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Purpose: Levothyroxine is a common prescribed drug. Many medications and food, however, can interfere with its bioavailability.
The aim of this review was to summarize the medications, food and beverages that interact with levothyroxine and to assess their
effects, mechanisms and treatments.

Methods: A systematic review on interfering substances that interact with levothyroxine was performed. Web of Science, Embase,
PubMed, the Cochrane library, grey literature from other sources and the lists of references were searched for human studies
comparing the levothyroxine efficacy with and without interfering substances. The patient characteristics, drug classes, effects and
mechanism were extracted. The NHLBI study quality assessment tools and the JBI critical appraisal checklist were used to assess the
quality of included studies.

Results: A total of 107 articles with 128 studies were included. Drugs interactions were revealed in calcium and iron supplements,
proton pump inhibitors, bile acid sequestrants, phosphate binders, sex hormones, anticonvulsants and other drugs. Some food and
beverage could also induce malabsorption. Proposed mechanisms included direct complexing, alkalization, alteration of serum
thyroxine-binding globulin levels and acceleration of levothyroxine catabolism via deiodination. Dose adjustment, administration
separation and discontinuation of interfering substances can eliminate the interactions. Liquid solutions and soft-gel capsules could
eliminate the malabsorption due to chelation and alkalization. The qualities of most included studies were moderate.

Conclusion: Lots of medications and food can impair the bioavailability of levothyroxine. Clinicians, patients and pharmaceutical
companies should be aware of the possible interactions. Further well-designed studies are needed to provide more solid evidence on
treatment and mechanisms.
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Introduction

Levothyroxine (LT4) is among the most prescribed medications in the world and the mainstay treatment for
hypothyroidism.'? Generally, a 1.6-1.8 ug/kg/d of oral LT4 is recommended to be ingested on empty stomach early
in the morning. Although it is cost-saving, easy-to-take and has many other advantages, its bioavailability has been
reported to be altered by lots of medications. The interference can elevate thyrotropin (TSH) and even decrease
tritodothyronine (T3) and thyroxine (T4) despite dose elevation (>1.9 pg/kg/d). A retrospective population analysis
based on a local database in the UK revealed that 58.9% of LT4-treated patients were concurrently taking >1 drug for
other medical conditions.” The most frequently prescribed concomitant drugs were statins (17.6%), proton pump
inhibitors (PPIs) (13.6%), and calcium supplements (6.8%). Another database study in Colombia revealed a similar
result A percentage of 68.5% of LT4-treated patients took other drugs. The spectrum of concurrent agents was
somewhat different from the study in the UK, which may be explained by the differences in the spectrum of diseases

and prescription preference. The antiulcer agents (44%) were the leading concurrently taking ones, followed by
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hypoglycemics (17.4%), and iron supplements (16.1%). Though the majority of patients with co-ingestion were
asymptomatic and received constant doses of LT4, it would be up to 12—-15% of total LT4-treated patients suffering
unsuppressed TSH if 1 in 5 had drug interactions. Besides, some food and beverages could also impair the absorption of
oral LT4. Since the concomitant intake of food or certain drugs can either directly bind with LT4 or impair its solubility,
a 0.5-2 hours dosing gap is generally required for the empty of stomach.’ The LT4 liquid preparation intrinsically avoid
dissolution and can recover impaired bioavailability due to concomitant intake.

The diagnosis of drug interaction depends on comprehensive medical history taking and necessary examinations.
Structural abnormalities, such as gastritis, celiac disease and lactose intolerance, should be excluded. Drug withdrawal
test (tests for serum thyroid hormones before and after the discontinuation of suspected interfering substance) and LT4
absorption test (after ingesting a certain dose of LT4 on empty stomach with or without suspect interfering substance,
serum thyroid hormones are tested continuously for 6 hours) are helpful tools.°®

This comprehensive review summarized the drugs, food and beverages that alter the bioavailability of LT4 supple-
ments. The effects, proposed mechanisms and recommended therapy were investigated. The review then discussed the
current knowledge of novel formulations on drug-induced malabsorption. The limitations of included articles were also
investigated. The systematic review aims to help clinicians, patients and pharmaceutical companies to avoid drug or food

interactions with LT4.

Materials and Methods

A systematic review was conducted on Feb. 27th, 2022 according to the preferred reporting items for systematic reviews
and meta-analyses (PRISMA) 2020 checklist (Supplement 1).” One researcher (HQ. Liu) with meta-analysis experience
drafted the search strategy, which was revised and approved by other authors (Supplement 2). The searched databases
included Web of Science (WOS), PubMed, Embase, and the Cochrane Library. Other resources such as Drugs.com,
Google Scholar, UpToDate and the prescribing information of commercial formulations were also searched. The
following keywords were arranged in the search sentence: (levothyroxine OR thyroxine OR L-T4 OR LT4) AND
(malabsorption OR interaction). There was no restriction on published date or language. The lists of references were also
screened to identify any missed studies. The literature was imported into Endnote X9 for subsequent selection and data
extraction.

Two independent reviewers (JW. Hu & GZ. Fu) screened the articles. Disagreements were resolved by a superior
reviewer (QY. Feng). Articles meeting the following criteria were included: a) hypothyroid patients or euthyroid
individuals concomitantly ingest levothyroxine with other medications, food or beverages, b) thyroid hormone levels
or daily LT4 doses were collected, c) the alterations were revealed to or supposed to be induced by drug or food
interference. Exclusions were a) review or editorial, b) non-human studies, c¢) participants did not dose levothyroxine, d)
patients on LT4 could not be separated from the total sample. The following items were extracted from the included
articles by two other reviewers (HQ. Liu & M. Lu): authors, published year, country, study type, participant number,
thyroid state, concomitant disease, LT4 formulation and dosage, interfering drugs or food, effects on thyroid function,
and proposed mechanism. The main outcomes were TSH. Additional outcomes included T3, T4, pharmacokinetics
properties and LT4 dose. Due to the heterogeneity of included studies, quantitative analysis was not performed. This
systematic review has been registered in PROEPERO database (NO. CRD42022314315).

The NHLBI study quality assessment tools were used to assess the quality for randomized controlled trials, pre-post
studies, observational cohort studies and case series.® The revised Cochrane risk-of-bias tool for randomized crossover trials
(RoB 2) were used to verified the results.” The JBI’s critical appraisal tool for case reports was used to evaluate the quality of
case reports.'® The study characteristics, such as randomization, blindness, baseline comparability, dropout, outcome
measurements, patient selection, were assessed according to guidelines. The assessment was conducted at both outcome
and study levels. Studies were not excluded a priori based on quality reporting assessment. Two independent investigators
(HQ. Liu & M. Lu) conducted the assessment. Disagreements were resolved by a superior reviewer (QY. Feng).
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Results

Literature Selection

A number of 10,748 articles were identified from four databases and 17 from other sources or lists of reference. After
duplicate exclusion and reviews on titles and abstracts, 156 articles were processed to full-text review. Of note, three full
texts were not available and excluded from subsequent analysis.'''* Finally, 107 articles were included in the data
extraction while the other studies met the exclusions (Figure 1 and Supplement 3). Specifically, the review consists of 15
randomized trials, 40 prospective pre-post studies, 3 prospective cohort studies, 20 retrospective pre-post studies, 7
retrospective cohort studies, and 43 case series or case reports (Table 1). Notably, several studies of different designs may

compose one article.

Medications Binding with LT4

Some medications are revealed or supposed to interfere with the absorption of LT4. Certain ingredients or excipients in
interfering medications could bind to the LT4 molecules and inhibit their transmembrane transport. Examples include
calcium and iron supplements, basic antacids, bile acid sequestrants, etc. The treatments for malabsorption induced by

chelation are similar in many ways.

Calcium Supplements

As revealed by a population study in the UK, calcium supplement ranks the third place among the most prescribed
concomitant medications in LT4-treated patients.’ A proportion of 6.8% of patients took calcium supplements to address
osteoporosis. The earliest case report of drugs interaction between LT4 and calcium is in 1998 by Schneyer.>' The three
patients in this report successfully eliminated the malabsorption by either discontinuation of calcium salts, or introducing
dosing intervals. In 2000, Singh et al recruited 20 hypothyroid patients.'> On a stable dose of LT4 and regular thyroid
hormone levels, each patient was given 1200 mg of calcium to ingest daily with levothyroxine in the morning on an
empty stomach. The thyroid functions were tested at two months and three months after dosing calcium. Calcium was
then discontinued and thyroid functions were followed up for another two months. Free T4 and total T4 were
significantly decreased when taking calcium (1.22+0.05 vs 1.4140.06 ng/dL, p<0.001, 8.55+0.41 vs 9.31+0.39 pg/dL,
p=0.03, respectively), and TSH levels were elevated (2.71+0.43 vs 1.4440.21 mU/L, p=0.008). They further diluted
radioisotope-labeled LT4 into buffer solution with calcium carbonate. Samples were collected from the supernatant after

Records identified through databases
Web of Science = 2924
Pubmed = 3138

Embase = 4653 ] B
Cochrane Library = 33 Records identified through other

Sum = 10748 sources = 17

!

Records screened (n = 10765)

2261 duplicates
8348 on title and abstract review

Full article not available = 3
Review = 20

No concomitant ingestion = 7

No LT4 ingestion = 12
Non-human study = 2

Patients on LT4 inseparatable = 5

Full-text article assessed (n = 156)

Studies included in the analysis
(n=107)

[ Included ][ Eligibility }[ Screening J[Identiﬁcation}

Figure | The flow chart of literature selection.
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Table | Summary of Mechanisms of Interfering Substances and Recommendations for Clinicians

2 prospective self-control studies'”?

| retrospective self-control study’

26,27
2 case reports

Interfering Substances Class Evidences® Proposed Mechanisms Recommendations for Clinicians
Calcium carbonate Calcium For drugs interaction Complexing a) switch to other drug of the same
Calcium acetate supplement I randomized crossover study'* class
Calcium citrate 3 prospective self-control studies'®™!” b) address concomitant diseases
4 retrospective self-control studies®'®2° c) separation the times of ingestion
4 case reports?' (2-8h)
Against drugs interaction d) switch to liquid LT4 or capsule
| retrospective self-control study'® e) dose adjustment of LT4
f) discontinuation of the interfering
substance
g) close monitoring
Ferrous sulfate Iron supplement For drugs interaction Complexing Same as calcium supplement

Esomeprazole
Pantoprazole
Omeprazole

Lansoprazole etc.

Proton pump

inhibitors

For drugs interaction
I randomized crossover study®
| prospective self-control study?’
3 retrospective self-control studies>**?'
| retrospective cohort study®?
| case report®

Against drugs interaction
I randomized crossover study>*

2 prospective self-control studies®>>¢

a) Alkalization of gastric environments impairs
the dissolution of LT4 tablet.

b) Increase in the biliary clearance of LT4 via

induction of UGT enzymes may also play a role.

a) switch to other PPls

b) address concomitant diseases
c) switch to liquid LT4 or capsule
d) dose adjustment of LT4

e) switch to other antacids

f) close monitoring

Aluminum hydroxide

Magnesium oxide

Basic antiacids

For drugs interaction

| prospective self-control study®”

38,39
2 case reports

Complexing

Same as calcium supplement

Sucralfate

Gastric lumen
adherent

cytoprotectives

For drugs interaction
I randomized, single-blinded, two-arm*°
| prospective self-control study®'
2 case reports*!*?
Against drugs interaction

| retrospective self-control study®

Complexing

Same as calcium supplement
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Cimetidine H2 antagonist For drugs interaction a) Complexing a) switch to other antacids
Ranitidine I randomized, double-blind, crossover** b) Delay of the emptying of stomach b) address concomitant diseases
Famotidine Against drugs interaction c) Alkalization c) switch to liquid LT4 or capsule
I randomized, double-blind, crossover** d) dose adjustment of LT4
| prospective self-control study®” e) discontinuation of the interfering
| retrospective self-control study3 substance
f) close monitoring
Lovastatin Statins For drugs interaction a) Acceleration of catabolism of LT4 via excess a) switch to other statins
Simvastatin 2 case repor‘ts"s'46 formation of CYP3A4 in the liver. b) address concomitant diseases
Against drugs interaction b) Inhibition of LT4 absorption. c) dose adjustment of LT4
| prospective self-control study*’ d) discontinuation of the interfering
2 retrospective self-control studies>*® substance
e) close monitoring
Ezetimibe Selective Against drugs interaction - -
cholesterol 2 prospective self-control studies>>*’
absorption
inhibitor
Cholestyramine Bile acid For drugs interaction Complexing Same as calcium supplement
Colesevelam hydrochloride sequestrants | prospective self-control study*°
| prospective cohort study”'
2 case reportssz'53
Orrlistat Fat absorption For drugs interaction Complexing Same as calcium supplement
decreasing agents | case report54
Simethicone Antiflatulents For drugs interaction Complexing Same as calcium supplement

55
| case report

Metformin®

Biguanides

For drugs interaction
2 prospective self-control studies>®>’
| retrospective self-control study®®

.59
| case series

a) Reducing body weight.

b) Enhancing the inhibitory modulation of thyroid
hormones on central TSH secretion.

c) Changing the affinity and/or number of thyroid

hormone receptors.

a) dose adjustment of LT4

b) close monitoring

c) address concomitant disease

d) switch to other drug of the same

class

Chromium picolinate

Insulin enhancer

For drugs interaction

| prospective self-control study*

a) Complexing.
b) Drug-induced alterations in mucosal transport

processes.

Same as calcium supplement

(Continued)
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Table 1 (Continued).

Interfering Substances

Class

Evidences®

Proposed Mechanisms

Recommendations for Clinicians

Sodium polystyrene sulphonate lon exchange resin | For drugs interaction Complexing Same as calcium supplement
| case report®®
Sevelamer hydrochloride Phosphate binders For drugs interaction Complexing. Same as calcium supplement

Sevelamer carbonate

Lanthanum carbonate

2 prospective self-control studies***°

| retrospective self-control study'®
| case reporté'

Alendronate

Bisphosphonates

Against drugs interaction

I randomized open-label crossover®

Raloxifene Selective estrogen For drugs interaction a) Inducing malabsorption of LT4 Same as calcium supplement
receptor 2 case reports®>®* b) Increasing the TBG
modulators

Mifepristone Progesterone For drugs interaction a) Intestinal malabsorption. a) dose adjustment of LT4

receptor antagonist

| case series®®

b) Decreased residual thyroid function.

c) Increased inactivation of T4 via deiodinases.

b) close monitoring

c) address concomitant disease

d) discontinuation of the interfering
substance

e) switch to other drug of the same

class

Glucocorticoid

Hormone

Against drugs interaction
| retrospective self-control study3

Estrogen Sex hormone For drugs interaction Increasing the serum thyroxine-binding globulin Same as mifepristone
| prospective self-control study®® concentration
| retrospective self-control study®

Androgen® Sex hormone For drugs interaction Decreasing serum T4-binding globulin Same as metformin

| retrospective self-control study®’
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Rifampin®

Antitubercular

For drugs interaction (LT4 efficacy])

2 case repor‘tsf’g'69

For drugs interaction (LT4 efficacy?)

I double-blind randomized crossover’

0

For LT4|

a) Increased nondeiodinative and deiodinative
hepatic metabolism.

b) Increased thyroid-binding globulin.

For LT41

a) Inhibited hepatic T4 uptake mediated by liver-
specific transporters relative to intestinal T4
transporters.

b) Increased net intestinal absorption of L-T4
through inhibition of an intestinal efflux

transporter such as P-glycoprotein.

Same as mifepristone

Ciprofloxacin

Quinolone
antibiotics

For drugs interaction

I double-blind randomized crossover’

| case report”'

0

Inhibition of intestinal T4 uptake transporters

Same as calcium supplement

Lopinavir Antiretroviral For drugs interaction (LT4 efficacy]) For LT4| Same as mifepristone
Ritonavir protease inhibitors 3 case reports’> 4 Inactivate LT4 via induction of glucuronidation

Nelfinavir For drugs interaction (LT4 efficacy?) For LT41

Indinavir® | case report’® Inhibition of glucuronosyl transferase activity

Phenytoin Anticonvulsant For drugs interaction For phenytoin a) wait and see

Carbamazepine

3 prospective self-control study’¢”®

I retrospective self-control study’’
| case reportBo

a) Reducing the intestinal absorption of T4.

b) Increasing the nondeiodinative metabolism of
T4.

c) Competing combination with TBG

For carbamazepine

a) Increasing the deiodinative metabolism of T4.
b) Elevating TBG level

b) dose adjustment of LT4

c) close monitoring

d) address concomitant disease

e) discontinuation of the interfering
substance

f) switch to other drug of the same
class

Sertraline

Fluoxetine

Selective serotonin

reuptake inhibitors

For drugs interaction
| prospective self-control study®'

| case series®?

Increasing conversion of T4 to T3

Same as mifepristone

Amiodarone

Propranolol

Antiarrhythmic

For drugs interaction

| prospective self-control study®

84
| case report

a) Inhibition of the mono deiodination of T4 to
T3.

b) Blocked T3 and T4 bind to pituitary receptors.

c) Inhibition of LT4 intestinal absorption.

Same as mifepristone

(Continued)
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Table | (Continued).

Interfering Substances

Class

Evidences®

Proposed Mechanisms

Recommendations for Clinicians

Calcium polycarbophil
Psyllium hydrophilic mucilloid

Laxative

Against drugs interaction
| prospective self-control study®

Capecitabine

Pyrimidine Analogs

For drugs interaction

| case reports(’

Accelerating the deiodination of T4 to T3

Same as mifepristone

Imatinib
Sorafenib
Motesanib

Tyrosine kinase
inhibitors or Multi-
kinase Inhibitors

For drugs interaction

2 prospective self-control st:udy87'88

| retrospective self-control study®’

a) Stimulation of T4 and T3 clearance (non-
deiodination clearance)

b) Increasing the deiodinase type 3 activity.
c) Inhibition of thyroid peroxidase

Same as mifepristone

Antirheumatic

Antirheumatics

Against drugs interaction

| retrospective self-control study®

Vitamin C° Vitamin For drugs interaction Decreasing gastric pH and improve the Same as metformin
2 prospective self-control studies”®®' dissolution of LT4 tablet Vitamin C can be used in those with
LT4 malabsorption
Usual food Food, beverages For drugs interaction a) Complexing (for most food). Same as calcium supplement

Tube feeding
Soy formula
Fiber-rich diet
Papaya

Coffee

Milk

Grapefruit juice
Dendrite

and others

. 92-95
4 randomized open-label crossover

5 prospective self-control studies’®'%°

2 retrospective cohort studies'®"'2

:197.103-109
8 case reports or case series
Against drugs interaction

; . 10
I randomized double-blind crossover

. i
I randomized open-label crossover

] 12
| prospective crossover study

| prospective cohort study''?

3 retrospective cohort studies''*~''¢

17
| case report

b) Inhibition of uptake transporters in the
intestinal wall (for grapefruit juice).

c) Reduction of gastric acid secretion by papain

(for papaya).

Notes: *Some studies are composed of several comparisons and may show conflicting results. Two studies have been dropped from this list due to multiple interfering substances.''®'!? bContrary to other ones, these agents are
reported to elevate serum T3, T4 and reduce TSH. Of note, the effects of rifampin on LT4 absorption are conflicting in some reports.
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2-hour incubation and 10-min centrifugation. The percentage of LT4 in the supernatant was less than 60% at pH 2.0.
Interestingly, LT4 molecules remained unbound at pH 7.4. The in vitro experiments confirmed the interaction of LT4 and
calcium via complexing.

One year later, the interaction was further confirmed by a randomized crossover study by the same group of
investigators.'* Singh et al recruited seven healthy individuals and gave them 1000 pg of oral LT4 with or without 2.0
g of calcium carbonate. Two LT4 absorption tests (dosing LT4 on empty stomach and testing thyroid functions for 6
hours) were conducted with a washout period of 1 month. LT4 absorption decreased by 31.0% when simultaneously
dosing calcium supplements (579 vs 837 ng). With the same methods, one study suggested that the interaction is not
limited to calcium carbonate, but other supplements (eg, calcium citrate and calcium acetate) as well.'® However, another
retrospective long-term study revealed that calcium acetate was associated with no alteration on TSH.'® The discrepancy
may be explained by study designs and long-term or short-term effects. The interaction between oral LT4 and calcium
supplements is also supported by several other observational studies or case reports.*'%**%3

Several methods can eliminate the malabsorption due to calcium supplements. Given that only a small number of
calcium-treated hypothyroid patients have reported TSH elevation of clinical importance,® we could postulate with
reason that most patients remain euthyroid without additional medical interference. In some cases, a dose elevation is
sufficient to achieve euthyroidism. In cases with significant TSH elevation or severe malabsorption, the dosing separation
or discontinuation of interfering medications is recommended. A switch of calcium supplements to other products of the
same class may also work, as suggested by the study of Diskin et al.'® Recently, novel LT4 formulations (liquid solution
and soft-gel capsule) have been proved to circumvent the calcium-induced malabsorption since disintegration was not
needed for these preparations.'*° TSH levels were much lower in the solution group in comparison with the tablet group
(8.74£7.2 vs 2.15£1.4 mU/L, p<0.001). These studies showed a switch to novel formulations as a promising treatment.
Of note, concomitant gastrointestinal diseases could exaggerate the malabsorption®* and eradication of these conditions
should also be taken into consideration.

Iron Supplement

Besides, ferrous sulfate is another common drug interfering with LT4. In a Colombian study retrospectively screening
~30 thousand hypothyroid patients, 16.1% of them concomitantly took iron salts.* The discovery of the interaction
between iron and LT4 is even earlier.”” In 1992, Campbell et al recruited 14 hypothyroid patients and ordered them to
ingest ferrous sulfate with LT4 for 12 weeks. The serum TSH rose from 1.6+0.4 to 5.4+2.8 mU/L at the end of the
observation. An in vitro experiment mixing iron with thyroxine observed a poorly soluble purple complex, which
indicated the binding of iron to LT4. Elevated TSH levels were also observed in two female cases receiving ferrous
sulfate due to pregnancy and anemia.?®*’

The treatment for iron-induced malabsorption is similar to that of calcium supplements. Separation of dosing and
discontinuation of iron supplements can eliminate the malabsorption in most cases. Oral solutions can also circumvent
the problem. Benvenga et al revealed that when simultaneously ingesting, TSH levels were lower iron in the solution
group compared to the tablet group (8.74+7.2 vs 1.68+0.9 mU/L, p<0.001)."7 Close monitoring is needed until thyroid
hormones return to the target ranges.

Basic Antacids

In 1992, Sperber and Liel reported a male hypothyroid patient presenting with elevated TSH (36 mU/L) due to co-
ingestion of aluminum hydroxide.*® The TSH level dropped to 4.63 mU/L after separating dosing times, and furtherly
decreased to 1.0 mU/L after the discontinuation of the antacid therapy. Two years later, these investigators recruited five
hypothyroid patients and conducted a prospective, one-arm, 4-week study. A significant increase in serum TSH when
patients co-ingested aluminum hydroxide was observed (7.19+1.3 vs 2.62+0.8 mU/L, p=0.012). The in vitro experiment
revealed a linear relationship of LT4 adsorption to the concentration of aluminum hydroxide. Another study also reported
two patients developing hypothyroidism despite high doses of LT4 after the ingestion of magnesium oxide.*’ The
mechanism was supposed to be the same with aluminum hydroxide. Liquid solutions could ameliorate the antacid-

induced malabsorption.'®
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Sucralfate

Sucralfate is a gastric lumen adherent cytoprotective. It adheres to ulcer sites and protects them from acids and enzymes.
In 1992, Havrankova et al reported a case with malabsorption caused by sucralfate for the first time. The in vitro study
revealed a very high binding capacity of sucralfate for LT4. However, the responding letter from Khan et al, who
conducted a study among 10 hypothyroid patients dosing sucralfate, revealed no positive results on the T4 and TSH
levels.** In 1994, Campbell et al conducted a randomized crossover trial with a washout period of 4 weeks.*’ Nine
patients with primary hypothyroid received either sucralfate 1 g 4 times daily or placebos. The T4 index was lower with
sucralfate (p=0.038) and TSH was borderline higher (p=0.097). Using LT4 absorption tests, the study by Sherman et al
revealed 71.7% of peak LT4 absorption reduction in healthy volunteers co-ingesting sucralfate.*!

Bile Acid Sequestrants

Cholestyramine is a common bile acid sequestrant for the treatment of hypercholesterolemia. The first case in 1969 was
an 18-year-old girl with hypothyroidism and hypercholesterolemia.>* Her basal metabolic rate fell with a constant dose of
LT4. Drug withdrawal test and in vitro binding experiment strongly supported the interaction with cholestyramine.
A similar case with an in vitro experiment was reported 22 years later.”® Colesevelam was a newer medication approved
by the FDA. In 2009. Weitzman et al conducted LT4 absorption tests in 6 healthy volunteers with a 3-week washout
period.*® The T4 area under the curve (AUC) in the colesevelam group decreased to 3.8% of that with LT4 alone. An

in vitro binding test showed that 67% of LT4 is bound to colesevelam in simulated gastric juice.”’

Phosphate Binders

Sevelamer and lanthanum carbonate is used to lower high blood phosphorus levels in those who are on dialysis due to
severe kidney disease. The LT4 absorption tests conducted by John-Kalarickal et al showed that the AUC with 10 mg of
sevelamer co-ingestion decreased to 50.4% of the area for LT4 alone (p<0.05).*° Lanthanum carbonate could also
decrease the T4 AUC to 59.1% of the area of LT4 alone.”® A retrospective study and a case report supported the
conclusion.'®®! Although the most probable mechanism of drugs interaction is direct complexing, there was no in vitro
experiment supporting the hypothesis yet.

Other Medications

There were some reports of other medications interfering with the absorption of LT4 by direct complexing. In 1993,
a female case with hypothyroidism dosed sodium polystyrene sulphonate for the treatment of hyperkalemia and
hemodialysis.°® After the daily treatment with 15 g of sodium polystyrene sulphonate, her free T4 decreased to 3.5
pmol/L (reference range 10-25) and TSH increased to 139 mU/L. Subsequent in vitro study showed that the cation-
exchange resin reduced the concentration of dissolved thyroxine by ~95%, regardless of pH. Besides, orlistat and
simethicone could also impair the bioavailability of LT4 by intraluminal binding.>**> The malabsorption was resolved by
either discontinuation of interfering drugs or separation of dosing times. In addition, some other drugs with different
interfering mechanisms, such as H2 antagonists, chromium picolinate and raloxifene may also bind with LT4 molecules
in intestinal tracts.

Medications Inducing Alterations in Mucosal Transport Processes

Previous studies have demonstrated LT4 molecule is transported by transmembrane proteins, such as organic anion
transporting polypeptide (OATP) family, Na-taurocholate co-transporting polypeptide, L-type amino acid transporter, and
monocarboxylate transporter.'**'** Some drugs may alter the distribution or expression of transmembrane proteins and
thus affect the absorption of LT4.

Ciprofloxacin has been shown to be transported by OATP1A2.'% In 2005, Cooper et al reported for the first time that
two LT4-treated patients had developed malabsorption after dosing ciprofloxacin.”' The TSH levels returned to the
reference range after introducing a 6-hour dosing gap. Eight years later, a randomized double-blind crossover trial using
the LT4 absorption tests was conducted by Goldberg et al.”® Coadministration of ciprofloxacin significantly decreased the
T4 AUC by 39% (p=0.035). The potential mechanism is competing transports of both ciprofloxacin and LT4 by OATP.
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Rifampin is a well-known OATP inhibitor.'** Presumptuously, it decreases the intestinal absorption of LT4.
Surprisingly, the trial by Goldberg et al showed an opposite result.”” The 6-hour LT4 absorption tests revealed that
rifampin significantly increased the T4 AUC by 25% (p=0.003). The result was hard to explain. It is postulated that
rifampin could preferentially inhibit the hepatic OATP transporters relative to intestinal ones. The liver catabolism is thus
reduced. However, two previous case reports did not support the favorite effect of rifampin on LT4.°*% Two patients
who co-ingested LT4 and rifampin presented with elevated TSH and decreased T4 levels. Thyroid hormones returned to
reference range only after the withdrawal of rifampin. Nolan et al postulated the induction of cytochrome P-450
accounted for the alteration.®” The effects of rifampin on LT4 remain unclear up to now. More than one mechanism
may play roles and there may be a discrepancy between the long-term and short-term effects of rifampin.

Besides, chromium picolinate is also supposed to reduce LT4 absorption by altering the expression of intestinal
transporters,* although there is currently no evidence supporting the hypothesis.

Medications Altering the Gastric pH

A physiological gastric pH is essential for tablet dissolution, which removes the sodium ion and increases its solubility.
Elevated pH due to H. pylori infection and autoimmune gastritis ameliorate the subsequent absorption.”®>*!'?> The
phenomenon is explained by ionization status at different environmental pH.'?*'?® PPIs and H2 antagonists, which
reduce the secretion of H', are used in the treatment of gastric and duodenal ulcers. These drugs can impair the

dissolution of LT4 tablets.

Proton Pump Inhibitors

A percentage of 13.6% of LT4-treated patients receive PPIs concomitantly.’ In 2006, Centanni et al reported the impaired
absorption of LT4 due to PPIs for the first time.> In this retrospective single-center study, a subgroup of 10 patients with
nontoxic multinodular goiters concomitantly ingested omeprazole and LT4. TSH levels were significantly higher in
patients with omeprazole, as tested during routine follow-ups (1.7 vs 0.1 mU/L, p=0.002). In the same year, another
group of investigators recruited 20 volunteers and conducted a randomized, open-labeled, crossover study with a 4-week
washout period.** Participants ingested 4 pg/kg of LT4 with or without 40mg of pantoprazole. Samples were taken every
fifteen minutes during the first three hours and every sixty minutes over the next seven hours. The 10-hour LT4
absorption test revealed no significant difference on serum free T4, total T4 and TSH levels. A prospective self-
control study in 2008 did not support the drugs interaction either.>> The effects of PPIs on LT4 were conflicting. The
discrepancy may be explained by different drugs, and long- or short-term effects. In addition, the healthy volunteers have
thyroid function within reference range, which can compensate for the impaired absorption of LT4.

Recent studies provide more information. In 2015, Yue et al conducted a similar randomized, open-labeled, crossover,
two-arm trial in 16 healthy individuals using 24-hour LT4 absorption tests.”® These participants received intravenous
injections of esomeprazole in either Period One or Period Two. The maximum concentration (C,,,) decreased to 87.32%
of that with LT4 alone and AUC,_;,, decreased to 83.22% (p<0.1). Besides, several retrospective studies with large
samples supported the drugs interaction between PPIs and LT4.>°*! However, another prospective study involving 21
hypothyroid patients revealed contradicting results. Patients with either 20 mg or 40 mg of omeprazole showed slightly
elevated TSH with no significant difference.*® To conclude, six out of the total nine clinical studies mentioned above
supported the drugs interaction. In the remaining three articles, one article studying the long-term effect of omeprazole
showed an elevated TSH without statistical significance. The other two studies using LT4 absorption tests reveal no
significant difference. Another systematic review also supported the drug interactions.'?” Except for alkalization, PPIs
may also impair absorption by increasing the biliary clearance of LT4 via induction of UDP- glucuronosyltransferase.**

Interestingly, although there are many studies on the interaction between PPIs and LT4, only one case report has been
published.®* The female patients dosed LT4 due to Hashimoto’s thyroiditis. Her TSH level rose above the reference range
when she began dosing 40 mg/day of omeprazole. The hypothyroid symptoms resolved and the TSH dropped after she
switched LT4 tablets to soft-gel capsules without dose adjustment. Two following articles studied the long-term and
short-term effect of PPIs on liquid LT4.%*2° The results suggested that liquid LT4 and soft-gel capsules could eliminate
the malabsorption induced by PPIs. Moreover, clinicians can instruct patients to switch to other PPIs or antacids.
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Histamine H2-Receptor Antagonists

The indications of H2 antagonists are similar to that of PPIs. In 1992, Jonderko et al conducted 4-hour LT4 absorption
tests in 20 individuals randomized assigned to cimetidine/ranitidine or placebo.** Cimetidine was revealed to decreased
AUC significantly (371£72 vs 467482, p<0.01), while ranitidine did not (477132 vs 459+109, p>0.05). Sixteen years
later, a clinical trial with similar designs and settings evaluated the interaction between famotidine and LT4.*> No
significant difference on pharmacokinetics properties was detected. Moreover, a retrospective database study with a large
database did not support the interaction either.®> Hence, the interaction of the two drugs remains unknown. If a patient is
suspected of malabsorption of LT4 due to cimetidine, a change to other H2-antagonists is helpful.

Vitamin C

Vitamin C is a common over-The-counter drug and can stimulate the secretion of gastric acid. It is assumed to improve
the efficacy of LT4 by increasing the gastric dissolution. Antiinez et al conducted a 6-week prospective pre-post study on
28 hypothyroid patients.”® TSH levels were significantly reduced after 1 g/day of vitamin C ingestion (9.01£5.51 vs 2.27
+1.61 mU/L, p<0.0001). It is postulated that vitamin C can eliminate the malabsorption in patients with elevated gastric
pH, such as gastritis or PPIs. The study of Jubiz et al supported the hypothesis in 2014.°" They recruited 31 patients with
hypothyroidism and gastritis, and ordered them to take 500 mg/day of vitamin C for 2 months. The median TSH level
decreased from 11.1 to 4.2 mU/L after the co-ingestion of vitamin C (p=0.0001). Hence, vitamin C may be a promising
therapy for those with LT4 malabsorption due to elevated gastric pH.

Medications Affecting the Transport LT4 in the Systemic Circulation

A percentage of ~99.8% of T4 and T3 are bound to serum carriers, such as thyroxine-binding globulin (TBG), albumin
and transthyretin. The TBG binds more than 80% of thyroid hormones. An elevation in TBG reduces the free T3 and free
T4 and leads to hypothyroxinemia. A reduction of TBG works in the opposite way.

Increased need for LT4 was observed in pregnant women and liver cirrhosis.'**'*! The possible cause is the elevated
serum TBG due to higher estrogen levels. In 2001, Arafah recruited 25 hypothyroid postmenopausal patients with
indications for estrogen.®® The thyroid hormones levels were evaluated at baseline and 12 weeks after the initiation of
estrogen. The TBG rose from 20.8+3.1 to 30.844.0 mg/L at 12 weeks (p<0.001). As a consequence, the free T4
decreased from 1.7+£0.4 to 1.4+0.3 ng/dL and TSH rose from 0.9+1.1 to 3.24+3.1 mU/L (p<0.001). Elevated TSH was
also observed in 483 LT4-treated patients dosing estrogen.® Taken together, estrogen supplements can increase the serum
TBG, decrease free T4 and T3, and thus induce hypothyroxinemia. Discontinuation of drugs and dose adjustment of LT4
are required to eliminate the impaired bioavailability.

Besides, rifampin, raloxifene and carbamazepine may also elevate serum TBG.®*%*7%7¢ The elevated TSH levels
returned to reference ranges after the separation dosing of raloxifene and LT4 in the two cases. Further studies are needed
to verify the mechanisms of drugs interactions.

Presumptuously, on the contrary, androgen decreases the TBG and causes hyperthyroxinemia. The hypothesis was
supported by Arafah in 1994.°7 Using the same protocol as mentioned above (Arafah, 2001), the study witnessed
a decreased TBG by over 50% (p<0.001), increased free T4 and decreased TSH in all included patients. The investigator
recommended LT4 doses to be reduced by 25% to 50% to maintain euthyroidism.

Some drugs can compete for the hormone-binding sites. The replacement reduces total T4 and increases renal
clearance. In 1970, Larsen et al conducted an in vivo study in five healthy volunteers with radioisotope labeled thyroxine
and phenytoin.”” The free T4 decreased and the clearance of T4 increased by 20%. Considering that TBG remained
constant and urinary and fecal excretion increased, it is postulated that phenytoin inhibits LT4 absorption and displaces it
from serum proteins. Subsequent studies supported the hypothesis.*

Medications Altering the Catabolism of LT4

In livers and other peripheral organs, T4 is degraded via the deiodination route or the non-deiodination route.
Consequently, T4 is transformed into bioactive hormone, T3, or other inactive metabolites. The T3:T4 and reverse T3:
T4 ratio could indicate alterations of the catabolism of T4.
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Carbamazepine is a drug for the treatment of seizures. A retrospective study by Deluca et al in 1986 evaluated the
efficacy of oral LT4 in five children with epilepsy. After two months of carbamazepine administration, the T4 decreased
from 12.7+1.1 to 7.5£2.3 pg/dL. The T3:T4 ratio elevated significantly (p<0.05), while the change of T3 was not
observed. Consequently, persistent hypothyroidism was most likely be caused by the accelerating turnover of T4 to T3
due to carbamazepine.

Fluoxetine and sertraline are selective serotonin reuptake inhibitors for the treatment of depression. In a prospective
study by de Carvalho et al, fluoxetine could reduce the T4 over the 90-day period and T3 transiently for 30 days in
healthy volunteers.®' Though no significant difference was observed in hypothyroid patients, it was assumed that
fluoxetine could activate the deiodinase. Another case series with sertraline also supported the mechanism.*?

Sorafenib is a multi-kinase inhibitor for advanced cancers. In a prospective, open-label, 26-week study, Abdulrahman
et al evaluated the effect of sorafenib on LT4 and type III deiodinase, which turns T4 to reverse T3 (rT3).*” The thyroid
hormones were tested and compared with baseline values. The T3:T4 ratio decreased (p<0.001) and rT3:T3 and rT3:T4
ratios increased (p<0.001, p=0.036) at the end of the study. The results strongly indicate that sorafenib accelerates the
deiodination of T4. Elevated TSH due to another multi-kinase inhibitor, motesanib, was supposed to work in the same
way.®®

Besides, two other studies on propranolol and amiodarone also observed elevated TSH with decreased T3:T4
ratio.®>%* However, the rT3 was not tested in the two studies. Further observational studies are needed to provide
more information.

Other drugs, such as mifepristone, capecitabine and rifampin are also supposed to interact with T4 in the same
way.®>68698¢ However, T3:T4 or rT3:T4 ratios were not calculated in these case reports and there was no evidence to
support that these drugs could activate deiodinases. T4 could be degraded via the non-deiodinase route. Several drugs,
such as rifampin, phenytoin, imatinib, statins and protease inhibitors, are supposed to affect this route >4¢:68:69.72-75.80.89
Although TSH levels were revealed to be elevated and patients had to dose more LT4, no direct evidence supported the
hypothesis and the mechanism remains unclear. Drug withdrawal and dose adjustment are generally recommended to

eliminate hypothyroid symptoms due to these drugs.

Other Drugs

Metformin

The TSH suppression by metformin was reported in a case series in 2006.°>° All of the four patients with diabetes
administered LT4 for primary hypothyroidism. TSH levels dropped to lower than 0.50 mU/L after the administration of
metformin. Two subsequent observational studies revealed similar results.’®>® Interestingly, metformin suppressed the
TSH (2.37+1.17 vs 1.41£1.21 mU/L, p<0.001), whereas the T3 and T4 levels remained unaltered. The mechanisms of
drugs interactions are supposed to be a) reducing body weight, b) enhancing the inhibitory modulation of thyroid
hormones on central TSH secretion, ¢) changing the affinity and/or the number of thyroid hormone receptors. The LT4
absorption tests observed no effect of metformin on the absorption of oral LT4.”” In 2019, a meta-analysis including 6
randomized controlled trials and 494 patients revealed that metformin could significantly reduce TSH levels but had no
effect on serum free T3 and free T4 levels.'*” The exact mechanism remains to be explored.

Medications with No Interference or Lacking Direct Evidence

Randomized crossover trials or pre-post self-control studies have revealed no LT4 interference by some drugs, such as
ezetimibe, alendronate and glucocorticoid (Figure 2).*2>*7*%2 Some other drugs are revealed to alter the thyroid
hormone levels in non-LT4-treated patients, animals or in vitro studies.'**'** Examples include colestipol, phenobarbital,
nicardipine, chloroquine, tamoxifen, nonsteroidal anti-inflammatory drugs, etc. Further studies are needed to test the
effects of these drugs on the efficacy of LT4.

Food and Beverages
It is widely recognized that LT4 tablets should be ingested on empty stomach early in the morning, 30-60 mins before
breakfast. The interval enables adequate gastric dissolution and avoidance of LT4-food chelation. Randomized open-label
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Figure 2 The summary of interfering drugs and proposed mechanisms.

Notes: Drugs in italics have not been reported to interact with LT4 in human study. These drugs may affect serum thyroid hormone levels in some observational studies
without LT4 dosing. Some other studies revealed the drug interaction by in vitro or animal experiments, or just hypothesis. Notably, most food and beverages impair the
absorption of LT4 by direct complexing. *Malabsorption induced by these drugs have been reported to relieved by novel formulations (liquid solution and/or soft gel capsule).

crossover trials in the USA and Brazil have confirmed that TSH concentrations were significantly higher in patients
taking LT4 tablets with breakfast for 23 months.’***> The LT4 absorption tests uncovered the acute effects of breakfast
on LT4 absorption.94 The C.x decreased by 40—49%, and the T4 AUC 45, decreased by 38—40% in the co-ingestion
groups. In patients with enteral feeding, co-ingestion also elevated TSH levels.'”!

One may suppose that the compositions of diet have influences on LT4 absorption. However, studies disapproved the
hypothesis. Using LT4 absorption tests, Wenzel et al revealed that both lactose and corn starch could decrease LT4
absorption (with or without lactose: 59.0+9.0% vs.79.9+6.4%, p<0.001; with or without corn starch: 68.2+10.4% vs 78.6
+8.6%, p<0.001).”® A retrospective cohort study revealed elevated TSH levels in the soy diet group compared to the non-
soy diet group (p=0.02).'%? The interaction between LT4 and soy diet was supported by several case reports.'*>~'%
Notably, both soy milk and soy-based formula can impaired the bioavailability of LT4 in congenital hypothyroid
infants.'* Since those infants were less able to maintain their thyroid homeostasis, the effect soy supplements in babies
was more severe in comparison with adults on LT4. A long duration of soy supplements was associated with higher risk
of thyroid dysfunction, as revealed by a systematic review.'** Interestingly, soy isoflavones were revealed to transiently
increase reverse levels in a randomized controlled trial.'*® The phenomenon could be explained by inhibited deiodinase 1
and/or 2 activities by isoflavone supplements. Besides, Liel et al reported 13 patients developing LT4 malabsorption due
to fiber-rich diets.'® The adsorption was proved by a subsequent in vitro experiment. To conclude, the carbohydrate-rich
diet, fiber-rich diet and protein-rich diet can impair the absorption of LT4 tablets.

Beverages can also induce LT4 malabsorption. Using LT4 absorption tests, two prospective studies reveal that
coffee and milk decreased LT4 absorption by ~32% and ~10% respectively.””*® A case report also revealed similar
results.'®” Coffee and milk are supposed to interfere with LT4 via adsorption. Another common beverage, grapefruit
juice, may interfere via inhibition of uptake transporters in the intestinal wall. As a randomized, open-label,
crossover trial revealed, grapefruit juice can decrease T4 AUC_4p, by 13% (p<0.05).°> In addition, one case report
showed that papaya could interfere with the absorption of oral LT4.'°® The mechanism is supposed to be the
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reduction of gastric acid secretion and direct binding by papaya juice. Further experiments are needed to prove the
proposed mechanisms.

The standard therapy for food-induced malabsorption is patient education and separation of ingestion. However, the
ingestion separation can cause inconvenience and reduce patient compliance. The introduction of liquid solution and soft-
gel capsule provides more convenient therapy. In 2016, a randomized, double-blind, placebo-controlled, crossover trial
was conducted in 77 hypothyroid patients with liquid LT4."'° No significant difference was detected on T3, T4 and TSH
in the two 6-week periods. Recent studies also supported the superiority of solution and soft-gel capsules over tablets
when taken with food and coffee.”®"'°*!""!"7 From a clinical standpoint, clinicians could recommend novel formulations
to those who have difficulty taking drugs on empty stomachs.

Quality Assessment
In the 15 included randomized controlled trials, seven were rated as good quality (Appendix 4 Supplemental

Tables 1-6), while the remaining ones were of fair quality. The main factor that affected the quality was non-
blindness. Of the 60 pre-port studies, seven were rated as good quality, 48 were of fair quality and 5 were or poor
quality. The main affecting factors were patient selection, non-investigator blindness and not multiple outcome
measurements. Of the 10 observational cohort studies, three were of good quality and seven of fair quality.
Affecting factors included patient selection, outcome assessed prior to exposure measurement and non-investigator
blindness. The quality of case series and case reports were also assessed and the results were presented in Appendix 4
Supplement Tables 1-6.

Discussion
The above parts provide a comprehensive discussion on the types, effects, proposed mechanisms and treatments of
interfering drugs, food and beverages. There are two other topics worth discussing: a) the malabsorption due to which
medications have been proved to be eliminated by novel formulations, and b) which factors reduce the quality of the
included articles.

Liquid Solution and Soft-Gel Capsule

Novel formulations (liquid solutions and soft-gel capsules) are the most exciting advance in the levothyroxine field
during the past 15 years. Liquid solutions are composed of 96% ethanol, 85% glycerol and other excipients. Ethanol can
be totally replaced by glycerol to avoid possible adverse effects on pregnancy and liver. There are two forms of oral
solutions in the markets, namely, pre-dosed ampoules and oral drops. The manufacture of capsules is more complex. The
LT4 powder is dissolved in glycerin solvent and then encapsulated with a soft gelatin shell. After drying, a translucent
flat oval capsule is produced.'*” Disintegration and dissolution, which are essential for tablets, are not needed for
solutions. Both in vitro and in vivo studies revealed a rather faster dissolution profile of soft-gel capsules compared with
tablet one.'*®!** Consequently, novel formulations could reach plasmatic Cpn,y quicker and higher than tablets with
a higher gastrointestinal absorption.'*® Novel formulations can be considered in subjects with hampered LT4 absorption
or who do not allow sufficient time before or after meals for LT4 replacement”.'*!

As revealed by our review, novel formulations can eliminate the malabsorption due to calcium and iron supplements,
basic antacids, sevelamer and PPIs (Figure 2). Another previous review also suggested that liquid formulations could
circumvent gastric pH impairment due to PPIs, calcium or iron supplements, sevelamer, aluminum/ magnesium hydro-
xide and sodium alginate."** It is easy to notice that these drugs work via direct complexing or alkalization.
Presumptuously, novel formulations can ameliorate the LT4 malabsorption due to drugs of the same mechanisms, such
as sucralfate, orlistat, phosphate binders, bile acid sequestrants and H2 antagonists. Subsequent trials can prove or
disapprove our hypothesis.

Limitations of Included Articles
Although there are some well-designed randomized trials and prospective pre-post studies, the majority of included
articles are of moderate or low levels of evidence. Lots of studies are retrospective studies, case series or case reports.
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Besides, there are some problems in the study designs, such as small sample, no blindness, improper participants (healthy
volunteers) and selection outcome report.

Besides, many articles have proposed hypotheses to explain the interactions. Some mechanisms, especially those
accelerating the degradation of LT4, remain to be confirmed by in vitro or in vivo experiments.

There were some similar articles on this topic. In 2017, Skelin et al conducted a systematic review on the factors
affecting gastrointestinal absorption of LT4.'** A total of 109 original articles were included in the final analysis. This
systematic review comprised three major sections, namely, gastrointestinal disorders, food and drugs. In the first section,
several diseases, including celiac disease, lactose intolerance, atrophic gastritis, Helicobacter pylori infection, Giardiasis
and bariatric surgery, were discovered to cause the malabsorption of LT4 in the digestive tract. The second and third
sections also focused on the food and medications which impaired the gastrointestinal absorption of LT4. A similar
systematic review by Wiesner et al was published in 2021.'** A number of 63 studies were included in the qualitative
synthesis. The interactions of LT4 with a lot of food and dietary supplements were discussed. Another review studied the
effect of PPIs on the absorption of LT4.'** Previously published articles focused on the factors which impaired the
gastrointestinal absorption of LT4, whereas the current study also analyzed those agents which affected its in vivo

deiodination, metabolism and clearance.

Conclusion

Lots of medications, food and beverages have been reported to impair the bioavailability of levothyroxine. The proposed
mechanisms of drugs interaction include direct complexing, alkalization, acceleration of catabolism or deiodination, etc.
Although the classes of drugs are various, clinical practitioners should be aware that discontinuation or administration
separation can suppress TSH in most cases. Liquid formulations (solution and soft-gel capsules) can be used in
malabsorption induced by complexing and alkalization. Besides, when encountering patients with refractory hypothyr-
oidism, dose adjustment of LT4, addressing the concomitant diseases, switching to another drug of the same class and
close monitoring are also recommended. Some included studies have intrinsic problems and well-designed studies with
larger samples are expected to provide more solid evidence on the drugs interaction of LT4. Randomized crossover trials
and in vitro experiments are needed to verify the conclusions. Novel formulations of LT4 encapsulated with nanomater-
ials are expected to circumvent the interference between LT4 and other drugs and prolong its administration interval.
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