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Abstract
Thyroid hormones are essential during developmental myelination and may play a direct role in remyelination and repair in the adult 
central nervous system by promoting the differentiation of oligodendrocyte precursor cells into mature oligodendrocytes. Since tri-
iodothyronine (T3) is believed to mediate the majority of important thyroid hormone actions, liothyronine (synthetic T3) has the 
potential to induce reparative mechanisms and limit neurodegeneration in multiple sclerosis (MS). We completed a phase 1b clinical 
trial to determine the safety and tolerability of ascending doses of liothyronine in individuals with relapsing and progressive MS. A 
total of 20 people with MS were enrolled in this single-center trial of oral liothyronine. Eighteen participants completed the 24-week 
study. Our study cohort included mostly women (11/20), majority relapsing MS (12/20), mean age of 46, and baseline median EDSS 
of 3.5. Liothyronine was tolerated well without treatment-related severe/serious adverse events or evidence of disease activation/
clinical deterioration. The most common adverse events included gastrointestinal distress and abnormal thyroid function tests. No 
clinical thyrotoxicosis occurred. Importantly, we did not observe a negative impact on secondary clinical outcome measures. The 
CSF proteomic changes suggest a biological effect of T3 treatment within the CNS. We noted changes primarily in proteins associ-
ated with immune cell function and angiogenesis. Liothyronine appeared safe and was well tolerated in people with MS. A larger 
clinical trial will help assess whether liothyronine can promote oligodendrogenesis and enhance remyelination in vivo, limit axonal 
degeneration, or improve function.
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Introduction

Multiple sclerosis (MS) is a chronic, immune-mediated dis-
ease of the central nervous system (CNS) that is character-
ized by inflammation, demyelination, and neurodegeneration 

[1]. It remains the most common non-traumatic cause of 
neurologic disability in young adults and presents in most 
patients as relapsing–remitting disease [2]. Relapses, caused 
by inflammatory demyelination, can result in a significant 
amount of neurological disability and reduced health-
related quality of life, and having frequent early relapses 
is associated with increased risk of longer-term disability 
[3–6]. Clinical recovery from early relapses is incomplete in 
approximately half of patients with MS [7]. The mechanisms 
underlying relapse recovery are not completely understood.

Remyelination of acutely denuded axons is one mecha-
nism by which relapse recovery may occur. Remyelination 
may occur via newly differentiated oligodendrocytes, which 
are derived from oligodendrocyte precursor cells (OPCs) in 
the CNS. However, despite the presence of this innate repair 
mechanism, many patients later develop progressive func-
tional disability. This may be due to a failure of remyelination 
or because of progressive axonal injury. Chronic demyeli-
nating lesions are surrounded by OPCs and premyelinating 
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oligodendrocytes, which suggest that failed remyelination 
does occur and could be partially due to incomplete oligoden-
drocyte differentiation [8]. Additionally, studies have high-
lighted the importance of mitochondrial dysfunction, perhaps 
related to oxidative stress or increased energy demands, in 
mediating MS disease progression [9, 10]. Mitochondrial 
dysfunction may drive axonal degeneration with resultant 
neurodegeneration and progressive neurological decline 
(progressive MS) [10]. While numerous immune modulat-
ing therapies exist, currently, there is an urgent need for 
novel therapies that have neuroreparative and neuroprotec-
tive properties.

During development, thyroid hormones are essential for 
the development of the nervous system through enhancing 
neurogenesis, synaptogenesis, and glial cell differentiation 
promoting myelination. Hence, thyroid hormones may play 
a direct role in remyelination and repair in the adult CNS by 
promoting maturation of oligodendrocytes. Furthermore, thy-
roid hormones have been shown to reduce oxidative stress and 
thus may have the capacity to prevent mitochondrial dysfunc-
tion as well. In mice, tri-iodothyronine (T3) administration 
has been shown to help facilitate recovery from cuprizone-
induced demyelination [11]. Since T3 is believed to mediate 
the majority of important thyroid hormone actions, liothyro-
nine (synthetic form of T3) has the potential to induce repara-
tive mechanisms and limit secondary neurodegeneration in 
MS. The main goal of this phase 1b study was to assess the 
safety and tolerability of ascending doses of liothyronine in 

individuals with MS. Symptoms and signs of hyperthyroid-
ism could occur in people taking T3, so specific pre-planned 
assessments with interventions have been incorporated into 
our study design. Secondary goals were to evaluate if liothyro-
nine administration has effects on clinical disability measures 
and/or health-reality quality of life measures.

Methods

Overall Study Design and Participation

This was a phase 1b, single center open-label dose escalation 
study that was approved by the Johns Hopkins Medicine Institu-
tional Review Board. All participants provided informed consent 
before enrolling. The clinical trial was registered on clinicaltri-
als.gov (NCT02506751) and the Food and Drug Administra-
tion (FDA) determined that this study met all requirements for 
exemption from investigational new drug (IND) regulations.

A convenience sample of 20 patients with MS was enrolled 
in the study after meeting the inclusion/exclusion criteria (see 
Table 1). The study consisted of a screening and baseline visit, 
followed by visits every 6 weeks for the 24-week duration 
of the study in order for participants to receive their study 
drug and to monitor drug safety and tolerability (see Fig. 1). 
Safety and clinical assessments were obtained throughout the 
study as outlined below. All eligible participants were treated 
with the study drug, liothyronine, as per the standardized 

Table 1  Study inclusion and 
exclusion criteria

a These are common Cytochrome P450 (CYP450) Inducers which could reduce the concentration of liothy-
ronine as this medication is metabolized via the CYP450 system

Inclusion criteria

1. Must meet 2010 McDonald criteria for clinically definite MS
2. Age 18 to 58 years
3. Must be euthyroid
4. EDSS 3.0–7.5
5. Patients may be on MS immunomodulating therapies or immunosuppressant therapies during the study
Exclusion criteria
1. Known thyroid disease (past or current)
2. Currently on thyroid replacement therapy
3. Steroid use within a month of screening
4. History of coronary artery disease, atrial fibrillation, or other clinically significant cardiac disease
5. History of adrenal insufficiency
6. Ongoing renal and/or liver disease
7. Ongoing severe depression and/or anxiety
8. Use of carbamazepine, phenytoin, phenobarbital, warfarin, antacids, cholestyramine, colestipol, sucral-

fate, and  rifampina

9. Known contraindication to using beta-blocker medications
10. History of alcohol or substance abuse in the past 6 months
11. Pregnant or nursing
12. Investigator feels that participation in this study is not in the best interest of the subject
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dose-escalation protocol (not to exceed 75mcg daily, see 
Fig. 1). The study drug dose was increased at the start of 
each 6-week study visit with the last increase occurring at 
week 18 (Fig. 2). The mean and maximum total daily liothy-
ronine doses reached were 48mcg and 75mcg, respectively. 
The study drug was procured, handled, and dispensed by our 
internal Investigational Drug Services pharmacy.

Medication adverse event visits, premature withdrawal 
visits, and unscheduled visits for relapses were conducted 
as needed.

Safety Assessments

During the screening visit, participants had lab work done 
(thyroid stimulating hormone [TSH], comprehensive meta-
bolic panel, urine pregnancy test) to assess for study eligibil-
ity criteria. Serum thyroid function tests (TSH, free thyrox-
ine [T4], and T3) were repeated at every study visit moving 
forward. Participants also underwent blood chemistry testing 
at weeks 6, 12, 18, and 24.

The following pre-defined study drug dosing algorithm 
was used if thyroid dysfunction (clinical or bio-chemical) 
was detected during the study: (A) symptoms of anxiety, 
tremor and insomnia led to a dose reduction to former dose 
irrespective of the serum T3 level. If symptoms persisted 
1 week after dose reduction, another dose reduction was 
implemented; (B) palpitations were evaluated with an 
electrocardiogram (ECG) to assess for rhythm abnormali-
ties and then managed with a dose reduction regardless of 
ECG findings. If symptoms persisted after 1 week, another 

dose reduction was done; and (C) if a subject’s serum TSH 
dropped to < 0.5 mU/L and/or serum T3 was greater than 
10% above the upper limit of normal, the study drug dose 
was reduced to the subject’s previously-administered dose. 
Additional pre-defined monitoring for adverse effects (AEs) 
was performed throughout the study including assessing 
vital signs (pulse rate, blood pressure, and temperature), 
weight, and urine pregnancy test every 6 weeks, and sub-
jects completed a hyperthyroid symptom scale (HSS) score 
to assess for thyrotoxic symptoms at weeks 3, 9, 15, and 21. 
The HSS score was collected between the in-person study 
visits for additional safety monitoring [12]. Subjects were 
also contacted after they tapered off liothyronine in order to 
assess difficulties with the wean, and an unscheduled study 
visit was performed if withdrawal issues occurred.

In compliance with the FDA regulations on assessing for 
suicidality in prospective trials, the Columbia Classification 
Algorithm for Suicide Assessment was administered at all 
in-person study visits.

All safety data were recorded per International Confer-
ence on Harmonization (ICH) Guideline for Good Clinical 
Practice E6(R1) and all AEs were graded based on the 
National Cancer Institute’s Common Terminology Criteria 
for AEs (version 4.0). In order to adhere to the ICH guide-
lines for reporting serious adverse events (SAE), the IRB 
was notified within 24 hours of the study staff becoming 
aware of a SAE.

The study drug was to be permanently discontinued for 
one or more of the following pre-defined reasons: (A) if 
a participant developed intolerable thyrotoxic symptoms, 

Fig. 1  Study design
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(B) if a participant’s thyroid function tests remain abnor-
mal despite dose reduction of study drug, (C) if the par-
ticipant became pregnant or suicidal, (D) if the participant 
experienced a grade 3 or higher AE that was reported as 
possibly related to the study drug, and (E) if the partici-
pant or treating physician wanted to prematurely withdraw 
them from the study.

The data safety monitoring board consisted of two 
endocrinologists (JSRM and DSC) and one neurologist 
(EMM). The DSMB met on a predetermined schedule 
(every 6 months until completion of the trial) and any time 
an SAE occurred.

Clinical Monitoring Measures

Clinical measures were obtained to assess for changes in 
clinical and patient-reported outcome measures during the 
course of the study (see Fig. 1). Specifically, these meas-
ures were being done to monitor for signs and/or symptoms 
associated with a negative impact of liothyronine on MS. 
Overall disability was measured by the Expanded Disabil-
ity Status Scale (EDSS) and multiple sclerosis functional 

composite (MSFC) scores: EDSS was administered at the 
screening, week 12, and end of study visits; MSFC was 
administered at the screening, baseline, and end of study 
visits. A participant was considered to have progression 
of disability if there was an increase in their EDSS score 
by at least 1.0 point at the end of the study or worsening of 
the score of at least one MSFC component by 20% or more 
at the end of the study [13]. The Symbol Digit Modali-
ties Test (SDMT) and Functional Assessment of Multiple 
Sclerosis (FAMS) were administered at the baseline and 
end of study visits [14]. Mood was assessed with the Beck 
Depression Inventory II (BDI-II), a 21-item self-report 
instrument for measuring the severity of depression. The 
BDI-II was administered at the screening and end of study 
visits. Mood 24/7 was used to record participants’ daily 
mood (via “Mood24/7”; http:// www. mood2 47. com); this is 
a free service that texts mobile phones daily asking to rate 
participant’s moods on a scale of 1 (low) through 10 (high). 
Subject’s Mood 24/7 entries were assessed at the final visit, 
when we received a printout of the course of participant’s 
mood during the study. Participants started recording their 
daily mood at the screening visit.

Fig. 2  Change in liothyronine 
dose escalation schedule

http://www.mood247.com
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Exploratory Biomarkers

Serum and cerebrospinal fluid (CSF) were collected at 
baseline and end of study in order to assess liothyronine’s 
impact on neurotrophic/neuroprotective markers. SOMAs-
can platform (DNA aptamer based detection of proteins) 
was used to detect and quantify a panel of 1314 proteins 
in the CSF. 

Statistical Analysis

Descriptive and summary statistics for actual values and 
change from baseline for the primary safety outcome are 
shown where appropriate. Safety data was captured in real 
time, and assessments were focused on AEs (including study 
treatment tolerability assessments, laboratory evaluations, 
vital signs, and physical examination) and reported as such. 
The incidence rate of AEs was recorded by system organ 
class, severity, and by relationship to the study treatment. 
Overall summary of relevant AEs was reported if occurrence 
was greater than 10% of participants. Tolerability analysis 
was based on the number (%) of subjects who failed to com-
plete the study due to adverse events. SAEs are reported 
using descriptive statistics.

We assessed safety and tolerability of liothyronine in 
longitudinal analyses using mixed-effect regression mod-
els. Our initial analysis examined changes in serum thyroid 
function test scores and in measurements of EDSS, timed 
walking tests and health-related quality of life. Parameters 
of serum test scores, timed 25-foot walk test (T25FW) and 
nine-hole peg test (9HPT) were log-transformed to meet the 
normality assumption of the model. We further analyzed the 
changes in the main outcomes after adjusting for relevant 
characteristics (age, gender, BMI) as well as MS disease 
duration. We also considered the effect on the outcomes 
between the two different disease subtypes (relapsing and 
progressive MS), and we additionally fitted models after 
adjusting for the interaction of disease subtype with time. 
The correlations were examined by using analysis of vari-
ance (ANOVA) method. We performed subgroup analyses 
using similar models to describe the changes for each of the 
disease subtypes.

We used a Wilcoxon Rank Sum test to determine if CSF 
proteins changed significantly over the course of the study. We 
used PANTHER and STRING databases to perform pathway 
enrichment analyses to determine the functional relevance of 
the changes in the proteome. No specific adjustments were made 
prior to the CSF analysis since the data analyzed was assessing 
protein changes at the individual level (within participant).

Results

Baseline Demographics and Clinical Characteristics

Study participants were recruited from the Johns Hopkins 
MS Center between 8/28/2015 and 3/22/2017. A total of 
22 patients with MS were screened with one screen fail-
ure noted due to an abnormal screening TSH and another 
screen failure due to ongoing severe depression. Twenty 
eligible patients with MS enrolled in the study, 18 of 
whom completed the study. Enrolled participants included; 
mostly woman (11/20), majority relapsing MS (12/20), mean 
age 46, and screening median (interquartile range) for EDSS 
was 3.5 (3.5–6.0). See Table 2 for the full details of our 
study cohorts’ baseline characteristics. Relevant baseline 
safety and clinical assessments are in Table 3.

Table 2  Participants baseline demographics and clinical characteris-
tics

N sample size, SD standard deviation, kg/m2 kilograms per meter 
squared, EDSS Expanded Disability Status Scale, IQR Interquartile 
range
a Screened 22 with 2 screen failures: 1 abnormal TSH and 1 severe 
depression

Baseline
(Week 0)

Na 20
Age, years, mean (SD) 46.4 (8.5)
Female sex, n (%) 11 (55%)
Race, n (%)

  Black 4 (20%)
  White 15 (75%)
  Other 1 (5%)

Body mass index, kg/m2, mean (SD) 26.7 (5.0)
Age at first symptom, years, mean (SD) 34.5 (8.1)
Age at diagnosis, years, mean (SD) 36.6 (8.5)
Disease duration, years, mean (SD) 9.8 (5.6)
Disease subtype

  Relapsing–remitting, n (%) 12 (60%)
  Progressive, n (%) 8 (40%)

Multiple sclerosis disease modifying therapy, n (%) 17 (85%)
  Glatiramer acetate, 1
  Dimethyl Fumarate, 4
  Fingolimod, 2
  Natalizumab, 7
  Rituximab, 3

EDSS, median, (IQR) 3.5 (3.5–6.0)
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Overall Safety and Tolerability

The majority of study participants completed the trial 
(18/20, 90%), and there were no deaths. Only one partici-
pant self-discontinued the study drug after their week 18 
visit due to treatment-emergent AE that was deemed pos-
sibly related to study drug. The participant developed bowel 
incontinence and abdominal pain which resolved after stop-
ping the study drug. Notably, this participant had a prior his-
tory of diverticulitis and a long-standing history of irritable 
bowel syndrome.

The most common relevant AEs reported during the 
study (in order of prevalence) included gastrointestinal dis-
tress, fatigue, headaches (HAs), insomnia, and palpitations. 
The majority of these AEs were grade 1 and self-limiting 
without intervention even in the setting of continuing the 
study drug and none occurred during the wean off time 
period. Importantly, the ECGs of participants were stable 
throughout the study and required no dose adjustment of 
the study drug. Additionally, the aforementioned partici-
pant with bowel incontinence took anti-diarrheal medica-
tions and was reported as a grade 2 AE. The full details 
of the overall summary of relevant AEs reported based on 
number of events and unique patients associated with these 
events are in Table 4. There were only two SAEs reported 
throughout the duration of the study, neither of which were 
thought to be study drug related (Table 5). In addition, the 
HSS score did not change throughout the study for partici-
pants (Fig. 3a), and no unscheduled visits were required for 
clinical thyrotoxicosis.

No relapses or disability progression occurred during 
the study. One participant changed their disease modifying 
therapy at week 19 due to preference in route of administra-
tion (fingolimod to ocrelizumab).

Impact on Safety Lab Monitoring and Study  
Drug Regimen

Serum thyroid function tests did change over time but did 
not result in clinical thyrotoxicosis. Four out of the ini-
tial 7 study participants had to reduce T3 dose over the 
course of the study because the initial study protocol man-
dated that this would be needed in the context of an evolv-
ing bio-chemical thyrotoxicosis (asymptomatic low TSH 
[< 0.5 mU/L]). In response to this common occurrence, the 
DSMB recommended changing the dose escalation schedule 
(see dosing schedule chart, Fig. 2) and to only decrease the 
study drug dose if the participant’s TSH was < 0.5 mU/L  

Table 3  Relevant baseline 
safety and clinical assessments

MSFC multiple sclerosis functional composite, ECG electrocardiogram, PASAT paced auditory serial
Addition test: SDMT Symbol Digit Modalities Test, FAMS Functional Assessment of Multiple Sclerosis
a Incomplete bundle branch block, sinus tachycardia, non-specific T-wave changes, possible left atrial 
abnormalities, sinus bradycardia

  Serum thyroid function tests
  Thyroid stimulating hormone, median (Q1-Q3) 1.7 (1.3–2.4)
  tri-iodothyronine [T3], median (Q1-Q3) 1.1 (1.0–1.2)
  free thyroxine [T4], median (Q1-Q3) 1.2 (1.2–1.3)

Hyperthyroid symptom scale [HSS] score, median (Q1-Q3) 8.0 (3.50–8.0)
ECG, abnormal-not clinically significanta, n (%) 5 (0.25)
MSFC components

  25-foot walking speed, median (Q1-Q3) 7.1 (5.5–17.5)
  PASAT, median (Q1-Q3) 52.5 (46.5–58.0)
  9-hole peg test, median (Q1-Q3) 24.6 (22.1–32.0)

SDMT, median (Q1-Q3) 53.0 (44.0–57.0)
Overall FAMS, median (Q1-Q3) 121.5 (104.8–142.0)

Table 4  Overall summary of relevant adverse events (occurring > 10%)

a Individual symptoms counted each time reported (most Grade 1 and 
self-limiting; one participant had Grade 2 for bowel incontinence)
b loose stool/diarrhea, flatulence, appetite changes, bowel urgency/
incontinence, abdominal pain, constipation, nausea, vomiting, heart-
burn, GI upset

Adverse Event Number of 
eventsa

Number 
of unique 
patients

Any adverse event 255
Most common adverse events associated with treatment
Gastrointestinalb 39 9
Endocrine/Metabolic

  TSH 8 8
  T3 5 4

Headache 19 7
Fatigue 26 7
Insomnia 12 5
Tachycardia/palpitations 3 3
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and was associated with hyperthyroid symptoms (clinical 
thyrotoxicosis). No other changes were made to the study 
drug dosing algorithm for emerging thyroid dysfunction 
(bio-chemical or clinical), since other pre-defined safety 
measures were not impacted as defined by the study protocol.

Participants 8 through 20 did not require a dose reduction 
after the revised dose escalation schedule was implemented. 
Moreover, fewer systemic side effects were observed with the 
new dose escalation regimen. Specifically, the gastrointestinal 
AEs decreased to 33% from 70% and HAs decreased to 8% 
compared to 86%.

Impact on Secondary Clinical Outcome Measures

The EDSS remained stable throughout the study (Fig. 3b) 
for the entire cohort as did the SDMT, MSFC, FAMS, and 
Mood 24/7 (Fig. 3c).

In the pre-planned subgroup analyses, the majority of 
clinical measures were unchanged from baseline to end 
of study for both relapsing (n = 12) and progressive MS 
(n = 8) patients. The T25FW slightly improved in progres-
sive patients and there was a trend for improved thinking/
fatigue on FAMS in relapsing patients (Tables 6 [relaps-
ing MS] and 7 [progressive MS]).

Impact on Exploratory CSF Biomarkers

CSF was collected at baseline and end of study 
(24  weeks) as an exploratory outcome for treatment 
response in 16 patients. A proteomics platform was used 
to assess the effect of liothyronine treatment on the CSF 
proteome in MS.

Of the measured proteins, 46 changed (19 increased and 
27 decreased) over the course of the study (p < 0.05). These 
included proteins related to immune function such as TACI, 
NKp46, IgA, and IgD and angiogenesis such as Cadherin-5, 
sTIE-1, and ANGPT2. Enrichment analyses using PAN-
THER and STRING databases revealed that the biological 
processes that were over-represented included angiogenesis 
and innate and adaptive immune function (Fig. 4). Angiogen-
esis-related proteins predominantly demonstrated an increase 
with liothyronine treatment and the majority of immune-
related proteins decreased with treatment (Table 8).

Discussion

This phase 1b open-label, dose-escalation clinical trial in 
people with MS demonstrated that liothyronine was well-
tolerated without treatment-related severe and/or serious 
adverse events. In fact, the majority of participants com-
pleted the trial (90%). Moreover, there was no evidence of 
MS disease activation or clinical deterioration for the dura-
tion of the study. Similar tolerability and trial adherence 
were seen in another phase 1 trial with liothyronine, which 
reinforces its possible use as an add-on therapy in MS with 
the treatment goals of remyelination and neuroprotection in 
people with MS [15].

It is well-established that thyroid hormones are critical 
for brain development, including myelination. Every cell and 
organ system, including the CNS, is influenced by thyroid 
hormones (T4 and T3) [16]. During development, thyroid 
hormones bind to thyroid hormone receptors alpha and beta, 
allowing nuclear translocation and altered gene transcrip-
tion, which facilitates maturation of oligodendrocytes and 
enhances myelination [17]. In addition, other processes asso-
ciated with terminal brain differentiation are regulated by 
thyroid hormones, including dendritic and axonal growth, 
synaptogenesis, and neuronal migration [17]. In adults, thy-
roid hormone is important for neuronal health and remy-
elination. While these developmental roles of thyroid hor-
mones are well known, thyroid hormones may also play a 
critical role in the adult CNS not only for maintenance of 
tissues, but also during remyelination and repair [18]. In 
addition, thyroid hormones may help prevent oxidative stress 
in astrocytes via maintaining glutathione homeostasis, which 
may be critical for protecting neurons [19]. Moreover, thy-
roid hormone plays an essential role in decreasing mitochon-
drial stress, which may limit apoptosis and facilitate cellular 
reparative processes [20–22].

Since thyroid hormones appear to play a role in remyelina-
tion and axon preservation within the CNS, processes that are 
affected by MS, thyroid hormones represent worthwhile can-
didates for putative neuroreparative and neuroprotective tri-
als. Specifically, T3 analogs appear to be the most promising 
agents because T3 is believed to mediate the most important 
thyroid hormone actions. Hence, liothyronine was chosen as 
the candidate agent for our study. Of course, it is critical to 

Table 5  Serious adverse events 
reported

Participant Weeks 
into 
study

Related to 
Intervention

Outcome Description of serious adverse events

9 13 No Resolved Hospitalization for urinary tract infection
15 6 No Surgery, chemo-

therapy, and 
radiation

Hospitalization for severe back pain; found to 
have lumbar stenosis due to plasmacytoma
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Fig. 3  a Impact of liothyronine 
on Hyperthyroid Symptom 
Scale; b Impact of Liothyronine 
on Expanded Disability Status 
Scale; c Impact of Liothyronine 
on Mood 24/7
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establish that a T3 analog is safe and tolerable to use in MS 
especially in euthyroid patients who are on MS DMTs.

In our study, the most common adverse events included 
gastrointestinal distress and abnormal thyroid function 
tests, although no clinical thyrotoxicosis occurred or was 
unmasked over time. The gastrointestinal symptoms were 
self-resolving except for one participant who decided to stop 
the study medication. As previously mentioned, this par-
ticipant had a prior history of irritable bowel syndrome and 
diverticulitis, highlighting that thyromimetics might not be 
appropriate for patients with pre-existing bowel disorders/
diseases. On the other hand, weight-based dosing earlier in 
the course of treatment may also help minimize side effects, 
as was observed after the dosing regimen was revised in our 
study (Fig. 2).

The use of T3 in euthyroid subjects has been studied out-
side of MS and was found to be safe, including at higher 
doses than our study. The randomized clinical trials using 
T3 supplementation in euthyroid patients with medication-
resistant depression have generally been short term and  
have used a wide range of doses. These studies have shown 
preliminary efficacy in ameliorating refractory depression, 
suggesting that T3 may impact on CNS processes. While 
there is limited information on the effects on bio-chemical  
markers of thyroid function or the rates of thyrotoxic 

symptoms in patients, high rates of significant adverse 
effects have not been reported [23]. A recent case review 
study of 159 patients with treatment-resistant bipolar dis-
ease who used T3 augmentation therapy at an average dose 
of 90.4 mcg (range; 13–188mcg) also reported low rates 
of adverse effects. The most common adverse effect was 
tremor, which responded to T3 dose reduction. Only one 
patient with a prior history of atrial fibrillation experienced 
recurrence of the arrhythmia while on 125mcg of T3 sup-
plementation. The patient was treated successfully with a 
change in her medication regimen, including T3 dose reduc-
tion [23]. Overall, the experience from these studies suggests 
that T3 supplementation in appropriately chosen euthyroid 
patients is well tolerated.

Even though multiple studies have now shown T3 admin-
istration to be generally tolerable and safe, a selective thy-
roid receptor-beta thyromimetic may be preferred in patients 
with certain co-morbidities. A selective thyromimetic could 
prove to be more efficacious and better tolerated since there 
should be fewer systemic side effects when thyroid recep-
tor-alpha is not targeted [24]. However, there is a lack of 
comparative data showing a clinically meaningful difference 
between non-selective and selective thyromimetics.

Table 6  Change in clinical measures from baseline to end of study in 
relapsing–remitting MS

EDSS Expanded Disability Status Scale, MSFC multiple sclerosis func-
tional composite, T25fw timed 25 foot walk test, 9HPT nine-hole peg 
test, SDMT Symbol Digit Modalities Test, PASAT paced auditory serial 
addition test, FAMS Functional Assessment of Multiple Sclerosis
a Each outcome were adjusted for age, sex, body mass index, and MS 
duration for analysis. Higher scores on the FAMS indicate a better 
quality of life and numbers shown in table are the adjusted numbers 
from the multivariate analysis

Outcomes Results of multivariate 
regression modela

n = 12 Estimate (± s.d.) p-value
EDSS − 0.29 (0.19) 0.17
(log) T25fw 0.021 (0.044) 0.65
(log) 9HPT 0.015 (0.022) 0.51
SDMT − 1.42 (2.10) 0.52
PASAT 0.79 (1.20) 0.53
FAMS Total 3.76 (5.12) 0.48

  Mobility 0.98 (1.12) 0.41
  Symptoms 0.20 (0.94) 0.84
  Thinking and fatigue 3.64 (1.66) 0.06
  General contentment − 0.22 (1.33) 0.87
  Emotional well-

being
0.15 (1.11) 0.89

  Social well-being − 0.53 (0.64) 0.43

Table 7  Change in clinical measures from baseline to end of study in 
progressive MS

EDSS Expanded Disability Status Scale, MSFC multiple sclerosis func-
tional composite, T25fw timed 25 foot walk test, 9HPT nine-hole peg 
test, SDMT Symbol Digit Modalities Test, PASAT paced auditory serial 
addition test, FAMS Functional Assessment of Multiple Sclerosis
a Each outcome were adjusted for age, sex, body mass index, and MS 
duration for analysis. Higher scores on the FAMS indicate a better 
quality of life and numbers shown in table are the adjusted numbers 
from the multivariate analysis

Outcomes Results of multivariate 
regression modela

n = 8 Estimate (± s.d.) p-value
EDSS − 0.024 (0.12) 0.85
(log) T25fw − 0.33 (0.063) 0.01
(log) 9HPT − 0.011 (0.046) 0.82
SDMT 2.40 (1.26) 0.12
PASAT − 1.53 (1.64) 0.39
FAMS Total 1.40 (3.37) 0.69

  Mobility 0.78 (0.97) 0.46
  Symptoms 0.83 (1.74) 0.65
  Thinking and 

fatigue
− 1.21 (1.88) 0.55

  General content-
ment

− 0.59 (0.96) 0.57

  Emotional well-
being

1.16 (1.37) 0.43

  Social well-being 0.18 (1.01) 0.87
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While our study was a phase 1b safety and tolerability 
study, we were interested in assessing whether there were 
trends for improvement in clinical measures, since T3 admin-
istration has shown the potential to induce reparative mecha-
nisms and possibly limit secondary neurodegeneration in MS 
[11, 25–27]. We noted a change in the T25FW in progressive 
patients and trend for improved thinking/fatigue in relapsing 
patients on the SF36. Although these changes may be of inter-
est, they need to be interpreted with caution due to the small 
sample size, short duration of trial, lack of comparator group, 
and open-label nature of the study. Moreover, type 1 errors 
can be inflated in certain small group analyses and we do not 

want to underestimate the potential for an endocrine effect 
on the clinical measures versus a neuroprotective or remy-
elinating effect. Importantly, we did not observe a negative 
impact on other clinical measures (e.g., EDSS, MSFC, Mood 
24/7) which could have occurred despite T3’s putative mecha-
nism of action in MS as was seen in prior clinical trials using 
cytokine modulators, Lenercept and Infliximab, and a peptide 
analog of human myelin basic protein, Tiplimotide [28].

The CSF proteomic changes suggest a biological effect of 
T3 treatment within the CNS. We noted changes primarily 
in proteins associated with immune cell function and angio-
genesis. Even though these findings are keeping with known 

Fig. 4  Enrichment analyses revealed over-represented angiogenesis and innate and adaptive immune function
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functions of thyroid hormone in supporting angiogenesis 
and neovascularization, we cannot exclude the possibility of 
chance leading to these changes/findings [29]. Nonetheless, 
these findings are intriguing because angiogenesis has been 
noted in MS plaques and in animal models of MS and angio-
genesis can be closely intertwined with OPC maturation in 
neurovascular niches in the brain with some experts sug-
gesting that angiogenesis may promote neuroregeneration 
[30]. Additionally, there is extensive evidence of the role 
of thyroid hormone in modulating immune cell function. 
Indeed, normal thyroid hormone signaling results in optimal 
macrophage functioning but either hypothyroidism or hyper-
thyroidism can lead to increased inflammatory responses  
and NLRP3 inflammasome activation [31]. However, cau-
tion is advised with interpreting the impact of liothyronine 
on the exploratory CSF biomarker findings given the small 
sample size and short duration of the study. A larger clinical 
trial would help determine whether these observed changes 
have a biological effect that is clinically meaningful.

There are several limitations worth mentioning. First, this 
trial included a small sample size and was short in dura-
tion, which only provides short-term safety and tolerability 
side effect profiles. Also, there was not a comparison group 
(placebo). This is expected for a phase 1 safety clinical trial 
with the recognition of possible different and/or more severe 
adverse events with longer-term exposure to a study drug. 
Second, the patient population enrolled was clinically het-
erogenous (relapsing and progressive patients with varying 

disease duration and DMTs), and the inclusion EDSS was 
restrictive. Future larger studies might identify whether age 
and/or disability status modifies the effects of liothyronine 
on remyelination and recovery. Finally, we did not include 
an imaging marker of remyelination, though such a marker 
remains incompletely validated and MRI is more commonly 
used in later stage clinical trials (e.g., phases 2 and 3).

This phase 1b study provides safety and tolerability 
data for using liothyronine in MS and could serve as first 
step towards another dose-titration study with examina-
tion of CNS penetration to find the highest tolerated dose 
for a Phase 2a proof of concept study. Moreover, a larger 
clinical trial could determine whether liothyronine can 
promote oligodendrogenesis and enhance remyelination 
in vivo, limit axonal degeneration, and improve func-
tion. Reassuringly, since clinical thyrotoxicosis did not 
occur in our study, it is reasonable to assume that larger 
trials could be successfully blinded. Future studies may 
also need to consider combination therapies that focus on 
different aspects of augmenting remyelination and repair 
in MS [32].
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Table 8  Top proteins altered by liothyronine treatment

Protein symbol Name Log2 fold change Direction of change p-value

Cadherin-5 Vascular endothelial cadherin 0.13 Increased 4.20E-04
SHBG Sex hormone binding globulin 0.35 Increased 0.002
TACI Transmembrane activator and CAML interactor − 0.12 Decreased 0.002
Elafin Peptidase inhibitor 3  − 0.21 Decreased 0.002
NKp46 Natural cytotoxicity triggering receptor 1 − 0.10 Decreased 0.004
sTie-1 Tyrosine kinase with Ig and EGF homology domains 1 0.15 Increased 0.004
IgA Immunoglobulin A − 0.27 Decreased 0.005
IgD Immunoglobulin D − 0.50 Decreased 0.005
NME1 Nucleoside diphosphate kinase A − 0.20 Decreased 0.005
PLA2G5 Phospholipase A2 group V 0.33 Increased 0.006
PAPP-A Pregnancy-associated plasma protein A 0.11 Increased 0.009
MAPK9 Mitogen-activated protein kinase 9 0.08 Increased 0.010
EphA1 Ephrin A1 0.06 Increased 0.012
TFF1 Trefoil factor 1 0.06 Increased 0.013
CFHR5 Complement factor H related protein 5 0.15 Increased 0.014
SOD Superoxide dismutase − 0.10 Decreased 0.016
SLAF7 SLAM family member 7 − 0.35 Decreased 0.016
IL-1Ra Interleukin-1 receptor a − 0.07 Decreased 0.018
OAS1 2′-5′-oligoadenylate synthase 1 0.06 Increased 0.023
BGH3 Transforming growth factor-beta-induced protein ig-h3 0.11 Increased 0.040
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need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Adams RD, Salam-Adams M. Chronic nontraumatic diseases of 
the spinal cord. Neurol Clin. 1991;9(3):605–23.

 2. Anderson DW, Ellenberg JH, Leventhal CM, et al. Revised esti-
mate of the prevalence of multiple sclerosis in the United States. 
Ann Neurol. 1992;31(3):333–6.

 3. Karampampa K, Gustavsson A, Miltenburger C, Eckert B. Treatment 
experience, burden and unmet needs (TRIBUNE) in MS study: results 
from five European countries. Mult Scler. 2012;18(2 Suppl):7–15.

 4. Orme M, Kerrigan J, Tyas D, Russell N, Nixon R. The effect 
of disease, functional status, and relapses on the utility 
of people with multiple sclerosis in the UK. Value Health. 
2007;10:54–60.

 5. Scott TF, Schramke CJ. Poor recovery after the first two attacks 
of multiple sclerosis is associated with poor outcome five years 
later. J Neurol Sci. 2010;292:52–6.

 6. Sormani M, Li DK, Bruzzi P, et al. Combined MRI lesions and 
relapses as a surrogate for disability in multiple sclerosis. Neurol-
ogy. 2011;77:1684–90.

 7. Mowry EM, Pesic M, Grimes B, Deen S, Bacchetti P, Waubant 
E. Demyelinating events in early multiple sclerosis have inherent 
severity and recovery. Neurology. 2009;72:602–8.

 8. Chang A, Tourtellotte WW, Rudick R, Trapp BD. Premyelinating 
oligodendrocytes in chronic lesions of multiple sclerosis. N Engl 
J Med. 2002;346(3):165–73.

 9. Witte ME, Bo L, Rodenburg RJ, et al. Enhanced number and 
activity of mitochondria in multiple sclerosis lesions. J Pathol. 
2009;219:193–204.

 10. van Horssen J, Witte M, Ciccarelli O. The role of mitochon-
dria in axonal degeneration and tissue repair in MS. Mult Scler. 
2012;18(8):1058–67.

 11. Harsan L, Steibel J, Zaremba A, et al. Recovery from chronic 
demyelination by thyroid hormone therapy; myelinogenesis induc-
tion and assessment by diffusion tensor magnetic resonance imag-
ing. J Neurosci. 2008;28(52):14189–201.

 12. Vos XG, Smit N, Endert E, et al. Age and stress as determinants 
of the severity of hyperthyroidism caused by Graves’ disease in 
newly diagnosed patients. Eur J Endocrinol. 2009;160(2):193–9.

 13. Rudick RA, Polman CH, Cohen JA, et al. Assessing disability 
progression with the multiple sclerosis functional composite. Mult 
Scler. 2009;15:984–97.

 14. Cella DF, Dineen K, Arnason B, et al. Validation of the functional 
assessment of multiple sclerosis quality of life instrument. Neurol-
ogy. 1996;47(1):129–39.

 15. Wooliscroft L, Altowaijri G, Hildebrand A, et al. Phase I rand-
omized trial of liothyronine for remyelination in multiple sclero-
sis: a dose-ranging study with assessment of reliability of visual 
outcomes. Mult Scler Relat Disord. 2020;41:102015.

 16. Brenta G, Danzi S, Klein I. Potential therapeutic applications 
of thyroid hormone analogs. Nat Clin Pract Endocrinol Metab. 
2007;3(9):632–40.

 17. Oppenheimer JH, Schwartz HL. Molecular basis of thyroid hormone-
dependent brain development. Endocr Rev. 1997;18(4):462–75.

 18. Lamirand A, Pallud-Mothre S, Ramauge M, et al. Oxidative stress 
regulates type 3 deiodinase and type 2 deiodinase in cultured rat 
astrocytes. Endocrinology. 2008;149(7):3713–21.

 19. Wrutniak-Cabello C, Casas F, Cabello G. Thyroid hormone action 
in mitochondria. J Mol Endocrinol. 2001;26(1):67–77.

 20. Menzies KJ, Robinson BH, Hood DA. Effect of thyroid hor-
mone on mitochondrial properties and oxidative stress in cells 
from patients with mtDNA defects. Am J Physiol Cell Physiol. 
2009;296(2):C355–62.

 21. Harper ME, Seifert EL. Thyroid hormone effects on mitochondrial 
energetics. Thyroid. 2008;18(2):145–56.

 22. Jansen J, Friesema E, Milici C, et al. Thyroid hormone transport-
ers in health and disease. Thyroid. 2005;15(8):757–67.

 23. Kelly T, Lieberman D. The use of triiodothyronine as an augmen-
tation agent in treatment-resistant bipolar II and bipolar disorder 
NOS. J Affect Disord. 2009;116(3):222–6.

 24. Chaudhary P, Marracci GH, Calkins E, et al. Thyroid hormone and 
thyromimetics inhibit myelin and axonal degeneration and oligo-
dendrocyte loss in EAE. J Neuroimmunol. 2021;15(352):577468.

 25. Franco PG, Silvestroff L, Soto EF, Pasquini JM. Thyroid hor-
mones promote differentiation of oligodendrocyte progenitor cells 
and improve remyelination after cuprizone-induced demyelina-
tion. Exp Neurol. 2008;212(2):458–67.

 26. D’Intino G, Lorenzini L, Fernandez M, et al. Triiodothyronine 
administration ameliorates the demyelination/remyelination ratio 
in a non-human primate model of multiple sclerosis by correcting 
tissue hypothyroidism. J Neuroendocrinol. 2011;23(9):778–90.

 27. Baxi EG, Schott JT, Fairchild AN, et al. A selective thyroid hor-
mone β receptor agonist enhances human and rodent oligodendro-
cyte differentiation. Glia. 2014;62(9):1513–29.

 28. Wiendl H, Hohlfeld R. Therapeutic approaches in multiple sclero-
sis: lessons from failed and interrupted treatment trials. BioDrugs. 
2002;16(3):183–200.

 29. Mousa SA, Lin HY, Tang HY, Hercbergs A, Luidens MK, Davis 
PJ. Modulation of angiogenesis by thyroid hormone and hormone 
analogues: implications for cancer management. Angiogenesis. 
2014;17(3):463–9.

 30. Girolamo F, Coppola C, Ribatti D, et al. Angiogenesis in multiple 
sclerosis and experimental autoimmune encephalomyelitis. Acta 
Neuropathol Commun. 2014;2:84.

 31. De Luca R, Davis PJ, Lin HY, et al. Thyroid hormones interaction 
with immune response, inflammation and non-thyroidal illness 
syndrome. Front Cell Dev Biol. 2021;21(8):614030.

 32. Gharagozloo M, Bannon R, Calabresi PA. Breaking the barriers to remy-
elination in multiple sclerosis. Curr Opin Pharmacol. 2022;63:102194.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://creativecommons.org/licenses/by/4.0/

	A Phase 1b, Open-Label Study to Evaluate the Safety and Tolerability of the Putative Remyelinating Agent, Liothyronine, in Individuals with MS
	Abstract
	Introduction
	Methods
	Overall Study Design and Participation
	Safety Assessments
	Clinical Monitoring Measures
	Exploratory Biomarkers
	Statistical Analysis

	Results
	Baseline Demographics and Clinical Characteristics
	Overall Safety and Tolerability
	Impact on Safety Lab Monitoring and Study Drug Regimen
	Impact on Secondary Clinical Outcome Measures
	Impact on Exploratory CSF Biomarkers

	Discussion
	Acknowledgements 
	References


