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Abstract: Levothyroxine (L-thyroxine, L-T4) is a drug of choice for treating congenital and primary
hypothyroidism. Although clinically significant interactions between L-T4 and food can alter the
safety and efficacy of the treatment, they still seem to be generally underestimated by patients,
physicians and pharmacists. This review aimed to investigate the effects of meals, beverages, and
dietary supplements consumption on L-T4 pharmacokinetics and pharmacodynamics, to identify the
most evident interactions, and to perform the recommendations for safe co-administering of L-T4
and food. A total of 121 studies were identified following a systematic literature search adhering to
PRISMA guidelines. After full-text evaluation, 63 studies were included. The results proved that L-T4
ingestion in the morning and at bedtime are equally effective, and also that the co-administration of
L-T4 with food depends on the drug formulation. We found limited evidence for L-T4 interactions
with coffee, soy products, fiber, calcium or iron supplements, and enteral nutrition but interest-
ingly they all resulted in decreased L-T4 absorption. The altered L-T4 efficacy when ingested with
milk, juices, papaya, aluminium-containing preparations, and chromium supplements, as well as
observed enhancement effect of vitamin C on L-T4 absorption, shall be further investigated in larger,
well-designed studies. Novel formulations are likely to solve the problem of coffee, calcium and
iron induced malabsorption of L-T4. Maintaining a proper time interval between L-T4 and food
intake, especially for coffee and calcium, or iron supplements, provides another effective method of

eliminating such interactions.
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1. Introduction

Levothyroxine (L-thyroxine, L-T4) is a drug of choice for treating primary hypothy-
roidism, which in developing countries generally occurs due to Hashimoto thyroiditis,
thyroidectomy, or iodine deficiency [1]. In 2020, L-T4 was the third most often prescribed
drug in the USA [2]. Interactions between L-T4 and food may affect the safety and efficacy
of the treatment but are still widely underestimated by patients and health care profession-
als. McMillan et al. [3] surveyed hypothyroid patients to determine the factors affecting
L-T4 therapy. Out of 925 participants, 51.8% used dietary supplements known to interact
with L-T4, especially calcium (47.5%) and iron (11.9%), whereas 68% reported frequent
(more than twice a week) intake of food and beverages rich in fiber (bran flakes, fiber bars,
fiber drinks, or broccoli florets), iodine (dried seaweed, cranberries, plain yogurt, cod), or
soy. The disturbing findings were that 20% of patients took L-T4 together with breakfast,
lunch, or dinner, and 21.5% administered the drug less than 30 min before the meal. Simul-
taneously, 124 patients (13.4%) experienced difficulties in controlling their hypothyroid
symptoms. Thus, the authors suggest that L-T4 interactions with food, beverages, and
dietary supplements, consumed by the participants, can, at least partly, explain these facts.
The study performed by Michel et al. [4] also revealed the patients’ inadequate knowledge
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on L-T4 proper administration schedules. Forty five patients, treated with L-T4, completed
a telephone survey. Out of 21 participants, 80% ingested calcium supplements within 4 h
before, or after taking L-T4, whereas 67% within 1 h. Five patients reported administering
iron or magnesium supplements within less than 1 h from taking L-T4. Only two of all the
participants were advised to separate supplements and L-T4 intake.

This review is aimed to investigate the potential effects of meals, beverages, and di-
etary supplements consumption, as well as dosing regimen, on L-T4 pharmacokinetics and
pharmacodynamics and to identify the most probable interactions. Moreover, some safety
recommendations for co-administering L-T4 with food were suggested and performed in
the review. Knowledge of how to avoid interactions may improve not only the efficacy and
safety of L-T4 treatment, but also contributes to a better patient’s compliance.

2. Results and Discussion
2.1. Eligible Studies

As presented in Figure 1, a total of 121 articles were initially identified. After removing
12 duplicates, titles and abstracts of 109 studies were screened independently by two
researchers (AW and PP), and 22 articles were excluded as not meeting the inclusion
criteria, thus leaving 87 full-text articles that were assessed for eligibility by the same
reviewers, resulting in a further 24 articles being removed according to the exclusion
criteria (19 review papers, two not written in English and three in vitro studies). Finally,
a total of 63 studies were included in the qualitative synthesis.

2.2. Aspects of Levothyroxine Pharmacokinetics

L-T4 is absorbed in the small intestine, more precisely in jejunum and ileum, and
to a small extent also in the stomach [5]. In patients with short bowel syndrome L-T4
absorption may be reduced due to increased intestinal passage [6].

Pharmacokinetic parameters of L-T4 differ in euthyroid and hypothyroid subjects.
In patients with hypothyroidism, time to achieve Cpax (tmax) delays from 2 h to 3 h, the
volume of distribution decreases from 14.7 L to 11.6 L, and the bioavailability can be higher
than standard 60-80% [6-8].

Concomitant gastrointestinal diseases, such as celiac disease, H. pylori infection, lactose
intolerance, inflammatory bowel disease, and even parasitic infestation (G. lamblia), etc.
may cause L-T4 malabsorption [5,6].

Increased gastric pH is known to alter L-T4 absorption as well [9]. Several studies
confirmed that patients with impaired gastric acid secretion, either due to the disease, or
using pomp proton inhibitors (PPI), may need higher L-T4 doses to achieve the desired TSH
level [10,11]. The interaction is clinically significant for chronic PPIs administration [12].
Pantoprazole and esomeprazole do not seem to alter pharmacokinetic parameters of L-T4,
though the evidence is insufficient to prove its safety [13,14].

Apart from the tablets (Euthyrox, Levoxyl, Synthroid), L-T4 is also available in other
forms such as soft gel capsules (Tirosint), oral liquid (Tirosint-SOL), and powder to prepare
an intravenous solution (Synthroid). Changing the drug formulation may solve the prob-
lem of L-T4 malabsorption caused by the diseases, increased gastric pH, and drug-food
interaction related factors as well.

Liquid L-T4 is absorbed faster than its solid form [15], it was also found to be less
dependable on gastric pH and conditions causing malabsorption [9,16]. Liquid L-T4 lowers
TSH levels more effectively in comparison to the tablets with the same dose, both in
patients with and without malabsorption [16-18]. Switching from the tablets to the oral
liquid formulation has improved L-T4 treatment efficacy in 24 patients ingesting PPI[19]
and 11 ingesting other interfering drugs [20].

L-T4 in soft gel capsules dissolves better in increased pH [21] as well. This formulation,
when compared to the tablets, can improve TSH levels both in patients with gastric diseases
(H. pylori infection, chronic gastritis, etc.) and with no proven malabsorption [22,23].
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Figure 1. PRISMA flowchart.

2.3. Schedules of Levothyroxine Administration

Previously recommended administration of L-T4 preparations included taking the
drug upon waking up, due to circadian variability in TSH levels, namely higher level in the
morning [24]. However, recent studies have indicated that ingesting L-T4 in the evening
may be an equally effective regimen. In a randomized study conducted on 84 patients, Ske-
lin et al. [25] compared three different timing regimens for L-T4 administration: (1) 30 min
before breakfast, (2) 1 h before lunch, and (3) at bedtime, more than 2 h after dinner. TSH,
free T4 (fT4), and free T3 (fI3) levels were measured at the beginning and after 8 weeks
of each regimen. The results were comparable with baseline in all 3 groups. The authors
concluded that different timing regimens for L-T4 are equally effective. Similar results were
obtained in many other studies [26-30]. The decrease in bowel movements at night, and
the resulting increase in intestinal absorption of L-T4 may be a possible explanation of the
described observations [31]. A recent meta-analysis [32] confirmed, that L-T4 ingestion at
bedtime is as effective as the one before breakfast. An evening administration may reduce
the risk of drug-food interactions and enhance the patient’s compliance with the treatment.
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2.4. Impact of Food Intake on Pharmacokinetics and Pharmacodynamics of Levothyroxine

L-T4 absorption and bioavailability, with regard to the food, depend on the drug
formulation (tablets, an oral liquid form, or soft gel capsules). In some countries tablets are
the only available L-T4 formulation.

2.4.1. Tablets

L-T4 is absorbed from the tablet within 20-30 min after ingestion; it takes about 3 h
to complete the absorption process [7]. In the presence of food, tmax delays, and the peak
value of L-T4 absorption decreases [6,33], similarly to drug bioavailability, from 15 to as
much as 40%, depending on the study [34,35]. Lamson et al. [35] administered a single
dose of 600 ug L-T4 to 48 euthyroid volunteers, either at breakfast, or 30 min before it,
with 35 day washing period between both administration regimens. Breakfast consisted
of eggs, bacon, toast, hash brown potatoes, milk, providing 950 kcal, 16% protein, 26%
carbohydrate, and 58% fat. The authors observed significantly decreased AUC4s} (by
38-40%) and Cmax (by 40-49%) in participants taking L-T4 with food [35].

The concomitant ingestion of L-T4 with food affects not only drug pharmacokinetics
but also the efficacy of the treatment (measured by the changes in TSH, fT3, and T4 levels).
Seechurn et al. [36] evaluated the effect of changing L-T4 administration to 45-60 min
before breakfast on elevated serum TSH levels. In all 10 patients who started to ingest
L-T4 (in a medium dose of 175 ug) while fasting, TSH levels decreased significantly (by
40-96%), while the increase in fT4 levels was observed after 2 months. The results of this
study, along with several other [33,37] support the recommendation to postpone food by at
least 30-60 min after L-T4 tablet ingestion [5,6].

Perez et al. [38] conducted a randomized study on 42 hypothyroid patients, to compare
L-T4 administration (in a daily dose of 98.3 & 35.2 nug) while fasting and with breakfast.
Patients consumed mostly: coffee (88.1%), white sugar (81.0%), whole milk (71.4%), white
bread (69.0%), margarine (59.5%), cheese (23.8%), savoury biscuits (16.7%), non-fat milk
(11.9%), whole wheat bread (9.5%), and fruits (9.5%). A standard breakfast provided
approximately 162-381 kcal and consisted of 57.5% carbohydrates, 28.4% fat, 14.1% protein,
and 254.1 & 62.6 mg calcium. The fiber consumption was insignificant. TSH levels were
measured at the beginning of the study and on 45, 90, 135, and 180th day. Administering
L-T4 tablets with breakfast resulted in significantly higher TSH levels (2.89 & 2.82 vs.
1.9 £ 1.76 mU/L). However, Perez et al. [38] concluded that the intake of L-T4 tablets with
food can be safe and well-tolerated alternative for non-adherent patients, though it requires
more frequent monitoring of TSH levels. On the contrary, patients in whom even small
variations of TSH level are dangerous (i.e. pregnant women, patients with cardiac disease,
or thyroid cancer) should avoid taking L-T4 with meals [38].

2.4.2. Liquid Form

In vitro studies proved the stability of liquid L-T4 formulation in beverages such as
milk, tea, coffee, coffee with milk, and orange juice [39]. The liquid form has also a faster
onset of absorption, compared to tablets (AUCy.p (ng*h/mL): 99.1 £ 22.7 vs. 68.4 £ 32.8;
tmax (h): 1.96 £ 1.07 vs. 2.25 £ 0.99). Greater early exposure and faster time to maximal
concentration can minimize the risk of drug-food interactions [15].

Marina et al. [40] examined {T4 levels in 14 patients taking 200 ug of oral liquid L-T4;
seven of them administered L-T4 while fasting, and seven with breakfast consisting of six
cookies (132 kcal, 9.1% fat, 76.9% carbohydrate, 7.7% protein, 3.8% fiber) and one cup of
espresso or cappuccino, both with 5 g of sucrose. The results were comparable in both
groups. In another study on 59 hypothyroid patients, Morelli et al. [41] found no significant
differences in the TSH level when administering liquid L-T4 with breakfast, or 10 and
30 min before (1.52 = 0.73 mU/L, 1.46 &+ 0.81 mU/L, and 1.25 £ 0.7 mU/L respectively).

Cappelli et al. [42] conducted a randomized, double-blind, placebo-controlled trial
on 77 hypothyroid patients. They assessed whether the patient’s usual breakfast (mixed
with tea, coffee, milk, cappuccino, orange juice, etc.) may influence liquid L-T4 absorption.
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Serum TSH, fT4, and fT3 levels were comparable in patients administering liquid L-T4
formulation (in a median dose of 75 pg) with breakfast, and 30 min before. The authors
concluded that liquid L-T4 can be ingested directly with the meal. Pirola et al. [43] got
similar results for the same median dose of L-T4 (75 pg), on an extensive set of 761 patients.

A possibility to administer liquid L-T4 with food may have a positive influence on
patient compliance and well-being [44]. Among 102 patients, dissatisfied with their therapy
with L-T4 tablets (in a mean dose of 88 & 34.7 ug), taken before the meal, 66.6% reported
improvement in the quality of life and better adherence after switching to liquid L-T4
ingested with breakfast [45]. Treatment with liquid 1 L-T4 formulation can be considered
also in patients who are willing to keep their daily habits [46].

2.4.3. Soft Gel Capsule

We found only one study [47] investigating how meals affect absorption of L-T4 in a
soft gel capsule formulation. In a group of 60 euthyroid patients taking oral liquid L-T4
with breakfast, the drug was switched to the soft gel capsule form, without a change in
a mean dose (106.25 £ 24.28 pg/day). Each patient maintained his dietary habits; their
breakfast commonly included biscuits, yogurt, fibers, milk, coffee, tea, and orange juice.
Cappelli et al. [47] measured TSH, fT4, and fT3 levels in all the patients at the beginning
and after 6 months of treatment with a new formulation. No significant difference in the
TSH level was found; fT4 and fT3 levels were slightly but considerably lower in patients
treated with L-T4 in soft gel capsule form (by an average 7% both). The authors concluded
that soft gel formulation can be taken during breakfast. Nevertheless, it is oral liquid form
rather than soft gel capsules that is preferred for maintaining a stable fT4 and fT3 levels in
patients with thyroid cancer or cardiomyopathy [47].

2.5. Levothyroxine—Fiber Interaction

To deal with hypothyroidism symptoms, like overweight, obesity, or constipation
patients often introduce a fiber-enriched diet, or administer dietary fiber supplements,
without consulting their doctor. The diet type may, however, significantly influence the
bioavailability of L-T4.

L-T4 non-specifically adsorbs to the fiber, what leads to the malabsorption of the
drug [48]. Additionally, products that contain insoluble dietary fiber intensify bowel
movements, and in consequence, intestinal absorption of L-T4 could be altered [33].

Liel et al. [49] described cases of 13 hypothyroid patients in whom the ingestion
of fiber-enriched products (e.g. whole wheat bread, bran, granola, psyllium) led to a
significant decrease in the efficacy of L-T4 tablets (in dosage range 50-470 pg/day). The
authors suggested monitoring TSH levels in patients following diet modifications and
increasing the dose of L-T4 when necessary.

Chiu et al. [50] assessed the effect of pharmacological fiber supplements on L-T4
absorption in 8 volunteers, who ingested 600 ug of L-T4 tablets alone or together with
3.4 g psyllium. The L-T4 absorption was expressed as a percentage of the administered dose.
The observed decrease in drug absorption, due to the simultaneous ingestion of psyllium,
reached only 9% (89% vs. 80%). The authors considered this result as clinically insignificant
and concluded the psyllium fiber not to be likely to alter L-T4 tablets bioavailability.

2.6. Levothyroxine-Soy Products Interaction

In the recent systematic review by Otun et al. [51] it was concluded that soy supple-
mentation had no effect on thyroid hormones (T3 and T4), though it slightly increased
TSH level (with unknown clinical significance). Here, the presented data show possible
interaction of soy active components: soy protein and soy isoflavones, with L-T4 treatment.
Since the mid-1960s, several reports suggested that feeding soy-based formulas to infants
with congenital hypothyroidism may lead to malabsorption of L-T4 tablets, and increased
TSH levels [52-55]. Conrad et al. [56] confirmed the negative influence of soy isoflavones
on the L-T4 treatment efficacy (measured by TSH level) for a group of 78 infants with L-T4
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congenital hypothyroidism. The authors emphasized the necessity for controlling the levels
of thyroid hormones to adjust L-T4 doses in patients receiving soy formulas.

Bell et al. [57] reported a case of a 45-year-old woman after thyroidectomy—treated
with 200 pg of L-T4 in tablets—who regularly ingested a soy protein-containing cocktail
together with L-T4. In consequence, her fT4 and TSH levels became elevated; she also
required higher L-T4 doses to achieve euthyroidism. Free T4 and TSH levels became
normalized after advising the patient to separate the soy protein and L-T4 intake. The
observed interaction occurred due to the adsorption of L-T4 on the surface of soy protein.

Soy isoflavones-containing supplements are widely used by women to relieve
menopausal symptoms. Persiani et al. [58] conducted a randomized controlled trial on
12 post-menopausal women with hypothyroidism. They investigated the effect of soy
isoflavones on bioavailability of L-T4 tablets. Patients received a supplement containing
60 mg of soy isoflavones (>19% of genistein and daidzein) with, or 6 h after, L-T4 in a
daily dosage that ranged between 25-125 pg. The authors found no significant changes
in L-T4 pharmacokinetics when administered with soy isoflavones.

2.7. Levothyroxine—Milk Interaction

We found only one study where the influence of milk on L-T4 absorption was in-
vestigated. Chon et al. [59] administered 1000 pg of L-T4 tablets alone or together with
355 mL of 2% cow milk (containing 450 mg of calcium) to 10 healthy patients. Then they
measured peak serum TT4 concentrations and AUC, both parameters were significantly
lower in patients ingesting L-T4 with cow milk—by 7.8% and 8%, respectively. The results
of this research cannot be extrapolated to plant-based milk alternatives (such as almond,
oat, coconut, or rice milk), due to different concentrations of protein and calcium. The
separation time needed to avoid possible L-T4 and milk interaction is still unknown.

2.8. Levothyroxine—Coffee Interaction

Several studies on patients with hypothyroidism revealed that coffee could decrease
the efficacy and safety of L-T4 treatment. The proposed mechanism for this interaction
was the sequestration of L-T4 by coffee and in consequence, altered intestinal absorption
of the drug [60]. Benvenga et al. [61] investigated the influence of espresso (without milk
or sugar) when co-administered with L-T4. Six hypothyroid and nine healthy women
were administered two 100 pg L-T4 tablets swallowed with (1) coffee, (2) water, or (3)
water followed by coffee 60 min later. Th authors measured average and peak incremental
rise of serum T4 concentrations and time to reach maximal serum level. Compared to
water, coffee significantly lowered the incremental rise of serum T4 level, both average (by
36% in thyroid patients and 29% in volunteers) and peak (by 30% and 19%, respectively).
It also significantly delayed time to reach maximal serum level (by 38 and 43 min). As no
significant difference was found between groups (2) and (3), it was suggested that 1h break
between coffee and L-T4 is enough to prevent the interaction. Additionally, an in vitro
study found coffee to be 2-times weaker than other agents, such as antacids and fiber,
known to interfere with L-T4 absorption. Sindoni et al. [62] presented cases of 6 patients
in whom serum TSH level failed to be normalized or suppressed. All patients, within
1.6-2.2 ug/kg daily dosage range, declared to take L-T4 tablets together with, or shortly
before, their morning espresso or barley coffee. Advising patients to separate coffee and
L-T4 by 1 h, helped them to achieve euthyroidism.

Recently, the interaction of L-T4 with American coffee (drip coffee) was also reported.
Wegrzyn [63] described a case of a 52-year-old woman who developed clinical signs of
hypothyroidism after taking in the morning 175 ug of L-T4 in tablets, with a cup of drip
coffee. The patient was advised to postpone drinking coffee by 1h after taking L-T4. Her
TSH levels normalized in 6 weeks (from 8.27 to 0.24 mU/L).

The above cases refer to L-T4 in tablets. Recent studies suggest that coffee-induced
malabsorption of L-T4 can be reduced by replacing the tablets with soft gel capsules or
liquid form.
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Vita et al. [64] assessed a 6-month study on eight patients with coffee-associated L-T4
malabsorption. Participants were switched from the tablet form to the soft gel capsule
without a change in L-T4 daily dose; the dosage ranged from 1.6 to 2.8 pug/kg. For the first
3 months, patients swallowed the capsule with water, and had their coffee 1 h later. On days
91-180 coffee was administered less than 5 min after L-T4. TSH levels, measured at the end
of each part of the study, were comparable, regardless of the time between administering
coffee and L -T4 soft gel capsules.

Cappelli et al. [65] obtained similar results for the liquid form of L-T4. The authors
identified 54 patients taking oral liquid L-T4 (mean dosage: 73.15 £ 17.41 ug/day) with
breakfast and morning coffee. Following evaluation of TSH, fT4, and fI3, they advised
patients to consume L-T4 at least 30 min before breakfast. The tests were repeated 3 and
6 month later, and no significant differences in thyroid hormones concentrations were found.

2.9. Levothyroxine-Fruit Interaction
2.9.1. Fruit Juices

Different categories of transporters contribute to carrying L-T4 from the small intes-
tine to the bloodstream, i.e. the organic anion-transporting polypeptide (OATP) family
(such as OATP1A2, OATP1B1, OATP1C]1, etc.), the monocarboxylate transporter (MCT)
family or NTCP (sodium-taurocholate co-transporting polypeptide) transporters [5,66].
Active ingredients of juices—especially grapefruit, orange, and apple juice—may block the
transporters [67,68].

Lilja et. al. [69] reported a case of a 36-year-old hypothyroid woman, successfully
treated with L-T4 (100 pg daily). Her TSH level became elevated (63.7 mU/L) and fT4
concentration decreased (6.4 pmol/L) after marked consumption of grapefruit juice. In-
creasing the L-T4 dose to 150 pug was ineffective. After advising the patient to drink less
grapefruit juice, TSH and fT4 levels returned to the normal range (TSH—0.291 mU/L,
fT4—17 pmol/L).

Based on this case, in a randomized study, Lilja et al. [69] assessed the influence of
grapefruit juice on the pharmacokinetics of L-T4. 10 healthy volunteers were administered
200 mL of grapefruit juice three times a day for 2 days. On day 3, they ingested grapefruit
juice 1 h before, together with, and 1 h after a single 600 pg dose of L-T4. Grapefruit juice
reduced L-T4 AUC only by 9% and slightly decreased Cpax (by 11%). TSH levels measured
up to 24 h were comparable to the control group. The authors concluded that the relevance of
the grapefruit juice- L-T4 interaction seems to be small. Yet, the lack of significant interaction
observed in that study may be due to conducting it on healthy subjects. Meyer et al. [70]
found that thyroid hormones upregulate OATP2B1 expression, thus, hypothyroidism may
influence juice- L -T4 interaction.

Recently Tesic et al. [71] presented a case of a 31-year-old woman, unsuccessfully
treated with high doses of L-T4 alone (200-700 pg a day) or in combination with liothy-
ronine (Novothyral 100, 3 times a day). The patient reported taking L-T4 tablets on an
empty stomach but often with juice or mint tea. Few days after advising the patient to
administer L-T4 with water, TSH level normalized (from initial > 100 to 9.4 mU/L), and
fT3 level increased (from 5.9 to 10.8 pmol/L), as well as fT4 level (from undetectable to
7.4 pmol/L). The authors suggested that juice or mint tea interfered with L-T4 absorption
in that case.

Given limited and contrary data, L-T4 -treated patients should not be discouraged
from rational fruit juice consumption.

2.9.2. Papaya

A sudden change in a diet may impair the effectiveness of L-T4 therapy. Deiana et al. [72]
reported a case of a 37-year-old patient after thyroidectomy, euthyroid on L-T4 dose of
1.6 pg/kg, with TSH levels from 1.2 to 1.9 mU/L. The patient had his check of thyroid
function 7 days after a 2- week trip to the Caribbean country. The doctor documented an
unexpected increase in the TSH level (25 mU/L). The patient reported the intake of large
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amounts of papaya (5-6 fruit per day) during his vacations. After 45 days without ingesting
papaya, serum TSH concentration returned to the reference range. To confirm the interaction
between L-T4 and papaya, the patient was asked to eat the same amount of papaya, as he did
during vacations. The researchers measured serum levels of TSH, T4, and fT3 before and
after 7 and 14 days of excessive fruit ingestion. They found no effect in the first week but after
14 days observed an increase in TSH level (from 0.8 to 15 mU/L) and reduction of fT4 and
fT3. The patient returned to the euthyroid state after discontinuing papaya intake.

The authors discussed possible mechanisms for interaction between L-T4 and papaya.
The active principle of the fruit - papain, reduces the secretion of gastric acid (up to 48 h)
and increased gastric pH is associated with lower L-T4 absorption. Other fruit ingredients
(i.e., terpenoids, saponins, alkaloids, and flavonoids) have cytoprotective and antiulcer
properties, and can also reduce L-T4 absorption. Furthermore, papaya contains fiber, which
can bind L-T4 in the intestine at such extensive intake of the fruits [72].

2.10. Interaction of Levothyroxine with Essential and Trace Elements

Di- and trivalent elements, especially calcium and iron, may decrease L-T4 bioavail-
ability, making treatment less effective [73,74]. The proposed mechanisms that lead to
increased elimination of L-T4 involve unspecific adsorption and creating insoluble com-
plexes in the intestine [11,75]. Thus, health care professionals should discuss with their
patients the adverse effects of self-supplementation likely to occur.

2.10.1. Calcium

The effect of L-T4 treatment on bone mineral density is still an open question [76] but
patients with hypothyroidism, especially postmenopausal women, may often use calcium
supplements to prevent L-T4 -induced osteoporosis [77,78]. In a cohort study on 20 patients
with hypothyroidism, Singh et al. [77] indicated that calcium carbonate may reduce L-T4
absorption. After 3-month co-administering 1200 mg/day of elemental calcium with L-T4
in a dose of 1.0 pug/kg or greater, the patients’ fT4 levels were significantly reduced, while
20% of patients had their TSH level higher than standard. Thyroid hormones concentrations
normalized after calcium carbonate discontinuation. A year later Singh et al. [79] confirmed
those results for 2000 mg daily dose of calcium, acutely administered with 1000 ug of L-T4
in tablets. Interactions between calcium carbonate and L-T4 were also reported in several
case studies [80-83].

Irving et al. [11] performed a large observational study on patients, who were prescribed
L-T4 tablets at least three times in 6 months. Out of all participants, 450 co-administered
calcium preparations, and 429 iron supplements. The authors analyzed TSH measurements
for 1 year from starting the supplementation. Taking calcium with L-T4 resulted in a significant
increase in serum TSH (up to over 5 mU/L) in 4.4% of patients. Similar results were obtained
for the iron group where 7.5% of the participants had increased TSH levels. Researchers
concluded that calcium and iron supplements can decrease L-T4 absorption.

Other calcium preparations were also examined for the potential interaction with
L-T4. Diskin et al. [84] compared TSH levels in 65 patients taking L-T4, in a mean dose
between 95-98 ug/day, with different phosphate binders. Researchers found that adminis-
tering calcium carbonate, but not calcium acetate, resulted in a significantly higher TSH
level (23.8 & 19.5 mU/L). Calcium acetate interference with L-T4 absorption was denied.
Zamtfirescu et al. [85] made different conclusions after comparing the effect of calcium
formulations—acetate, citrate, and carbonate, each in a dose containing 500 mg of elemen-
tal calcium—on the absorption of L-T4 tablets in a dose of 1000 ug. Co-administration
of each of the three calcium preparations in eight healthy adults resulted in a significant
reduction (20 to 25%) of L-T4 absorption, compared to L-T4 alone. Researchers emphasized
that patients should take L-T4 and all the examined calcium formulations well-separated
in time.

Morini et al. [86] performed a cohort study on a group of 50 postmenopausal, hypothy-
roid women. They confirmed the malabsorption of L-T4 tablets (in a daily median dose
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of 1.47 ug/kg) when co-administered with calcium supplements containing 600-1000 mg
elemental calcium/day. The researchers observed an increase not only in the TSH level but
also in blood pressure, total cholesterolemia, and fasting glycemia. The effects occurred
solely for calcium supplements administered within 2 h after L-T4.

Interaction with calcium can be avoided by switching from L-T4 in tablets to oral
liquid form. Benvenga et al. [87] studied 12 hypothyroid patients on daily 1000 mg of
calcium. Calcium carbonate was administered 2—4 h after two different L-T4 formulations
in a median daily dose of 1.7 ug/kg. The first test, after 6-8 weeks, revealed significantly
lower TSH levels with the liquid formulation compared to tablets, namely 2.15 + 1.4 mU/L
vs. 8.74 & 7.2 mU/L. The effect lasted after a 25-week follow-up. Researchers concluded
that oral liquid L-T4 is resistant to sequestration by calcium.

Interaction between calcium compounds and L-T4 is well documented. Still, patients’
knowledge on the subject remains insufficient. Mazokopakis et al. [88] surveyed 153 pa-
tients and revealed that only 8.4% of them took the calcium carbonate separated at least 4 h
from L-T4.

2.10.2. Iron

Phenolic, carboxylate, and amine functional groups on L-T4 facilitate the formation
of insoluble or sparingly soluble complexes with ferrous salts, and this process may alter
drug absorption.

Campbell et al. [89] observed reduced efficacy of L-T4 (in dosage range 75-150 ug)
when administered with 300 mg of ferrous sulfate. After 12 weeks of study, the mean level
of serum TSH increased from 1.6 = 0.4 to 5.4 & 2.8 mU/L in 11 out of 14 patients (79%).
Clinical symptoms of hypothyroidism occurred in nine participants. L-T4 malabsorption
due to co-administering ferrous sulfate was also described in several case reports [90], [91].
Shakir et al. [90] suggested that such interaction can occur despite maintaining the 4-6 h
interval between L-T4 and ferrous preparation.

Leger et al. [92] reported the case of a 60-year-old woman, successfully treated with
L-T4, who became hypothyroid after starting a daily intake of ferrous fumarate. She
experienced elevated TSH level (243 mU/L, reference: 0.32-5.00 mU/L), and decreased T4
serum levels (<0.52 pmol/L, reference: 11.0-23.0 pmol/L). Her thyroid function normalized
after 2 months of discontinuing iron supplementation.

In a recent cohort study, Atruktsang et al. [93] investigated the time to achieve euthy-
roidism in 605 patients treated with L-T4 in the initial dose of 1.6 pug/kg. 97 participants
(16%) needed three or more dose adjustments and were classified as a prolonged dose
adjustment (PDA+ group). Compared with PDA-, PDA+ group used ferrous supple-
ments more often (1.8% in PDA- vs. 6.2% in PDA+). The researchers concluded that iron
supplementation could be associated with prolonged L-T4 dose adjustment.

Similar to calcium, the use of an oral liquid form may correct L-T4 malabsorption
caused by ferrous preparations. On a group of 8 hypothyroid subjects, Benvenga et al. [87]
analysed the possibility of L-T4 interaction with iron. Patients were administered 329.7 mg
of ferrous sulfate, 2—4 h after the ingestion of different L-T4 formulations in a median daily
dose of 1.7 ug/kg. The authors observed a significant decrease in TSH level in patients
taking oral liquid L-T4, compared to tablets (1.68 £ 0.9 mU/L vs. 8.74 £ 7.2 mU/L).

2.10.3. Aluminium

Aluminium-containing preparations are available without prescription as antacids.
Several case studies reported L-T4 malabsorption due to concomitant use of aluminium
hydroxide [94,95]. Liel et al. [75] studied five hypothyroid subjects balanced on L-T4.
Patients were administered two aluminium hydroxide-containing gel tablets 4 times a day
for 2—4 weeks. A significant increase in serum TSH, specifically from 2.62 to 7.19 mU/L,
was observed during periods of aluminium hydroxide ingestion.
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2.10.4. Chromium

Although the effectiveness and safety of chromium picolinate supplementation in
overweight and obese people are controversial [96,97], patients with thyroid diseases may
use chromium supplements to control body weight.

We found only one study on seven healthy volunteers, testing the effect of concomitant
use of L-T4 (1000 pg) and chromium picolinate (1 mg). It was revealed that chromium
supplementation decreases L-T4 bioavailability by 17% [98].

Detailed recommendations on chromium and L-T4 intake cannot be made due to
the lack of further research. Nevertheless, following L-T4 interactions with other di- and
trivalent metals, patients shall be advised to delay chromium preparations use to 2—4 h
after L-T4 ingestion.

2.11. Levothyroxine—Vitamin C Interaction

Increased pH in the stomach affects the absorption of L-T4, thus, it was investigated
whether vitamin C, an agent known to lower gastric pH, could enhance L-T4 absorption.
The data, although limited, look promising.

Jubiz et al. [99] conducted the study on 31 patients with hypothyroidism and gastritis.
Participants swallowed L-T4 tablets, in a median daily dose of 100 ng, with 120 mL of water
containing, or not, 500 mg vitamin C. Researchers measured serum levels of {T4 and TSH
at the end of 2, 4, and 6 months. TSH level decreased significantly in all patients (with the
average of 69.2%) and normalized in 54.8% of them (11.1 mU/L in a control vs. 4.2 mU/L
in a vitamin C group). Free T3 and fT4 levels increased significantly in almost all patients.

Antunez et al. [100] achieved similar results in the study conducted on 28 patients with
elevated TSH levels, despite being on the L-T4 dose higher than 1.70 ug/kg. Researchers
asked patients to take L-T4 tablets with 1 g of vitamin C (in effervescent tablets, dissolved
in 200 mL of tap water) for 6-8 weeks. A significant decrease in serum TSH level (from
9.01 £ 5.51 mU/L to 2.27 + 1.61 mU/L) was observed afterwards.

2.12. Levothyroxine—Enteral Nutrition Interaction

Reis et al. [101] conducted a multicenter study in Intensive Care Units of seven teaching
hospitals in Brazil to assess the prevalence of drug-enteral nutrition (EN) interactions. They
considered L-T4—EN interaction as clinically significant and one of the most frequent.

In a former study, Dickerson et al. [102] examined 13 patients with hypothyroidism.
Participants received EN with L-T4 at the same dose as before the hospitalization for
20 + 5 days. Thyroid function tests (TFTs) were performed before co-administration and
then approximately once a week. Eight patients developed hypothyroidism: subclinical
(TSH —6-10 mU /L, normal fT4) or overt (TSH >10 mU /L, low fT4). Researchers recom-
mended to perform TFTs once a week in patients receiving continuous EN and L-T4.

Manessi et al. [103] discovered that L-T4, when combined with EN, may adsorb to
enteral feeding tubes. It was proposed as the reason for the observed decrease in drug
efficacy. However, Wohlt et al. [104] stated that this mechanism is probably clinically
insignificant, and suggested that altered L-T4 absorption is rather due to the ingestion
together with food.

Pirola et al. [105] compared the effect of administering different formulations of L-T4,
in a daily dose of 1.6 ug/kg, via an enteral feeding tube. They conducted a study on
20 euthyroid patients, one day after surgery. Nurses stopped EN for 30 min before and after
administering crushed L-T4 tablets; the liquid form was placed into a feeding tube with
continuous enteral nutrition. Researchers measured thyroid hormones profile before and
after L-T4 treatment with both formulations. The results were comparable, so the authors
concluded that EN does not affect liquid L-T4 absorption. In the survey, nurses stated also
that liquid formulation is easier to prepare and administer.

In Table 1, we summarized data from the most relevant works, including number
of patients, their health state, L-T4 dose and formulation, type of investigated food, and
effects observed in each study:.
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Table 1. Summary of data from the most relevant studies investigating the influence of food on levothyroxine pharmacokinetics and pharmacodynamics.

L-T4

specified

Study Participants L-T4 Dose (ug/Day) Formulation Type of Food Observed Effect
Wenzel et al. [34] not specified 100 Tablets not specified 1 L-T4 absorption (by 15%)
Lamson et al. [35] 48, healthy 600 Tablets breakfast, 950 kcal J AUCO0-48 h (by 38-40%), J. Cmax (by 40—49%)
Perez et al. [38] 42, hypothyroid 98 + 35 Tablets breakfast, 162-381 kcal 1 TSH level (by 64%)
Marina et al. [40] 14, hypothyroid 200 liquid form breakfast, 132 kcal no significant changes in fT4 levels
Morelli et al. [41] 59, hypothyroid sper:j(i)ftie d liquid form patient’s usual breakfast no significant changes in TSH levels
Cappelli et al. [42] 77, hypothyroid 75 liquid form patient’s usual breakfast no significant changes in TSH, fT4 and fT3 levels
Pirola et al. [43] 761, hypothyroid 75 liquid form patient’s usual breakfast no significant changes in TSH levels
Cappelli et al. [46] 1, hypothyroid 75 liquid form Lunch no significant changes in thyroid hormonal profiles
Cappelli et al. [47] 60, euthyroid 106 + 24 soft gel capsules patient’s usual breakfast no significant changes in l;%/H blg:/he)ls, ¢ Tt and i3 levels (by
. . Not fiber (whole wheat bread, bran, .
Liel et al. [49] 13, hypothyroid 50-470 specified granola, psyllium) 1 TSH level (ranging from 7,4 to > 50 mU/L)
Chiu et al. [50] 8, healthy 600 Tablets fiber (psyllium) | L-T4 absorption (by 8%)
Fruzza et al. [55] 1, hypothyroid 50 spi\cIiOftie d soy-based infant formula 1 TSH level (216 mU/L), | fT4 level (4.0 pg/dL)
1, hypothyroid 112 spiz\({?ftie d soy-based infant formula 1 TSH level (248 mU/L), | fT4 level (<0.4ng/dL)
Conrad et al. [56] 78, hypothyroid 74 per kg sptle\clic}tie d soy-based infant formula 62.5% patients with TSH > 10 mU/L after 4 months
Bell et al. [57] 1, hypothyroid 200 Tablets soy-protein containing cocktail difficulty in suppressing TSH level
Persiani et al. [58] 12, hypothyroid 25-125 Tablets soy-containing supplement no significant changes in thyroid hormones levels
Chon et al. [59] 10, healthy 1000 Tablets cow milk J peak serum TT4 level by 7.8%, | AUC by 8%
Benvenga et al. [61] 6, hypothyroid 200 Tablets espresso average T4 | 36%, peak T4 | 30%, tmax delayed by 38 min.
9, healthy 200 Tablets espresso average T4 | 29%, peak T4 | 19%, tmax delayed by 43 min.
Sindoni et al. [62] 6, hypothyroid 1.6-2.2 per kg Tablets espresso and barley coffee failure to normalize TSH levels
Wegrzyn [63] 1, hypothyroid 175 Tablets drip coffee clinical signs of hypothyroidism (TSH level—8.27 mU/L)
Vita et al. [64] 8, hypothyroid 1.6-2.8 per kg soft gel capsules coffee comparable TSH levels for coffee 5 min. and 1h after L-T4
. . .. comparable TSH, fT3 and T4 levels for coffee 30 min. before
Cappelli et al. [65] 54, hypothyroid 73+14 liquid form coffee and with L-T4
Lilja et al. [69] 1, hypothyroid 100 sp(le\clic}tie d grapefruit juice 1 TSH level (63.7 mU/L), | fT4 level (6.4 pmol/L)
10, healthy 600 Not grapefruit juice 1 AUC (by 9%), | Cmax (by 11%)
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Table 1. Cont.

Study Participants L-T4 Dose (ug/Day) Forn];;jijtion Type of Food Observed Effect
Tesic et al. [71] 1, hypothyroid 200-700 Tablets juice and mint tea TT5H level (> ig?igi’c/a]ﬁfeifgﬁii‘jl (59 pmol/L),

Deiana et al. [72] 1, hypothyroid pelr.(llg qule\(:IiC)ftie d papaya 1 TSH level (25 mU/L)

1, hypothyroid pelr.?(g spi\cIiOftie d papaya 1 TSH level (from 0.8 to 15 mU/L), |fT3 and T4 levels
Singh et al. [77] 20, hypothyroid pe>r }<g spiz\({?ftie d calcium carbonate 1fT4 level, T TSH level in 20% of patients
Singh et al. [79] 7, healthy 1000 Tablets calcium carbonate + L-T4 absorption (from 832'7:(/: ﬁioh?3.7%)’ tmax delayed (from

Schneyer et al. [80] 3, hypothyroid 125-325 spi\cIiOftie d calcium carbonate 1 TSH level (ranging from 7.3 to 13.3 mU/L)
Csako et al. [81] 1, hypothyroid 175-188 spiz\({?ftie d calcium carbonate 1 TSH level (41.4 mU/L)

Butner et al. [82] 1, hypothyroid 150 sptle\clic}tie d calcium carbonate 1 TSH level (21.85 mU/L)

MaZOk(Eg;]kiS etal, 1, hypothyroid 88 spi\ifftie | calcium carbonate 4 TSH level (9.8 mIU/L), T4 level (0.2 ng/dL)
Irving et al. [11] 450, hypothyroid sperl(i)ftie d Tablets calcium carbonate 1 TSH level (up to over 5 mU/L) in 4.4% of patients
Diskin et al. [84] 65, hypothyroid 95-98 sp(le\clic}tie d calcium carbonate 1 TSH level (23.8 £ 19.5 mU/L)

Zamfirescu et al. [85] 8, healthy 1000 Tablets Calcci?;:tlelcaci)fiiie;::;gm 1 L-T4 absorption (by 20-25%)
Morini et al. [86] 50, hypothyroid plflig Tablets calcium supplements 1 TSH level (3.33 + 1.93 mU/L)

Benvenga et al. [87] 12, hypothyroid pelr'ig liquitda]fgcl)(re?; and calcium carbonate + TSH for liquid fg'r;z :\l/:s7t2a l;rll%}i)l 5+ 1A4mU/Lvs.

Campbell et al. [89] 14, hypothyroid 75-150 spi\CTiOfEe d ferrous sulfate 1 TSH level (from 1.6 to 5.4 mU/L)

Shakir et al. [90] 1, hypothyroid 150 spelz\cT?ftie d ferrous sulfate 1 TSH level (56 mU/L), | fT4 level (0,48 ng/dL)
Leger et al. [92] 1, hypothyroid sper::ci)ftie d sptle\cTic}tie d ferrous fumarate 1 TSH level (243 mU/L), | fT4 level (<0.52 pmol/L)
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Table 1. Cont.

. . L-T4
Study Participants L-T4 Dose (ug/Day) Formulation Type of Food Observed Effect
Irving et al. [11] 429, hypothyroid sper:jci)ftie d Tablets iron supplements 1 TSH level in 7.5% of patients
. 1.7 liquid form and 1 TSH for liquid form vs. tablet (1.68 & 0.9 mU/L vs.
Benvenga et al. [87] 8, hypothyroid per kg tablets ferrous sulfate 874 + 72 mU/L)
. . not Not .. .
Liel et al. [75] 5, hypothyroid specified specified aluminium hydroxide 1 TSH level (from 2.62 to 7.19 mU/L)
John-Kalarickal et al. . Not . .. } . s o
98] 7, hypothyroid 1000 specified chromium picolinate J L-T4 bioavailability (by 17%)
Jubiz et al. [99] 31, hypothyroid 100 Tablets vitamin C 1 TSH level (by 69%), normalized TSH in 54.8% of patients
Antunez et al. [100] 28, hypothyroid pz}lZg Tablets vitamin C 1 TSH level (from 9.01 + 5.51 mU/L to 2.27+1.61 mU/L)
. . not not 0 hypothyroidism subclinical (TSH—6-10 mU/L) or overt
Dickerson et al. [102] 13, hypothyroid specified specified enteral nutrition (TSH >10 mU/L)
. . 1.6 liquid form and .\
Pirola et al. [105] 20, euthyroid per kg crushed tablets enteral nutrition

comparable thyroid hormones profile for both formulations

1 increase | decrease.



Pharmaceuticals 2021, 14, 206 14 of 20

2.13. Limitations of Studies
We recognized several limitations of the presented studies, listed below:

e low level of evidence: most studies are single case reports, case series, cohort studies
(mainly retrospective), clinical studies without control groups (see Figure 1 and Table 2);
e small number of patients in experimental studies: <10 participants [36,50,59,61,62,64,
75,79,80,85,87,98];
presence of older studies: from 1960s [52], 1970s [34], and 1990s [33,49,50,53,54,75,89,90,92];
unavailable data: in several studies the L-T4 formulation and dose were not men-
tioned (see Table 1) as well as dietary supplement dose [11], and quantitative and /or

qualitative meal composition [33,36,41,42,47];

Table 2. Levothyroxine—food ingredients interactions - recommendations for health care professionals.

Food Interacting
with L-thyroxine

Sources of Evidence

Mechanism of
Interaction

Effects of
Interaction

Recommendations for
Health Professionals

Fiber
(whole wheat
bread, bran)

Soy products
(soy-protein
cocktails, soy-based
infant formulas)

Cow milk

Coffee
(espresso, drip
coffee, barley coffee)

Juice
(grapefruit juice,
orange juice,
apple juice)

Fruit
(papaya)

Calcium
(carbonate, acetate,
citrate)

Iron
(ferrous citrate
and fumarate)

Aluminium
(hydroxide)

Chromium
(picolinate)

Vitamin C

case series [49],
non-randomized cross-over
study [50]

case reports [52,53,55,57], case
series [54], retrospective cohort
study [56]

non-randomized cross-over
study [59]

case report [63], case series

[61,62], uncontrolled clinical

study [65], non-randomized
cross-over study [64]

case report [69], randomized
clinical trial (against
interaction) [69]

case report [72]

case reports [81-83], case series
[80], retrospective cohort studies
[11,84,86], prospective cohort
study [77], uncontrolled clinical
study [87], non-randomized
cross-over study [85]

case reports [89-91],
retrospective cohort study
[11,93], uncontrolled clinical
study [88]

case reports [93,94],
uncontrolled clinical study [75]

non-randomized cross-over
study [98]

uncontrolled clinical study
[100], non-randomized
cross-over study [99]

non-specific adsorption of
L-T4 to the fiber

adsorption of L-T4 on the
surface of soy protein

probable adsorption of L-T4
on casein

the sequestration of L-T4
by coffee

blocking of OATP
transporters

unknown

unspecific adsorption of L-T4,
creating insoluble or
sparingly soluble complexes
in the intestine

unspecific adsorption of L-T4,
creating insoluble or
sparingly soluble complexes
in the intestine

unspecific adsorption of L-T4,
creating insoluble or
sparingly soluble complexes
in the intestine

unspecific adsorption of L-T4,
creating insoluble or
sparingly soluble complexes
in the intestine

lowering of gastric pH

malabsorption of L-T4,
impaired efficacy of treatment

malabsorption of L-T4,
impaired efficacy of treatment

impaired bioavailability of
L-T4

malabsorption of L-T4,
impaired efficacy of treatment

malabsorption of L-T4,
impaired efficacy of treatment

malabsorption of L-T4,
impaired efficacy of treatment

malabsorption of L-T4,
impaired efficacy of treatment

malabsorption of L-T4,
impaired efficacy of treatment

malabsorption of L-T4,
impaired efficacy of treatment

malabsorption of L-T4,
impaired efficacy of treatment

enhanced absorption of L-T4

advise to separate fiber and L-T4
intake by 1 h
monitor thyroid parameters more
frequently, adjust L-T4 doses when
needed
advise to separate soy protein and
L-T4 intake by 1 h
monitor thyroid parameters more
frequently, adjust L-T4 doses
when needed
cannot be made due to the
insufficient evidence
advise to delay coffee intake by 1 h
after L-T4 administration
consider changing formulation from
tablets to oral liquid
form/gel capsules

cannot be made due to
insufficient evidence
advise to avoid excessive intake

cannot be made due to the
insufficient evidence
advise to avoid excessive intake
advise to delay intake by 2—4 h after
L-T4 administration
consider changing formulation from
tablets to oral liquid
form/gel capsules
monitor thyroid parameters
more frequently
advise to delay intake by 2—4 h after
L-T4 administration
consider changing formulation from
tablets to oral liquid
form/gel capsules
monitor thyroid parameters
more frequently
advise to delay intake by 2—4 h after
L-T4 administration
consider changing formulation from
tablets to oral liquid
form/gel capsules
monitor thyroid parameters
more frequently
advise to delay intake by 34 h after
L-T4 administration
consider changing formulation from
tablets to oral liquid
form/gel capsules
monitor thyroid parameters
more frequently

consider advising concomitant
ingestion of vitamin C and L-T4
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For L-T4 the knowledge gaps on drug-food interactions are clearly visible. Heuberger [106]
and Pasko et al. [107] provided a few reasons for that, such as undefined framework study,
hardly available appropriate samples, or measurement difficulties. Moreover, general lack
of understanding of the clinical significance of drug-food interactions, their cost, and overall
impact on the population, contribute to underestimating this problem.

2.14. Recommendations

Although credible data are limited, Table 2 below presents the summary of sig-
nificant interactions of L-T4 and food ingredients, as well as recommendations for
health professionals.

3. Materials and Methods
3.1. Search Strategy

A systematic search of the literature was performed by two independent researchers
AW and PP, in adherence to the preferred reporting items for systematic reviews and
meta-analyses (PRISMA) statement. The databases searched under the paper were Med-
line (via PubMed), Cochrane Library, and Embase covering reports from 1965 to 2020.
We applied the following keywords and phrases to complete the searches: drug name

Va7

(“levothyroxine”, “L-thyroxine”,” L-T4”) in combinations with “pharmacokinetics”, “food”,

a7 V/ATE i a7 i

“food-drug interaction”, “meal”, “fruit”, “juice”, “coffee”, “soybeans”, “milk”, “enteral
nutrition”, “iron”, “aluminum”, “calcium”, “chromium”, “fiber”, “papaya”, “vitamin C”.
Other resources such as drugs.com, AHFS, Google Scholar, Medscape, Trip Database and
UpToDate, were also researched, as well as product characteristics for the registered L-T4

formulations. Additional publications were found by checking the reference lists.

3.2. Inclusion and Exclusion Criteria

All articles reporting or investigating the effect of meals, beverages, and dietary sup-
plements, but also the dosing regimen on L-T4 pharmacokinetics and pharmacodynamics
were considered for inclusion in this review, without restriction for study design, sample
size or participants characteristics. We decided to evaluate all existing data to obtain
sufficient results to present reliable and useful recommendation for physician, pharmacist,
and patients. Exclusion criteria were: review studies, in vitro studies and articles written
in languages other than English.

3.3. Data Extraction

The extracted data included the following information: study design, number of
participants and their health state, duration of treatment, L-T4 dose and formulation, quali-
tative and quantitative composition of food, period between L-T4 and food consumption,
and reported outcomes.

4. Conclusions

The results of the reliable studies (RCT and meta-analysis) proved that L-T4 ingestion
in the morning and at bedtime are equally effective. There is strong evidence (from RCT)
to support the conclusion, that recommended administration of L-T4 with the given food
depends on its formulation. Tablets should be taken 60 min before a meal; oral liquid and
soft gel capsule forms can be ingested with food if that can improve patient adherence with
the treatment.

We found limited evidence from non-randomized cross-over studies, uncontrolled
clinical trials, and cohort studies, for the interactions between L-T4 and coffee, soy products,
fiber, calcium or iron supplements, enteral nutrition - all resulting in decreased L-T4
absorption.

We presented reports indicating altered L-T4 efficacy when ingested with milk, juices,
papaya, aluminium containing preparations, and chromium supplements, however, the
clinical relevance of these interactions should be further investigated in larger, well-
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designed studies. The possible enhancing effect of vitamin C on L-T4 absorption needs to
be proven on a larger group of patients as well.

Switching from tablets to novel formulations can solve the problem of coffee-, calcium-,
and iron-induced malabsorption of L-T4. Maintaining an interval between L-T4 and food
ingestion may also lower the risk of interactions, especially with coffee, and calcium or
iron supplements.

This review may contribute to a better understanding of L-T4 -food interactions among
physicians and pharmacists. We hope that this will also result in the increase in patients’
awareness of the proper use of L-T4. However, more in-depth reliable studies are necessary
to shed more light to the complicated but important problem of L-T4 interactions with food
and dietary supplements.
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T3 Free T3
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NTCP  Sodium-taurocholate co-transporting polypeptide transporters
OATP  Organic anion-transporting polypeptide family

PDA  Prolonged Dose Adjustment

PPI Pomp proton inhibitors
RCT Randomized control trial
T3 Triiodothyronine

T4 Thyroxine

TFT Thyroid function tests
TSH Thyroid-stimulating hormone
TT4 Serum total thyroxine level

1.  Chiovato, L.; Magri, F,; Carlé, A. Hypothyroidism in Context: Where We’ve Been and Where We’re Going. Adv. Ther. 2019, 36,

47-58. [CrossRef]

2. Kane, S. The Top 200 of 2020. Available online: https://clincalc.com/DrugStats/Top300Drugs.aspx (accessed on 19 October 2020).

3. McMillan, M.; Rotenberg, K.S.; Vora, K.; Sterman, A.B.; Thevathasan, L.; Ryan, M.F,; Mehra, M.; Sandulli, W. Comorbidities,
Concomitant Medications, and Diet as Factors Affecting Levothyroxine Therapy: Results of the CONTROL Surveillance Project.
Drugs RD 2016, 16, 53-68. [CrossRef]

4. Michel, R.; Neafsey, P. Self Medication Practices among Patients taking Levothyroxine. Internet |. Adv. Nurs. Pract. 2012, 6, 2-9.

[CrossRef]

5. Colucci, P; Yue, C.S.; Ducharme, M.; Benvenga, S. A review of the pharmacokinetics of levothyroxine for the treatment of
hypothyroidism. Eur. Endocrinol. 2013, 9, 40-47. [CrossRef]

6.  Virili, C,; Antonelli, A.; Santaguida, M.G.; Benvenga, S.; Centanni, M. Gastrointestinal malabsorption of thyroxine. Endocr. Rev.
2018, 40, 118-136. [CrossRef]

7. Ward, L.S. The difficult patient: Drug interaction and the influence of concomitant diseases on the treatment of hypothyroidism.
Arq. Bras. Endocrinol. Metabol. 2010, 54, 435-442. [CrossRef]

8.  Centanni, M. Thyroxine treatment: Absorption, malabsorption, and novel therapeutic approaches. Endocrine 2013, 43, 8-9.


http://doi.org/10.1007/s12325-019-01080-8
https://clincalc.com/DrugStats/Top300Drugs.aspx
http://doi.org/10.1007/s40268-015-0116-6
http://doi.org/10.5580/22a8
http://doi.org/10.17925/ee.2013.09.01.40
http://doi.org/10.1210/er.2018-00168
http://doi.org/10.1590/s0004-27302010000500002

Pharmaceuticals 2021, 14, 206 17 of 20

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.

37.

Ianiro, G.; Mangiola, E; Di Rienzo, T.A.; Bibbo, S.; Franceschi, F.; Greco, A.V.; Gasbarrini, A. Levothyroxine absorption in health
and disease, and new therapeutic perspectives. Eur. Rev. Med. Pharmacol. Sci. 2014, 18, 451-456.

Sachmechi, I.; Reich, D.M.; Aninyei, M.; Wibowo, F.; Gupta, G.; Kim, PJ. Effect of proton pump inhibitors on serum thyroid-
stimulating hormone level in euthyroid patients treated with levothyroxine for hypothyroidism. Endocr. Pract. 2007, 13, 345-349.
[CrossRef]

Irving, S.A.; Vadiveloo, T.; Leese, G.P. Drugs that interact with levothyroxine: An observational study from the Thyroid
Epidemiology, Audit and Research Study (TEARS). Clin. Endocrinol. 2015, 82, 136-141. [CrossRef]

Pasko, P.; Wottosz, A.; Zwoliriska-Wcisto, M.; Zachwieja, Z. Influence of proton pump inhibitors on calcium and iron homeostasis.
Bromatol. Chem. Toksykol. 2015, 48, 484—489.

Dietrich, ].W.; Boehm, B.O. Thyroxine in goiter, H. pylori infection, and gastritis. N. Engl. ]. Med. 2006, 355, 1177. [CrossRef]
Ananthakrishnan, S.; Braverman, L.E.; Levin, RM.; Magnani, B.; Pearce, E.N. The effect of famotidine, esomeprazole, and
ezetimibe on levothyroxine absorption. Thyroid 2008, 18, 493—498. [CrossRef]

Yue, C.S,; Scarsi, C.; Ducharme, M.P. Pharmacokinetics and potential advantages of a new oral solution of levothyroxine vsother
available dosage forms. Arzneim. Forsch. Drug Res. 2012, 62, 631-636. [CrossRef]

Fallahi, P.; Ferrari, S.M.; Antonelli, A. Oral L-thyroxine liquid versus tablet in patients with hypothyroidism without malabsorp-
tion: A prospective study. Endocrine 2016, 52, 597-601. [CrossRef]

Laurent, L; Tang, S.; Astere, M.; Wang, K.R,; Deng, S.; Xiao, L.; Li, Q.F. Liquid L-thyroxine versus tablet L-thyroxine in patients on
L- thyroxine replacement or suppressive therapy: A meta-analysis. Endocrine 2018, 61, 28-35. [CrossRef]

Virili, C.; Giovanella, L.; Fallahi, P.; Antonelli, A.; Santaguida, M.G.; Centanni, M.; Trimboli, P. Levothyroxine therapy: Changes of
TSH levels by switching patients from tablet to liquid formulation. A systematic review and meta-analysis. Front. Endocrinol.
2018, 9, 1-6. [CrossRef]

Vita, R.; Saraceno, G.; Trimarchi, F.; Benvenga, S. Switching levothyroxine from the tablet to the oral solution formulation corrects
the impaired absorption of levothyroxine induced by proton-pump inhibitors. J. Clin. Endocrinol. Metab. 2014, 99, 4481-4486.
[CrossRef]

Vita, R.; Di Bari, F,; Benvenga, S. Oral liquid levothyroxine solves the problem of tablet levothyroxine malabsorption due to
concomitant intake of multiple drugs. Expert Opin. Drug Deliv. 2017, 14, 467-472. [CrossRef]

Pabla, D.; Akhlaghi, F; Zia, H. A comparative pH-dissolution profile study of selected commercial levothyroxine products using
inductively coupled plasma mass spectrometry. Eur. |. Pharm. Biopharm. 2009, 72, 105-110. [CrossRef]

Santaguida, M.G.; Virili, C.; Duca, S.C.D.; Cellini, M.; Gatto, L.; Brusca, N.; De Vito, C.; Gargano, L.; Centanni, M. Thyroxine
softgel capsule in patients with gastric-related T4 malabsorption. Endocrine 2015, 49, 51-57. [CrossRef]

Trimboli, P; Virili, C.; Centanni, M.; Giovanella, L. Thyroxine treatment with softgel capsule formulation: Usefulness in
hypothyroid patients without malabsorption. Front. Endocrinol. 2018, 9, 118. [CrossRef]

Philippe, J.; Dibner, C. Thyroid circadian timing: Roles in physiology and thyroid malignancies. J. Biol. Rhythms 2015, 30, 76-83.
[CrossRef]

Skelin, M.; Lucijani¢, T.; Liberati-Cizmek, A.M.; Klobuéar, S.M.; Lucijani¢, M.; Jakupovi¢, L.; Bakula, M.; Lon¢ar, J.V.; Marusi¢, S.;
Mati¢, T.; et al. Effect of timing of levothyroxine administration on the treatment of hypothyroidism: A three-period crossover
randomized study. Endocrine 2018, 432-439. [CrossRef]

Bolk, N.; Visser, T.].; Nijman, J.; Jongste, L].; Tijssen, ].G.P.; Berghout, A. Effects of evening vs. morning levothyroxine intake:
A randomized double-blind crossover trial. Arch. Intern. Med. 2010, 170, 1996-2003. [CrossRef]

Rajput, R.; Chatterjee, S.; Rajput, M. Can levothyroxine be taken as evening dose? Comparative evaluation of morning versus
evening dose of levothyroxine in treatment of hypothyroidism. J. Thyroid Res. 2011, 2011. [CrossRef]

Bolk, N.; Visser, T.].; Kalsbeek, A.; Van Domburg, R.T.; Berghout, A. Effects of evening vs. morning thyroxine ingestion on serum
thyroid hormone profiles in hypothyroid patients. Clin. Endocrinol. 2007, 66, 43—48. [CrossRef]

Ala, S.; Akha, O.; Kashi, Z.; Asgari, H.; Bahar, A.; Sasanpour, N. Dose administration time from before breakfast to before dinner
affect thyroid hormone levels? Casp. |. Intern. Med. 2015, 6, 134-140.

Bach-Huynh, T.G.; Nayak, B.; Loh, J.; Soldin, S.; Jonklaas, J. Timing of levothyroxine administration affects serum thyrotropin
concentration. J. Clin. Endocrinol. Metab. 2009, 94, 3905-3912. [CrossRef]

Olejniczak-Rabinek, M. Factors influencing bioavailability of levothyroxine. Farm. Wspdt. 2016, 9, 194-201.

Pang, X.; Pu, T.; Xu, L.; Sun, R. Effect of L-thyroxine administration before breakfast vs. at bedtime on hypothyroidism:
A meta-analysis. Clin. Endocrinol. 2020, 92, 475-481. [CrossRef]

Benvenga, S.; Bartolone, L.; Squadrito, S.; Lo Giudice, F,; Trimarchi, F. Delayed intestinal absorption of levothyroxine. Thyroid
1995, 5, 249-253. [CrossRef]

Wenzel, K.W.; Kirschsieper, H.E. Aspects of the absorption of oral L-thyroxine in normal man. Metabolism 1977, 26, 1-8. [CrossRef]
Lamson, M.J.; Pamplin, C.L.; Rolleri, R.L.; Klein, I. Quantitation of a substantial reduction in levothyroxine (T4) absorption by
food. Thyroid 2004, 14, 876.

Seechurn, S.; Sharma, S.; Oyibo, S. Administration of Levothyroxine 45—60 Minutes before Breakfast Improves Biochemical
Availability as Evidenced by Reduced Thyrotropin Levels. Open J. Endocr. Metab. Dis. 2012, 2, 36-39. [CrossRef]

Mastroianni, P.D.C.; Forgerini, M. Ajustes da administracao de medicamentos para pacientes idosos com disfagia: Um relato de
caso. Dement. Neuropsychol. 2018, 12, 97-100. [CrossRef]


http://doi.org/10.4158/EP.13.4.345
http://doi.org/10.1111/cen.12559
http://doi.org/10.1056/NEJMc061447
http://doi.org/10.1089/thy.2007.0381
http://doi.org/10.1055/s-0032-1329951
http://doi.org/10.1007/s12020-015-0836-y
http://doi.org/10.1007/s12020-018-1574-8
http://doi.org/10.3389/fendo.2018.00010
http://doi.org/10.1210/jc.2014-2684
http://doi.org/10.1080/17425247.2017.1290604
http://doi.org/10.1016/j.ejpb.2008.10.008
http://doi.org/10.1007/s12020-014-0476-7
http://doi.org/10.3389/fendo.2018.00118
http://doi.org/10.1177/0748730414557634
http://doi.org/10.1007/s12020-018-1686-1
http://doi.org/10.1001/archinternmed.2010.436
http://doi.org/10.4061/2011/505239
http://doi.org/10.1111/j.1365-2265.2006.02681.x
http://doi.org/10.1210/jc.2009-0860
http://doi.org/10.1111/cen.14172
http://doi.org/10.1089/thy.1995.5.249
http://doi.org/10.1016/0026-0495(77)90121-4
http://doi.org/10.4236/ojemd.2012.23005
http://doi.org/10.1590/1980-57642018dn12-010015

Pharmaceuticals 2021, 14, 206 18 of 20

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Perez, C.L.S.; Araki, ES.; Graf, H.; De Carvalho, G.A. Serum thyrotropin levels following levothyroxine administration at
breakfast. Thyroid 2013, 23, 779-784. [CrossRef]

Bernareggi, A.; Grata, E.; Pinorini, M.T.; Conti, A. Oral liquid formulation of levothyroxine is stable in breakfast beverages and
may improve thyroid patient compliance. Pharmaceutics 2013, 5, 621-633. [CrossRef]

Marina, M.; Ceda, G.P.; Aloe, R.; Gnocchi, C.; Ceresini, G. Circulating concentrations of free thyroxine after an oral intake of
liquid levothyroxine taken either during fasting conditions or at breakfast. Acta Bio-Med. Atenei Parm. 2016, 87, 247-252.
Morelli, S.; Reboldi, G.; Moretti, S.; Menicali, E.; Avenia, N.; Puxeddu, E. Timing of breakfast does not influence therapeutic
efficacy of liquid levothyroxine formulation. Endocrine 2016, 52, 571-578. [CrossRef]

Cappelli, C.; Pirola, I.; Daffini, L.; Formenti, A.; Iacobello, C.; Cristiano, A.; Gandossi, E.; Agabiti Rosei, E.; Castellano, M.
A double-blind placebo-controlled trial of liquid thyroxine ingested at breakfast: Results of the TICO study. Thyroid 2016, 26,
197-202. [CrossRef]

Pirola, I.; Gandossi, E.; Brancato, D.; Marini, F; Cristiano, A.; Delbarba, A.; Agosti, B.; Castellano, M.; Cappelli, C. TSH evaluation
in hypothyroid patients assuming liquid levothyroxine at breakfast or 30 min before breakfast. J. Endocrinol. Invest. 2018, 41,
1301-1306. [CrossRef]

De Luca, E The absorption of liquid levothyroxine is not significantly impaired by food intake. Acta Bio-Med. Atenei Parm. 2016,
87,231-232.

Guglielmi, R.; Grimaldi, F.,; Negro, R.; Frasoldati, A.; Misischi, I.; Graziano, E; Cipri, C.; Guastamacchia, E.; Triggiani, V.; Papini, E.
Shift from Levothyroxine Tablets to Liquid Formulation at Breakfast Improves Quality of Life of Hypothyroid Patients. Endocrine
Metab. Immune Disord. Drug Targets 2018, 18, 235-240. [CrossRef]

Cappelli, C.; Pirola, I.; Castellano, M. Liquid Levothyroxine Formulation Taken during Lunch in Italy: A Case Report and Review
of the Literature. Case Rep. Endocrinol. 2020, 2020, 4-7.

Cappelli, C.; Pirola, I.; Gandossi, E.; Cristiano, A.; Daffini, L.; Agosti, B.; Casella, C.; Castellano, M. Thyroid Hormone Profile in
Patients Ingesting Soft Gel Capsule or Liquid Levothyroxine Formulations with Breakfast. Int. J. Endocrinol. 2016, 2016. [CrossRef]
Liwanpo, L.; Hershman, ].M. Conditions and drugs interfering with thyroxine absorption. Best Pract. Res. Clin. Endocrinol. Metab.
2009, 23, 781-792. [CrossRef]

Liel, Y.; Harman-Boehm, I.; Shany, S. Evidence for a clinically important adverse effect of fiber-enriched diet on the bioavailability
of levothyroxine in adult hypothyroid patients. J. Clin. Endocrinol. Metab. 1996, 81, 857—-859. [CrossRef]

Chiu, A.C.; Sherman, S.I. Effects of pharmacological fiber supplements on levothyroxine absorption. Thyroid 1998, 8, 667—671.
[CrossRef]

Otun, J.; Sahebkar, A.; Ostlundh, L.; Atkin, S.L.; Sathyapalan, T. Systematic Review and Meta-analysis on the Effect of Soy on
Thyroid Function. Sci. Rep. 2019, 9, 1-9. [CrossRef]

Pinchera, A.; Macgillivray, M.H.; Crawford, J.D.; Freeman, A.G. Thyroid Refractoriness in an Athyreotic Cretin Fed Soybean
Formula. N. Engl. . Med. 1965, 273, 83-87. [CrossRef]

Chorazy, P.A.; Himelhoch, S.; Hopwood, N.J.; Greger, N.G.; Postellon, D.C. Persistent hypothyroidism in an infant receiving a soy
formula: Case report and review of the literature. Pediatrics 1995, 96, 148-149.

Jabbar, M.A_; Larrea, J.; Shaw, R.A. Abnormal thyroid function tests in infants with congenital hypothyroidism: The influence of
soy-based formula. J. Am. Coll. Nutr. 1997, 16, 280-282. [CrossRef]

Fruzza, A.G.; Demeterco-Berggren, C.; Jones, K.L. Unawareness of the effects of soy intake on the management of congenital
hypothyroidism. Pediatrics 2012, 130, 22908106. [CrossRef]

Conrad, S.C.; Chiu, H,; Silverman, B.L. Soy formula complicates management of congenital hypothyroidism. Arch. Dis. Child.
2004, 89, 37-40. [CrossRef]

Bell, D.S.H.; Ovalle, F. Use of soy protein supplement and resultant need for increased dose of levothyroxine. Endocr. Pract. 2001,
7,193-194. [CrossRef]

Persiani, S.; Sala, F.; Manzotti, C.; Colovic, M.; Zangarini, M.; Donazzolo, Y.; Barbetta, B.; Vitalini, C.; Giacovelli, G.;
Benvenuti, C.; et al. Evaluation of Levothyroxine Bioavailability after Oral Administration of a Fixed Combination of Soy
Isoflavones in Post-menopausal Female Volunteers. Drug Res. 2015, 66, 136-140. [CrossRef]

Chon, D.A; Reisman, T.; Weinreb, J.E.; Hershman, ].M.; Leung, A.M. Concurrent Milk Ingestion Decreases Absorption of
Levothyroxine. Thyroid 2018, 28, 454-457. [CrossRef]

Sharif, K.; Watad, A.; Bragazzi, N.L.; Adawi, M.; Amital, H.; Shoenfeld, Y. Coffee and autoimmunity: More than a mere hot
beverage! Autoimmun. Rev. 2017, 16, 712-721. [CrossRef]

Benvenga, S.; Bartolone, L.; Pappalardo, M.A.; Russo, A.; Lapa, D.; Giorgianni, G.; Saraceno, G.; Trimarchi, F. Altered intestinal
absorption of L-thyroxine caused by coffee. Thyroid 2008, 18, 293-301. [CrossRef]

Sindoni, A.; Vita, R.; Fusco, S.; Saraceno, G.; Pappalardo, M.A.; Cotta, O.; Trimarchi, F; Benvenga, S.; Sperimentale, C.; Benvenga, S.
Coffee impairs intestinal absorption of levothyroxine: Report of additional cases. Hot Thyroidol. 2009, 05/09, 1-7.

Wegrzyn, N.M. Malabsorption of L-T4 Due to Drip Coffee: A Case Report Using Predictors of Causation. J. Acad. Nutr. Diet. 2016,
116, 1073-1075. [CrossRef]

Vita, R.; Saraceno, G.; Trimarchi, F; Benvenga, S. A novel formulation of L-thyroxine (L-T4) reduces the problem of 1-T4
malabsorption by coffee observed with traditional tablet formulations. Endocrine 2013, 43, 154-160. [CrossRef]


http://doi.org/10.1089/thy.2012.0435
http://doi.org/10.3390/pharmaceutics5040621
http://doi.org/10.1007/s12020-015-0788-2
http://doi.org/10.1089/thy.2015.0422
http://doi.org/10.1007/s40618-018-0867-3
http://doi.org/10.2174/1871530318666180125155348
http://doi.org/10.1155/2016/9043450
http://doi.org/10.1016/j.beem.2009.06.006
http://doi.org/10.1210/jc.81.2.857
http://doi.org/10.1089/thy.1998.8.667
http://doi.org/10.1038/s41598-019-40647-x
http://doi.org/10.1056/NEJM196507082730205
http://doi.org/10.1080/07315724.1997.10718686
http://doi.org/10.1542/peds.2011-3350
http://doi.org/10.1136/adc.2002.009365
http://doi.org/10.4158/ep.7.3.193
http://doi.org/10.1055/s-0035-1555784
http://doi.org/10.1089/thy.2017.0428
http://doi.org/10.1016/j.autrev.2017.05.007
http://doi.org/10.1089/thy.2007.0222
http://doi.org/10.1016/j.jand.2016.02.016
http://doi.org/10.1007/s12020-012-9772-2

Pharmaceuticals 2021, 14, 206 19 of 20

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.
83.

84.

85.

86.

87.

88.
89.

90.

91.

92.
93.

94.

95.

Cappelli, C; Pirola, I.; Gandossi, E.; Formenti, A.; Castellano, M. Oral liquid levothyroxine treatment at breakfast: A mistake?
Eur. ]. Endocrinol. 2014, 170, 95-99. [CrossRef]

Kinne, A ; Schiilein, R.; Krause, G. Primary and secondary thyroid hormone transporters. Thyroid Res. 2011, 4, S7. [CrossRef]
Bailey, D.G. Fruit juice inhibition of uptake transport: A new type of food-drug interaction. Br. . Clin. Pharmacol. 2010, 70,
645-655. [CrossRef]

Pasko, P.; Rodacki, T.; Domagata-Rodacka, R.; Palimonka, K.; Marcinkowska, M.; Owczarek, D. Second generation H1—
Antihistamines interaction with food and alcohol—A systematic review. Biomed. Pharmacother. 2017, 93, 27-39. [CrossRef]

Lilja, J.J.; Laitinen, K.; Neuvonen, P]J. Effects of grapefruit juice on the absorption of levothyroxine. Br. J. Clin. Pharmacol. 2005, 60,
337-341. [CrossRef]

Meyer Zu Schwabedissen, H.E.; Ferreira, C.; Schaefer, A.M.; Oufir, M.; Seibert, I.; Hamburger, M.; Tirona, R.G. Thyroid hormones
are transport substrates and transcriptional regulators of organic anion transporting polypeptide 2B1. Mol. Pharmacol. 2018, 94,
700-712. [CrossRef]

Tesic, D.; Stokic, E.; Medic/Stojanoska, M.; Mitrovic, M.; Tomic-Naglic, D.; Icin, T.; Bajkin, I.; Dejanovic, B.; Tomic, M. Tea and
juice as a causes of levothyroxine malabsorption and intermittent hypothyreoidism: A case report. Endocr. Abstr. 2018, 3947, 3—4.
[CrossRef]

Deiana, L.; Marini, S.; Mariotti, S. Ingestion of large amounts of papaya fruit and impaired effectiveness of levothyroxine therapy.
Endocr. Pract. 2012, 18, 98-100. [CrossRef]

Yetley, E.A. Multivitamin and multimineral dietary supplements: Definitions, characterization, bioavailability, and drug interac-
tions. Am. J. Clin. Nutr. 2007, 85. [CrossRef]

Levy, L; Attias, S.; Ben-Arye, E.; Goldstein, L.; Schiff, E. Adverse events associated with interactions with dietary and herbal
supplements among inpatients. Br. |. Clin. Pharmacol. 2017, 83, 836-845. [CrossRef]

Liel, Y.; Sperber, A.D.; Shany, S. Nonspecific intestinal adsorption of levothyroxine by aluminum hydroxide. Am. ]. Med. 1994, 97,
363-365. [CrossRef]

Schneider, R.; Reiners, C. The Effect of Levothyroxine Therapy on Bone Mineral Density: A Systematic Review of the Literature.
Exp. Clin. Endocrinol. Diabetes 2003, 111, 455-470. [CrossRef]

Singh, N.; Singh, P.N.; Hershman, J.M. Effect of calcium carbonate on the absorption of levothyroxine. JAMA 2000, 283, 2822-2825.
[CrossRef]

Kung, A.W,; Yeung, S.S. Prevention of bone loss induced by thyroxine suppressive therapy in postmenopausal women: The effect
of calcium and calcitonin. J. Clin. Endocrinol. Metab. 1996, 81, 1232-1236. [CrossRef]

Singh, N.; Weisler, S.L.; Hershman, ].M. The acute effect of calcium carbonate on the intestinal absorption of levothyroxine.
Thyroid 2001, 11, 967-971. [CrossRef]

Schneyer, C.R. Calcium Carbonate and Reduction of Levothyroxine Efficacy. JAMA. 1998, 279, 750. [CrossRef]

Csako, G.; McGriff, N.J.; Rotman-Pikielny, P,; Sarlis, N.J.; Pucino, F. Exaggerated levothyroxine malabsorption due to calcium
carbonate supplementation in gastrointestinal disorders. Ann. Pharmacother. 2001, 35, 1578-1583. [CrossRef]

Butner, L.E.; Fulco, PP,; Feldman, G. Calcium Carbonate-Induced Hypothyroidism. Ann. Intern. Med. 2000, 132, 595. [CrossRef]
Mazokopakis, E.E.; Giannakopoulos, T.G.; Starakis, I.K. Interaction between levothyroxine and calcium carbonate. Can. Fam.
Physician 2008, 54, 39.

Diskin, C.J.; Stokes, T.].; Dansby, L.M.; Radcliff, L.; Carter, T.B. Effect of phosphate binders upon TSH and L-thyroxine dose in
patients on thyroid replacement. Int. Urol. Nephrol. 2007, 39, 599-602. [CrossRef]

Zamfirescu, I.; Carlson, H.E. Absorption of levothyroxine when coadministered with various calcium formulations. Thyroid 2011,
21, 483-486. [CrossRef]

Morini, E.; Catalano, A.; Lasco, A.; Morabito, N.; Benvenga, S. L-Thyroxine Malabsorption Due To Calcium Carbonate Impairs
Blood Pressure, Total Cholesterolemia, and Fasting Glycemia. Endocrine 2019, 64, 284-292. [CrossRef]

Benvenga, S.; Di Bari, F,; Vita, R. Undertreated hypothyroidism due to calcium or iron supplementation corrected by oral liquid
levothyroxine. Endocrine 2017, 56, 138-145. [CrossRef]

Mazokopakis, E.E. Counseling Patients Receiving Levothyroxine (L-T4) and Calcium Carbonate. Mil. Med. 2006, 171, 1094.
Campbell, N.R.C.; Hasinoff, B.B.; Stalts, H.; Rao, B.; Wong, N.C.W. Ferrous sulfate reduces thyroxine efficacy in patients with
hypothyroidism. Ann. Intern. Med. 1992. [CrossRef]

Shakir, KM.M.; Chute, ].P; Aprill, B.S.; Lazarus, A.A. Ferrous sulfate-induced increase in requirement for thyroxine in a patient
with primary hypothyroidism. South. Med. J. 1997, 90, 637-639. [CrossRef]

Fiaux, E.; Kadri, K.; Levasseur, C.; Le Guillou, C.; Chassagne, P. Hypothyroidie secondaire a une interaction médicamenteuse
entre lévothyroxine et sels de fer. Rev. Med. Interne 2010, 31, 3-5. [CrossRef]

Leger, C.S.; Ooi, T.C. Ferrous fumarate-induced malabsorption of thyroxine. Endocrinologist 1999, 9, 493-495. [CrossRef]
Atruktsang, T.S.; Zaborek, N.A.; Imbus, ].R.; Long, K.; Pitt, S.C.; Sippel, R.S.; Schneider, D.F. Identifying Predictors of Prolonged
Levothyroxine Dose Adjustment After Thyroidectomy. J. Surg. Res. 2019, 242, 166-171. [CrossRef]

Sperber, A.D.; Liel, Y. Evidence for Interference with the Intestinal Absorption of Levothyroxine Sodium by Aluminum Hydroxide.
Arch. Intern. Med. 1992, 152, 183-184. [CrossRef]

Mersebach, H.; Rasmussen, A.K.; Kirkegaard, L.; Feldt-Rasmussen, U. Intestinal adsorption of levothyroxine by antacids and
laxatives: Case stories and in vitro experiments. Pharmacol. Toxicol. 1999, 84, 107-109. [CrossRef]


http://doi.org/10.1530/EJE-13-0693
http://doi.org/10.1186/1756-6614-4-S1-S7
http://doi.org/10.1111/j.1365-2125.2010.03722.x
http://doi.org/10.1016/j.biopha.2017.06.008
http://doi.org/10.1111/j.1365-2125.2005.02433.x
http://doi.org/10.1124/mol.117.111161
http://doi.org/10.1530/endoabs.56.p996
http://doi.org/10.4158/EP11233.CO
http://doi.org/10.1093/ajcn/85.1.269s
http://doi.org/10.1111/bcp.13158
http://doi.org/10.1016/0002-9343(94)90303-4
http://doi.org/10.1055/s-2003-44704
http://doi.org/10.1001/jama.283.21.2822
http://doi.org/10.1210/jcem.81.3.8772604
http://doi.org/10.1089/105072501753211046
http://doi.org/10.1001/jama.279.10.750-b
http://doi.org/10.1345/aph.1A031
http://doi.org/10.7326/0003-4819-132-7-200004040-00030
http://doi.org/10.1007/s11255-006-9166-6
http://doi.org/10.1089/thy.2010.0296
http://doi.org/10.1007/s12020-018-1798-7
http://doi.org/10.1007/s12020-017-1244-2
http://doi.org/10.7326/0003-4819-117-12-1010
http://doi.org/10.1097/00007611-199706000-00011
http://doi.org/10.1016/j.revmed.2009.09.038
http://doi.org/10.1097/00019616-199911000-00011
http://doi.org/10.1016/j.jss.2019.03.049
http://doi.org/10.1001/archinte.1992.00400130181024
http://doi.org/10.1111/j.1600-0773.1999.tb00883.x

Pharmaceuticals 2021, 14, 206 20 of 20

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Tian, H.; Guo, X.;; Wang, X.; He, Z.; Sun, R;; Ge, S.; Zhang, Z. Chromium picolinate supplementation for overweight or obese
adults. Cochrane Database Syst. Rev. 2013, 11. [CrossRef]

Tsang, C.; Taghizadeh, M.; Aghabagheri, E.; Asemi, Z.; Jafarnejad, S. A meta-analysis of the effect of chromium supplementation
on anthropometric indices of subjects with overweight or obesity. Clin. Obes. 2019, 9, 1-14. [CrossRef]

John-Kalarickal, J.; Pearlman, G.; Carlson, H.E. New medications which decrease levothyroxine absorption. Thyroid 2007, 17,
763-765. [CrossRef]

Jubiz, W.; Ramirez, M. Effect of vitamin c on the absorption of levothyroxine in patients with hypothyroidism and gastritis. J. Clin.
Endocrinol. Metab. 2014, 99, 1031-1034. [CrossRef]

Anttnez, P; Licht, S.D. Vitamin C improves the apparent absorption of levothyroxine in a subset of patients receiving this
hormone for primary hypothyroidism. Rev. Argent. Endocrinol. Metab. 2011, 48, 16-24.

Reis, AM.M,; de Carvalho, R.E.EL.; de Faria, L.M.P,; de Oliveira, R.C.; Zago, K.S.D.A ; Cavelagna, M.E; Silva, A.G.; Neto, M.L,;
Cassiani, S.H.D.B. Prevalence and clinical significance of interactions drug-enteral nutrition in Intensive Care Units. Rev. Bras.
Enferm. 2014, 67, 85-90. [CrossRef]

Dickerson, R.N.; Maish, G.O.; Minard, G.; Brown, R.O. Clinical relevancy of the levothyroxine-continuous enteral nutrition
interaction. Nutr. Clin. Pract. 2010, 25, 646—652. [CrossRef]

Manessis, A.; Lascher, S.; Bukberg, P.; Darmody, T.; Yen, V.,; Sadek, S.; Young, I. Quantifying amount of adsorption of levothyroxine
by percutaneous endoscopic gastrostomy tubes. J. Parenter. Enter. Nutr. 2008, 32, 197-200. [CrossRef]

Wohlt, P.D.; Zheng, L.; Gunderson, S.; Balzar, S.A.; Johnson, B.D.; Fish, ].T. Recommendations for the use of medications with
continuous enteral nutrition. Am. J. Heal. Pharm. 2009, 66, 1458-1467. [CrossRef]

Pirola, I; Daffini, L.; Gandossi, E.; Lombardi, D.; Formenti, A.; Castellano, M.; Cappelli, C. Comparison between liquid and tablet
levothyroxine formulations in patients treated through enteral feeding tube. J. Endocrinol. Invest. 2014, 37, 583-587. [CrossRef]
Heuberger, R. Polypharmacy and Food-Drug Interactions among Older Persons: A Review. |. Nutr. Gerontol. Geriatr. 2012, 31,
325-403. [CrossRef]

Pasko, P.; Rodacki, T.; Domagata-Rodacka, R.; Owczarek, D. Interactions between medications employed in treating benign
prostatic hyperplasia and food—A short review. Biomed. Pharmacother. 2016, 83, 1141-1145. [CrossRef]


http://doi.org/10.1002/14651858.CD010063.pub2
http://doi.org/10.1111/cob.12313
http://doi.org/10.1089/thy.2007.0060
http://doi.org/10.1210/jc.2013-4360
http://doi.org/10.5935/0034-7167.20140011
http://doi.org/10.1177/0884533610385701
http://doi.org/10.1177/0148607108314770
http://doi.org/10.2146/ajhp080632
http://doi.org/10.1007/s40618-014-0082-9
http://doi.org/10.1080/21551197.2012.729902
http://doi.org/10.1016/j.biopha.2016.08.021

	Introduction 
	Results and Discussion 
	Eligible Studies 
	Aspects of Levothyroxine Pharmacokinetics 
	Schedules of Levothyroxine Administration 
	Impact of Food Intake on Pharmacokinetics and Pharmacodynamics of Levothyroxine 
	Tablets 
	Liquid Form 
	Soft Gel Capsule 

	Levothyroxine–Fiber Interaction 
	Levothyroxine-Soy Products Interaction 
	Levothyroxine–Milk Interaction 
	Levothyroxine–Coffee Interaction 
	Levothyroxine-Fruit Interaction 
	Fruit Juices 
	Papaya 

	Interaction of Levothyroxine with Essential and Trace Elements 
	Calcium 
	Iron 
	Aluminium 
	Chromium 

	Levothyroxine—Vitamin C Interaction 
	Levothyroxine—Enteral Nutrition Interaction 
	Limitations of Studies 
	Recommendations 

	Materials and Methods 
	Search Strategy 
	Inclusion and Exclusion Criteria 
	Data Extraction 

	Conclusions 
	References

