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Abstract

Background: Mitochondrial changes have been described
in muscle tissue in acquired hypothyroidism. Among the
molecular mechanisms by which thyroid hormones regu-
late expression of nuclear genes encoding for regulatory
proteins of mitochondrial respiratory function, the mito-
chondrial transcription factor A (h-mtTFA) has been pro-
posed to be a target of thyroid hormone action. The aim of
this study has been to relate h-mtTFA levels in the skeletal
muscle of patients affected by Hashimoto’s hypothyroidism
and myopathy (HHM) to muscle disease and thyroid status.
Patients and Methods: Eleven HHM patients under-
went complete thyroid status and neurologic assessment,
along with determination of exercise lactate anaerobic
threshold (LT) and muscle biopsy in which h-mtTFA
levels were measured and mtDNA was analyzed.

Results: Decreased exercise lactate threshold, presence
of cytochrome c oxidase negative fibers, reduction of
cytochrome ¢ oxidase activity, and mitochondrial DNA
copy number at muscle biopsy were indicative of
mitochondrial involvement in these patients. Further-
more, muscle h-mtTFA levels were reduced to a vari-
able extent in comparison with a group of euthyroid
controls. The h-mtTFA levels were inversely correlated
with TSH and LT lactate, and positively correlated
with FT4.

Conclusions: These results indicate that low levels of
the h-mtTFA occur in skeletal muscle of HHM and sug-
gest that abnormal h-mtTFA turnover may be implicated
in the pathogenesis of mitochondrial alterations in this
disease.

Introduction

Involvement of skeletal muscle is among the most
prevalent clinical consequences of hypothyroidism
(1). Symptoms such as fatigue, exercise intolerance,
exertional myalgias, and cramps are frequent hall-
marks of such an involvement (2) and sometimes rep-
resent the prodromic signs of hypothyroidism (3,4).
Investigation of the physiopathology of skeletal mus-
cle involvement in hypothyroidism has so far failed
to identify the mechanisms responsible for hypothy-
roid myopathy. Although rather disparate results
have been reported (5-7), it is widely accepted that
mitochondrial respiration represents one of the main
targets of thyroid hormone deficiency (2,8).

Recently, attention has been focused on the mol-
ecular mechanisms by which thyroid hormones can
regulate gene expression of regulatory or structural
proteins of mitochondrial respiratory function (9).
Among these proteins, mitochondrial transcription
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factor A (mtTFA or Tfam) has been shown to be one of
the putative targets of thyroid hormones (10). Human
mitochondrial transcription factor A (h-mtTFA) is a
nuclear encoded polypeptide with high regulatory
effects on both replication and transcription of mito-
chondrial DNA (mtDNA) (10). A pathogenetic role of
h-mtTFA deficiency has been reported in some pri-
mary mitochondrial disorders with defects of the mi-
tochondrial respiratory chain such as those associ-
ated with mtDNA depletion (11). The aim of this
work has been to evaluate the levels of h-mtTFA in
skeletal muscle of patients affected by Hashimoto’s
hypothyroid myopathy (HHM) and to relate them to
thyroid function as well as to clinical and pathologic
aspects of this myopathy.

Patients and Methods
Patients

Eleven consecutive patients (7 women and 4 men,
mean age *=SD, 49.7 *= 12.1 years) with HHM
entered the study. The protocol was approved by the
institutional committee on human experimentation.
Informed, written consent was obtained from each
subject prior to entry into the study.
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Thyroid Status

Serum thyroid stimulating hormone (TSH), free
thyroid hormones (FT3, FT4), anti-thyroglobulin
antibodies (TgAb), and anti-thyroid peroxidase
antibodies (TPOADb) were assessed at 8 am after an
overnight fast. Serum levels of FT3 and FT4 were
measured by specific RIAs (Techno-Genetics Recor-
dati, Milan, Italy). Anti-TgAb were measured by a
specific IRMA (TGAb IRMA, Biocode, Sclessin,
Belgium); anti-TPOAb were measured with a specific
RIA (AB-TPO; Sorin Biomedica, Saluggia, Italy).
Normal ranges in our laboratory are as follows: FT3,
3.7-8.6 pmol/l; FT4, 7.2-19.3 pmol/l; TgAb, <50 IU/
ml; and TPOADb, <10 IU/ml. TSH was determined
with an ultrasensitive IRMA method (Cis Diagnos-
tici, Tronzano Vercellese, Italy). The normal range in
our laboratory is 0.3-3.6 mIU/l. At the time of the
study, no patient was on levothyroxine therapy.

Neurologic Status

All patients had been referred to the neurologist
because of symptoms and/or signs suggesting myopa-
thy complicating thyroid disease. In one patient (# 4),
a depressive syndrome treated with antidepressant
was present. Exercise intolerance with exertional
myalgias and cramps, especially in the legs, was the
most common symptom. Duration of the muscle
symptoms was 6.5 * 2.7 years. Fixed weakness,
mainly in limb-girdle muscles, was evident in three
patients (1,5, and 8) and in two (1 and 9), the clinical
picture was suggestive of overt Hoffmann’s syn-
drome. Blood CK levels were abnormally high in all
patients (Table 1). The SF-36 Health Survey Ques-
tionnaire (12) gave a mean value of 72 (range, 63-84;

maximal value, 145), not statistically different from
orthopedic controls (see below).

Exercise Lactate Anaerobic Threshold

To evaluate oxidative metabolism in contracting
muscle, resting blood lactate concentration and the
anaerobic lactate threshold (LT) during isometric in-
cremental arm exercise were assessed, as previously
described (3), and compared to 10 age- and sex-
matched normal controls. After having established
the maximal voluntary contraction (MVC) of fore-
arm flexor muscles for each patient, by performing
three brief maximal efforts on a hand-grip dy-
namometer at 3-min intervals, the test began with a
first bout of 10% of MVC, then continued through
successive 10% increments until exhaustion was
achieved. Each bout consisted of 1-min intermittent
(1/sec) contractions on the hand-grip dynamometer
followed by a 2-min rest. LT was set at the exercise
step at which the lactate curve took on an exponen-
tial trend (13), and was expressed as a fraction of
MYVC. At this level, the percent increment in lactate
levels above baseline was also recorded (LT lactate).

Muscle Biopsy

A muscle biopsy was obtained from the left deltoid
under local anesthesia. Muscle specimens were frozen
in liquid nitrogen-chilled isopentane, and processed
for histologic, histochemical, biochemical, and South-
ern and Western blot analysis, as described below.
Routine stainings for hematoxylin-eosin, Gomori’s
trichrome, ATPase pH 4.6 and 9.4, as well as oxi-
dative histochemistry for nicotinamide dehydro-
genase tetrazolium reductase (NADH-TR), succinate

Table 1. Thyroid status and exercise blood lactate

TSH FT4 FT3 Rest Lactate CK

Patient Sex/Age (mIU/1) (pmol/l) (pmol/l) (mmol/I) LT Lactate*/LT' (un

1 F/28 65.10 0.80 1.1 0.36 267/40 1052

2 F/56 62.10 1.70 1.5 0.56 140/40 1423

3 F/61 3.93 11.60 3.4 2.30 116/50 1339

4 F/36 5.24 9.80 4.0 1.97 127/50 232

5 F/66 6.90 8.70 3.8 0.72 190/40 312

6 F/58 5.80 8.80 4.2 1.34 102/50 473

7 F/54 6.30 9.60 4.0 2.70 142/50 582

8 M/60 >100.00 0.60 0.9 0.63 292/40 5645

9 M/42 >100.00 0.38 0.85 1.50 284/40 2017

10 M/40 8.26 7.80 3.7 0.90 201/40 380

11 M/46 4.12 11.00 3.4 2.70 135/50 487
Normal values — 0.30-3.60 7.20-19.30 3.70-8.60 0.67-2.47 * 25-195

*Lactate value at LT, expressed as percentage of basal lactate (control value, 173 * 20.5%).
tPercentage of MVC at which LT itself was achieved (control value, 60% of MVC).
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dehydrogenase (SDH), and cytochrome c oxidase
(COX) were performed. For each of five different
biopsy fields, serial sections (8 wm) were studied for
fiber-type characterization in a number of fibers rang-
ing from 500 to 600 per case. Morphometry was per-
formed by an automatic micrometric optical method at
a magnification of 250X. The percentage of type 1 and
2 fibers, type 1 and 2 fiber diameters, and atrophy and
hypertrophy factors (AF and HF) were calculated (14).
Histochemical mitochondrial stain (COX, NADH-TR,
and SDH) alterations were assessed by automated
imaging analysis (Matlab, Mathworks, Natick, MA,
USA) and expressed as percentage of affected fibers
among type 1 fibers.

Skeletal muscle levels of h-mtTFA were assessed
by Western blot analysis. Proteins were extracted from
muscle specimens by boiling buffer (0.05 M DTT, 1
mM EDTA, 0.125 M Tris, 1% SDS, 0.1% bromophe-
nol blue), and the protein concentration was deter-
mined with the BCA protein assay (Pierce Chemical,
Rockford, IL, USA) using the Lowry method.
Thirty micrograms of proteins were separated in SDS-
polyacrylamide gels (resolving gel 12%, stacking gel
5%), and then electroblotted onto PVDF membranes
(0.45 uM pore size, Millipore, Bedford, MA, USA)
(15). Filters were incubated with a rabbit polyclonal
antibody against h-mtTFA (a kind gift of Dr D. Clay-
ton) (1:2500). Filters were also incubated with a mon-
oclonal antibody against the stress-related protein
Mcl-1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) (1:250), as internal standard. Bound antibodies
were detected with ECL™ kit (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) or with alkaline phos-
phatase methods (Biorad, Hercules, CA, USA).
Quantitation was done by densitometric analysis of
the h-mtTFA band and values were corrected for both
unequal loading and the internal standard.

To study mtDNA, total DNA was extracted from
10-20 mg of frozen muscle homogenates by standard
methods. Southern blots were performed with 4 ug
of DNA digested with Pvu II, electrophoresed
through a 0.8% agarose gel, then transferred to a
nitrocellulose membrane (Biorad). Human skeletal
muscle mtDNA and a probe to the nuclear 18S rRNA
gene were labeled by random-primer incorporation
of digoxigenin-labeled deoxyuridine triphosphate
(Boehringer-Mannheim, Roche Diagnostics Italy,
Milan, Italy) and used as hybridization probes (16).
The membrane was hybridized with the two labeled
probes overnight at 68°C, then washed, and exposed
at film X-OMAT AR (Kodak, Rochester, NY, USA)
for 30 min at room temperature.

For the quantitative determination of the
mtDNA/18S ribosomal DNA (rDNA) ratio, equal
amounts of the two >?P-labelled probes were used.
The autoradiograms were scanned on a phosphoim-
ager and the results were densitometrically analyzed
using the Image-Quant provided software.

In six cases (3,6,7,8,9, and 11), the activities of
respiratory chain complex IV (COX; EC 1.9.3.1) and

citrate synthase (CS; EC 4.1.3.7) were determined
spectrophotometrically following reported method-
ologies (17). All enzymatic activities were assessed at
least in duplicate.

In these cases, to verify whether unspecific dam-
age of mitochondria in Hashimoto’s muscle samples
was responsible for a decrease of mtDNA content,
we compared the relative mtDNA content (expressed
as mtDNA:18S rDNA ratio) with the amount of
mitochondria (expressed as CS activity). The nor-
malized (X1000) CS relative mtDNA content could
be indicative of primary mtDNA reduction.

Results were compared to those of age- and sex-
matched healthy control subjects recruited from the
orthopedic clinics.

Statistical Analysis

Following the Kolmogorov-Smirnov test for non-
Gaussian distribution, nonparametric analysis was
used. In particular, the Mann-Whitney U test or,
when necessary, the Kruskal-Wallis test was em-
ployed to estimate differences between groups. As-
sociations were tested by the Spearman rank corre-
lation test and regression analysis.

Results
Thyroid Status

All patients showed elevated serum anti-TgAb
and/or anti-TPOAb levels. Among them, four
patients (1,2,8, and 9) suffered from overt hypothy-
roidism (reduced free thyroid hormone and elevated
TSH level), seven patients (3,4,5,6,7,10, and 11)
were affected by subclinical hypothyroidism (ele-
vated serum TSH levels in the face of normal FT3
and FT4 levels) to different extents (Table 1).
Notably, patient 10 had suffered from transient
Hashitoxicosis 3 months before our observation
when he became hypothyroid.

Neurologic Status

In all patients, electromyography showed myopathic
changes in the form of small amplitude and duration
motor unit (MU) potentials, increased percentage of
multiphasic, low amplitude MU potentials, and low
amplitude interference pattern with precocious MU
recruitment at MVC. In one patient (5), mild impair-
ment of motor and sensitive nerve conduction was
detected by nerve conduction studies.

Exercise Lactate Anaerobic Threshold

Resting blood lactate concentration was slightly
increased in two HHM patients (7 and 11; Table 1).
In HHM patients, LT was achieved at exercise levels
as high as 40% or 50% of MVC, whereas it corre-
sponded to 60% of the MVC in normal controls; at
those levels of exercise, the mean values of lactate
(LT lactate) were 181.5 = 70.4% (percentage of the
baseline) in HHM patients and 173 * 20.5% in
controls, respectively. Starting from that inward,
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Fig. 1. Lactate values (normalized mean values) in HHM
patients and controls. Arrows indicate lactate threshold in
both groups.

lactate value in HHM patients was significantly
higher (p < 0.01) than in controls (Table 1 and Fig. 1).
Accordingly, the recovery after exercise was slower
in HHM patients than in controls.

Muscle Biopsy

A prevalence of type 1 fibers was found in two
patients. Nonspecific findings, such as sporadic
round-shaped atrophic fibers and/or increased
variability of muscle fiber diameter and internal
nuclei, were found in all HHM cases. Fiber degen-
eration in the form of fiber splitting and opaque
fibers was detected in patients 1 and 10. Scattered
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fiber necrosis and endophagocytosis were present
in patients 1, 10, and 11; in one of them it was
associated with increased endomysial connective
tissue. In case 5, the presence of group atrophy and
type grouping indicated a neurogenic damage.
Atrophy and hypertrophy factors for type 2 fibers
as well as hypertrophy factors for type 1 fibers
were within the normal range, whereas atrophy
factors for type 1 fibers were abnormally increased
in all HHM patients but one (Table 2).
Histochemical analysis showed the presence of
scattered COX negative fibers in eight cases
(1,2,3,4,6,8,9, and 11), and hyperintense subsar-
colemmal rims for SDH enzyme activity in all
patients (Fig. 2A and 2B) but one. Further mitochon-
drial staining abnormalities in the form of central
core or core-like staining defects for NADH and COX
enzyme activity were observed in all patients and
ranged from 2-65% of type 1 fibers (Table 2).
Muscle h-mtTFA levels were reduced to a vari-
able extent by comparison with the control mean:
below 2 SD in nine patients, between 1 and 2 SD in
one, and within 1 SD in another (Table 3, Fig. 3A).
No large-scale rearrangement (deletions or du-
plications) of mtDNA was found in HHM patients.
Their mtDNA/18S rDNA ratio was also reduced, al-
though to a lower extent with respect to h-mtTFA
decrease: below in one patient (9) and within 1 SD
of control mean in nine. Contrarily, in one case (10),
this value was increased (Table 3, Fig. 3B).
In all six cases where biochemical enzymatic
analysis was performed, COX activity and COX/CS

Table 2. Muscle biopsy

Type 1 Type 1 Fiber Type 2 Fiber NADH/COX SDH+ COX—
Patient Fiber (%) AF/HF AF/HF Abnormalities* Fiberst Fibers
1 58 113/0 144/0 59 Yes Yes
2 56 124/30 100/140 51 Yes Yes
3 61 120/48 118/64 23 Yes Yes
4 58 31/74 95/5 47 Yes Yes
5 65 132/4 140/11 2 No No
6 48 144/56 132/44 39 Yes Yes
7 52 138/42 86/60 12 Yes No
8 59 174/32 62/84 58 Yes Yes
9 72 186/68 56/72 65 Yes Yes
10 51 168/75 41/42 37 Yes No
11 63 124/52 82/124 42 Yes Yes
Controls 45 + 9f F < 1007280 F < 165/1507 0.40 + 0.35 No No
(n = 8) M < 150/200 M < 150/400

*Mean value between NADH and COX core-like hyporeactive type 1 fibers.

tSubsurcolemmally hyperreactive fibers;
Ivalues calculated according to Dubowitz et al. (14).
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Fig. 2. (A and B) Muscle biopsy for patient 6. A COX-negative and SDH positive fiber (serial sections, original magnification 250X).

activity ratio were reduced, whereas the (mtDNA/
18S)/CS ratio was reduced in four of them, unchanged
in one, and slightly increased in one (Table 3).

Correlation Analysis

TSH serum levels were directly and FT3 and FT4
were inversely correlated to the number of type 1
fibers with NADH and COX core-like histochemical
alterations, with significance ranging from p < 0.05
to p < 0.01. Muscle h-mtTFA levels showed a positive
correlation with FT4 (r = 0.67, p = 0.02) (Fig. 4),
and an inverse correlation with both LT lactate
(r = —0.70, p < 0.02) (Fig. 4) and TSH (r = —0.59,
p = 0.05). The regression coefficient approached
statistical significance (r = 0.61, p = 0.06) between

h-mtTFA and FT3 (data not shown). No correlation
was found with muscle mtDNA/18S rDNA ratio.

Discussion

We report here the occurrence, in patients with
hypothyroid myopathy, of h-mtTFA reduction in
skeletal muscle, together with a number of mitochon-
drial alterations, as indicated by increased lactate
production during incremental workload exercise,
defects in respiratory chain enzymes, and reduction
of mtDNA copy number in muscle biopsy. Hypothy-
roid myopathy is a heterogeneous clinical entity in
which mitochondria involvement does not invari-
ably represent the consequence of thyroid hormone
deficiency (18-20). In fact, diverse abnormalities in

Table 3. Muscle biopsy

mtDNA/18S (mtDNA/18S)/
Patients CS COX COX/CSs h-mtTFA* DNA ratio CS x 1000
1 n.e. n.e. n.e. 0.034 1.26 n.e.
2 n.e. n.e. n.e. 0.074 1.39 n.e.
3 193 94 0.49 0.193 1.68 8.74
4 n.e. n.e. n.e. 0.060 1.94 n.e.
5 n.e. n.e. n.e. 0.064 1.27 n.e.
6 185 254 1.37 0.127 1.55 8.38
7 128 175 1.37 0.125 1.84 14.38
8 121 188 1.55 0.036 1.56 12.81
9 79 169 2.14 0.052 1.08 13.67
10 n.e. n.e. n.e. 0.081 3.54 n.e.
11 173 296 1.71 0.156 1.81 10.46
Controls 166 = 33.67 449 *+ 101.4 2.7 * 0.04 0.211 * 0.038 2.27 = 1.12 13.67 * 3.14
(n = 35) (n = 35) (n = 35) (n = 20) (n = 20) (n = 20)

*Densitometric value of h-mtTFA Western blot band.
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Fig. 3. Muscle biopsy. (A) H-mtTFA and Mcl-1 western blot
of patient 6, patient 9, and a control. (B) MtDNA and 18S
rDNA southern blot of patient 6, patient 9, and two controls.

muscle function have been reported in hypothy-
roidism (1). Biochemical changes such as glycogen
accumulation and decreased activity of enzymes
involved in different energy production pathways
have been described in hypothyroid red (type 1)
fibers (1,21,22). This is not surprising; skeletal mus-
cle is a target organ for thyroid hormones (2). How-
ever, the presence of T3 receptors on the mitochon-
drial membrane of skeletal muscle fibers (23)
implies a direct impact of thyroid hormones on
mitochondrial oxidative metabolism.

In line with this, hyperthyroidism is characterized
by an increased, and hypothyroidism by a reduced,
rate of oxygen consumption (10). Stimulation of mito-
chondrial respiratory chain function by thyroid hor-
mones is mediated by several molecular mechanisms
that include both direct and indirect effects on mito-
chondrial structure, function, and biogenesis. T3 is
known to directly increase the expression of some
nuclear-encoded respiratory genes. This stimulation is
mediated by thyroid hormone receptor, which binds
to consensus sequences located in the promoter region
of these genes, such as cytochrome cl and b-F1-
ATPase subunit genes (24,25). Recently the possibil-
ity that T3 indirectly stimulates respiratory function
has been suggested. This effect can be mediated by
transacting factors such as nuclear respiratory factor-1
(NRF-1) (26). Consensus sequences for NRF-1 have
been found in some nuclear encoded respiratory
genes, such as rat cytochrome c oxidase subunits VIc
and VIIa genes (6,27), human ubiquinone binding
protein gene (6), and human mitochondrial transcrip-
tion factor A gene (h-mtTFA) (28).

H-mtTFA, a 25-kDa nuclear encoded protein be-
longing to the high mobility protein family (29), is
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Fig. 4. Regression analysis between skeletal muscle h-mtTFA
and serum FT4 (top) or exercise LT lactate (percentage of base-
line) (bottom).

regarded as one of the major regulatory factors
of mitochondria biogenesis, as concluded on the ba-
sis of its regulatory activity on mitochondrial genome
transcription and replication in vertebrates (30). This
protein binds to promoter sequence of heavy- and
light-strand in the D-loop region (31). Expression
of the mtTFA gene is under the regulatory effect of
NRF 1 and 2 and is modulated by a number of fac-
tors including possible feedback signals originating
in the mitochondrial environment itself (32).

In humans, alterations of h-mtTFA transcript or
protein levels have been reported. In mtDNA
depletion, a rare and fatal infantile syndrome, h-
mtTFA depletion has been detected in liver, kidney,
and skeletal muscle tissues (15,16), and h-mtTFA up-
regulation has been observed in muscle fibers of pa-
tients affected by chronic progressive external oph-
thalmoplegia (33). Increased levels of h-mtTFA have
been reported also in some physiologic conditions,
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such as in skeletal muscle of subjects undergoing ex-
ercise training (34), indicating the existence of still
unknown regulatory mechanisms in contractile activ-
ity-induced mitochondrial biogenesis (35). Regarding
the thyroid hormone, h-mtTFA can be considered one
of the putative targets of the thyroid hormone-thyroid
hormone receptor complex, either directly or indi-
rectly (i.e., through nuclear transcripting factors)
(10,28,36). According to this, h-mtTFA deficiency has
been proposed as a candidate mechanism to explain
the large-scale mtDNA deletion in oxyphil Askanazy
cells recently observed in Hashimoto’s thyroiditis (37).

In the present study, we measured muscle h-
mtTFA levels in 11 patients with Hashimoto’s thy-
roiditis and myopathy in an attempt to investigate the
relationships between thyroid hormone deficiency
and mitochondrial function. A reduction of skeletal
muscle h-mtTFA protein levels was detected in the
hypothyroid patients, although to a variable extent.
This reduction was related to the amount of lactate
production during incremental exercise and associ-
ated with muscle histochemical and biochemical al-
terations of NADH, SDH, and COX. It is unlikely that
these alterations, also in the form of COX negative and
SDH hyperreactive fibers, are due to a neurogenic or
inflammatory process (38) for which evidence was
small in our patients, based on EMG and muscle
pathology data. The occurrence of COX negative and
SDH positive fibers is a highly specific hallmark of
primary mitochondrial dysfunction, as in mitochondr-
ial myopathies due to nuclear or mitochondrial
genome alterations. The additional results of mtDNA
and (mtDNA/18S)/CS ratio reduction in our patients
suggest that decrement of mitochondrial DNA copy
number, although slight in its entity, could be in-
volved in the pathogenic mechanism of the above
mentioned alterations, possibly relying on the effects
of h-mtTFA on mitochondrial biogenesis (33). Only in
one case (10) was this value above the control value, a
result that could be explained by the recent history of
Hashitoxicosis that preceded our observation in this
patient. Whether or not the occurrence of mutational
events or polymorphic variants in the D-loop region of
mtDNA (16) can contribute to these findings in the
presented patients remains to be determined.

It is worth mentioning that h-mtTFA reduction
was evident not only in those patients with frank
hypothyroidism but also in those with subclinical
hypothyroidism. This finding may seem at odds
with the definition of subclinical hypothyroidism,
in which circulating thyroid hormone levels are still
in the normal range. However, we have previously
described a time-dependent impairment of mito-
chondrial oxidative metabolism in subclinical hy-
pothyroid patients with symptoms of muscle dys-
function (3). Indeed, small decrements in hormone
synthesis may over time lead to both biochemical
signs and clinical symptoms qualitatively similar to
those of overt hypothyroidism. However, in those
patients with overt hypothyroidism the reduction of

h-mtTFA was more relevant, bolstering a dosage-
type relationship between thyroid hormone decre-
ment and h-mtTFA level in skeletal muscle.

In conclusion, our study supports the notion that
thyroid hormones regulate muscle mitochondrial
function in skeletal muscle, as previously suggested.
The h-mtTFA gene can be involved in this action as
a significant target of hypothyroidism, contributing
to the occurrence of myopathy in such a condition.
In this context, further studies including the evalua-
tion of the effects of levothyroxine replacement the-
rapy are necessary to assess the precise role of h-
mtTFA in the cascade of events following thyroid
hormone deficiency at the muscle level.

Acknowledgments

The financial support of Telethon-Italy (project #
1179c) is gratefully acknowledged.

References

1. Khaleeli AA, Griffith DH, Edwards RHT. (1983) The clinical
presentation of hypothyroid myopathy and its relationship to
abnormalities in structure and function of skeletal muscle.
Clin. Endocrinol. 19: 365-376.

2. Argov Z, Renshaw PF, Boden B, Winkokur A, Bank WJ.
(1988) Effects of thyroid hormones on skeletal muscle bioen-
ergetics. J. Clin. Invest. 81: 1695-1701.

3. Monzani F, Caraccio N, Siciliano G, Manca ML, Murri L,
Ferrannini E. (1997) Clinical and biochemical features of
muscle dysfunction in subclinical hypothyroidism. J. Clin.
Endocrinol. Metab. 82: 3315-3318.

4. Monzani F, Caraccio N, Del Guerra P, Casolaro A, Ferrannini
E. (1999) Neuromuscular symptoms and dysfunction in
subclinical hypothyroid patients: beneficial effect of L-T4
replacement therapy. Clin. Endocrinol. 51: 237-242.

5. McKeran RO, Slavin G, Andrews TM, Ward P, Mair WGP.
(1975) Muscle fibre type changes in hypothyroid myopathy.
J. Clin. Pathol. 28: 659-663.

6. Evans M, Scarpulla RC. (1990) NRF-1: a trans-activator
of nuclear-encoded respiratory genes in animal cells. Genes.
Develop. 4: 1023-1034.

7. Salviati G, Zeviani M, Betto R, Nacamulli D, Busnardo B.
(1985) Effects of thyroid hormones on the biochemical spe-
cialization of human muscle fibres. Muscle Nerve 8: 363-371.

8. Kaminsky P, Robin-Lherbier, B, Brunotte F, et al. (1992)
Energetic metabolism in hypothyroid skeletal muscle, as
studied by phosphorus magnetic resonance spectroscopy. J. Clin.
Endocrinol. Metab. 74: 124-129.

9. Nelson BD, Luciakova K, Li R, Betina S. (1995) The role of thy-
roid hormone and promoter diversity in the regulation of
nuclear encoded mitochondrial proteins. Biochim. Biophys. Acta
1271: 85-91.

10. Pillar TM, Seiz HJ. (1997) Thyroid hormone and gene
expression in the regulation of mitochondria respiratory
function. Eur. J. Endocrinol. 136: 231-239.

11. Larsson N, Wang J, Wilhelmsson H, et al. (1998) Mitochon-
drial transcription factor A is necessary for mtDNA mainte-
nance and embryogenesis in mice. Nat. Gen. 18: 231-236.

12. Ware JE, Sherbourne DC. (1992) The MOS 36-Item Short
Form Health Survey (SF-36). Med. Care 30: 473-483.

13. Siciliano G, Rossi B, Manca ML, et al. (1996) Residual mus-
cle COX activity accounts for submaximal exercise lactate
threshold in CPEO. Muscle Nerve 19: 342-349.

14. Dubowitz V. (1985) Muscle Biopsy: A Practical Approach. London:
Bailliere Tindall.

15. Poulton J, Morten K, Freeman-Emmerson C, et al. (1994)
Deficiency of the human mitochondrial transcription factor



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

G. Siciliano et al.: H-mtTFA in Hashimoto’s Hypothyroid Myopathy

h-mtTFA in infantile mitochondrial myopathy is associated
with mtDNA depletion. Hum. Mol. Genet. 3: 1763-1769.
Moraes CT, Shanske S, Tritschler H-J, et al. (1991) MtDNA
depletion with variable tissue expression: a novel genetic
abnormality in mitochondrial diseases. Am. J. Hum. Genet.
48: 492-501.

DiMauro S, Servidei S, Zeviani M, et al. (1987) Cytochrome
c oxidase deficiency in Leigh syndrome. Ann. Neurol. 22:
498-506.

Khaleeli AA, Gohil K, McPhail G, Round JM, Edwards
RHT. (1983) Muscle morphology and metabolism in hy-
pothyroid myopathy: effect of treatment. J. Clin. Pathol. 36:
519-526.

McDaniel HG, Pittman CS, Oh SJ, DiMauro S. (1977) Car-
bohydrate metabolism in hypothyroid myopathy. Metabolism
26: 867-873.

Taylor DJ, Rajagopalan B, Radda GK. (1992) Cellular ener-
getics in hypothyroid muscle. Eur. J. Clin. Invest. 22: 358-365.
Leijendekker WJ, van Hardeveld C, Kassenaar AH. (1985)
Coupled diminished energy turnover and phosphorylase a
formation in contracting hypothyroid rat muscle. Metabolism
34: 437-441.

Chu DT, Shikama H, Khatra BS, Exton JH. (1985) Effects of
altered thyroid status on beta-adrenergic action of skeletal
muscle metabolism. J. Biol. Chem. 250: 994-1000.

Sterling K, Lazzarus JH, Milch PO, Sakurada T, Brenner
MA. (1978) Mitochondrial thyroid hormone receptor: local-
ization and physiological significance. Science 201: 1126-1129.
Yeh PM, Chin WW. (1994) New advances in understanding
the mechanisms of thyroid hormone action. Trends Endocrinol.
Metab. 5: 65-72.

Tomura H, Endo H, Kagawa Y, Ohta S. (1994) Novel regula-
tory enhancer in the nuclear gene of the human mitochon-
drial ATP synthase b-subunit. J. Biol. Chem. 265: 6525-6527.
Virbasius CA, Virbasius JV, Scarpulla RC. (1993) NRF-1, an
activator involved in nuclear-mitochondrial interactions,
utilizes a new DNA-binding domain conserved in a family of
developmental regulators. Genes Dev. 7: 2431-2445.

Seelan RS, Gopalakrishnan L, Scarpulla RC, Grossman LI.
(1996) Cytochrome ¢ oxidase subunit VIIa liver isoform—
characterization and identification of promoter elements in the
bovine gene. J. Biol. Chem. 271: 2112-2120.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

333

Virbasius JV, Scarpulla RC. (1994) Activation of the human
mitochondrial transcription factor A gene by nuclear respira-
tory factors: a potential regulatory link between nuclear and
mitochondrial gene expression in organellar biogenesis. Proc.
Natl. Acad. Sci. U.S.A. 91: 1309-1313.

Parisi MA, Clayton DA. (1991) Similarity of human mito-
chondrial transcription factor 1 to high mobility group pro-
tein. Science 252: 965-969.

Dairaghi DJ, Shadel GS, Clayton DA. (1995) Addition of a 29
residue carboxyl-terminal tail converts a simple HMG box-
containing protein into a transcriptional activator. J. Mol. Biol.
249: 11-28.

Dairaghi DJ, Shadel GS, Clayton DA. (1995) Human mito-
chondrial transcription factor A and promoter spacing inte-
grity are required for transcription initiation. Biochim. Biophys.
Acta 1271: 127-134.

Luciakova K, Li R, Nelson BD. (1992) Differential regulation
of the transcript levels of some nuclear-encoded and mito-
chondrial-encoded respiratory-chain components in response
to growth activation. Eur. J. Biochem. 207: 253-257.

Larsson N-G, Oldfors A, Holme E, Clayton DA. (1994) Low
levels of mitochondrial transcription factor A in mitochondr-
ial DNA depletion. Biochem. Biophys. Res. Commun. 200:
1374-1381.

Bengtsson J, Gustafsson T, Widegren U, Jansson E, Sundberg
CJ. (2001) Mitochondrial transcription factor A and respira-
tory complex IV increase in response to exercise training in
humans. Pflugers Arch. 443: 61-66.

Hood DA. (2001) Invited review: contractile activity-induced
mitochondrial biogenesis in skeletal muscle. J. Appl. Physiol.
90: 1137-1157.

Garstka HL, Faecke M, Escribano JR, Wiesner RJ. (1994) Sto-
ichiometry of mitochondrial transcript and regulation of gene
expression by mitochondrial transcript factor A. Biochem. Bio-
phys. Res. Commun. 200: 619-626.

Muller-Hocker J, Jacob U, Seibel P. (1998) Hashimoto
thyroiditis is associated with defects of cytochrome-c oxidase
in oxyphil askanazy cells and with the common deletion
(4,977) of mitochondrial DNA. Ultrastruct. Pathol. 22: 91-100.
Vielhaber S, Kunz D, Winkler K, et al. (2000) Mitochondrial
DNA abnormalities in skeletal muscle of patients with spo-
radic amyotrophic lateral sclerosis. Brain 123: 1339-1348.



