
YALE JOURNAL OF BIOLOGY AND MEDICINE 93 (2020), pp.759-763.

Mini-Review

Amlexanox: A Novel Therapeutic for Atopic, 
Metabolic, and Inflammatory Disease
Amrita Dosanjha,* and Cindy Y. Wonb

aDepartment of Pediatrics, RCHSD, San Diego, CA; bBrown University, Providence, RI 

Amlexanox, a small molecule targeted therapy which has been used in the treatment of atopic conditions 
was previously but is not currently available in the United States. Amlexanox has also been legally 
utilized and administered in Japan as a treatment for asthma, a chronic pulmonary disease characterized 
by inflammation of the lower respiratory tract. Amlexanox’s immune modulatory effects have been the 
subject of studies which have repurposed the drug for potential therapeutic applications in metabolic 
and inflammatory disease. Because amlexanox inhibits TANK-binding kinase1 (TBK1) and nuclear 
factor kB kinase epsilon (IKKε), several studies have demonstrated its usefulness through its evidence 
downregulation of the immune system and attenuation of downstream TBK1 signaling. Novel therapies, 
such as amlexanox, for inflammatory conditions such as asthma will continue to be of value in clinical 
management. This report summarizes key applications of the drug based on animal and human studies and 
explores its potential in treatment of metabolic and inflammatory diseases.
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INTRODUCTION

Amlexanox (trade name Solfa), a tricyclic amine 
carboxylic acid, is a potential treatment option that was 
traditionally used as a treatment of recurrent aphthous ul-
cers until its discontinuation in the United States in 2017, 
as other options became available [1]. In other countries, 
such as Japan, amlexanox is authorized to treat asthma, 
allergic rhinitis, and conjunctivitis [2]. Amlexanox has 
also been shown to treat and reverse the progression of 
fatty liver disease (NAFLD) in a promising study con-
ducted by He et al., which utilized a mouse model and 
demonstrated improvement in metabolic disturbance and 

hepatic steatosis [3]. The purpose of this review is to ex-
amine its potential as a therapeutic immunomodulatory 
agent for metabolic conditions and inflammatory diseas-
es, based on existing novel studies and current uses for 
amlexanox.

DRUG PROFILE

Amlexanox (chemical structure C16H14N2O4) is a sta-
ble compound as a powder stored at -20 °C with a shelf 
life of 3 years. It has a similar chemical structure to sodi-
um cromoglycate (SCG). Its topical use has been widely 
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accepted and its effects attributed to anti-inflammatory 
qualities. The successful use of this treatment with a fa-
vorable safety profile in atopic disease as an oral agent 
has been established and is currently approved for the 
treatment of asthma in Japan.

The efficacy and safety profile of amlexanox was 
previously evaluated by a number of studies. Of note, 
a 6-month toxicology study using dogs determined that 
the dosage of oral amlexanox at which no side effect is 
demonstrated is 10 mg/kg/day. It was later determined 
that the dosage for the amlexanox paste for ulcers would 
be approximately 12 mg/day of amlexanox. Furthermore, 
it was demonstrated that when amlexanox is administered 
to rats at a dosage of 300 mg/kg/day, there were no car-
cinogenic effects and had no significant effect on repro-
ductive activity on rats [4].

The main contraindication for the administration of 
amlexanox is any known hypersensitivity to amlexanox 
itself or other ingredients found in the formulation. A case 
report of a 23-year-old female who was treated for aller-
gic rhinitis with oral Solfa 25 mg describes an eruptive 
skin rash during treatment. The positive patch test based 
on a suspected allergic localized skin lesions confirmed 
an allergic reaction to amlexanox [5].

Based on a double-blind randomized placebo-con-
trolled study of 42 obese subjects, there were no seri-
ous significant adverse events [6] to 3 times daily oral 
amlexanox. In the study, two patients who experienced 
a perivascular inflammatory rash improved with local 
treatment and both had a favorable response to the drug. 

Given the recent data that demonstrates the potential 
for amlexanox, a TANK-binding kinase1 (TBK1) inhibi-
tor, as a treatment to be further explored to reduce inflam-
mation in a wide range of conditions, including metabolic 
syndrome, Type 2 diabetes, and NAFLD.

MECHANISM OF ACTION

There is evidence of its role as an anti-inflammatory 
mediator and antihistamine [7]. Among its cellular ef-
fects, the drug is an inhibitor of nuclear factor kB kinase 
epsilon (IKKε) and TBK1. This property led to further 
scientific investigations in molecular, cellular, animal 
models, and human studies, which have been summarized 
in Table 1. A study published in 2019 by Quan et al. pro-
vides evidence that amlexanox inhibits TBK1, thus inhib-
iting dendritic cell maturation and decreasing inflamma-
tion caused by the innate immune response on a standard 
mouse model [8]. They identified that in the presence of 
amlexanox, in the context of autoimmune encephalitis, 
phosphorylation of IRF3 and AKT, two downstream tar-
gets of TBK1, were decreased. Furthermore, amlexanox 
has been identified to bind to fibroblast growth factor 1 
(FGF-1), a mitogen which is released when cells undergo 

stress [9].
A novel study conducted in 2019 demonstrated that 

amlexanox, when administered both intranasally and oral-
ly, can alleviate the amount of host-derived DNA, which 
is released from neutrophils and eosinophils when the 
cyclic GMP-AMP (cGAMP) is activated [10]. The cell 
can recognize the host-derived DNA by cytosolic cyclic 
GMP-AMP synthase (cGAS) and then recruits stimulator 
of interferon (IFN) genes (STING) at its membrane, lead-
ing to the activation of and phosphorylation by TBK-1 
[10]. Intranasal amlexanox was administered to 6-week-
old mice, in a cGAMP-adjuvanted model of house dust 
mite (HDM) airway inflammation. After administration 
of the TBK1 small molecule targeted therapy, the drug 
was associated with amelioration of the allergic respons-
es. Specifically, eosinophil recruitment, serum total IgE, 
and HDM-specific IgG responses were determined in 
mice lungs as a measure of immune response. The data 
demonstrates that mice who received amlexanox had a 
significantly decreased immune cell response and cell re-
cruitment in the lungs. The authors reported that TBK1 
is needed for the induction of IL-33. They also found 
that IRF3/7, which are signal transducers downstream 
of TBK1, are necessary for IL-33 extracellular release 
from lung fibroblasts in response to cGAMP. The authors 
concluded that the TBK1 inhibitors are a promising class 
of drugs in the treatment of asthma. While this study is 
a mouse model, there was a significant reduction in the 
markers of allergic inflammation and a cellular mecha-
nism identified which identifies a therapeutic target in 
asthma.

Based on a previous study conducted by Makino et 
al. in 1987, amlexanox decreases allergic responses by 
inhibiting histamine release from mast cells [11]. It was 
observed that by inhibiting cyclic-AMP (cAMP) phos-
phodiesterase in rat mast cells, intracellular cAMP levels 
were increased, which inhibited the release of histamine.  
Furthermore, a study conducted by Gonzalez-Hilarion et 
al. demonstrates that amlexanox also holds a dual func-
tion in patient cell lines that have nonsense mutations. 
Amlexanox has been found to not only increase non-
sense containing mRNAs, but also leads to synthesis of 
a full-length functional protein, which thus prevents non-
sense-mediated mRNA decay (NMD) [12].

CURRENT USES OF AMLEXANOX IN 
TREATMENT OF ASTHMA

Amlexanox has been authorized to treat asthma in 
Japan since 1987, and it is administered as an oral tablet. 
Amlexanox is currently produced in either 25 mg or 50 
mg tablets in Japan by Takeda Pharmaceuticals for the 
treatment of allergy-induced asthma (Takeda Pharmaceu-
ticals, 1993).1 Previous studies have demonstrated its ef-
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ficacy in treating asthma and allergic reactions, including 
allergic rhinitis. The drug treatment, based on its inhibi-
tion of release of histamine and inflammatory leukotriene 
mediators by mast cells, neutrophils, and monocytes, has 
been recommended based on Japanese treatment guide-
lines for allergic rhinitis [13].

In human studies, a study conducted by Imokawa 
et al. demonstrated that amlexanox acts as a broncho-
dilator for patients with aspirin-induced asthma (AIA). 
Amlexanox has a similar chemical structure to sodium 
cromoglycate (SCG), which is a known bronchodilator 
used to treat asthmatic patients (Imokawa, 1993 [14]). In 
this study of 15 patients, 7 non-aspirin induced, and 8 
aspirin induced asthmatics were studied. Spirometry was 
performed at regular time intervals following administra-
tion of either the drug or placebo. The aspirin induced 
group improved their overall FEV1 following adminis-
tration of the drug. While the other asthmatics did not 
improve over the time course of 3 hours, its use in this 
population should be further evaluated, given its effect as 

a bronchodilator. The authors concluded that the aspirin 
induced asthmatics benefited from the use of amlexanox.

According to the 2017 Japanese guidelines for adult 
asthma, amlexanox is currently identified as a reliever 
agent, a “rescue agent aimed at treating asthma exacerba-
tions,” due to its histamine-inhibiting properties. It is of-
ten prescribed in addition to controller agents, which are 
prescribed to control the long-term symptoms of asthma 
[7]. The authors classify the drug as a “mediator anti re-
leaser.” The clinical effect of this drug in improving asth-
matic control extend beyond its antihistamine properties.

POTENTIAL THERAPEUTIC EFFECTS FOR 
METABOLIC AND LIVER DISEASE

While the mechanisms are not fully elucidated, the 
repurposing of a drug used in the treatment of inflamma-
tion of the skin and lungs to metabolic and liver disease 
warrants further investigation.

In addition to its use as a treatment for asthma, am-

Table 1. Summary of Key Novel Studies on Amlexanox Conducted.
Authors Study Design Pertinent Results Takeaways
Gonzalez-Hilarion 
et al (2012) [12]

Utilized screening to deter-
mine small molecules which 
can act as potential inhibitors.

Administered to 3 derived cell 
lines with nonsense mutation 
and observed results.

Determined an increase in 
nonsense containing mRNAs 
in treated cells.

Synthesis of full length, func-
tional protein.

Evidence that amlexanox 
rescues expression of non-
sense-containing mRNAs.

Amlexanox should be further 
investigated to determine its 
effect on diseases caused 
by nonsense mutations. Has 
effect on potential conditions 
such as cystic fibrosis.

Oral et al (2017) 
[6]

Double-blind, placebo study 
of 42 obese patients with type 
2 diabetes and nonalcoholic 
fatty liver disease (NAFLD).
Length: 12 weeks.

Patients administered amlex-
anox demonstrated improved 
insulin sensitivity and hepatic 
steatosis.

Increase in serum IL-6 levels 
at 2-4 weeks.

Amlexanox to be further 
examined as a potential ther-
apeutic for NAFLD and type 2 
diabetes.

Beyett et al (2018) 
[24]

Utilized both amlexanox and 
derived analogs to determine 
cellular effect on inflamma-
tion.

Determined that amlexanox 
likely inhibits kinases which 
affect chronic low-grade 
inflammation.

Amlexanox is promising ther-
apeutic in treatment of type 2 
diabetes and obesity through 
its presumed mechanism of 
action.

He et al (2019) [3] NAFLD mice models were 
established using 8-week-old 
mice, which were fed either 
high-fat diet (HFD) and/or li-
popolysaccharide (LPS) diets. 
All HFD mice administered 
either amlexanox or vehicle 
for 18 weeks. HFD+LPS mice 
were administered either 
amlexanox or vehicle for the 
final 6 weeks.

Amlexanox improved insulin 
signaling in hepatocytes 
through inhibiting inflamma-
tion in hepatic stellate cells 
(HSCs). IKKe was detected 
only in HSCs and was not 
identified in hepatocytes.

Amlexanox has the potential 
to improve the insulin signal-
ing pathway in hepatocytes, 
which further demonstrates 
promise as a future therapeu-
tic for metabolic disease.
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The asthmatic subjects were not reported to have a differ-
ential response to treatment of their diabetes, compared to 
the other subjects. The further analysis of drug respons-
es of this patient population with co-morbid asthma is 
a subject of future investigation. Other findings among 
the treatment group included increased expression of 
the gene encoding the B3-adrenergic receptor (ADRB3) 
[6]. Takeuchi et al. hypothesize that the polymorphisms 
in ADRB3 receptor are associated with obesity and de-
creased lipolysis, which makes this finding notable [21]. 
Interestingly, the use of the drug to treat asthmatics and 
improvement in asthma control may involve altered gene 
expression profiles, which are yet to be investigated.

CONCLUSIONS AND OUTLOOK

Given the enormous range of potential effects, am-
lexanox should continue to be explored with regards to 
its immunomodulatory effects. A nearly obsolete asthma 
treatment may well hold promise as a therapeutic agent 
in the treatment of metabolic conditions such as Type 
II diabetes and obesity related NAFLD. This is critical, 
considering non-alcoholic fatty liver disease (NAFLD) 
is associated with obesity and afflicts an estimated 2-5% 
of Americans and is associated with cellular inflamma-
tory infiltrates and liver fibrosis. The finding of NAFLD 
is part of other features of the metabolic syndrome such 
as obesity, diabetes mellitus 2, hypertension, and dyslip-
idemia [22], which call for serious investigation for po-
tential therapeutics in order to curb the growing obesity 
epidemic.

Furthermore, despite numerous therapeutics that are 
authorized for use in the United States which ameliorate 
the symptoms of asthma, these have been associated with 
low adherence [23]. This may lead to poorly controlled 
asthma and increased exacerbations. Further exploration 
of amlexanox and potential reincorporation into the Unit-
ed States is warranted. Based on current data, amlexanox 
as an anti-inflammatory agent and antihistamine has been 
previously and successfully used in the treatment of asth-
ma and atopic conditions. The targeted suppression of 
chronic inflammation in Type II diabetes, obesity, NA-
FLD, and metabolic dysfunction warrants further investi-
gation. Given the data that demonstrates the potential for 
amlexanox, a TBK1/IKKe inhibitor, this expands poten-
tial future targeted immunomodulatory small molecule 
and should be further considered in the development of 
novel therapeutic agents to treat conditions such as asth-
ma, atopy, and metabolic dysfunction.

Footnote
1Package insert, amlexanox (NJ): https://www.accessdata.fda.
gov/drugsatfda_docs/label/2002/20511s002lbl.pdf, some data 
is gathered from the Takeda paper (original: Package insert for 
Solfa 25 mg and 50 mg tablets. Takeda Chemical Industries Ltd. 

lexanox has been explored in multiple settings, includ-
ing diabetes, obesity, and liver disease. Much has been 
identified about the role of TBK1 with insulin-stimulated 
glucose uptake, which may be linked to diabetes, obesi-
ty, and inflammation. A study conducted by Uhm et al. 
identified that upon activation by RalA, TBK1 phosphor-
ylated an exocyst protein Exo84, which translocated the 
GLUT4 glucose transporter to the cell membrane [15]. 
TBK1 has also been noted to phosphorylate an insulin 
receptor and in a study of obese Zucker rats, Munoz et al. 
observed an increased association between TBK1 and in-
sulin receptor phosphorylation, which indicates a poten-
tial link between insulin resistance and TBK1 [16]. Fur-
thermore, a study conducted by Zhao et al. determined 
that in animals fed a high-fat diet, knocking out TBK1 
prevented the development of high fat diet driven obe-
sity. As a result, the researchers hypothesized that TBK1 
phosphorylated AMP-activated protein kinase (AMPK) 
activity, which further increased energy storage [17]. 
These notable studies critically reveal the role of TBK1 
in driving inflammation and disrupting metabolism.

The cellular effects of amlexanox led to investigation 
of its use in other inflammatory conditions. Specifically, 
other studies have been conducted to examine the impact 
of amlexanox in ameliorating obesity-related metabolic 
dysfunctions. In an experimental animal model of obe-
sity, amlexanox was administered to examine its effects 
on cytokine signaling, specifically in IL-6 production. 
Because amlexanox inhibits TBK-1, this evidence poten-
tially points to an indirect pathway in which amlexanox 
increases the secretion of IL-6 from adipocytes through a 
cAMP/ p38-dependent pathway. IL-6, in turn stimulates 
phosphorylation of hepatic STAT3 to suppress expression 
of gluconeogenesis in obese mice [18].

Two kinases, IKKe and TBK1, are linked causally to 
obesity related inflammation [19]. Downstream inflam-
matory consequences include the development of diabe-
tes and fatty liver disease. In an animal model, the drug 
treatment improved insulin sensitivity and decreased ste-
atosis and hepatic expression of inflammatory genes [20].  
The inhibitor of IKKe and TBK1 kinases was studied in a 
proof of concept randomized double-blind, placebo-con-
trolled study of 42 obese patients with type 2 diabetes and 
NAFLD. Treatment of patients produced a reduction of 
HbA1C, a measure of glucose attached to hemoglobin, of 
≥ 0.5% among 33% of the treated patients. The trial also 
showed that there was a reduction in fructosamine. Upon 
further analysis of responders, a distinct responder profile 
emerged. Those subjects who responded to amlexanox 
had higher baseline inflammatory markers in serum and 
in gene expression profiles. Among the responders to the 
50 mg 3 times daily dosing, at 12 weeks, insulin sensitiv-
ity improved. Two subjects had a comorbidity of asthma/
emphysema, but the other subjects did not have asthma. 



Dosanjh and Won: Amlexanox: A novel therapeutic for atopic, metabolic and inflammatory disease 763

15. Uhm M, Bazuine M, Zhao P, Chiang SH, Xiong T, 
Karunanithi S, et al. Phosphorylation of the exocyst protein 
Exo84 by TBK1 promotes insulin-stimulated GLUT4 traf-
ficking. Sci Signal. 2017 Mar;10(471):eaah5085. https://
doi.org/10.1126/scisignal.aah5085.

16. Muñoz MC, Giani JF, Mayer MA, Toblli JE, Turyn D, 
Dominici FP. TANK-binding kinase 1 mediates phosphor-
ylation of insulin receptor at serine residue 994: a potential 
link between inflammation and insulin resistance. J Endo-
crinol. 2009 May;201(2):185–97.

17. Zhao P, Wong KI, Sun X, Reilly SM, Uhm M, Liao Z, et al. 
TBK1 at the Crossroads of Inflammation and Energy Ho-
meostasis in Adipose Tissue. Cell. 2018 Feb;172(4):731–
743.e12.

18. Reilly SM, Ahmadian M, Zamarron BF, Chang L, Uhm M, 
Poirier B, et al. A subcutaneous adipose tissue-liver signal-
ling axis controls hepatic gluconeogenesis. Nat Commun. 
2015 Jan;6(1):6047.

19. Chiang SH, Bazuine M, Lumeng CN, Geletka LM, 
Mowers J, White NM, et al. The protein kinase IKKep-
silon regulates energy balance in obese mice. Cell. 2009 
Sep;138(5):961–75.

20. Reilly SM, Chiang SH, Decker SJ, Chang L, Uhm M, Lars-
en MJ, et al. An inhibitor of the protein kinases TBK1 and 
IKK-ɛ improves obesity-related metabolic dysfunctions in 
mice. Nat Med. 2013 Mar;19(3):313–21.

21. Takeuchi S, Katoh T, Yamauchi T, Kuroda Y. ADRB3 
polymorphism associated with BMI gain in Japanese men. 
Exp Diabetes Res. 2012;2012:973561.

22. Rotman Y, Sanyal AJ. Current and upcoming pharmaco-
therapy for non-alcoholic fatty liver disease. Gut. 2017 
Jan;66(1):180–90.

23. Bagnasco D, Brussino L, Caruso C, Paoletti G, Heffler 
E, Guida G, et al. Do the current guidelines for asthma 
pharmacotherapy encourage over-treatment? Expert Opin 
Pharmacother. 2020 Aug;21(11):1283–6.

24. Beyett TS, Gan X, Reilly SM, Chang L, Gomez AV, Saltiel 
AR, et al. Carboxylic Acid Derivatives of Amlexanox 
Display Enhanced Potency toward TBK1 and IKKε and 
Reveal Mechanisms for Selective Inhibition. Mol Pharma-
col. 2018 Oct;94(4):1210–9.

Osaka, Japan; 1993.)

REFERENCES

1. Bell J. Amlexanox for the treatment of recurrent aphthous 
ulcers. Clin Drug Investig. 2005;25(9):555–66.

2. Mucke HA. Drug Repurposing Patent Applications April-
June 2018. Assay Drug Dev Technol. 2018 Oct;16(7):420–
6.

3. He Q, Xia X, Yao K, Zeng J, Wang W, Wu Q, et al. Aml-
exanox reversed non-alcoholic fatty liver disease through 
IKKε inhibition of hepatic stellate cell. Life Sci. 2019 
Dec;239:117010.

4. Khandwala A, Van Inwegen RG, Alfano MC. 5% amlexanox 
oral paste, a new treatment for recurrent minor aphthous 
ulcers: I. Clinical demonstration of acceleration of healing 
and resolution of pain. Oral Surg Oral Med Oral Pathol 
Oral Radiol Endod. 1997 Feb;83(2):222–30.

5. Sugiura M, Hayakawa R, Osada T. Fixed drug eruption due 
to amlexanox. Contact Dermat. 1998 Feb;38(2):65–7.

6. Oral EA, Reilly SM, Gomez AV, Meral R, Butz L, Ajluni 
N, et al. Inhibition of IKKɛ and TBK1 Improves Glucose 
Control in a Subset of Patients with Type 2 Diabetes. Cell 
Metab. 2017 Jul;26(1):157–170.e7.

7. Ichinose M, Sugiura H, Nagase H, Yamaguchi M, Inoue H, 
Sagara H, et al.; Japanese Society of Allergology. Japa-
nese guidelines for adult asthma 2017. Allergol Int. 2017 
Apr;66(2):163–89.

8. Quan MY, Song XJ, Liu HJ, Deng XH, Hou HQ, Chen LP, 
et al. Amlexanox attenuates experimental autoimmune en-
cephalomyelitis by inhibiting dendritic cell maturation and 
reprogramming effector and regulatory T cell responses. J 
Neuroinflammation. 2019 Mar;16(1):52.

9. Landriscina M, Prudovsky I, Mouta Carreira C, Soldi R, 
Tarantini F, Maciag T. Amlexanox reversibly inhibits cell 
migration and proliferation and induces the Src-dependent 
disassembly of actin stress fibers in vitro. J Biol Chem. 
2000 Oct;275(42):32753–62.

10. Ozasa K, Temizoz B, Kusakabe T, Kobari S, Momota M, 
Coban C, et al. Cyclic GMP-AMP Triggers Asthma in an 
IL-33-Dependent Manner That Is Blocked by Amlexanox, 
a TBK1 Inhibitor. Front Immunol. 2019 Sep;10:2212.

11. Makino H, Saijo T, Ashida Y, Kuriki H, Maki Y. Mech-
anism of action of an antiallergic agent, amlexanox 
(AA-673), in inhibiting histamine release from mast 
cells. Acceleration of cAMP generation and inhibition 
of phosphodiesterase. Int Arch Allergy Appl Immunol. 
1987;82(1):66–71.

12. Gonzalez-Hilarion S, Beghyn T, Jia J, Debreuck N, Berte 
G, Mamchaoui K, et al. Rescue of nonsense mutations 
by amlexanox in human cells. Orphanet J Rare Dis. 2012 
Aug;7(1):58.

13. Okubo K, Kurono Y, Fujieda S, Ogino S, Uchio E, Odaji-
ma H, et al. Japanese Guideline for Allergic Rhinitis 2014. 
Allergol Int. 2014;63(3):357–75.

14. Imokawa S, Satou A, Taniguchi M, Toyoshima M, Na-
kazawa K, Hayakawa H, et al. [Amlexanox has an acute 
bronchodilator effect in patients with aspirin-induced asth-
ma (AIA)]. Nihon Kyobu Shikkan Gakkai Zasshi. 1993 
Aug;31(8):976–82.


