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Levothyroxine, a largely prescribed drug with aroartherapeutic index, is often a lifelong
treatment. The therapeutic efficacy of thyroxineyrha marred by behavioral, pharmacologic
and pathologic issues acting as interfering factbrsspite a continuous search for an
optimal thyroxine treatment, a significant numbgpatients fail to show a complete
chemical and/or clinical response to this referedmse of thyroxine. Gastrointestinal
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malabsorption of oral thyroxine represents an emgrgause of refractory hypothyroidism
and may be more frequent than previously reputed.

In this review article we aimed at examining thamhacologic features of thyroxine
preparations and their linkage with the intestadadorption of the hormone. We have stressed
the major biochemical and pharmacologic charadiesisf thyroxine and its interaction with
the putative transporter at the intestinal leveé Néve examined the interfering role of
nutrients, foods, and drugs on thyroxine absorpdibgastric and intestinal level. The impact
of gastrointestinal disorders on thyroxine treattre$ficacy has been also analyzed, in
keeping with the site of action and the interfenmgchanisms. Based on the evidence
obtained from the literature, we also propose @msetic diagnostic workup for the most
frequent and, often hidden, gastrointestinal desgampairing thyroxine absorption.

ESSENTIAL POINTS

» Gastrointestinal malabsorption of thyroxine may account for a significant fraction of refractory
hypothyroidism

e pHis a major determinant of thyroxine fate in multiple metabolic step and even in the
absorption of oral thyroxine

e The most frequent conditions that must be taken into account are Helicobacter pylori
infection, lactose maldigestion and celiac disease

» Unawareness of thyroxine malabsorption cause may lead to repeated adjustments of dose
and monitoring

e The individualization of treatment helps in detecting gastrointestinal malabsorption of
thyroxine

« The schematic diagnostic workup to detect gastrointestinal disorders should start based on
the clinical features and the prevalence of gastrointestinal disorders

e Thyroxine treatment may be used as a tool to reveal occult gastrointestinal diseases

INTRODUCTION

The efficacy of a drug depends on several factarsiding the appropriate dose, mode of
ingestion, absorption and potential interferingdas (1-4). This is particularly true for drugs
with a narrow therapeutic index, which means sigaift variations of effectiveness for small
variations of dose (5). Thyroxine (T4) is one sdalig with its treatment having been
significantly changed over the years, based omtadability of more sensitive indexes of
efficacy (2). The availability of more sensitiv&H assays, in fact, led to a progressive
general reduction of thyroxine dose for both repiaent and TSH suppressive purposes (2).
A significant reduction of the harmful effects aith under treatment and overtreatment has
been observed over the years (1, 3, 6), with pdatiemphasis on thyroxine treatment during
gestation (7), at doses that are adequate forthetfetus and successful progression of
pregnancy. The continuous search for an optimdy dayroxine replacement has led to the
1.6-1.8ug/Kg body weight/day consensus dose, a posologyslable to restore TSH into
the normal range in most hypothyroid patients i#ywever, the number of interfering issues
rendered often inadequate for a patient a dosedisatisfactory for another (8). It has been
reported that 20% to 50% of patients fail to shogomplete chemical and/or clinical
response to a reference dose of thyroxine (9).cbhsequence of that is the need for an
increased dose, care and monitoring (10). Thetregukepetition of unnecessary diagnostic
workup represents a substantial hidden cost fon#ti®nal health systems. So far, several
psychological, nutritional, and pharmacologicalrggenay be responsible for the increased
requirement for thyroxine in these patients (see 21-13 for reviews) with some of such
events deserving mention. Because of poor commianih the prescribed regimen, certain
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patients do not take thyroxine regularly, a cooditknown as pseudomalabsorption (14) and
once reputed to account for most of the increasgdirement of thyroxine. Thyroxine dose
has to be sometimes increased when different Tglapagions are available and a patient
switches one to another (see 2 for review). Oneegaemalabsorption has been excluded,
impaired intestinal absorption of thyroxine caubgdutrients, drugs and gastrointestinal
disorders represents a major cause of refractgugthyroidism. In the era of precision
medicine (15), treatment should be highly indivikkzed and all the characteristics of a drug
should be taken into account during a chronic amdegimes lifelong treatment.

In this review we aimed at examining the pharmagicléeatures of thyroxine
preparations, and their linkage with the clinicatence of a reduced intestinal absorption of
the hormone.

How the pharmaceutical forms of oral thyroxine areprepared.

Typically, leaflets of medicines and websiteslafg companies fail to give technical
information on manufacturing of their products, angroxine makes no exception. In
general, tablets, which are most often disc-shagueda solid dispersion of the active
ingredient and disintegrable excipients, pressezborpacted from a powder into a solid
dose. Excipients have several functions, and thmesxcipient may serve more than one
function (Table 1) (16). Examples of such functi@me to improve powder flowability
(gliding), to favor cohesion of different substas¢kinding), to facilitate tablet disintegration
in the gastrointestinal tract or to prevent thdabfsom sticking (lubrication) (17). To ease
swallowing and to resist to environmental condiiotne tablet is coated with a polymer.
Examples of glidants are magnesium stearate acidetedmples of binders are lactose,
starch, cellulose or polyvinyl pyrrolidone; exanspt# disintegrants are poly vinyl
pyrrolidone or sodium carboxymethyl cellulose (casnellose sodium); examples of
lubricants are talc, silica or magnesium steartée 17). Clearly, these ingredients must be
granulated prior to compression to assure evenluisibn of the active ingredient and to
contain the appropriate amount of active ingrediemach tablet (17). In one report (18),
some intolerance to the excipients used to prejpétet thyroxine has been observed.
Recently refractory hypothyroidism linked to impewsstorage of T4 tablets has also been
shown. This suggests that in addition to properemafdngestion, patients should be
instructed on proper modalities of thyroxine steraas well (19).

As summarized elsewhere (20), softgel capsukesomposed by an outer gelatin
shell and by a fill formulation, and the highly spdized manufacturing process is divided in
five different steps. In the sole T4 softgel capsanailable thus far, T4 is first dissolved in
glycerine and then injected into a gelatin shdlisTouter shell protects the active ingredient
from degradation.

The brand liquid preparation of T4 was a 20 mllbatbntaining 100 pg/ml sodium T4,
being each ml equal to 28 drops, and each dro@rong 3.57-pg sodium T4 (21). Drops
are to be dissolved in water and swallowed. Exoigiare ethanol and glycerol (21).
Noticeably, the Food and Drug Administration (FD#gproved an alcohol-free oral solution
in February 2017. Bernareggi et al (22) demongdrtite stability of this T4 oral solution
when added to breakfast beverages. The bioequoalgithese alternative thyroxine
formulations has been accurately described (21,@3)cerning tablet T4, which represents
the choice treatment of hypothyroidism worldwidegre was a concern about switching
between brands, from a brand to a generic preparatid from a generic to another generic.
In 2008, the Endocrine Society has published diposstatement on this issue to ensure
pharmacologic homeostasis of patients (https://vemdiocrine.org/advocacy/priorities-and-
positions/bioequivalence-of-sodium-levothyroxinEjere is, however, general consensus
that switching between different tablet T4 prepgarashould be avoided (2, 9).
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How oral thyroxine is ingested

Thyroxine tablet is the most used preparationdatthypothyroidism worldwide (1, 2).
Patient’s compliance is, of course, a key factothe proper achievement of thyroxine
therapeutic goal. Nonadherence to medicationsngjar challenge in the management of
thyroxine treatment. When patients do not takeégularly, or do not comply with timing in
relation to food ingestion, and fail to report sixehaviors to the endocrinologist, the
clinician may wonder about the cause of a perdistetevated TSH, despite a high T4 dose
(14). The term T4 pseudomalabsorption has beentosgescribe this specific situation.
Initially the clinician might suspect a decreasedgistrointestinal absorption (24), and an
evaluation for diseases causing malabsorptionruay ohteraction should be performed.
Some authors suggest that an oral T4 absorptivlggiving a total amount of 600 to
2,00Qug of thyroxine ) could be used to demonstrate pseatabsorption (4, 25, 26).

The tablet formulations of levothyroxine containstable salt, sodium T4, together with a
variety of excipients (27). After ingestion, a dikgion phase of the tablet is necessary for
the subsequent intestinal absorption and, in tbsotlition phase, a near physiologic gastric
pH is required (28). After dissolution, and disnetjag a hypothetical minimal absorption in
the stomach, T4 is essentially absorbed in thelsntaktine (29, 30). Wenzel et al. (31)
showed that the absorption of T4 is significandgluced if the drug is taken after a meal.
Indeed, it has been shown that certain foods okdrisuch dietary fibers, soybeans, coffee,
or papaya, etc.) (32-35) reduce the absorptiorof T addition, nonfasting regimens of T4
administration are associated with higher and mar@able serum TSH concentrations (36).
Under fasting conditions (in euthyroid subjectly tinidirectional absorption of thyroxine or
peak values of T4 absorption (Cmax), occurs irfitise 90 minutes following T4
administration, with a rapid increase in the f88tminutes (37). The time to reach the
maximum concentration (Tmax) of T4 is about 2 haftser T4 ingestion. Shortly after,
absorption starts to plateau (37, 38). On the @e210-80% of ingested T4 is absorbed and
rendered bioavailable, the distribution volumeha hormone averaging 11.5 liters) (37).
However, in a study on hypothyroid subjects the Xiewad distribution volumes were 3 hours
and around 15 liters, respectively) (38). After @atnthe Cmax is decreased and Tmax is
delayed, with resulting decreased T4 bioavailahilitfood, is not postponed by at least one
hour following T4 ingestion, delayed and decredsésktinal absorption of T4 may follow
(37). However, bedtime intake of T4 significantiygroved thyroid hormone efficacy,
probably because the lower intestinal motility ghiincreases the exposure time of
thyroxine to the intestinal mucosa (39) or becafsebetter patient’s compliance with the
treatment (40). Based on these results, postpdmaekiast by one hour after ingestion of
T4, has been suggested in different studies (284@6to warrant an efficient absorption of
thyroxine and to carry out properly studies on rstaption (41). In fact, in the latter studies
the daily dose of thyroxine required to obtain mseTSH <0.5 and 2.5> mU/L was 1.3
ug/kg body weight (42, 43). This dose is signifi¢gmdwer than the one recommended by an
ad hocATA task force (1.6-1.8g/kg body weight) in adult patients with minimal
endogenous thyroid function (4). In spite of thekelies, leaflets of this hormone still
indicate a lag time of 30’between the morning inigesof thyroxine and breakfast, and the
same interval, it is commonly recommended by tlesgibing physicians. Weekly tablet T4
administration has been also proposed (44), suggesiat auto regulatory mechanisms may
maintain near-euthyroidism. However, for complatebemical euthyroidism, a slightly
larger dose than 7 times the normal daily dose leasequired (44). Nowadays, weekly
tablet T4 administration is used only to detect-adherence to treatment.

How oral thyroxine is absorbed
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The daily dose required to obtain the therapetteceis not a linear function of the ingested
dose of thyroxine, which is the main, but not théyalecisive event. Various studies since
1933 investigated the percentage of oral thyrogieorbed in man with different techniques:
single isotope in feces, plasma and liver, douiéoipe, or using stable T4 and calculating
the maximum increment in serum T4 or the AUC adtaral plasma T4 measurement (45). In
these studies, in which patients had been treaitbddifferent dosage and vehicle of oral
thyroxine, the percentages of thyroxine absorbeleen estimated between 17 and 93% of
the ingested dose with an overall value of 60-8@¥fiomed in a study published in 1991
using 131-I labeled thyroxine in 3 volunteers (mealue=71+3%) (30). These data have
been confirmed, also using non-labeled T4, by mecent studies (37). This value seems to
be increased in patients with overt hypothyroidisimyever, this is still a debated issue (38,
46). Some life conditions may be associated taatians in the absorption rate of thyroxine.
In particular, during pregnancy, the rise in prageme leads to delayed gastric emptying
and prolonged small bowel transit time, by ~30-5@%. This change may contribute to the
overall increased need for thyroxine during pregyg@8). Also in the geriatric age, the
absorption of T4 seems to be slightly reducedadtt, fit has been shown a decrease of tablet
T4 bioavailability of about 4% by 10 years of agerease, suggesting that the percentage of
T4 absorption is decreased in the elderly (49, HByever, this issue has been recently
guestioned in an extensive study which failed entdy an effect of age on thyroxine
requirement suggesting that the decrease in ledy iass observed in elderly may be more
likely responsible for these age-related changésviothyroxine pharmacokinetics (51).

Levothyroxine sodium is absorbed along the wholalsmtestine with different
percentages in its different segments: it has sbewn that the mean values of labeled
thyroxine absorption were 15+5% in the duodenurt1296 in upper jejunoileum and
24+11% in lower jejunoileum. (30). A concomitanidy of the mean transit time in the
gastrointestinal tract revealed that it was 35+3@utes in the stomach, 7£3 in the
duodenum, and 3148 in the upper jejunoileum. Time tbetween the oral intake and the
appearance in the plasma seems to minimize thébgingf T4 absorption in the stomach.
Once ingested, levothyroxine sodium in tablet fdatian undergoes disintegration,
deaggregation and dissolution in gastrointestilngdi$ (52): prerequisite for the successive
absorption, in fact, is that active ingredientnsgueous solution. Main factors affecting
these processes are gastric juice pH and viscogig,of excipients and structure, shape and
dimension of active ingredient particles (53). tharmore, to ensure molecule stability and
higher agueous solubility the pharmaceutical fasrthe sodium salt of levothyroxine: at
25°C, the aqueous solubility decreases as pH isessimom 1 to 3, then reaches nadir values
for pH between 3 and 7 and then increases agapHdrigher than 7 (54). Recently, a study
about crystalline conformation of sodium levothyirexmolecule revealed that it may exist in
different polymorphs (different molecular conformeatin the crystal form) which solubility
changes at different pH values enlightening a jptessole of the different molecule
conformations on T4 solubility (55). In the Biophwaceutics Classification System,
levothyroxine is recognized as a Class Il drug, a high solubility drug with a low intestinal
permeability (56). However, it is important to unidee that the solubility of a drug is tightly
related to the pharmaceutical formulation and mery wmong the different preparations
(57).

Transport of thyroxine across the intestinal mucosa

In the early ‘60s, it was believed that the tramspbthyroxine inside cells occurred through
passive diffusion mechanisms based on the higipliilicity of the molecule (58). Since
then, evidence have changed our understandingeoméichanisms underlying thyroxine
transport. First of all, thyroxine is an amphipatiolecule with a lipophilic aromatic ring and
a hydrophilic side chain and possess three iorezaddieties, two acidic (phenolic -OH, and

8102 Jequiadaq 0 uo Jsanb Aq G098615/89100-810Z18/01Z 1 0L/10P/IOBISGE-0]OILE-80UBADE/AIPS/WOS"dNO"0lWapEE//:SANY WO} PAPEO|UMOQ



Endocrine Reviews; Copyright 2018 DOI: 10.1210/er.2018-00168

carboxyl -COOH) and one basic groups (amino zNHhe relative dissociation constants are
6.71, 2.04 and 8.85, respectively (59) (Figurd-liythermore, it has been enlightened that at
different pH, thyroxine molecule may exist at eidkferent micro species (60). In addition,

it has been reported that the paracellular routbebrption may show only a negligible
contribution for compounds larger than moleculaigieof 250-300 D (61) and thyroxine is
774 D. For these reasons, iodothyronines are ttchppd not be able to cross the lipid bilayer
in the absence of specific carriers (62) and becoonstituents of the cell plasma membrane
in vertebrates (62). Besides the amphotericityhefrholecule, further hindrance to diffusion
through the plasma membrane comes from the chértgroxine. In fact, in aqueous
solution, thyroxine exists predominantly in ionizedm and in particular in zwitterionic

form (OH, NHs ", COO-) in the range of pH between 2.46 and 6.9llimmonoprotonate
form for more basic pH (O-, N, COO-) while the cationic and anionic forms preduate

at extreme pH (63). As a matter of fact, the pHipan hypothesis postulates thahé
absorption of ionizable drugs mainly takes placeampartment(s) where the local pH
ensures a sufficient concentration of the non-cldrfiprm relative to the ionized form(s)”
(64). Nowadays, therefore these finding indi¢dh&epassive diffusion as a residual transport
route (65).

Over time, studies have focused on the presenspeatific carriers that facilitate the
passage of thyroid hormones through the cell mengbmaifferent categories of transporters
may act as T4 carrier the level of small intestmenocarboxylate transporter (MCT) family,
organic anion-transporting polypeptide (OATP) famATP-binding cassette (ABC)
transporter superfamily and large neutral amind &einsporter (LAT) family (66).

Two MCT involved in thyroxine transport have bedantified in the small intestine
mucosa: in fact, MCT8 and MCT10 mRNA are expressdibth stomach and small intestine
human mucosa (67). Both these transporters ardittded by 12 transmembrane domains
with the amino- and carboxy-terminal intracelluiamains, showing a high degree (49%) of
homology of the amino acid sequence (65). Botlridwgsporters are responsible for cellular
influx and efflux of T4 (68). MCT8, the primary traporter of TH, is expressed in many
tissues but its activity is mainly devoted to THrsport across the blood brain barrier and to
the development of human brain, as proven by negrcdl deficits in patients with MCT8
gene mutations (69). A specific localization of MEih human intestine has not been
identified and the possible functions have not ®dansively studied yet. However its
involvement in T4 transport has been suggestetidyncreased need for thyroxine observed
in athyreotic patients treated by sunitinib andtima which non-competitively inhibited this
transportein vitro perhaps by a direct binding (70). On the contri#§ T10 is highly
expressed at small intestine level and in partranlshe basolateral membrane of mucosal
cells leading to the hypothesis of its possible inlthe intestinal T4 resorption (65). Some
members of the organic anion-transporting polypeEp(OATP) family, able to transport T4
have been identified in small intestine. OATP1A2 baen identified in the apical brush
border of duodenum enterocytes but in a small gyafitl, 72). This transporter carries a
wide spectrum of substances in a Na+ and ATP-inuldga way (73), but its activity may be
sensitive to medium pH (74). The study of the ii@emces on the OATP1A2 activity
allowed defining its importance for the transpdrtifferent compounds including thyroxine:
in particular, flavonoids as naringin and hespearidomponent of grapefruit and orange
juice, respectively, may interfere with OATP1A2 J7B study on the effect of naringin on
OATP1A2 showed that its effect in reducing oralialality of these transporter substrates
(i.e. thyroxine, acebutolol, fexofenadine etc.}eds? to 4 hours. The extent of that effect was
different for each substrate and more pronouncéeeifirug is hydrophilic and excreted
unchanged and less when lipophilic and largely bwized (75). It is not surprising that
inhibition of OATP1A2 had only a minimal effect &UC of thyroxine (35). The authors
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postulated an effect on T4 elimination from entgtes, and not on T4 absorption, that may
impair the hormonal enterohepatic recycling and thiwavailability (35). The evidence that
B-blockers and tricyclic antidepressants may usedaime transporter shed light on a novel
site of interaction with thyroxine (76). A similarvolvement in the process of recycling of
thyroid hormones from ileum to the liver has beerppsed also for OATP4A1, through the
portal vein (77). In a recent study, Meyer Zu Scbedissen et al (78) have studied the role
of OATP2B1 in contributing to intestinal thyroxiésorption. They concluded that thyroid
hormones are in one time substrates and transergdtregulators of this transporter in
enterocytes (78). P-glycoprotein is a membranesprdhat belongs to the superfamily of
ABC carriers that transports mono-directionally tijplé substrates including thyroxine out
from cells (79, 80). The inhibition of this proteseems to be related to the increased AUC of
levothyroxine when co-administered with rifampidJ8LAT1 transporter, that when
associated with CD98 transports T4, has also betstiéd in Caco-2 cells, a model
expressing many morpho-functional characteristich® absorbent epithelium of the small
intestine (82). However, the rate of thyroxine Uptavas low (83). Overall, the existence of a
main or thyroxine-restricted transporter at thestinal level is still an unanswered question.
Moreover, it appears that substances and drugsnmgé#he activity of known intestinal T4
transporters mainly interfere with the outflow béthormone from the enterocyte and with
the enterohepatic recirculation of T4. In fact, @absorbed in the small intestine, thyroxine
reaches the target organs where its peripheralbokten takes place. Beyond deiodination,
there are also alternative metabolic pathways teneiely reviewed by Visser et al. (84)
and Wu et al (85). In the liver, thyroxine andddothyronine are conjugated with sulfuric
and glucuronic acid which makes them more soludlewing their renal and biliary
clearance (84). The presence of the intestinalohiaf flora allows the binding of
iodothyronine, thus creating a hormonal resen&i);(on the other hand, due the presence of
sulfatase (86) and glucuronidase (87) activitieth@intestinal contents, intestinal microbiota
help their deconjugation and the possible hepatiptake through the portal circulation.
Changes in the intestinal microbiota, known as b, may therefore be responsible for
variation in these metabolic steps (88, 89).

Gastric disorders affecting thyroxine absorption

Plenty of conditions, either physiological, nutiial, pharmacologic or pathologic, may
impair the intestinal absorption of oral levothyire (2, 3). However, an increased need for
thyroxine not necessarily indicates gastrointestimaabsorption of the hormone. Whether
the serum TSH would be a reliable marker of hypatiuysm is still a debated issue (2, 90).
However, in clinical practice, serum TSH levelsyist, the easier and faster diagnostic tool to
evaluate thyroxine treatment effectiveness (1)2, 4

In the past, the uncertainty about the approptiateoxine dose for the treatment of
hypothyroidism, for both the general population &sdelevant subclasses (i.e. children,
adult, elderly persons, obese, pregnant, polyphaymhyroidectomized) did not help to
focus on thyroxine malabsorption. The more recéotts to standardize T4 treatment (see 1,
2, 4 for rev) and the seminal paper from Santimile91), indicating that the dose of
thyroxine is dependent on lean body mass, opereeddbr to more precise posology of
thyroxine dose. Nowadays, the use of an indiviguallored dose of T4 is advised to detect
an increased need for thyroxine (41, 92 abstract).

Since there is no evidence that thyroxine may ¢eifstantly absorbed in places other
than in intestinal sites, the observation thatatigmts with impaired gastric acid secretion a
higher dose of T4 would also be required, widemedrésearch on thyroxine malabsorption
mechanism (28). Possibly confused with pseudomaiabien in the past, the gastric-related
malabsorption of levothyroxine represents nowaa@aysicreasingly recognized issue in a
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relevant number of hypothyroid patients (41). Toiel @roducing machinery (i.e. the H+/K+
ATPase) is located in the oxyntic glands in them@éundus and its action is enhanced by
the production of gastrin from the antral G ce{#3). Acid production is partially or totally
abolished in patients with chronic gastritis andyastric atrophy (94), is blocked in those
treated with proton pump inhibitors (PPI) (93) adlvas partially blocked and counteracted
by NH3 production in patients with Helicobacterqylinfection (95, 96). All these
conditions have been related to increased thyradgairement (3, 28, 97, 98) (Figure 2).

Evidencein vitro andin vivo highlighted this novel role for the stomach in subsequent
intestinal T4 absorption (41, 99 vivo, the role of gastric acid secretion has been
demonstrated in treated goitrous patients withngaired gastric acid secretion (28). In fact,
daily T4 requirement was increased by 1/3 in p&tienth Helicobacter pylori-related
gastritis, atrophic gastritis and maximal in thesth both these conditions (28). In keeping
with these results, hypothyroid patients with pesitinti-parietal cell antibodies (PCA)
showed an increased daily thyroxine requiremer@)1Dhese authors found an increase by
17% in PCA positive as compared with PCA negataents and such an increase was even
higher (+32%) in those patients with proven atrogastritis. In thyroxine-treated patients
with recent H. pylori infection a significant TSKise has also been observed. Such an effect
was counteracted by increasing the dose of thyepring only partially reversed by
Helicobacter pylori eradication (28). Eradicatidrtlos infection, in fact, does not always re-
establish the previous conditions of the mucosanasntritis or even a pangastritis may
ensue with a possible evolution to gastric atrofdi9ji). Helicobacter pylori infection affects
30-to 50% of general population worldwide (102) éimel high prevalence of this sole
disorder may potentially increase the need fordkiyre in a higher number of patients than
in those with supposed pseudo-malabsorption.

Drugs interference at gastric level

A third way to impair the gastric acid secretiorthie treatment with PPI. Firstly, the effect of
omeprazole on thyroxine needs has been descrilgathous patients in whom the
concomitant use of these two drugs significanttyéased serum TSH (28). The effect was
reversed by increasing the dose of T4 by 37% ati®gontinuing the use of PPI. Similar
results were obtained by Sachmechi et al. (103)gusinsoprazole in patients with serum
TSH >5 mUI/I. In contrast, absorption kinetics ajlihidose of thyroxine seem to be
unchanged by the concomitant ingestion of pantapezand esomeprazole for one week
(104, 105). However, the effect of PPI on pharmaaial thyroid homeostasis has been
confirmedby TEARS study (106). Noticeably, very recent dateivo pointed out that the
replacement dose of thyroxine is inversely coreslatith gastric pH, supporting the
hypothesis that variations in gastric juice pHelduring PPI treatment, may affect thyroxine
dose (107). Beside PPI, other drugs seem to iméenfiea pH-related fashion with thyroxine
absorption (antiacids, calcium salts etc.), th#eat having been extensively reviewed
elsewhere (108,109). Despite the adsorption obttige would be the main mechanism of
interference for most of drugs (108), the role astgc pH may be relevant for some of them
(Figure 3). Beside the abovementioned effect ofslin reducing gastric juice pH, a further
pH dependent process may occur at gastric level)(Tn this ground, the effect of calcium
carbonate is a model. In fact, Singh and colleagi/#8,111) have shown that both acute and
chronic ingestion of calcium carbonate reducedtbavailability of T4. A similar
interference was also evident when using diffepgaparation of calcium (112). In a first
study (110), a supplementation of 1200 mg/day forddiths led to a reversible increase of
serum TSH in 2/3 of patients. Interestingly, in Hagne paper, a binding study revealed that
at pH 2, but not at pH 7.4, a significant fractmfrthyroxine was adsorbed to calcium
carbonate in a dose dependent way, preventingabargtion at the intestinal level. In
addition, this interference with oral thyroxine wamfirmed by the evidence that calcium
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carbonate acutely reduces the main pharmacokipatameters of T4 absorption (111).
Some nutrients seems to act through a similar qatipe mechanism to reduce the
absorption of thyroxine (113, 114); indeed, thegyapfruit contains proteolytic enzymes,
including papain, which decreases histamine-indawidl secretion; but author suggested
that the papaya fibers might also bind thyroxinéhmintestine (113). Very recently, Chon et
al have described that simultaneous milk ingesiecreases oral levothyroxine absorption
(114). The pH of naive cow’s milk is around 6.6/8rd it contains more than 1 gram of
calcium per liter, so that is not surprising the pH sensitive fraction of T4 absorption
might be affected (114). At the same time, naivilk sontains fat, proteins, lactose that may
maintain thyroxine in the intestinal lumen prevagtits absorption (29,115).

The overall mechanism by which intestinal absorpbbthyroxine may be impaired in
hypo-achlorhydric patients remains, however, uncleaothyronines are themselves pH-
dependent molecules (54).vitro studies have been carried out and since 1971 Amira
Gordon indicated that blood pH may affect the partibetween the intravascular and rapidly
exchanging pools of thyroxine (116). Centanni M &ubbins J (117) have shown the role of
pH in thyroid hormone uptake in skeletal muscle sexeral membrane transporters of
thyroxine at the intestinal level are sensitivkbchanges (118). Beside the naive thyroxine,
the pharmaceutical preparation is also dependentezhum pH. Pabla and colleagues (99)
have shownn vitro that the dissolution of tablet thyroxine is ov&f8within 20 minutes
only at low pH (<2.4). According with FDA, this tencorresponds to the half-life of fasting
gastric emptying for rapid release drugs (57).in&teasing medium pH the dissolution of
tablet T4 rapidly decreases at all times studi€d @’ 120’), while the softgel T4
preparation seems to be less sensitive to thaablar(99). However, the dissolution time
does not fully explain the subsequent absorptita ta fact, Kocic et al (119) have shown
that the dissolution rate and the absorption ratee first two hours may diverge, indicating
that dissolution does not greatly influence theogttson of levothyroxine in the period of
time (1.66 hours) in which the maximal absorptiaket place (37). Noticeably, a better
absorption of thyroxine has been observed in patigmultaneously taking vitamin C (120,
121) which may lower gastric pH in patients withpaired acid secretion (109).

So far, it appears that the ionization status wfakine is important and that thyroxine
ionizable moieties are dependent from ambient #2) 1t has been suggested that
pharmaceutical T4 preparation, a hydrophilic sodaait, may remain partly undissociated in
a hypochlorhydric gastric environment and this ¢weay impair the efficiency of
subsequent intestinal absorption (28). Althoughmigehanism is not completely elucidated,
the clinician must be aware of the widespread irhpathese interfering conditions because
of the very high prevalence of H. pylori infecti(i02) and the prescription rate of proton
pump inhibitors (123). Therefore, in the past,shelies aimed at identifying an appropriate
daily T4 dose may have been biased from the presertbe sample of an unknown number
of infected patients.

Altered gastric motility and bariatric restrictive procedures

Gastroparesis is defined as delayed gastric engpigiabsence of mechanical obstruction
and its prevalence is about 0.04% in an area diedr$tates (124). Idiopathic, postsurgical,
and diabetic gastroparesis are the most frequemistcOnly few case reports deal with the
correlation between gastroparesis and thyroxineraltisn (125, 126). The first one

described an old man with persistent hypothyroidispite a high thyroxine dose (>2.7
mcg/Kg/day). In this case, upon the exclusion efriain causes of thyroxine malabsorption,
the diagnosis of gastroparesis had been confirpegabtric emptying study (125). In the
second report, in a pregnant hypothyroid young feméth type 1 diabetes, gastroparesis has
been diagnosed (126). In this study, the link betw&4 malabsorption and gastroparesis has
been confirmed by a faint response of FT4 duringfdorption test. On the contrary, the
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weekly intramuscular injection of T4 led to the imopement of the thyroid hormonal profile.
In addition to gastroparesis itself, the residaald in the patient’s stomach, that may adsorb
the ingested T4, might represent a further mechaoismalabsorption (31, 126). In this
patient, the refractoriness to oral thyroxine tmet worsened during the pregnancy because
of, besides diabetic gastroparesis, an even slgastric motility, might be induced by
progesterone (127). Reardon and Yoo (128) alsategha better performance of softgel
thyroxine preparation in a hypothyroid patient wgtstroparesis, who quickly corrected her
thyroid function by using that formulation of thyiae. A recent case report suggested that
the motility of the whole gastrointestinal tractyraffect thyroxine bioavailability (129). In
fact, a severe refractory hypothyroidism was asgediwith systemic sclerosis, a chronic
disorder characterized by muscular atrophy anasilsrof gastrointestinal tract. In this case,
the esophageal sclerosis reduced esophageal ynmiipairing the bolus progression of
thyroxine (129). Authors suggested that the selrgpethyroidism was due to reduced
thyroxine absorption, since TSH was progressivelyralized upon switching to a liquid
formulation of thyroxine.

As far as concerns the bariatric procedures inaglgastric restriction (gastric banding
and sleeve gastrectomy), they are considered puoegdthat alter drug absorption less than
procedures involving intestinal diversion (130) eTtvo mechanisms involved are the drug
disintegration and the drug dissolution: the fat&fp is necessary for a drug to become
soluble with the gastrointestinal milieu and is tage-limiting step in the absorption of most
solid drug form because the gastric mixing promdtes) disintegration (52, 53). In sleeve
gastrectomy a substantial part of the gastric fsrahd body, the areas of the stomach
containing most of the acid-producing cells, is o@ed. Therefore, the gastric pH increases
and the solubility of some drugs would be redude&d). Despite an expected increased need
for thyroxine following bariatric surgery, the datee conflicting. Pharmacokinetic
parameters of levothyroxine were, in fact, not dased but rather increased in obese
euthyroid patients before and after sleeve gastmeciand gastric bypasses (131). In this
study, however, the patients underwent thyroxirsogition test with an oral solution of
levothyroxine that does not require the gastrisaligion (131). Aggarwal et al (132) have
analyzed 19 hypothyroid patients that underwem&eaastrectomy and demonstrated that
13/19 patients improved their thyroid status witloveer dose of thyroxine, showing a
correlation between percent excess of weight lodstlae change in thyroxine dose. On the
contrary, Sundaram et al (133) and Fierabracdi @34) demonstrated a decrease or no
change in total thyroxine dose but an increaseajjia-based levothyroxine requirement, in
patients after sleeve gastrectomy or gastric bgndia explain these contrasting results,
authors have suggested time by time acceleratdgestptying, modified gastrointestinal
motility, alterations in bile acid and in gut mibiome composition without consistent data.
The changes in lean body mass following bariatirgery could also potentially contribute
to a change in LT4 doses (91). In fact, only weighs$ed evaluation may lead to reliable
results. Therefore, according to Gadiraju et @5§1further controlled studies are needed
before drawing definite conclusions.

Intestinal disorders IMPAIRING thyroxine absorptio n

Celiac disease (CD) has an estimated prevalerte igeneral population of 1% (136) but its
prevalence rises to 2-5% of patients also bearithy@id autoimmune pathology (137), the
main cause of hypothyroidism. Furthermore, beirygdid autoimmune disease the most
frequent autoimmune disorder, a definite highex citHashimoto’s thyroiditis may be
detected in patients with celiac disease thanergdmeral population (138). The joint
presence of these two diseases is one of the meayeent associations included in the
polyendocrine autoimmune syndrome type 3 B (PA@3Y). The ratio between patients
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with overt celiac disease and patients in whichdisease is present but not diagnosed is
about 1:8 (140). As celiac disease may also preggmbut gastrointestinal suggestive
symptoms (CD atypical presentation) (140), its eneg should be suspected in hypothyroid
patients with an increased need for thyroxine (#48)the best of our knowledge, the
impairment of oral levothyroxine absorption in di@at with celiac disease has been reported
since 1993 in a patient with milk protein allergydeceliac disease (141). Later, some case
reports confirmed the occurrence of resistancedblevothyroxine treatment in hypothyroid
patients with celiac sprue (142, 143). In 2012 siwalies (42, 144) have deepened the topic
in 7 patients with untreated celiac disease ar8bisubjects affected by atypical celiac
disease. In both groups, the gluten free diet sagethe increased hormone needs, only
partially in the first study (144) and completetythe second one (42). The mechanisms
leading to the increased need for thyroxine inguasi with celiac disease may follow the
progressive reduction of intestinal surface charahg the histologic lesions of this disease:
a) the villous shortening till total atrophy, owit@enterocyte’s apoptosis and to inadequate
cell regeneration in crypts (145) and b) the sigaiit lymphocytic infiltration. This event, in
turn, determines the loss of proteins and enzymése brush border, thus impairing the
absorption of a large number of nutrients (146)CD patients, the extent of impairment of
drug efficacy may depend on the pharmacokineticadtaristics of each drug (147). In fact,
beside the reduction of the absorbing surfacefdli@ving pathologic characteristics were
reported in patients with celiac disease: increastedtinal permeability, increased
gastrointestinal transit time and changes in imedtiminal pH (147, 148). An abnormal
gastric emptying was even described, perhaps demeod an altered secretion of
cholecystokinin and plasma polypeptide YY, hormoineslved in the gastrointestinal
motility (148). An increased prevalence of bactavigergrowth in the small intestine has
been also observed, usually in patients with dihpersistence of symptoms, even after
removal of gluten from the diet (149). Similar tiher nutrients and drugs, all these
mechanisms may contribute to thyroxine malabsanptio

Lactose maldigestion is a condition, mostly symgess, to which about 70% of adult
human beings (lactase non persistent) is expo$dl.(This condition is caused by the
decline in residual lactase activity, due to thevdeegulation of the enzyme responsible for
the hydrolysis of lactose to glucose and galac{bS8). Lactose intolerance (LI), has instead
a pleiotropic clinical picture, presenting with dfeea, bloating, flatulence, abdominal pain,
the intensity of them being related to: a) the ami@i lactose ingested; b) intestinal
microbial composition; ¢) gastrointestinal mototiaty and, finally, d) the visceral
sensitivity to fermentation products of lactoseedigon (151). Beside the primitive form,
lactose intolerance may follow any process abldetiroy the mucosa of the small intestine
(CD, infections, surgery, etc) (152, 153). At filBtuiioz-Torres (154) described a case of
one patient showing an increased need for thyroxideced by lactose intolerance, resolved
by switching to lactose-free thyroxine formulat@amd starting a lactose free diet. A similar
effect was observed following 8 weeks of lactosgrietion confirming that lactose-free diet
may improve thyroid pharmacologic homeostasis irepss with LI (155). Later, a
systematic study confirmed the increased needfookine in a larger group of patients with
LI, as compared with a control group without signsymptoms of malabsorption
(+31%)(43). More than a mechanism may explain ffeceof lactose intolerance on the
need for thyroxine. When the hydrolysis of lactdees not take place, this sugar
accumulates and attracts water in the intestimaéhu(151). Thus, an altered intestinal
content may complex with thyroxine preventing apson (43), or may even increase the
intestinal motility, thus reducing the exposurdfgfroxine to the absorbent surface (156).
Moreover, LI is often associated with the smalegtine bacterial overgrowth (SIBO) (157)
which may also impair the enterohepatic recyclihthgroxine.
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Lactose is also used as an excipient in some dmgsn some formulation of tablet
thyroxine, and the amounts is not often disclosetthé leaflets (27). This fact led to the
suspicion that lactose content in these thyroxme@grations may represent a problem: a
study, however, provided evidence that ingestiotouf00 mg of lactose does not trigger
gastrointestinal symptoms nor affect the lactosatbrtest (158). Noticeably, gastrointestinal
symptoms are usually evoked by quantities greatar b g of ingested lactose (159).
Therefore, the possibility that a very small amooirthe disaccharide in the thyroxine tablet
might be responsible for its malabsorption is umlik

The parasitic infestation fro@iardia lamblia(GL) has also been considered as a cause
of thyroxine malabsorption. This parasitism is sgidc in Western countries where it seems
more frequent in travellers (160). On the contréms flagellate protozoan is usually
endemic in environments characterized by poor agndonditions (161). Clinical
manifestations range from severe gastrointestiagtgement to asymptomatic forms (162).
Only two case reports described an increased rmedbyroxine due to the GL infestation
(163, 164), both describing an elevation of seriBnd an increased need for thyroxine
that were reversed by appropriate antiparasitatitnent. The cause of thyroxine
malabsorption in these patients is the inflammatougosal damage and epithelial apoptosis
induced by the protozoan (165); furthermore, irséhpatients an increased intestinal
permeability may be observed, due to the disrupticthe intestinal tight junctions (166).

Besides the disorders directly affecting the absoirlnucosa, also diseases affecting
organs involved in the digestion process may imgait thyroxine efficacy. Indeed,
pancreatic insufficiency may cause steatorrheavioilg the reduction of lipase secretion
below 10% of normal levels (167). In an early papeeight patients published in 1962
(168), the authors observed that pancreatic stba@increased the elimination rate of the
hormone, showing that fecal losses of the hormogie \wigher than normal. They
hypothesized a defective hydrolysis of glucuronakstoxine that impaired the enterohepatic
circulation in these patients. A direct interferengdth compounds usually degraded by
pancreatic enzymes, resulting in an organic iodoorption in the intestinal content was
also suggested (168). Cystic fibrosis that fredydaads to pancreatic insufficiency has been
reported as a cause of decreased thyroid hormawe@ion (169). Furthermore, a recent
paper described two cases in which an increasatifoe¢éhyroxine has been shown in
patients bearing liver cirrhosis (170). The autrsprsculated that the impaired bile secretion,
besides the variation in Tiroxine Binding Globutioncentration, might explain this effect.
On the same line, a paper by Sinha and Van Middigtw(115) underlined the role of bile in
reducing the binding of thyroxine to intralumindgma proteins, thus increasing the
absorption of labeled thyroxine in a washed jejuoap of rats. The authors postulated the
presence in the bile of substances competing fdsiiiding with plasma proteins (115).

In a previous section we have described the pataigchanism of thyroxine absorption
at the small intestine level; the effect of thershowel syndrome (SBS) on thyroxine
absorption has been investigated since ‘80s (172),. This disease is usually the
consequence of congenital malformations or acqulieeases that require surgical resection
of small intestine, thus causing the reductiomtéstinal absorptive surface along with
motility disturbances (173). Moreover, the absesfdast ileal loop and of ileo-cecal valve
may lead colonic bacteria to rise in the residuadlsintestine prodicing a dysbiotic
environment dominated dyactobacilli(174). The study of radiolabelled thyroxine
absorption in five patients with SBS as comparetiviohealthy subjects, revealed a net
reduction of oral thyroxine absorption, indepentefiom the lengths of intact bowel (171).
It has been suggested that, beside the shortetestimal surface, a key role in determining
T4 malabsorption in these patients may be playeithé@yccelerated intestinal transit (175).

Bariatric surgery
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On a similar ground, the interference on thyroxabsorption exerted by bariatric surgery
including intestinal bypass has been extensiveljyaed, although with conflicting results
(see above for bariatric surgery involving only #temach). The three case reports about the
effects of jejunoileal bypass technique consisyergported a significantly (from three to four
fold than normal dose) increased T4 need, agaigesiing the role of a reduced absorptive
surface (176-178). This technique has been nextdureed because of the association with
multiple severe short- and long-term complicatiovewadays, most of the paper published
on this topic examined the need for T4 in patievite underwent Roux-en-Y gastric bypass
(RYGB), a common procedure nowadays. By examinBg&ients, Raftopuolos et al.
observed that 13 of them maintained the same daglyirement while eight showed a
reduction of the dose (179). However, as menti@aiee, Sundaram (133) and Fierabracci
(134) described that, when normalized by weighipareased thyroxine dose is necessary to
achieve target TSH levels in most of these patidiifisse results are in keeping with the
increased TSH values observed in patients treaitixdme same dose of thyroxine before and
after surgery (180, 181). Two pharmacokinetic gsdiave been performed to investigate
this issue (131,182). Despite an improvement obadi®n parameters, Rubio et al. (182)
observed a significant delay of T4 absorption mdhbrgical-treated patients. In the
previously mentioned study (131), the pharmacoidn@rameters were similar before and
after RYGB surgery. This latter study also examifi&gatients who underwent
biliopancreatic diversion observing an improvemathyroxine pharmacokinetic parameters
(131). However, Fallahi et al (181), by using taeng dose of tablet formulation of thyroxine
before and after the surgery, observed that sef@hh Worsened after surgery. While the
results in patients exclusively treated with matepsve procedures agree to identify a clear
increase in thyroxine requirement, results aboyriotkine need in patients treated with
procedures combining restrictive and malabsorgge@niques are conflicting. This may
depend on the different schedule of thyroxine itigaqoften omitted) (i.e. lag time between
food and therapy or other drugs) and on the diveffeets that surgery may have on patient’s
gastrointestinal physiology (i.e. altered gastuic¢ acidity, dumping syndrome, delayed
gastric empting, different gut microbial flora, i&rons of lean and fat body mass ratio,
etc)(183, 184). Moreover, the assessment of thgeoreeds not always normalized by
weight does not allow a correct and complete cormparof the data. The heterogeneity of
these studies in patient underwent bariatric syrgeth mixed restrictive and malabsorptive
techniques does not allow to draw definitive cosidas about the net effect on thyroxine
requirement.

Nutrients and food interference

In 1977, using a double isotope method, Wenzelkirsthsieper (31) clearly demonstrated
that fasting condition ensures a better thyroxiogogption than in a feeding state. Over time,
several papers have examined the interferenceeekbyt different kinds of foods on the steps
that bring to levothyroxine absorption.

As early as 1957, van Middlesworth (185) reporteat tellulose- or bran-rich chow
leaded to increased fecal loss of thyroxine in. iatd 996, Liel et al (186) demonstrated a
nonspecific, dose dependent adsorption of the hoenby wheat bram vitro. This may
explain the clinical findings of an increased néadhyroxine in 13 hypothyroid patients
who had increased their fiber intake (186). Ondbetrary, a succeeding pharmacokinetic
study in 8 healthy volunteers did not confirmedaaiation in the absorption rate of thyroxine
ingested with calcium polycarbophil or psyllium ngghilic mucilloid (187). The possible
interference of fibers on the enterohepatic reagetf thyroxine more than a direct effect on
absorption has been suggested (188, 189) and niayohiaterpret these data. In fact, a
similar mechanism has been postulated for theferemce exerted by soy ingestion in
thyroxine treated patients. In this first reporbimans by Pinchera et al. (190), an athyreotic
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cretin, fed soybean formula, showed a refractosiesigh doses of desiccated thyroid.
Additional evidence were an increased fecal comagéoh of thyroxine and a higher fecal
mass, so that they hypothesized an intestinal dg&bas a further cause of intestinal trapping
of thyroxine (190, 191). Several studies on tbEd have confirmed the effect of soy
formula in hypothyroid infants (192-194) and onedstreported a similar effect also in a
thyroidectomized woman using soy protein supplenie®®). In this latter case report, the
efficacy of thyroxine treatment has been regaimgmhgating thyroxine from soy ingestion by
12 hours. A very recent pharmacokinetic study,qrened in 12 patients on stable thyroxine
treatment, demonstrated that bioavailability ofrtiyyne is superimposable in patients co-
ingesting a fixed combination of soy isoflavoneswith a six hours interval (196). A case
report also described the impairment of pharmaccédghyroxine homeostasis in a
thyroidectomized patient after two weeks of largeant of papaya fruits consumption
(113). After discontinuation of papaya consumptitie, patients recovered the euthyroid
state without increasing thyroxine dosage. Bedidestfects on gastric acid secretion (see
above), the authors hypothesized an effect ontingdsnotility of a component of the fruit
and an action on deconjugating bacterial enzymegsniay increase fecal thyroxine loss
(113). A brand new paper (114) has directly rembtbe effect of concomitant 2% fat cow-
milk intake with thyroxine (see above), hypotheasizalso an interfering role for milk
proteins, based on evidence framvitro studies by Hays (29) and Sinha and van
Middleworth (115).

Even the espresso coffee may cause refractory hyymatism. The concomitant
ingestion of coffee was examinedvivo andin vitro by Benvenga et al (33). The
simultaneous ingestion of coffee and levothyroxatiered pharmacokinetic parameters also
delaying the time of maximal incremental rise aluse T4. Then vitro study confirmed that
coffee acts as a weak thyroxine sequestrant (3®).pltative effects on thyroxine transporter
activity by grapefruit juice have been discusseavab

Drugs interference

Several drugs interact with intestinal absorptibfewothyroxine. In most cases, these drugs
are able to bind levothyroxine creating insolulenplexes that prevent successive thyroxine
absorption process but this kind of interaction iaisbeen proven for all of them. Some of
these drugs seem to affect different steps of ttiggoabsorption. Some clinical reports stated
that aluminum hydroxide, active ingredient of aidgmeparations, affects thyroxine
pharmacological homeostasis (197). In particule,impact of this drug on thyroxine
absorption seem to involve both gastric and imesprocesses of absorption. In fact, beside
the abovementioned increase of gastric pH andléharsgy of gastric empting, a nonspecific
adsorption of T4n vitro (20% of the 50 mcg in the incubation system wereaved by 1 ml

of aluminum hydroxide) (198) may further hamperl G efficacy. Conflicting resulté

vitro andin vivowhere obtained with a further antiacid, sucralfaidact, in an earlyn vitro
study the binding of thyroxine by sucralfate intgasacid medium has been shown (199).
Later on, one pharmacokinetic study, carried out@athy volunteers, demonstrated that
sucralfate reduces the maximum T4 absorption ofieB0% with a significant delay in the
absorption process (200). However, two clinicatlss failed to confirm these findings (201,
202). This issue deserves clarification by furtstedies. On the contrary, the concomitant
ingestion of ferrous sulfate has been proven tagedhyroxine efficacy in hypothyroid
patients (203-205). In fact, amvitro experiment demonstrated that at pH 7.4 a fermc-io
binds three thyroxine molecules in an insoluble plax (203). A seminal paper published in
1969 (206) demonstrated that also cholestyramisia,rased as a lowering cholesterol agent
(able to bind bile acids and cholesterol metab®iiethe intestinal lumen), is able to bind
large amount of thyroxine either at a pH 1 an ®itro. By using"*l labeled thyroxine in two
patients, the authors demonstrated a two-fold aszeén stool and a concomitant reduction in
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urine radioactivity as compared to control valukss proving a negative effect on thyroxine
absorption (206). An interval of five hours fronvdghyroxine to cholestyramine ingestion
was not at all sufficient to restore thyroxine ajpsion, and authors suggested that
cholestyramine may act as an inhibitor of hormamaerohepatic recycling (206). Because of
this specific activity, this drug has been alsodusetreat acute hyperthyroid patients (207,
208, 209). The ability to impair the pharmacokiogtarameters of levothyroxine has been
described in two studies for a further bile aciquesstrant, colesevelam (210, 211). This drug
has been proven to bind thyroxine vitro, in an increasing fashion from a medium pH=1,2
(similar to gastric pH) to pH=6,8 (simulating inti@sl fluid) (210, 212). An in vitro binding
has been proven also for a cation-exchange resiiyrs polystyrene sulphonate (SPS)
(213). Also this ability of SPS has been provehoth an acidic medium (pH 2) and a neutral
one: the reduction of dissolved thyroxine in thpesmatant was of 93% and 98%,
respectively.

For some drugs, despite emvitro binding study has not been performed,
pharmacokinetic studies demonstrated a reductioyodxine absorption. This is the case
for ciprofloxacin, sevelamer, chromium picolindethanum carbonate and raloxifene.
Coadministration of these drugs with 1000 mcg gfdkine in healthy subjects decreased the
T4 AUC from 0 to 6 hours ranging from 17% to 50%campared with the one observed in
control test (81, 211, 214, 215). Finally, a pokssibterference of orlistat (216) and
simethicone (217) with thyroxine absorption hasrbeely mentioned in case reports.

The use of malabsorption of thyroxine as a tool tdiagnose occult Gl disorders

A tight schedule of thyroxine treatment represanserequisite to detect any increased need
for thyroxine. Patients requiring a higher thaneotpd dose of thyroxine to reach the target
TSH may be encompassed in the definition “diffiqudtients” according to Ward LS (218).
They are exposed to refractory hypothyroidism g8}, not all of them have Gl

malabsorption. Once ascertained the existence wicagased need for thyroxine, physician
must firstly exclude the pseudomalabsorption, #zent and significant weight, BMI and/or
body composition variations as well as the possiof pregnancy. Then a careful nutritional
and pharmacological anamnesis should be carrie(Fayure 4). Once these issues have been
positively excluded, and gastrointestinal disordeeay be reasonably suspectadiiagnostic
workup should be started (Figure 4). The clinicdhkground should help in the diagnostic
strategy, particularly when refractory iron-defiti@nemia is concurrently present (219): this
kind of anemia is, in fact, often associated td’iori infection (220), celiac disease (221),
and atrophic gastritis, prior to pernicious ane(@iE9). These latter are frequently associated
with autoimmune hypothyroidism in the type Il pglgndular autoimmune syndrome (98,
138, 222, 223) even in young patients (223, 224)revious or active H. pylori infection

must be screened as a first line as it is the presalent disorder (102). Eith&iC-Urea

breath test or fecal H.pylori antigen detection Hr@lmeasurement of antibodies against H.
Pylori should be performed (102). If positive, &slling the appropriate treatment, the
involvement of gastric mucosa should be investgjéteendoscopy with multiple biopsies
(225). Once the H. Pylori infection has been exetydther possibilities should be
investigated by measuring the anti-parietal cetibaxlies (APCAb) and fasting gastrinemia
(226). High serum gastrin levels and the preseh@d@€Ab support the suspicion of an
autoimmune gastric atrophy (227) and again perfogneindoscopy with multiple biopsies of
gastric body and antrum is strongly suggested (84)e presence of iron deficient anemia
and/or abdominal bloating and pain and/or chroracrdea, celiac disease deserves attention
(136). The assessment of anti transglutaminaskathés (tTgADb) and total serum IgA levels
may help to diagnose celiac disease (136) but, agae, only endoscopy may confirm or
exclude the presence of this disease (228). Istispicion concerns other intestinal disorders,
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the diagnostic workup should include some breatts tgactose, glucose, lactulose) able to
detect lactose intolerance (229), bacterial ovevttd230) and/or altered transit time in the
gut (230), respectively. These breath test haemlzonsidered reliable, useful and safe tools
in diagnose carbohydrate maldigestion, being dlsddast invasive tools to diagnose SIBO
(231). Finally, the stool examination should betkepmind when parasitism is suspected
(e.g. Giardia lamblia) (164). Many of the descrilgedtrointestinal disorders may occur in a
hidden or even occult way (Figure 2). In this cdle,diagnostic workup should be driven by
the prevalence of each diseases, taking into atgaent’s and his/her familial medical
history. A successful diagnostic workup may uncdtervast majority of gastrointestinal
cause of poor response to thyroxine treatmentwutd also be useful to diagnose and treat
these silent, but not harmless, gastrointestirsdrders. In this view, malabsorption of T4
may represent a tool to diagnose occult gastrdintdgliseases.

ALTERNATIVE Pharmacologic Perspectives

While the tablet formulation of thyroxine remaihgtgold standard in the treatment of
hypothyroidism, hormone paraphernalia evolved. THiiicult patient” as described by
Laura Ward (218) is probably more than an exceptidhe treatment of hypothyroidism.
The most recent advance concerning thyroxine treatistems from the growing attention to
alternative oral formulations: the liquid prepapatand the softgel capsule. The soft gel
capsule contains, in an outer gelatine shell, $4alved in glycerine (23). This structure
warrants a rapid dissolution in the acid gastrirmment (232). The liquid formulation is
composed of T4, glycerine and ethanol and its nmygortant feature is that it does not
require a gastric dissolution (16). A 2-way crosspbioequivalence study in 84 healthy
subjects has been carried outtompare T4 tablets, soft gel capsules and oratisnl(21).
Mean pharmacokinetic parameters were not statilstidéferent between these formulations;
however, a faster absorption of thyroxine soluti@s observed probably because of the lack
of the dissolution phase (21). It is beyond theyscof the present review to analyze in detalil
the advantages and disadvantages of alternatiypa@ions of thyroxine, which were,
however, recently reviewed elsewhere (233). Heramadyzed the studies concerning the
possible use of these alternative preparationstiemts with gastrointestinal disorders. In a
prospective study in 31 patients with gastric-edat4 malabsorption, stably treated with
tablet thyroxine preparation and switched to sofige the effective dose of this latter
preparation was significantly reduced in aboutdd/Batients (234). More recently, very
preliminary data suggested that the switch frontetalo softgel T4 preparation at unchanged
dose improved TSH even in patients taking pill Béfore the breakfast (235). Furthermore,
softgel T4 preparation helps to overcome the prolsé coffee PPI interference on tablet T4
treatment (236, 237).

The obvious and most important advantage of thedi@4 solution is the possibility of
administration in pediatric age (238-240) or inigatis who are not able to swallow tablets or
capsules (233, 241). In hypothyroid newborns afehiis the daily thyroxine dosage is
calculated according to age and T4 tablets arellystrashed and given with liquids (239,
240). In these little patients, liquid thyroxinegrulation is easily managed and administered
and may is also better absorbed than the tabletuiation (240). The European Society for
Paediatric Endocrinology (ESPE) guidelines ackndgsal this alternative treatment in
pediatric age (242). In adult hypothyroid patiestsne studies analyzed whether the
restraints of tablet thyroxine treatment may beroame by the use of this preparation: i.e.,
whether the foods may interfere with liquid thyneiabsorption as they do with tablet
formulation (243, 244). A double blind, randomizethcebo-controlled, crossover trial
suggested that a liquid T4 formulation could beestgd directly at breakfast, potentially
improving therapeutic compliance (244) by reduang of the major issues in the treatment
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with tablet T4: the negative impact of breakfastlmatreatment efficacy (31, 36, 37, 40, 244,
245). Liquid thyroxine preparation was tested ewepatients with gastrointestinal
malabsorption. In fact, in a prospective obseovati study, the liquid preparation has been
proven to overcome T4 malabsorption induced byintbeeased gastric pH due to PPI
treatment (246) and by lactose intolerance (24imMil&ly, in a case series, it has been shown
that oral liquid formulation might bypass the plteghtion due to atrophic gastritis in patients
who were still hypothyroid when treated with takilgtroxine (248). As previously discussed
above, drug malabsorption is a potential conceer &fariatric surgery. In a recent study,
hypothyroid patients, well replaced with thyroxiadlets before surgery (13 RYGB; 4
biliary pancreatic diversions (BPD), showed an@ased TSH 3 to 8 months after surgery
(181); the switch to liquid T4, at the same doggiBcantly improved TSH values also in
patients with BPD, confirming previous studies atipnts submitted to RYGB (180).

Despite some encouraging results in patients vagtrgintestinal malabsorption the
overall analysis of these studies revealed somalions: the entire field deserves further
systematic studies before drawing definite conolusi(249).

Concluding Remarks

Gastrointestinal malabsorption of oral thyroxinenisre frequent than previously reputed and
may account for a significant fraction of refragtbiypothyroidism. On this ground, an
accurate individualization of hormonal treatmeripken the detection of gastrointestinal T4
malabsorption. Although the site of thyroxine alpsion is the small intestine, gastric pH
emerges as a major prerequisite for the efficadglaet thyroxine treatment. An increased
need for thyroxine should induce endocrinologisttant a diagnostic workup, based on the
clinical features and on the prevalence of gastesimal disorders.

Despite the growing number of studies, some questwoe far from being clarified. The
pathophysiologic mechanisms of thyroxine absorpéibtihe intestinal level are not yet
completely defined as shown in the real life byuanber of patients in whom the cause of an
increased need for T4 remain obscure. In partictharintestinal transport pathways, the
actual contribution of the enterohepatic recychmgl the role of microbiota composition in
the absorption of thyroxine in humans are issuefutore studies.
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Figure 1. Different ionization status of the three ionizabtoieties of the thyroxine molecule
at different medium pH. pX ionization constant of the carboxyl group.pKonization
constant of the phenolic group. gKionization constant of the amino group

Figure 2. Main pathologic and post-surgical conditions lagdo thyroxine malabsorption.
Arrows indicate the progressively lower frequentyhese disorders. Diseases have been
subdivided based on the primitive site involvedifsach and intestine).

Figure 3. Nutrients, foods and drugs interfering with thyiree absorption. In the yellow
circle: gastric level as the prevalent site of ifeeence. In the red circle: intestinal level as
the prevalent site of interference. In the orangerlapping part: interference exerted at both
gastric and intestinal levels.

Figue 4 Diagnostic work up for the main pathologic gastiestinal causes of thyroxine
malabsorption based on the clinical ground andiemptrevalence of each disorder in the
general population. Grey boxes: issues that muskbkided before starting diagnostic work
up. Orange boxes: diagnosed disease. Green baagsaodtic method.
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Table 1 Excipients in T4 tablet formulations.

Tablet, brand Tablet, generic

1 2 8 4 5 6 7 8 9 1C 11

Cellulose R R \/ R \/ R

Talc v \/ \/

Povidone \/ \/

Colloidals silicone N V
dioxide

Starch v v R S Y R v v

Acacia \/ \/

Gelatin v

Mg stearate + stearic \ v v \/ v \/ S y < \

acid

Na croscarmellos: \ N N

Na citrate v v

Na carboxymethylamide \/

Ca phosphatt N \/

Ca sulphate v

Bicarbonate v

Lactose \ \ y y y N

Dyes (color additives \ v \

TABLET, BRAND- 1= Bagothyrox(Quimica Montpelier)2= Eltroxin (GlaxoSmithKline);3= Euthyrox
(Merck); 4= Levothroid (Forest/Sanofi Aventish= Levoxyl (Jones/King Pharmaceutical§y Synthroid
(Abbott); 7= Tirosint (IBSA Farmaceutici Italia srl);

TABLET, GENERIC- 8= (Mercury); 9= (Almus); 10=(Sandoz);11= (Actavis)
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