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Abstract: Whatever the nutritional status and the disease condition, the actual transthyretin (TTR) plasma level is deter-
mined by opposing influences between anabolic and catabolic alterations. Rising TTR values indicate that synthetic proc-
esses prevail over tissue breakdown with a nitrogen balance (NB) turning positive as a result of efficient nutritional sup-
port and / or anti-inflammatory therapy. Declining TTR values point to the failure of sustaining NB as an effect of malad-
justed dietetic management and / or further worsening of the morbid condition. Serial measurement of TTR thus appears 
as a dynamic index defining the direction of NB in acute and chronic disorders, serving as a guide to alert the physician on 
the validity of his therapeutic strategy. The level of TTR production by the liver also works as a limiting factor for the cel-
lular bioavailability of retinol and retinoid derivatives which play major roles in the brain ageing process. Optimal protein 
nutritional status, as assessed by TTR values within the normal range, prevents the occurrence of vascular and cerebral 
damages while maintaining the retinoid-mediated memory, cognitive and behavioral activities of elderly persons. 

INTRODUCTION 

 Measurement of transthyretin (TTR, formerly called pre-
albumin) was proposed as nutritional marker in The Lancet 
in 1972 [1]. This proposal was largely disregarded by the 
scientific community during the decade following its publi-
cation. Starting from the beginning of the eighties, and due 
to uninterrupted progress in fundamental and applied inves-
tigations, the TTR index turned progressively out to become 
an attractant for clinical nutritionists and for a growing num-
ber of scientists involved in basic research. TTR testing is 
now the most utilized nutritional marker worldwide, having 
received the strong support of the Prealbumin Consensus 
Group [2]. 

 A minority of workers, however, remain doubtful [3] or 
even reluctant [4] to adopt TTR as nutritional index, stressing 
the point that its synthesis is also influenced by inflamma-
tory conditions [3,4] and by other extra-nutritional factors 
such as natural or synthetic corticosteroids [5] and androgens 
[6]. In addition, the information provided by TTR plasma 
concentrations may be overestimated in kidney failure [7]. 
These data are not disputable but they may also be extended 
to most other nutritional indices. Investigators who are 
standing on the foreground of such pitfalls, mainly in dialy-
sis care units, number nevertheless among the most enthusi-
astic TTR users [8], showing that appropriate handling of the 
marker allows the recovery of its full scoring validity. Be-
sides nephrologists, many pediatricians, gerontologists and 
oncologists also came to the same conclusion that TTR 
measurement fully meets its initial purpose [1], provided that 
the objective utilization of the parameter is associated with 
skillful clinical expertise. 
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 The aim of the present review paper is to clarify the 
complex relationships linking malnutrition and inflamma-
tion, throwing further insight into a nutrition domain of in-
creasing public health importance and opening new avenues 
of research in elderly persons. Among all possible analytical 
methods, the measurement of TTR is best achieved using 
immunoprecipitation procedures which are characterized by 
least variation range and higher reproducibility [9]. 

EVOLUTION, STRUCTURE AND FUNCTIONS 

 TTR is a highly conserved protein in vertebrate species 
already secreted by the choroid plexus of reptiles 
300 millions years ago and remaining confined within the 
cerebrospinal fluid (CSF) [10]. Synthesis and secretion of 
TTR by the liver evolved much later, about 100 millions 
years ago, in birds and eutherian mammals [11]. Production 
of TTR by the liver and by the choroid plexus is regulated 
separately [12], suggesting that the central nervous system 
(CNS) is somewhat protected against the metabolic and nu-
tritional alterations affecting the rest of the body. The human 
TTR gene has been localized on the long arm of the chromo-
some 18q23 [13]. The nucleotide sequences of the entire 
TTR gene, including the 5' (transcription initiating site) and 
the 3' (untranslated site) flanking regions have been de-
scribed [14,15]. The gene spans 6.9 kilobases (kb) and con-
sists of 4 exons and 3 introns [14,15]. The hepatic TTR-
mRNA measures 0.7 kb encoding a pro-TTR-monomer un-
dergoing a cleaving process to release the native TTR 
monomer [16]. Four identical subunits comprising each 127 
amino acids (AAs) coalesce noncovalently to generate the 
fully mature nonglycosylated molecule whose molecular 
mass (MM) reaches 55 kDa [17]. Two binding sites for thy-
roid hormones are burried inside the central channel of the 
tetrameric TTR edifice [18]. The secondary, tertiary and 
quarternary conformation structures of the TTR protein have 
been reported using 1.8 Å Fourier analysis [18]. One TTR 
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monomer is implicated in the carriage of a small companion 
protein (21 kDa as MM) displaying a single binding site for 
all-trans-retinol, hence its RBP denomination [19]. X-ray 
crystallographic studies have shown that RBP possesses an 
eight-stranded -barrel core that completely encapsulates the 
retinol molecule [20]. Under usual circumstances, RBP is 
almost entirely saturated with retinol, explaining that the 3 
components of the retinol circulating complex (RCC) total-
ize 76 kDa as MM and remain attached within close 1:1:1 
stoichiometry [21]. Aggregation of TTR to holo-RBP occurs 
within the endoplasmic reticulum prior to extracellular RCC 
secretion [22]. 

 The TTR protein was first discovered in human CSF in 
1942 [23] and later in human serum where its capacity to 
transport thyroxine was rapidly recognized [24]. Its main 
physico-chemical characteristics were described by German 
workers who emphasize its unusual richness in tryptophan 
[25]. Human TTR transports about 20% of the intravascular 
pool of both thyroid hormones and at least 90-95% of the 
retinol circulating pool. The transthyretin appellation rec-
ommended by the International Nomenclature Committee 

[26] stresses the dual conveying role played by TTR in hu-
man beings. The biological half-life of TTR is approximately 
2 days [27] whereas that of holo-RBP turns around half a day 
[28]. By contrast, apo-RBP devoid of its retinol ligand dis-
plays a significantly reduced half-life of 3.5 hr [28] and un-
dergoes rapid glomerular leakage with subsequent tubular 
disintegration and recycling of its AA residues. It is therefore 
assumed that TTR plays a less important role in the transport 
of thyroid hormones than for the safeguard of the retinol 
pool. TTR forms a small and stable intravascular pool poorly 
subjected to extravasation. Its main catabolic site is the liver, 
followed by muscle mass, skin and kidneys [29]. 

 To our knowledge, no ethnic differences are reported up 
to now for the normal TTR molecule which may neverthe-
less display microheterogeneity [30] and tissue deposits 
throughout the normal ageing processes [31]. In contrast, 
TTR is characterized by a very large genetic polymorphism 
affecting about 100 different point mutations [32], leading to 
misfolded forms of the protein and occurrence of amyloid 
disorders in several organs. The first description of the clini-
cal anomaly was reported by Andrade [33] whereas the 
causal link with a mutated form of TTR was established by 
Costa et al. [34]. Other potential physiological properties are 
assigned to the TTR molecule. The description of immune 
properties mimicking thymic hormonal activities have been 
attributed to the first ten AA residues of the TTR monomeric 
sequence [35]. The recent discovery that TTR may exert 
chymotrypsin-like proteolytic activity on apolipoprotein AI 
and possibly on other substrates confers to TTR potential 
roles in lipid metabolism [36]. The report of a TTR binding 
site for catecholaminergic compounds [37] identified as oxi-
dation products of norepinephrine [38] suggests that TTR is 
involved in the control of behavioral attitudes [39]. The 
tetrameric TTR protein is recognized as a component of the 
normal pancreatic -cell structure, preserving its integrity 
against the risk of apoptosis [40]. Finally, normal TTR pro-
duction is required for the maturation of brain neural stem 
cells [41] and for the control of spatial reference memory 
performances [42] as shown by differentially affected bio-
logical patterns observed in knock-out mice lacking TTR 
synthesis. 

SIGNIFICANCE OF TTR THROUGHOUT THE HU-

MAN LIFESPAN 

 Plasma TTR belongs, together with serum-albumin (SA) 
and transferrin (TF) to the so-called family of liver-secreted 
visceral proteins currently proposed to assess protein nutri-
tional status. Significant alterations in the levels of protein 
intakes by humans affect protein synthesis, turnover and 
breakdown and determine the outcome of total body N 
(TBN) regarded as the cornerstone of body building. Using a 
simple 2-compartmental model, the human body may sche-
matically be divided into the fat mass (FM) and the fat-free 
mass (FFM), the latter aggregating most of TBN stores and 
almost all of the mineral constituents. TBN distributes within 
a metabolic pool (liver, intestine, thymoleucocytic tissue), a 
structural pool (muscle mass, skin, soluble collagen) both 
made up of exchangeable proteins with rapid and slow turn-
over rates, respectively, and a non-exchangeable pool (con-
nective tissue, tendons, cytoskeleton) poorly responsive to 
metabolic and nutritional influences [43]. Anabolism occurs 
when the rate of AA incorporation into protein exceeds that 
of oxidative losses, yielding a positive NB. Catabolism is the 
result of protein breakdown prevailing over protein synthesis 
with NB turning negative [43]. The body of a healthy 70-kg 
man of average height contains approximately 10.5 kg pro-
tein (15% by weight) or about 1.7 kg N. 

 TTR is detected in the fetal blood as early as 8 weeks 
after conception [44]. Fetal TTR likely originates from dual 
sources. A minor part seems inherited passively from the 
pregnant mother through transplacental filtration [45]. The 
bulk of fetal TTR results from proper hepatic synthesis as 
indicated by presence of noticeable TTR-mRNA amounts in 
the early developmental stages of this organ [46]. This view 
is strengthened by the observation that maternal TTR blood 
levels are not correlated with those found in cord sera and do 
not appear to substantively influence infant values [47]. In-
creasing gestational age is accompanied by a slow and pre-
dictable rise in TTR values correlated with birth weight and 
proved useful in distinguishing between small, appropriate 
and large for gestational age infants [47,48]. The data are 
consistent with metabolic studies showing that the level of 
protein turnover in premature infants is inversely correlated 
with conceptual age, leading to relatively higher tissue N 
accretion rates than in term neonates [49]. Nutritional reha-
bilitation of very low birth weight infants indicates that the 
elevation of TTR plasma values is mainly determined by the 
amount of ingested protein and strongly correlated with N 
accretion rates [50-52], being even predictive of weight gain 
velocity [53]. 

 Starting from birth until 100 years of age, our reference 
TTR values [54] are those collected in the monograph " Se-
rum Proteins in Clinical Medicine " edited by the Founda-
tion for Blood Research. The plasma TTR concentrations in 
healthy neonates are approximately two thirds those meas-
ured in healthy mothers and thereafter increase slowly until 
the onset of puberty without displaying sexual differences. 
The rate of protein synthesis similarly increases linearly dur-
ing the prepubertal period [55], consistent with superimpos-
able N accretion rates [56]. It is of interest to note that TTR 
values distribute along Gaussian curves in healthy neonates 

[57] and in preadolescent children [58], forming therefore 
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the substrate, all else equal, for epidemiological studies on 
protein nutritional status between population groups [59]. 

 Human puberty is characterized by major hormonal and 
metabolic alterations leading to increased height velocity and 
weight gain [60]. The timely onset and effectual progress of 
puberty require close interrelationships between the effects 
triggered by growth hormone and its vassal network of insu-
lin-like growth factors, by thyroid and steroid hormones, by 
insulin and sex hormones [60]. Androgen and estrogen ac-
tivities converge in stimulating bone mineralization and 
growth but diverge on other effector tissues. Whereas andro-
gens strongly promote the development of muscle mass in 
males while exerting lipolytic effects on visceral and subcu-
taneous adipocytes, estrogens entail minimal enlargement of 
the female musculature while stimulating the accrual of sub-
cutaneous fat depots [60]. Body composition studies thus 
point to prepubertal redistribution of FM and FFM with a 
significantly higher S-shaped elevation of FFM in male ado-
lescents compared with the blunted curve recorded in teen-
aged girls [61,62]. TTR values manifest closely paralleled 
sex- and age-peculiarities in process of time that are best 
explained by the deeper androgenic impregnation of male 
subjects [6,43]. The musculature is by weight the main com-
ponent of FFM, representing 37% of body mass [61]. 

 In healthy adults, the sex-related difference in plasma 
TTR-RBP concentrations is maintained in the form of pla-
teau levels during full sexual maturity [54,63]. Normal TTR 
plasma values are stabilized around 290-320 mg/L in males 
and around 250-280 mg/L in females [54,63]. Starting from 
the sixties, TTR concentrations progressively decline over 
time, disclosing a steeper slope in elderly men that reflects a 
relatively more rapid deterioration of their muscle mass [43]. 
As a result, the earlier TTR sexual difference disappears by 
about the age of 70 years [43]. Again, this is in narrow corre-
lation with the age-dependent curvilinear drop of TBN, char-
acterized by an accelerated decrease after 65 years [64]. 
Taken together, the plasma TTR evolutionary patterns reveal 
in healthy individuals a striking parallelism with FFM, con-
ferring to TTR the aptitude to serve as a reasonable indicator 
of muscle mass. The data show that age and gender are sig-
nificant co-variates of TTR which require separate blood 
reference values [54]. In our hands, the TTR coefficient of 
variation for between-run precision in adult subjects is 3.8 
%. 

TTR AS INDEX OF PROTEIN DEPLETION / REPLE-

TION STATES 

 There exists a long-lasting debate aiming at identifying 
the most effective protein sources, level of energy-yielding 
substrates and the proportion among these for the support of 
protein metabolism. Under usual conditions, glucose func-
tions as the major energy substrate for protein synthesis. If 
the carbohydrate energy is lacking, glucose must be synthe-
sized by gluconeogenesis, mainly from the conversion of 
endogenous or dietary protein [65]. This increased AA oxi-
dation corresponds to a form of nutritional wastage which 
augments the cost of protein synthesis, as documented by an 
increased urinary excretion of urea. The above metabolic 
pattern stands in broad conformity with the concept that " 
protein synthesis occurs in the flame of sugars " [66].  

 FAO / WHO / UNU recommends for healthy adults the 
safe level of 0.75 g k-1 day-1 protein intake [67]. Although 
this protein amount sustains normal growth and keeps un-
modified the concentration of most biological parameters, 
such intake appears to be marginally inadequate to maintain 
the metabolic reserve capacities that are required to mount 
optimal responses to stress [68]. Recent turnover studies 
grounded on the recommended FAO/WHO/UNU protein 
intake consumed by healthy volunteers have disclosed that 
TTR plasma level and pool size remain unaltered just be-
cause its synthetic and catabolic rates are both down-
regulated concomitantly [69]. Changes occurring during pro-
longed starvation causes the N balance to turn negative de-
spite efforts to minimize protein catabolism [70]. There is a 
direct correlation between the rate of liver protein synthesis 
and intrahepatic concentrations of individual free AAs [71]. 
It is likely that the dietary limitation of some AAs such as 
tryptophan [72] or leucine [73] could specifically exert in-
hibitory effects on the transcriptional [74] or translational 

[75] regulation of protein synthesis. Anyhow, protein deple-
tion causes a decrease in TTR nuclear transcript that pre-
cedes the decrease in TTR mRNA [72,74,76]. Transcription 
of the TTR gene in the liver is directed by CCAAT/enhancer 
binding protein (C/EBP) bound to nuclear factor 1 (NF1) 
[74]. Multiple hepatocyte nuclear factors (HNFs) function in 
the regulation of TTR gene expression [77]. It has been re-
cently shown that one of them (HNF-4 ) plays prominent 
roles before and after injury [78]. The drop of liver TTR-
mRNA levels to about half as an effect of protein deprivation 

[74] is accompanied by a corresponding diminished secre-
tion of mature TTR molecules in the bloodstream. 

 The rapidly turning over TTR protein is exquisitely sen-
sitive to any change in protein and/or energy supply, being 
clearly situated on the cutting edge of the equipoise. This is 
documented in preterm infants in whom AA supply is re-
sponsible for maintaining normal protein synthesis which 
may be somewhat modulated by fluctuations in energy in-
take [79]. TTR is also useful to monitor the best N : energy 
balance of infants formulas [80] compared with breast-
feeding [81] and to take appropriate dietetic guidelines in 
anorexia nervosa [82] or in weight-reducing programs [83]. 
Likewise, TTR is recommended for the nutritional follow-up 
of children suffering a variety of metabolic or genetic disor-
ders such as uncontrolled diabetes [84], cystic fibrosis [85], 
sickle cell disease [86], Reye's syndrome [87], phenylke-
tonuria [88] and defects of the urea cycle [89]. The drop of 
TTR reflects the inadequate provision of nutrient classes, 
setting in motion adaptive mechanisms which largely pre-
cede the development of clinical symptoms. 

 In the declared stage of protein malnutrition, the serial 
measurement of TTR may serve to grade the severity of the 
disease spectrum, from mild [90] to severe [1] forms. Both 
metabolic and structural N compartments undergo exhaust-
ing processes as documented by the fall of nitrogenous com-
pounds in the urine of protein-depleted subjects [91]. The 
relative dominance of urea over ammonia catabolites [92] 
reflects the more intense turnover rate of tissues belonging to 
the readily mobilizable N pool. Decreased TTR plasma val-
ues are indeed correlated with the involution of the gut mu-
cosa [93] and with the extent of liver dysfunction, more pro-
nounced in the kwashiorkor disease with massive hepatic  
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steatosis than in marasmus with limited fatty liver infiltration 
[1]. The structural N compartment nevertheless participates 
in the loss of body protein reserves, consistent with the re-
duced urinary output of creatinine [91], 3-methylhistidine 

[94] and soluble hydroxyproline [95]. The resulting sarco-
penia [96,97] and the concomitant depression of immune 
mechanisms [98,99] render an account of the higher morbid-
ity / mortality rates affecting TBN-depleted patients identi-
fied by the lowest TTR and RBP plasma concentrations 
[100]. The mortality risk of malnourished children in Central 
Africa becomes likely when SA and TTR reach the threshold 
of 16 g /L and 65 mg /L, respectively [101]. 

 During nutritional rehabilitation from protein malnutri-
tion, the restoration of visceral proteins occurs at different 
rates depending on the type of protein and the size of its 
plasma pool. TTR and RBP recovery appears as the main 
result of increased production rates by the liver [102]. This is 
at variance with the kinetic patterns observed for SA [103] 
and TF [104] whose plasma pool replenishment is achieved 
via changes in both synthetic and catabolic rates. The data 
stand in good agreement with multivariate analyses indicat-
ing that the outcome predictive ability of TTR is independent 
from that offered by SA and TF [100]. Most studies contend 
the view that the trajectory outlined for TTR correlates with 
the fluctuations of body N mass, especially during the ana-
bolic phase of growth and clinical recovery from protein 
malnutrition. Using impedance parameters for assessing the 
N compartment still remaining in place in the stressed body 
of adults undergoing renal dialysis, nephrologists were able 
to demonstrate close relationships between TTR and phase 
angle, reactance and resistance values [105]. In elderly non-
infected persons, FFM index measured by dual X-ray ab-
sorptiometry exhibits the highest correlation with TTR 
(r = 0.64) compared to RBP (r = 0.52) [106] 

TTR AS NITROGEN INDEX IN INFLAMMATORY 

DISORDERS 

 Inflammatory disorders of any cause are initiated by acti-
vated leukocytes releasing a shower of cytokines working as 
autocrine, paracrine and endocrine molecules [107]. Cytoki-
nes regulate the overproduction of acute-phase proteins 
(APPs), notably that of CRP, 1-acid glycoprotein (AGP), 
fibrinogen, haptoglobin, 1-antitrypsin and antichymotrypsin 
[107]. APPs contribute in several ways to defense and repair 
mechanisms, being characterized by proper kinetic and func-
tional properties [107]. Interleukin-6 (IL-6) is regarded as a 
key mediator governing both the acute and chronic inflam-
matory processes, as documented by data recorded on burn 
[108], sepsis [109] and AIDS [110] patients. IL-6-NF pos-
sesses a high degree of homology with C/EBP-NF1 and 
competes for the same DNA response element of the IL-6 
gene [111]. IL-6-NF is not expressed under normal circum-
stances, explaining why APP concentrations are kept at base-
line levels. In stressful conditions, IL-6-NF causes a dra-
matic surge in APP values [107,112] with a concomitant 
suppressed synthesis of TTR as demonstrated in animal 

[113] and clinical [114] experiments. 

 Under acute stressful conditions, protein turnover is 
strongly stimulated by augmented tissue breakdown (mainly 
in the muscle mass) and enhanced specific tissues synthesis 
(mainly in the liver and at the site of injury). Proteolysis re-

leases AA residues which are preferentially incorporated into 
the hepatic precursor pool involved in the production of 
APPs [115,116]. The rate at which proteins are degraded 
generally exceeds the rate of AA mobilization for protein 
synthesis [117,118] yielding a net negative NB associated 
with an increased urinary output of urea and ammonia [119]. 
Creatininuria and 3-methylhistidinuria are significantly ele-
vated and remain highly correlated (r = 0.97) attesting to the 
substantial participation of the skeletal musculature to the 
stress responses [117]. The gap between degradative and 
synthetic processes widens in proportion to the severity of 
injury, resulting in correspondingly increased urinary N 
catabolites [43]. Serious injury affecting otherwise healthy 
adults may trigger urinary N losses reaching 40 g/day or 250 
g/week, which corresponds to about 15% of TBN [43]. In 
long-lasting debilitating disorders, the persisting negative 
NB may deplete the baseline body cell mass by about 45%, 
carrying ominous prognostic significance [120]. 

 The peak of urinary N excretion culminates within 3 to 5 
days after the onset of acute injury [121]. This coincides 
with the nadir recorded for the negative NB [122] and for 
TTR values [123]. When the stressful condition subsides, 
both NB and TTR levels improve and return to the physio-
logical range within a couple of days provided that appropri-
ate nutritional support is offered. In contrast, inadequate nu-
tritional management [122], multiple injuries, occurrence of 
severe sepsis and metabolic complications result in persistent 
proteolysis [124] and subnormal TTR concentrations [66]. 
The evolutionary patterns of urinary N output and of TTR 
thus appear as mirror images of each other, which supports 
the view that TTR might well reflect the depletion of TBN in 
both acute and chronic disease processes. Even in the most 
complex stressful conditions, the synthesis of visceral pro-
teins is submitted to opposing anabolic or catabolic influ-
ences yielding ultimately TTR as an end-product reflecting 
the prevailing tendency. Whatever the nutritional and/or in-
flammatory causal factors, the actual TTR plasma level and 
its course in process of time indicates the exhaustion or res-
toration of the body N resources, hence its likely (in)ability 
to assume defense and repair mechanisms. The serial meas-
urement of TTR appears as a dynamic tool pointing to the 
direction and magnitude of NB, predicting therefore the dis-
ease outcome. Hundreds of studies are reporting the clinical 
usefulness of TTR measurement. We have hereunder pin-
pointed some among the most relevant investigations rec-
ommending TTR testing in routine clinical practice.  

 In pediatric settings, TTR is a marker of malnutrition 
both in septic and non-septic situations, revealing earlier 
sensitivity than common anthropometric approaches [49, 52, 
53,125]. The serial measurement of TTR is required to moni-
tor the visceral protein response to nutritional supplementa-
tion in neonates recovering from major surgery [126]. In 
critically ill children parenterally refed, the mean protein 
intake was shown directly correlated with TTR and RBP 
plasma concentrations [127]. Low preoperative TTR values 
in infants undergoing cardiac surgery were predictive of 
more frequent postoperative complications [128]. TTR alerts 
the physician on the validity of his ongoing therapeutic strat-
egy, helps to redress the balance of nutrient classes and fore-
tells the outcome of severely ill children as survivors have 
higher initial TTR values than non-survivors [129]. 
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 TTR is also recommended for the assessment and nutri-
tional follow-up of a large panel of hospitalized patients in 
internal medicine settings [130,131], in general surgery 

[132,133] and intensive care units [134,135]. In particular, 
TTR is regarded as a useful tool for the therapeutic manage-
ment of head injury [136], burn patients [137], for taking 
into charge respiratory failure [138], acute and chronic pan-
creatitis [139] and Crohn's disease [140]. Liver diseases are 
characterized by distinct TTR interpretation difficulties. The 
hepatic damages caused by biliary atresia [141], by viral or 
alcoholic cirrhosis [142], by acute [143] or chronic [144] 
hepatitis depress the production of TTR plasma concentra-
tions that are usually correlated with impairment of liver 
function tests. Low TTR values thus appear to nonspecifi-
cally reflect the extent of liver damage rather than its etiol-
ogy. Liver N tissue only represents by weight a minor pro-
portion of TBN but its intense turnover rate (10 to 20-fold 
more rapid than that of muscle tissue) [43] and its critical 
involvement in the orchestration of most major metabolic 
and immune pathways [145] explains why liver failure of 
any cause is usually associated with varying degrees of clini-
cal malnutrition [142] mimicking the symptomatology of the 
above-described kwashiorkor / marasmus forms of protein 
depletion [1]. Patients undergoing liver transplantation suffer 
massive protein catabolism with a NB remaining negative 
many weeks postoperatively [146]. The data are in close 
relation with the postsurgical fall of TTR values during at 
least 3 weeks even in successful cases of graft livers [147], 
indicating that an extensive period of time is required before 
normalization of protein metabolism occurs. In a large co-
hort of 114 patients submitted to lung transplantation, a Cox 
proportional hazards model for overall survival has identi-
fied a pretransplant TTR threshold value  180 mg/L as a 
major mortality risk factor [148]. 

 The nutritional management of kidney patients has met 
noticeable improvement along the past decades. Until the 
mid 1980s, and due to its catabolic dependence on renal 
function causing supranormal levels, TTR was regarded as 
unreliable and discarded, leaving the way for the general use 
of SA in kidney studies. The turning point came in 1987 
when a careful statistical analysis stated that TTR was the 
most representative marker within a large battery of cur-
rently measured parameters [149]. This original investigation 
stating a TTR cut-off value of 300 mg/L below which kidney 
patients incur shortened survival rate has stimulated clinical 
approaches offering to TTR equal predictive opportunities to 
that of SA [150]. The most recent studies clearly incline to-
wards the common use of TTR superseding that of SA [8, 
151-155]. It has been confirmed, mainly in intensive care 
renal units, that the serial measurement of TTR works as a 
strong independent predictor of long-term survival, allowing 
to identify the patients in need of nutritional intervention 

[151,155] or at risk of reduced life expectancy [154, 155]. 
Using proportional hazards regression models, the relative 
risk of death was inversely correlated to TTR concentrations 
in 8,157 hemodialyzed patients [155] who benefit from a 
44% lower mortality risk in comparison with patients sub-
mitted to peritoneal dialysis [153]. TTR is currently meas-
ured as nutritional marker in tropical areas where bacterial, 
viral and parasitic diseases are still highly prevalent, usually 
in connection with defective immune and vitamin A status. It 
is the case for malaria in Thailand [156], for trypanosomiasis 

in Ivory Coast [157], schistosomiasis in Brazil [158], mea-
sles in Mali [159] and shigellosis in Bangladesh [160]. AIDS 
studies have shown that HIV-seropositive individuals reveal 
no significant difference from normal controls whereas de-
clared AIDS patients exhibit declining TTR values as the 
morbid condition worsens [161]. 

 In westernized societies, elderly persons constitute a 
growing population group. A substantial proportion of them 
may develop a syndrome of frailty characterized by weight 
loss, clumsy gait, impaired memory and sensorial aptitudes, 
poor physical, mental and social activities, depressive trends. 
Hallmarks of frailty combine progressive depletion of both 
structural and metabolic N compartments [162]. Sarcopenia 
and limitation of muscle strength are naturally involutive 
events of normal ageing which may nevertheless be acceler-
ated by cytokine-induced underlying inflammatory disorders 
[163,164]. Depletion of visceral resources is substantiated by 
the shrinking of FFM and its partial replacement by FM, 
mainly in abdominal organs, and by the down-regulation of 
indices of growth and protein status [162]. Due to reduced 
tissue reserves and diminished efficiency of immune and 
repair mechanisms, any stressful condition affecting old age 
may trigger more severe clinical impact whereas healing 
processes require longer duration with erratical setbacks. As 
a result, protein malnutrition is a common finding in most 
elderly patients [165] with significantly increased morbidity 
and mortality rates [166,167]. Measurement of visceral pro-
tein status is proved useful throughout the entire ageing 
lifespan. Combining SA and TTR testing provides an accu-
rate prediction in the prognosis of hospitalized geriatric pa-
tients already at the time of admission with additional suspi-
cion of cancer status in the case of low values [168]. The 
follow-up of elderly patients submitted to surgical restora-
tion of hip fracture reveals NB turning positive within 8-10 
days in the absence of medical complications, consistent 
with the normalization of TTR values, whereas those af-
flicted by obstacle course are kept under negative NB with 
persisting subnormal TTR concentrations [169]. A wide 
range of co-morbidities associated with defective protein 
nutritional status is described in aging persons who become 
more prone to develop pressure sores [163], osteoporosis 
[170], oral candidiasis [171] and nuclear cataract [172]. 

 The isolation and purification of rat TTR [173] has al-
lowed to set up animal models. In normal rats, TTR mani-
fests highly significant correlations with nutrient intakes and 
with visceral and carcass N stores [174]. In tumor-bearing 
rats, the progressive exhaustion of body protein mass to-
wards cachexia states is correlated with declining TTR val-
ues [175]. TTR is currently utilized as indicator of protein 
nutritional status in cancer patients [176,177]. TTR is held as 
the most powerful test overall for evaluating visceral protein 
status of children with solid tumors [178] and leukemias 

[179] both at the time of diagnosis and throughout chemo-
therapy. In bone marrow transplantation for malignancies, 
TTR accurately reflects at any point changes in the patient's 
clinical status [180]. TTR has proved to be a useful marker 
of nutritional alterations with prognostic implications in 
large bowel cancer [181], bronchopulmonary carcinoid tu-
mor [182], ovarian carcinoma [183] and bladder epithelioma 
[184]. Many oncologists have observed a rapid TTR fall 2 or 
3 months prior to the patient's death [181]. In cancer patients 
submitted to surgical intervention, most postoperative com-
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plications occurred in subjects with preoperative TTR 
 180 mg/L [185]. Two independent studies came to the 

same conclusion that a TTR threshold of 100 mg/L is indica-
tive of extremely weak survival likelihood and that these 
terminally ill patients better deserve palliative care rather 
than aggressive therapeutic strategies [185,186]. 

 Most physicians interested in assessing nutritional status 
are currently using TTR as single protein index. New trends 
have occurred aiming at aggregating TTR with one or many 
reactants of the stressful response with a view to encompass-
ing both nutritional and inflammatory facets of the disease 
spectrum. Under (sub)acute circumstances, the most fre-
quently proposed association is by far the CRP/TTR ratio as 
documented in neonatal [187], adult [160] or postoperative 
infections [188], in myocardial infarction [189], renal insuf-
ficiency [190] or multiple organ failure [191]. The AGP/TTR 
couple is especially recommended in chronic inflammatory 
disorders, notably in several cancer types [192,193]. Work-
ing along the same lines is the prognostic inflammatory and 
nutritional index (PINI) [194] which is successfully applied 
on large cohorts of patients. TTR also participates in the de-
velopment of screening formulas recently generated by in-
novative analytical tools such as surface-enhanced laser 
desorption/ionization (SELDI) or matrix-assisted laser 
desorption/ionization (MALDI) coupled with time of flight-
mass spectrometry (TOF-MS). The advent of these sophisti-
cated and costly proteomic fingerprinting studies of serum or 
other biological fluids are nevertheless promising in that they 
tentatively strive to identify the early stages of several dis-
ease conditions such as hepatitis B [195], tuberculosis [196], 
Alzheimer's disease [197] or neoplastic disorders [198]. 

These proteomic detecting systems usually combine classical 
APP reactants with some minor biological compounds 
scarcely measured in routine laboratory practice such as 
cathepsin D, hemopexin, neopterin or vitronectin. The fact 
that most, if not all, of these fingerprinting formulas embody 
TTR measurement indicates that there exists among workers 
a large consensus considering this carrier-protein as the most 
reliable indicator of protein depletion in morbid circum-
stances.  

PROGRESS IN TTR RESEARCH : THE BRAIN AGE-

ING PROCESS 

 Dementia, defined as significant memory impairment and 
loss of intellectual functions, is a common and devastating 
public health problem, affecting an estimated 2-4% individu-
als over the age of 65 years. Two distinct clinicopathological 
conditions are usually taken into consideration as causative 
factors: Alzheimer's disease (AD), a chronic and continu-
ously progressing illness for which the only widely accepted 
risk conditions are age and family history of the disease; and 
cerebral infarction, a brain deteriorating process evolving 
along episodic and repetitive bouts so as to generate a syn-
drome of multi-infarct dementia (MID) [199]. The rates of 
both AD and MID increase dramatically with age, leading to 
coexisting pathologies with intermingled symptomatology 
[200]. In support to this mixed cases concept are the report 
of equally increased blood-brain barrier permeability in both 
AD and MID patients [201] and the accumulation of amyloid 

-protein in the brain of MID subjects mimicking AD pa-
thology [202]. There exists considerable overlap between 
AD and MID clinical symptoms, giving rise to a continuum 

of patients in whom pure AD and pure MID represent the 
two extreme poles [200]. 

 Researchers involved in the pathogenesis of AD and 
MID are focusing their attention on two main targets, namely 
vasculature and brain tissue. Among the vascular risk factors 
and besides the already mentioned alterations of blood-brain 
barrier permeability [201], low-grade systemic inflammation 
as assessed by elevated IL-6 [203] and CRP [204] plasma 
values, could contribute to the activation of vascular endo-
thelial cells. Rampant inflammation is associated with in-
creased incidence of depression [205], of delirium [206] and 
reduced life expectancy [207]. In addition, the elevated ho-
mocysteine (Hcy) values found in AD patients [208,209] are 
reportedly associated with dementia [208,210]. Hyperhomo-
cysteinemia is causally attributed to dietary deficiencies in 
water-soluble vitamins in the order of folates > cobalalamins 
> pyridoxine [211,212] although protein malnutrition is also 
incriminated as causative factor in a significant proportion of 
cases [213]. The resulting atherothrombogenesis is created 
by a variety of interwoven mechanisms, among which are 
Hcy-induced damage to the endothelial and vascular smooth-
muscle cells, reduced synthesis and bioavailability of nitric 
oxide and overproduction of highly reactive oxidative by-
products [211,212]. 

  The choroid plexus is the sole site of mammalian brain 
involved in TTR production [214]. Its synthesis rate by the 
choroid epithelium is estimated 25 to 100 times higher than 
that of the liver on a weight basis [215]. As a result, TTR is a 
major component of CSF, constituting 10 to 25 % of total 
ventricular proteins [216] conveying up to 80% of intrathecal 
thyroxine [217]. TTR thus constitutes an hormonal carrier-
protein fulfilling important ontogenic and functional proper-
ties in mammalian nervous structures, a concept further cor-
roborated by the observation of its increased CSF concentra-
tion during the neonatal period [218]. The data imply that 
choroidal TTR facilitates the uptake of thyroxine from the 
bloodstream, governing its transport and delivery to brain 
tissues following a kinetic model developed by Australian 
workers [219]. In comparison, CSF contains 10 to 100 times 
lower RBP and retinol concentrations than plasma whilst 
retinyl esters from dietary origin are virtually absent [220]. 
Although it has been reported that minute amounts of RBP 
could be produced within the neuraxis [221], the sizeable 
proportion of retinol molecules required for brain maturation 
utilizes the RCC transport system to reach the choroid 
plexus. The RCC vehicle seems ideally suited to serve as a 
blood-brain conveying system as its size is close to that of 
SA (66 kDa as MM) known to undergo selective transmis-
sion [216]. The very high receptor binding affinity expressed 
by neural tissues for RBP molecules [222] is confined within 
the endothelial cells of the brain microvasculature and within 
the choroidal epithelial cells, the two primary sites of the 
mammalian blood-brain barrier [223]. The contrast between 
high RBP binding affinities and low intrathecal concentra-
tions makes it likely that holo-RBP does not experience sig-
nificant transchoroidal diffusion, strongly suggesting that its 
retinol ligand is released in free form and readily taken up by 
membrane or intracellular receptors of neural cells. The dual 
TTR production, plasma-derived and choroid-secreted, al-
lows complementary stimulation of brain activities. Thyroid 
hormones and retinoids indeed function in concert through 
the mediation of common heterodimeric motifs bound to 
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DNA response elements [224,225]. The data also imply that 
the provision of thyroid molecules within the CSF works as a 
relatively stable secretory process, poorly sensitive to extra-
cerebral influences [12] as opposed to the delivery of reti-
noid molecules whose plasma concentrations are highly de-
pendent on nutritional and / or inflammatory alterations [66]. 
This last statement is documented by mice experiments [226] 
and clinical investigations [227] showing that the level of 
TTR production by the liver operates as a limiting factor for 
retinol transport. Defective TTR synthesis determines the 
occurrence of secondary hyporetinolemia which nevertheless 
results from entirely different kinetic mechanisms in the two 
quoted studies [226,227]. In the TTR knock-out mice model, 
holoRBP molecules are normally synthetized and secreted 
by the liver but undergo rapid kidney leakage in the absence 
of stabilizing TTR molecules [228]. Despite very low levels 
of plasma retinol (about 5 % of wild type), these targeted 
mutated animals remain healthy and fertile, implying that 
efficient compensatory mechanisms take place. No such in-
creased urinary output of RBP molecules occurs in malnour-
ished patients who develop in proportion to their declining 
protein status electroretinographic abnormalities and ocular 
lesions which are pathognomonic symptoms of vitamin A-
deficiency [229]. During nutritional rehabilitation of mal-
nourished subjects, the 3 RCC components gradually return 
to normal ranges even without retinol or carotene supple-
mentation, indicating that the retinyl esters normally seques-
tered in liver stellate cells mandatorily need diet-induced 
synthesis of new TTR molecules before undergoing retinol 
conversion and binding as holo-RBP ligand [227]. The 
prominent place occupied by TTR in defining distal retinoid 
bioavailability has been too long unrecognized despite the 
warning expressing that " overlooking the crucial role of 
TTR in vitamin A-metabolism results in unachieved or even 
misleading conclusions " [66]. 

 Retinol is a precursor substrate that must undergo a two-
step oxidation procedure to release firstly retinal and thereaf-
ter the two active all-trans- and 13-cis-retinoic acids (RAs) 
[225,230]. The latter converting steps are regulated by reti-
naldehyde dehydrogenase (RALDH) enzymes whose major 
sites of expression are the olfactory bulb, the striatum and 
the hippocampus [231,232]. The intracellular activities ex-
erted by retinoid compounds are mediated by a large variety 
of specific receptors among which are cellular-RBP (CRBP), 
cellular-RA-BP (CRABP), RA-nuclear receptors (RARs) 
and retinoid X receptors (RXRs), each composed of 3 sub-
types , ,  [225,232]. Retinol is the rate-limiting determi-
nant of the concentration of both RA derivatives [233], im-
plying that any fluctuation in protein status might entail cor-
responding alterations in the cellular bioavailability of reti-
noid compounds, with all the more rapid effects as all-trans-
RA has a short biological half-life of less than 1 hr [234]. 
Because protein malnutrition is a common finding in as 
much as 50 % of elderly AD and MID patients [235], many 
of them could well suffer permanent hyporetinolemia still 
accelerating the declining concentration of retinoid mole-
cules observed over the course of normal ageing [231]. 

 Dietary vitamin A is required to modulate early devel-
opment of brain structure and differentiation [236] together 
with neuronal plasticity, memory functioning and neuro-
transmitter signaling during adulthood [237]. The normal 

decrease of brain retinoid molecules throughout the ageing 
process principally affects the above-described major sites of 
RA synthesis [238], a regressive alteration even more pro-
nounced in AD patients [231]. In murine models, early de-
pletion of retinoids causes deposition of amyloid -peptides 
[239], initiating the formation of Alzheimer plaques. In aged 
animals, cognitive and memory deficits are associated with 
down-regulation of the expression of retinoid receptors 
which may recover their full activities under RA supplemen-
tation [240]. Administration of RA similarly restores expres-
sion of proteins involved in the control of amyloidogenic 
pathways [241]. Along the same preventive line is the dem-
onstration that retinol disaggregates preformed amyloid -
fibrils, more effectively than does RA [242]. 

 Alternatively, TTR participates in the maintenance of 
memory and normal cognitive processes during ageing by 
acting on the retinoid signalling pathway as recently reported 
on TTR-null knock-out mice model [42,243]. Moreover, 
TTR may bind amyloid -peptide in vitro, preventing its 
transformation into amyloid neurofibrils [244]. Finally, mar-
ginal protein malnutrition, as assessed by diminished TTR 
plasma values, causes the elevation of Hcy concentrations 
[245]. There exists indeed an inverse correlation between 
both TTR and Hcy parameters, explaining why malnourished 
elderly persons incur increasing risk of Hcy-depended 
thrombovascular complications [213]. The defective mecha-
nism is situated at the level of cystathionine- -synthase 
(C S), an enzyme governing the crossroad of remethylation 
and transsulfuration pathways [246]. Japanese workers have 
recently provided experimental validation of the metabolic 
anomaly, showing that rats given methionine (Met)-deprived 
nutriture manifest depressed C S activity with subsequent 
elevation of Hcy plasma levels [247]. Among all essential 
AAs consumed in human nutrition, Met is regarded as the 
most critically available because its withdrawal from the 
customary diet causes the deepest negative NB, being almost 
as great as when a protein-free regimen is ingested [248]. 
Met is implicated in a large spectrum of metabolic and en-
zymic activities and participates in the conformation of a 
large number of molecules of survival importance [213]. Due 
to the fact that plant products are relatively Met-deficient, 
vegan subjects are more exposed than omnivorous to de-
velop hyperhomocysteinemia - related disorders [249]. In 
addition to water-soluble vitamin deficiencies, dietary pro-
tein restriction may promote supranormal Hcy concentra-
tions which appear as the dark side of adaptive attempts de-
veloped by the malnourished and/or stressed body to pre-
serve Met homeostasis. 

 Summing up, we assume that the low TTR concentra-
tions reported in the blood [235] and CSF [250] of AD or 
MID patients result in impairment of their normal scaveng-
ing capacity [244] and in the excessive accumulation of Hcy 
in body fluids [245], hence causing direct harmful damage to 
the brain vasculature. In addition, depressed TTR concentra-
tions indirectly inhibit the multitude of retinoid-dependent 
cerebral functioning pathways [231,243] allowing the devel-
opment of amyloidogenic processes [239]. The practical con-
sequences of these findings imply that the correct assessment 
of nutritional status is recommended in all elderly patients. 
The mental and cognitive dysfunctions of old age that are not 
genetically programmed but result from varying energy, pro-
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tein and vitamin-deficiencies may be substantially prevented 
and sometimes improved provided that appropriate nutri-
tional measures are undertaken.  

CONCLUDING REMARKS 

 In spite of classical criticisms [3,4], TTR is regarded as a 
robust and reliable indicator of protein nutritional status by 
clinicians belonging to most medical disciplines. Measure-
ment of TTR is a simple, rapid, inexpensive and accurate 
micromethod [251]. TTR exhibits rising and superimposable 
values in prepubertal children, displays sexual difference at 
the onset of adolescence and during adulthood, thereafter 
decreasing in elderly subjects. Taking into account these 
gender- and age-specificities, TTR appears as the sole 
plasma protein reflecting the fluctuations of TBN pools. The 
relationship linking alterations of TTR plasma levels with 
body N reserves are documented both in animal models 
[175] and in human subjects [105,106]. 

 Uncomplicated malnutrition primarily affects the meta-
bolic N pool, reducing protein syntheses and NB to levels 
compatible with survival, an adaptive response well identi-
fied by declining TTR values. In inflammatory disorders, 
both metabolic and structural N pools participate in varying 
proportions in the cytokine-induced responses of the stressed 
body, resulting in TBN shrinking and concomitant depres-
sion of TTR concentrations. Abatement of the stressful con-
dition and / or efficient nutritional rehabilitation allows res-
toration to normal levels of both TBN pools and TTR values 
following parallel slopes. TTR thus appears as a dynamic 
index predicting the outcome of the disease. We attached 
more importance to the trend outlined by its serial appraisal 
than to any single measurement. The interval of time be-
tween 2 consecutive samplings should depend on the sever-
ity and evolution of the morbid condition. We recommend 
daily periodicity in distressed neonates, intensive care and 
transplantation patients, bi-weekly frequency in medical or 
surgical conditions of medium severity and monthly se-
quence in chronically evolving disorders.  

 Whatever the causal factor, depletion of TBN reserves 
attenuates the body's capacity to mount appropriate immune 
and repair mechanisms. A number of clinical investigations 
have advocated the level of plasma TTR as predictor of the 
length of hospital stay (LOS) and of mortality rate [252-
255]. TTR values situated under 180 mg / L constitute a 
boundary below which serious complications are to be ex-
pected [148,185]. In cancer patients, the threshold of 100 mg 
TTR / L is regarded as harbinger of death [185,186] which 
may be anticipated 2 or 3 months before the lethal outcome 
[181]. The same TTR predictive capacity has been reported 
in kidney patients whose relative risk of death is found in-
versely correlated with TTR plasma values [154,155,190]. 
Not surprisingly, unrecognized malnutrition entails longer 
LOS, increased number of complications and higher care 
costs whereas early detection and treatment of high risk pa-
tients significantly alleviate the financial burden of hospitali-
zation while improving the prognostic outcome of the pa-
tients [252-256]. The last statement is documented by the 
first prospective and randomized survey showing that re-
duced morbidity and mortality rates are depending on protein 
N intake and correlated with rising TTR concentrations 

[257]. We recommend that the measurement of TTR be uni-
versally applied as an integral part of any curative process. 

 The last section devoted to brain maturation and func-
tioning in elderly persons paves the way for new diagnostic 
and therapeutic approaches. The revival of older RCC stud-
ies [227] allows to throw deeper insight into more recent 
findings [236-244] and to enlarge the scope of current re-
search. Our data support the view that AD should no longer 
be considered as a distinct nosological entity but rather as 
forming a continuum with MID disorders, consistent with 
previous anatomoclinical features [200]. If that hypothesis 
holds true would mean that the varying clinical symptoms of 
both diseases spectrum would result from intricated factors 
among which gender, age, individual vulnerability and rela-
tive impact of protein-, retinoid- and vitamin-deficiencies 
take part, ultimately harming cerebral structures. TTR plays 
a pivotal role in that scenario : subnormal TTR plasma val-
ues commonly found in AD and MID patients [235] should 
inform the clinician that, besides overall TBN depletion, 
something goes wrong in protein metabolism, in TTR behav-
ior or transport capacity. It could be disruption of Met ho-
meostasis [213], inability to exert cleansing [239,244] or 
disintegrating [242] properties on amyloid -fibril deposits, 
or a combination of these. Providing elderly persons with 
optimal protein nutritional status in order to insure their pro-
tection against the risk of neurodeterioration is the last mes-
sage released by the fascinating TTR plasma protein. 
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