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Cerebrospinal fluid (CSF) levels of rT; were evaluated in 21
euthyroid patients with overt Alzheimer’s disease (AD) and 18
matched healthy controls. The assessment also included trans-
thyretin and total T and T, CSF concentrations. Despite nor-
mal circulating thyroid hormone levels, AD subjects showed
significantly increased rT; levels and an increased rT; to T,

ratio in the face of unchanged CSF total T, and transthyretin
levels. These results suggest an abnormal intracerebral thy-
roid hormone metabolism and possibly the occurrence of
brain hypothyroidism, either as a secondary consequence of
the ongoing process or as a cofactor in the progression of the
disease. (J Clin Endocrinol Metab 90: 198-202, 2005)

ALZHEIMER’S DISEASE (AD) is a degenerative disor-

der of the central nervous system (CNS) characterized
by loss of neurons in the limbic system, association neocor-
tex, and basal forebrain accompanied by neuritic plaques,
neurofibrillary tangles, and neuropil thread formation. Sev-
eral laboratory and clinical data suggest that thyroid dys-
function might be relevant to the pathogenesis of AD. Evi-
dence exists in both embryonic and adult laboratory
mammals showing that thyroid hormones (TH) play a key
role in the development and maintenance of basal forebrain
cholinergic neurons typically involved in AD (1, 2). A re-
duction of c-erbAa TH receptor mRNA has been found in AD
brains at the level of the hippocampus, another brain struc-
ture primarily affected by the disease (3). Furthermore, in
vitro studies have shown that TH may regulate the gene
expression of the amyloid precursor protein from which the
AB peptide, the main component of B-amyloid that accu-
mulates in the neuritic plaques of AD patients, is derived
4, 5).

Population-based studies also suggest that either hypo- or
hyperthyroidism increases the risk of developing AD in the
elderly (6—-8). However, to date, no evidence of thyroid dys-
function has been found in AD patients. Indeed, available
data only relate to the measurement of TH in the serum,
where no major alterations have been detected during AD
diagnosis (9). Furthermore, circulating TH levels do not
properly reflect TH metabolism in the CNS (10-13). Thus, the
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question of whether cerebral metabolism of these hormones
is modified in AD remains to be clarified.

Because most of the solutes from the cerebral extracellular
spaces directly flow into the cerebrospinal fluid (CSF), anal-
ysis of CSF TH levels might provide better clues for inves-
tigating the status of TH metabolism and the role of TH in
the brain of AD patients (14). In the CNS, TH metabolism is
finely regulated by the activity of two different deiodinases,
type 2 (D2) and type 3 (D3) iodothyronine deiodinases (11—
13). In fact, D2 and D3 activity balance has been shown to be
critical for allowing adequate intraneuronal concentration of
the most biologically active form, T; (11, 13). D2 is respon-
sible for the conversion of T, to T; and therefore is considered
an activating enzyme. Its localization seems to be mainly glial
(26). In contrast to the peripheral tissues, where most of the
nuclear-bound T; is imported from the plasma pool, the
supply of the physiologically active hormone Tj; in the brain
depends mainly on the cellular uptake and intracellular deio-
dination of T, by D2. Thus, D2 is believed to play a critical
role in the maintenance of TH function in the CNS. D3 cat-
alyzes the conversion of T, and Tj into the inactive metab-
olites rT; and 3,3'-diiodothyronine (T,), respectively, by in-
ner ring deiodination. D3 is considered an inactivating
enzyme, because rT; and T, do not activate the TH receptor.
D3 localization is mainly neuronal. Both D2 and D3 activities
have been previously demonstrated in the human brain (15).
The topographical pattern of rT; distribution within the hu-
man CNS is coincidental with that of D3, suggesting that
most of the rT; present in the CNS is locally generated from
T, via the intraneuronal 5-deiodination pathway catalyzed
by D3 (11-13, 15).

In this study we assessed TH levels in CSF and serum
samples from patients with AD and healthy subjects. We
focused on the 1T; concentration as a potential indicator of
changes in the cerebral metabolism of TH (16-18).
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Subjects and Methods
Subjects

Twenty-one subjects (14 men and seven women) with diagnosis of
probable AD were included in this study. This cohort was a subset from
68 consecutive subjects admitted to the Department of Neurological
Sciences, Second University of Naples, between January 1995 and De-
cember 2000. All included patients were within 24-36 months after the
onset of dementia symptoms. Each subject underwent neurological ex-
amination, standard neuropsychological evaluation (Mini-Mental State
Examination, Mental Deterioration Battery) and laboratory investiga-
tions (brain magnetic resonance imaging or computed tomography,
electroencephalogram, and serum and CSF analyses). The 21 individuals
included in this study matched the National Institute of Neurological
and Communicative Disorders and Stroke-Alzheimer’s Disease and Re-
lated Disorders Association Work Group diagnostic criteria for probable
AD (9). All subjects were revised 612 months after the first assessment
to confirm the diagnosis of AD. At reassessment, none of the subjects
showed signs of concomitant complicating neurological disease. Fur-
thermore, family history data were negative for familiar AD or other
degenerative CNS diseases in all subjects. None of the patients had
thyroid autoimmunity or dysfunction.

At admission, each subject showed normal nutritional state (body
mass index, 20-27) and normal liver and renal functions and was not
taking any medication. The median Mini-Mental State Examination
score in our patients was 8.0, indicating overt CNS involvement at the
time of lumbar puncture.

Eighteen consecutive nondemented subjects (10 men and eight
women) admitted to the Department of Neurological Sciences, Second
University of Naples, during the same period served as controls (Table
1). They presented with symptoms requiring CSF analysis. This, how-
ever, as well as other laboratory investigations did not disclose any
neurological or systemic disorders, so no diagnosis of neurological dis-
ease was made at the time of discharge. These control subjects matched
the AD group for age, sex (Table 1), and level of education. Moreover,
none of the control subjects was taking any medication at the time of
lumbar puncture.

CSF and serum analysis

After obtaining informed consent, approximately 8 ml CSF were
taken by lumbar puncture between 0800-1000 h together with 10 ml
venous blood. An aliquot of each serum and CSF sample was used for
routine analyses, and the remaining (3—6 ml) was frozen within 20 min
from sampling and stored at —80 C until hormone determinations. Fresh
serum routine analyses included glucose, albumin, and Igs (Nephelom-
etry, Dade Behring, Deerfield, IL). Fresh CSF routine analyses included
cell count, evaluation of glucose, total protein, albumin and Igs (Neph-
elometry; Dade Behring). The CSF/blood albumin quotient (AbQ) as
well as the serum/CSF IgG index were calculated. All CSF hormone
measurements were conducted at the same time within the same assay.

TABLE 1. Age; sex; serum TSH, free T,, free T3, and rT4
concentrations; as well as neuropsychological scores [Mini Mental
Score Examination (MMSE)] in the 21 AD patients and 18 healthy
subjects in the study

Healthy subjects Patients with AD P values

Cases 18 21
Sex (F/M) 8/10 7/14 0.50
Age (yr) 58.7 3.5 59.6 + 2.4 0.32
Serum thyroid function
TSH levels (nU/liter) 1.89 = 0.17 1.78 = 0.19 0.37
Free T, levels (pg/ml) 12.0 = 0.61 12.4 = 0.50 0.83
Free T levels (pg/ml) 3.1%+0.10 3.2 +0.08 0.20
rT; levels (ng/dl) 19.7 = 0.30 22.0 = 0.43 0.20
Neuropsychological score
MMSE 27 + 2.3 8+ 1.5 <0.001

Data are the mean *+ SEM. Unit conversion factors: TSH, uU/ml =
mUT/liter; free Ty, pg/ml = pmol/liter = 1.536; free T,, pg/ml = pmol/
liter = 1.887; rT5, ng/dl = nmol/0.01536.

F, female; M, male.
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For assessment of thyroid function, TSH, free T,, free T, rT;, and
transthyretin (TTR) levels were evaluated in serum samples by standard
procedures. Total T, (TT,) and T (TT;), rT;, and TTR levels were de-
termined in CSF samples by highly sensitive RIAs, following the pro-
cedure described by Campos-Barros et al. (15). The 1T; assay was val-
idated by recovery tests using two different rT; amounts (5 and 10 ng)
added to CSF aliquots. The recovered amounts were 101 * 3.1% and
98.3 = 0.8%, respectively. The sensitivity limits of the assays were 3.0
ng/dl (0.03 nmol/liter), 2.0 (0.03 nmol/liter), and 1.5 ng/dl (0.05 nmol/
liter) for TT,, TT;, and 1T, respectively.

Because TT; concentrations in individual CSF samples were close to
[AD patients, 0.5-1.5 ng/dl (0.0076-0.023 nmol/liter); controls, 1.8—4.6
ng/dl(0.027-0.070 nmol/liter)] or even below the limit of determination
(2.0 ng/dl) of the assay, TT; determinations were carried out in con-
centrated pools of CSF samples (16).

Each pool consisted of four or five CSF samples (AD patients) or three
CSF samples (controls). The pooling of samples was performed blindly
without knowledge of the results of previous hormone assays. Accord-
ing to the procedure described by Nishikawa et al. (16), 1.6-ml CSF
aliquots were lyophilized and reconstituted with 125 ul charcoal-
treated, iodothyronine-free CSF (concentration factor, 1 X 12.8). One
hundred microliters of the concentrated samples were used for the TT;
RIA. Each assay was carried out in duplicate. The intraassay variations
were 5.4%, 5.6%, and 6.7% for TT,, TT;, and rT;, respectively. CSF TTR
levels were evaluated by nephelometry using commercially available
kits (Dade Behring).

Statistical analysis

Data are expressed as the mean + seM. Statistical comparisons were
performed using the f test for unpaired data. Frequencies were com-
pared using the X° test, with Fisher’s correction, when appropriate. The
relationship between variables was analyzed using Pearson’s correlation
coefficient. Statistical significance was assumed at P = 0.05.

Results

In AD patients, serum concentrations of TSH, free T, free
T, and rT; were not significantly different from those in the
control group (Table 1). Moreover, no significant differences
were found in the CSF levels of TT, [107.9 £ 7.3 ng/dl (1.4 =
0.09 nmol/liter) vs.98.9 = 5.2 ng/dl (1.3 = 0.07 nmol/liter);
t = —0.98; P = 0.34], TTR [151.0 = 1.4 mg/liter (27.5 + 0.25
mmol/liter) vs. 145.0 = 0.81 mg/liter (26.4 * 0.15 mg/ liter);
t=1.33; P = 0.43], AbQ (0.49 * 0.02 vs. 0.47 = 0.01; t = 0.61;
P = 0.81), and the IgG index (0.45 = 0.02 vs. 0.44 * 0.02; t =
0.43; P = 0.67) between AD patients and healthy subjects.

In contrast, TT; levels in the concentrated CSF pools were
significantly and markedly lower in AD patients (n = 5) than
in controls [n = 6; 57.7 = 3.2 ng/dl (0.89 = 0.05 nmol/liter)
vs. 148.9 * 13.9 ng/dl (2.3 = 0.21 nmol/liter); t = 5.87; P <
0.001], whereas CSF 1T; levels were significantly enhanced
(Fig. 1A) in AD patients compared with controls [12.6 = 0.9
ng/dl (0.19 = 0.02 nmol/liter) vs. 6.1 * 0.29 ng/dl (0.10 =
0.004 nmol/liter); t = —4.5; P < 0.001]. Moreover, as shown
in Fig. 1, B and C, TT;/TT, molar ratios (0.009 = 0.001 vs.
0.026 = 0.003; t = 5.6; P < 0.001) were significantly lower in
AD patients than in healthy subjects, whereas a significant
increase in the rT;/TT, molar ratio (0.14 = 0.008 vs. 0.09 =
0.008; t = —4.0; P < 0.001) was observed in AD patients
compared with controls.

CSF rT; concentrations were significantly correlated with
CSFTT, levels (r = 0.68; P < 0.001) in normal controls as well
as in AD patients (r = 0.62; P < 0.003), thus indicating that
in both cases the amount of rT; in CSF was linked to T,
metabolism.
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Fic. 1. rTy concentrations (A), TT4/TT, molar ratios (B), and rT/TT,
molar ratios (C) in the CSF of 21 AD patients and 18 healthy subjects
(controls) participating in the study. TTs/TT, molar ratios were calcu-
lated from determinations carried out in 12.8-fold concentrated CSF
sample pools from AD patients (n = 5 pools) or controls (n = 6 pools). AD
patient pools consisted of four or five CSF samples; control pools con-
sisted of three CSF samples. Solid lines indicate the mean values for each
group. Unit conversion factors for rT5: ng/dl = nmol/0.01536.
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Discussion

In this study, patients with overt AD were found to have
normal thyroid function, as assessed by standard evaluation
of serum TH levels. CSF rT; concentrations were, however,
significantly enhanced compared with those in healthy sub-
jects, suggesting an impairment of intracerebral TH metab-
olism during development of the disease.

Animal studies have shown that in the euthyroid brain,
approximately 70-80% of the nuclear-bound T; originates
from intracerebral T, to T; conversion, whereas only a mod-
est 20-30% is obtained from the plasma pool (11, 13, 19). The
amount of nuclear-bound Tj in the brain is regulated by the
fine-tuned and well coordinated activities of D2 and D3
deiodinases (11, 13, 15). A critical role is played by the D3
enzyme, which transforms T, and T; into the inactive me-
tabolites 1T; and T, respectively, protecting neuronal cells
from excessive T; exposure. In fact, D3 activity increases in
hyperthyroidism, whereas it decreases in the hypothyroid
status (10). The increased CSF rT; concentration as well as the
reduced CSF Tj levels found in AD patients may reflect an
enhancement of D3 activity in this disease. This hypothesis
is supported by the 2-fold increase in the rT;/T, molar ratio
we found in the CSF of AD patients, which suggests that a
considerable amount of T, is transformed into rT5 in the CNS
of AD patients. This might implicate the incidence of local
hypothyroidism at the level of brain tissue, given the known
inverse relationship between rT; and T; production (13).

An increase in the CSF rT; concentration has been found
in other degenerative, vascular, and inflammatory diseases
of the CNS (16-18, 20). This finding could be linked to a
relatively unspecific passage of 1T; from the serum into the
CSF across an eventually damaged blood-CSF barrier, or it
could reflect an enhancement of D3 activity in the CNS. In
previous studies, markers of blood-CSF barrier integrity (i.e.
ADbQ) and indexes of intracerebral inflammation (i.e. IgG
index) were not reported (16-18, 20). Moreover, the small
size and clinical heterogeneity of the patient groups inves-
tigated in those studies (16-18, 20) did not allow us to draw
any conclusion about the specificity of TH changes observed
in the examined disorders. Therefore, in our study we in-
vestigated the status of brain TH metabolism in a cohort of
AD patients that was homogenous with respect to clinical
diagnostic criteria, disease duration, and various physiolog-
ical parameters (i.e. TTR, IgG index, AbQ, and total T;) that
may affect intracerebral TH metabolism.

The CSF rT; concentrations determined in our study were
lower than those found in previous reports (16-18), but com-
pare well with values reported more recently by Labudova
et al. (20). Indeed, different RIA protocols for iodothyronine
determinations may not always generate comparable results,
especially if they are conducted with different antisera,
which may display variable antigen selectivities.

We cannot conclude whether the increased production of
r'T; in the CNS of AD patients is an adaptive phenomena to
the disease or is a relevant physiopathological event (21).
Cytokines are involved in the pathological process under-
lying AD (22), and they may enhance the activity of D3 with
a consequential increase in r'T5 production, as observed in the
systemic euthyroid sick syndrome (13, 23). A decrease in the
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T, to T5 conversion rate may favor the development of senile
plaques due to the lack of T inhibitory effects on B-amyloid
gene expression (4) or may promote the formation of the
amyloid precursor protein isoforms preferentially expressed
in the brain of patients with AD (5). Moreover, rTj itself is
known to be a very effective competitive inhibitor of D2-
mediated deiodination of T, to T5 and has also been reported
to be a physiological regulator of D2 activity during devel-
opment (24, 25). This suggests that an increase in local 1T,
production could hypothetically contribute to induce a local
hypothyroid status. In addition to this, D2 activity is known
to be predominantly expressed in astrocytes (26), which ap-
pear to be the primary affected targets of early pathophys-
iological events in AD (27). Thus, an impairment of astrocytic
D2 activity might be the primary event affecting TH metab-
olism in AD brain. This could, in turn, explain the lower T,
to T; conversion rate, as indicated by the lower T;/T, ratio,
and the increase in CSF rT; levels, as observed in our AD
patients.

In the CSF, TTR is the main iodothyronine-binding protein
transferring T, from the blood into the brain across the blood-
choroid plexus barrier (28, 29). Although, an adequate con-
centration of TTR in the CSF does not seem to be required for
preservation of the euthyroid status of the brain (30), it might
be important for maintaining the intracerebral proteins as
amyloid fibrils in soluble form (31). Indeed, previous studies
reported decreased CSF TTR concentrations in late-onset AD
patients, possibly due to epithelial atrophy of the choroid
plexus (31, 32). However, we did not observe any significant
difference in CSF TTR levels between AD patients and
healthy subjects. Such a discordant result is probably due to
the different age and post-disease onset stage of our patients
compared with those previously studied by others (31).

In this regard, the maintenance of normal CSF TTR values
in the subjects included in the present study support the
hypothesis that the increase in CSF 1T, levels was not sec-
ondary to an advanced stage of AD disease, because at the
time of lumbar puncture, the choroid plexus epithelium still
produced normal amounts of TTR. Note that our AD group
included subjects who were within the range of 24-36
months post-disease onset, because our aim was to investi-
gate whether alterations in brain TH metabolism could play
a role in the development of overt AD symptoms.

1'T; has been previously reported to cross the choroid plex-
us-CSF barrier (33). Because our AD patients had serum 1T,
levels comparable to those in control subjects, and the cho-
roid plexus-CSF barrier was likely to be intact, we infer that
the increase in CSF rT; levels was caused by abnormal in-
tracerebral TH metabolism. This interpretation is supported
by the findings of, respectively, decreased and increased
TT;/TT, and rT5/TT, ratios in AD patients compared with
control subjects.

In conclusion, our study reveals an increased CSF con-
centration of rT; and a higher rT; to TT, molar ratio in the
face of decreased CSF TTj levels and a lower TT;/TT, ratio
in patients with overt AD. These findings suggest that even
with an apparent systemic euthyroid status, local or tissue
hypothyroidism may occur during the progress of the dis-
ease. Follow-up studies should clarify whether this condition
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is also present during early AD and how it develops during
the advanced stages of the disease.
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