	myone-
crosis	by	MCT-	KD	might	be	the	suppression	of	cell	mem-
brane	 fragility.	 Cell	 membranes	 become	 disrupted	 and	
fragile	in	patients	with	a	dystrophin	deficiency,	and	such	
membranes	 release	 extracellular	 components,	 especially	
calcium,	 which	 causes	 myonecrosis.2	 The	 MCT-	KD	 ap-
parently	reduced	the	fragility	of	muscular	cell	membrane,	
since	 the	numbers	of	albumin-	positive	 fibers	and	serum	
CK	 activities	 decreased.	 Dietary	 supplementation	 with	
NAD+	 increases	 the	 expression	 of	 structural	 proteins	
such	 as	 α-	dystrobrevin	 and	 δ-	sarcoglycan	 and	 decreases	
necrotic	areas	in	mdx	mice.32	Furthermore,	SIRT1,	which	
is	activated	by	an	increased	ratio	of	NAD+:NADH,	is	 in-
volved	 in	 the	 fusion	 of	 intracellular	 vesicles	 and	 the	 at-
tachment	of	vesicles	to	damaged	membranes.33	A	KD	can	
decrease	 glycolytic	 flux	 and	 increase	 the	 NAD+:NADH	
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ratio	in	the	brain.34	Therefore,	MCT-	KD	might	have	sup-
pressed	myonecrosis	by	conferring	robustness	to	the	myo-
cyte	membrane	and	promoting	repair	after	injury	through	
increasing	the	NAD+:NADH	ratio	followed	by	the	subse-
quent	activation	of	SIRT1.

Levels	of	Tregs	are	elevated	in	muscles	of	patients	with	
muscular	 dystrophy	 and	 in	 mdx	 mice,	 and	 their	 deple-
tion	 enhances	 immune	 cell	 infiltration,	 muscle	 damage,	
and	 increases	 inflammation.31	 Transforming	 growth	 fac-
tor	 beta	 and	 interleukin	 (IL)-	10	 that	 are	 associated	 with	
Treg	function,	cause	macrophages	to	change	into	the	anti-	
inflammatory	M2	(M2)	type,35	which	inhibits	macrophage	
proliferation.36	 Therefore,	 the	 decreased	 infiltration	 of	
macrophages	into	muscle	might	have	resulted	from	an	in-
creased	ratio	of	Tregs	to	CD4+	cells	in	MCT-	KD	rats.	The	
ratio	of	Tregs	to	CD4+	cells	in	the	spleen	of	rats	fed	with	the	
MCT-	KD	did	not	change,	suggesting	that	the	MCT-	KD	pro-
moted	 the	 recruitment,	 proliferation,	 differentiation,	 and	
retention	of	Tregs	 in	muscle.	The	 ratio	of	Tregs	 to	CD4+	
cells	is	lower	in	the	damaged	muscles	of	aging,	than	young	
mice	 due	 to	 the	 reduced	 proliferative	 capacity	 of	 Tregs,	
which	can	be	restored	by	injecting	IL-	33.37	A	KD	can	in-
crease	Treg	ratios	(%)	by	suppressing	mTOR	and	HIF-	1α.38	
Thus,	MCT-	KD	might	suppress	 inflammation	by	increas-
ing	Tregs	through	promoting	Treg	proliferation	and	differ-
entiation	in	muscle	via	IL33,	mTOR,	and	HIF-	1α.

The	numbers	of	eMHC+	myofibers	tended	to	decrease	
in	DMD	rats	fed	with	the	MCT-	KD,	which	would	reflect	
less	muscle	damage,	since	regenerated	myofibers	appear	
in	 response	 to	damage.	The	MCT-	KD	apparently	helped	
to	promote	SC	proliferation.	Acetoacetic	acid	is	a	type	of	
ketone	 body	 that	 promotes	 the	 activation	 and	 prolifer-
ation	 of	 skeletal	 muscle	 SCs	 through	 the	 MEK-	ERK1/2-	
cyclin	 D1	 signaling	 pathway.18	 Consistent	 with	 previous	
findings,	we	found	that	 the	MCT-	KD	tended	to	promote	
the	proliferation	of	Pax7	and	MyoD	positive	SCs	and	up-
regulate	 FGF2	 expression.	 Basic	 fibroblast	 growth	 factor	
2	 activates	 the	 ERK1/2	 pathway,	 which	 is	 important	 for	
the	G1	to	S	phase	transition	of	muscle	SCs,39	suggesting	
that	FGF2	mediates	 the	MCT-	KD-	induced	promotion	of	
SC	proliferation.

We	 showed	 that	 the	 MCT-	KD	 suppressed	 myone-
crosis,	 promoted	 the	 proliferation	 of	 muscle	 SCs,	 and	
inhibited	the	progression	of	DMD,	suggesting	 its	poten-
tial	 application	 as	 a	 dietary	 approach	 to	 treating	 DMD	
in	 the	 absence	 of	 an	 established	 alternative.	 Steroids	
are	 the	 standard	 therapy,	but	 the	effects	are	 inadequate	
and	side	effects	are	serious.	Advanced	exon	skipping	and	
viral	 vector-	based	 strategies	 have	 recently	 been	 applied	
to	 treat	DMD,	but	 their	effects	are	also	 inadequate,	and	
the	 side	 effects	 were	 harmful.	 Furthermore,	 exon	 skip-
ping	 depends	 on	 the	 mutation	 profile	 of	 DMD	 and	 can	
only	be	applied	to	specific	patients.	The	present	findings	

showed	that	MCT-	KD	could	be	a	novel	approach	to	treat-
ing	DMD,	as	it	inhibited	DMD	progression	in	rats	even	at	
the	terminal	stage.	In	addition,	MCT-	KD	seems	indepen-
dent	of	genetic	background,	which	might	overcome	the	
disadvantages	of	steroids	and	exon	skipping.	Because	an	
MCT-	KD	 causes	 the	 liver	 to	 systemically	 supply	 ketone	
bodies	to	the	bloodstream,	even	after	and	between	meals,	
systemic	circulation	or	dosing	intervals	need	not	be	con-
sidered.	In	summary,	a	KD	can	probably	treat	DMD	with	
less	harmful	side	effects	and	more	patient	benefits	 than	
genetic	approaches.	As	far	as	we	can	ascertain,	this	is	the	
first	 report	 to	 describe	 the	 nutritional	value	 of	 DMD	 in	
experimental	animals.	Further	studies	are	needed	to	elu-
cidate	 the	 mechanisms	 underlying	 the	 improvement	 of	
DMD	elicited	by	MCT-	KD.

In	 conclusion,	 MCT-	KD	 ameliorated	 the	 pathologi-
cal	 manifestations	 characteristic	 of	 DMD,	 such	 as	 mus-
cle	 weakness,	 myonecrosis,	 inflammation,	 and	 fibrosis,	
by	 inhibiting	 muscle	 destruction	 and	 promoting	 muscle	
regeneration	in	rat	models	of	DMD.	These	findings	have	
important	 clinical	 implications	 and	 provide	 a	 potential	
rationale	for	using	MCT-	KD	to	treat	muscular	dystrophy	
and	 related	 diseases	 in	 humans.	 However,	 the	 effects	 of	
MCT-	KD	on	the	myocardium	and	its	side	effects	on	other	
organs	are	not	fully	understood,	thus	justifying	further	in-
vestigation	 into	 the	 potential	 application	 of	 MCT-	KD	 to	
treat	DMD.
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