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Abstract
Asthma	 is	 a	 heterologous	 disease	 that	 is	 influenced	 by	 complex	 interactions	 be-
tween	multiple	 environmental	 exposures,	metabolism,	 and	 host	 immunoregulatory	
processes.	Specific	metabolites	are	 increasingly	recognized	to	 influence	respiratory	
inflammation.	However,	the	role	of	protein-	derived	metabolites	in	regulating	inflam-
matory responses in the lung are poorly described. The aims of the present study 
were	 to	 quantify	 polyamine	 levels	 in	 bronchoalveolar	 lavages	 (BALs)	 from	 healthy	
volunteers	and	asthma	patients,	and	to	evaluate	the	impact	of	each	polyamine	on	in-
flammatory	responses	using	in	vitro	models	and	in	a	house	dust	mite	(HDM)-	induced	
respiratory	allergy	model.	Spermidine	levels	were	decreased,	while	cadaverine	levels	
were	 increased	 in	BALs	 from	asthma	patients	 compared	 to	healthy	 controls,	 using	
Ultra	 Performance	 Liquid	 Chromatography	 (UPLC).	 Both	 spermine	 and	 spermidine	
inhibit	 lipopolysaccharide	 (LPS)-	induced	 cytokine	 secretion	 from	human	peripheral	
blood	mononuclear	cells	(PBMCs)	and	dendritic	cells	(DCs)	in	vitro.	In	addition,	oral	
gavage	with	spermine	or	spermidine	modulate	HDM-	induced	cell	infiltration,	cytokine	
secretion,	and	epithelial	cell	tight	junction	expression	in	murine	models.	Spermidine	
also	reduces	airway	hyper-	responsiveness.	These	results	suggest	that	modulation	of	
polyamine	metabolism,	in	particular	spermidine,	is	associated	with	respiratory	inflam-
mation	and	these	molecules	and	pathways	should	be	further	explored	as	biomarkers	
of disease and potential targets for novel therapies.
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1  |  INTRODUC TION

Asthma	 is	 a	 chronic	 inflammatory	disorder	of	 the	airways,	usu-
ally	 associated	 with	 airway	 hyper-	responsiveness	 and	 variable	
airflow obstruction that is often reversible spontaneously or 
during	treatment.	Asthma	affects	more	than	300	million	people	
worldwide and is thought to be caused by a combination of ge-
netic,	microbiome,	 dietary	 and	environmental	 factors,	 resulting	
in inflammation of the airways and tissue remodeling.1	However,	
the complex interactions between these factors and host immu-
noregulatory	processes	are	not	well-	understood	at	a	mechanistic	
level	in	humans.	In	particular,	the	role	of	protein-	derived	metab-
olites in regulating inflammatory responses in the lung is poorly 
described.

Diamines (e.g. cadaverine and putrescine),	 tri-	aimes	 (e.g.	
 spermidine),	and	tetra-	amines	(e.g.	spermine),	collectively	termed	
polyamines,	 play	 multiple	 important	 roles	 in	 maintaining	 host	
physiology,	 including	 influencing	 cell	 proliferation,	 cell	 growth,	
mitochondrial	 function,	 gene	 translation,	 and	 autophagy.2– 5 
These	polyamines	can	be	generated	by	host	metabolic	processes,	
can	be	absorbed	from	a	wide	variety	of	dietary	sources,	or	can	be	
produced by intestinal microbes in the presence of appropriate 
substrates.6– 8	 In	addition	to	their	effects	on	cellular	physiology,	
polyamines	 are	 increasingly	 being	 recognized	 as	 modulators	 of	
immune	 and	 inflammatory	 responses.	 In	 murine	models,	 serum	
levels	 of	 pro-	inflammatory	 cytokines	 and	 LPS-	induced	 nitric	
oxide related damage was inhibited by oral treatment with sper-
mine.9	 Spermidine	 decreased	 the	 severity	 of	 colitis	 in	 a	 DSS	
model,	 while	 topical	 administration	 of	 putrescine,	 spermine,	
and	 spermidine	 decreased	 skin	 inflammation	 following	 TPA	 ap-
plication.10,11	 In	 respiratory	 allergy	 murine	 models,	 polyamines	
were	found	to	be	increased	following	challenge	with	ovalbumin,	
while allergen challenge in asthma patients was associated with 
increased	 putrescine	 and	 spermine,	 but	 not	 spermidine,	 levels	
in sputum.12	 In	 addition,	 putrescine,	 spermidine,	 and	 spermine	
levels were increased in the peripheral blood of asthma patients 
with active symptoms.13	Spermine	has	been	shown	to	 influence	
cell types relevant to asthma. In vitro experiments suggest that 
spermine	promotes	survival,	upregulates	integrin	expression,	and	
stimulates	chemotaxis	in	human	eosinophils,	while	spermine	can	
also induce bronchial epithelial cell injury in a concentration de-
pendent manner.14,15

Given	the	potential	 immune	modulatory	effects	of	polyamines,	
the aims of the present study were to quantify polyamine levels in 
bronchoalveolar lavages from healthy volunteers and asthma pa-
tients,	and	to	evaluate	the	impact	of	each	polyamine	on	lung	inflam-
matory	responses	in	a	house	dust	mite-	induced	respiratory	allergy	
model.	Our	 results	 show	 that	 spermidine	 levels	 decrease	 in	 BALs	
from	asthma	patients,	while	oral	supplementation	of	mice	decreased	
lung inflammation. Modulation of polyamine metabolism is associ-
ated with asthma pathogenesis and therapeutic targeting of these 
molecules and pathways should be further explored in human clin-
ical studies.

2  |  MATERIAL S AND METHODS

2.1  |  Human samples

A	 total	 of	22	asthma	patients	 and	18	healthy	matched	volunteers	
were	recruited	for	this	study.	Asthma	patients	had	a	physician	diag-
nosis	of	asthma.	Patients	were	recruited	under	informed	consent	at	
ALL-	MED	Medical	Research	Institute,	Wroclaw,	Poland.	Ethical	ap-
proval was granted from the local ethical committee for all study 
procedures	(KB-	567/2014).	BAL	was	obtained	and	filtered	through	a	
70 μm	filter	into	sterile	tubes.	Aliquots	of	500	μl	were	stored	at	−80° 
for later analysis.

2.2  |  BAL polyamine quantification

475 μl	 of	BAL	was	mixed	with	25	μl	 of	 5	 g/L	1,7-	diaminoheptane	
(Internal	standard)	100	µl	of	2	M	NaOH,	150	µl	of	saturated	sodium	
bicarbonate	solution,	and	1	ml	of	dansyl	chloride	solution	 (10	mg/
ml	in	acetone),	and	was	then	incubated	at	40°,	200	rpm,	for	45	min.	
Residual	dansyl	chloride	was	removed	by	adding	50	µl	of	25%	am-
monium	hydroxide.	After	30	min	at	25°,	 the	volume	was	adjusted	
to	2.5	ml	with	acetonitrile,	centrifuged	at	3500	rpm	for	5	min,	and	
supernatants	 were	 filtered	 (0.22	 µm)	 prior	 to	 Ultra	 Performance	
Liquid	 Chromatography	 (UPLC)	 analysis.	 Duplicate	 samples	 were	
analysed	 in	 parallel.	 Separation	 was	 carried	 out	 by	 UPLC	 on	 an	
ACQUITY	 UPLC	 H-	Class	 Bio	 System	 equipped	 with	 a	 quaternary	
solvent	manager,	sample	manager	FTN,	column	manager,	and	diode	
array	detector.	Data	processing	was	performed	using	MassLynxV4.1.	
Based	on	their	different	hydrophobicity,	the	dansylated	polyamines	
were	separated	on	an	ACQUITY	UPLC	BEHC18	column	and	the	sam-
ples	were	eluted	with	a	gradient	elution	of	(A)	Acetonitrile	(100%),	
(B)	Acetonitrile	(50%)	as	follows:	0–	0.72	min,	A	40%,	B	60%;	0.72–	
1.07	min,	A	40%–	80%,	B	60%–	20%;	1.07–	1.42	min,	A	80%–	90%,	B	
20%–	10%;	1.42–	2.11	min,	A	90%–	95%,	B	10%–	5%;	2.11–	2.46	min,	A	
95%–	40%,	B	5%–	60%,	2.46–	4.20	min,	A	40%,	B	60%.	The	flow	rate	
was	kept	at	0.6	ml/min,	column	temperature	at	25°,	 injection	1	µl,	
and detection wavelength was 217 nm.

2.3  |  Cell isolation and culture

Peripheral	 blood	mononuclear	 cells	 (PBMC`s)	were	 isolated	 from	
buffy coats and whole blood using density gradient centrifugation. 
CD14+	 monocytes	 were	 isolated	 from	 healthy	 human	 PBMCs	 by	
using	AutoMACS	and	CD14+	beads.	IL-	4	(1000	IU/ml)	and	GM-	CSF	
(1000	 IU/ml)	were	used	 for	5	days	 to	differentiate	CD14+ mono-
cytes	into	monocyte-	derived	dendritic	cells	(MDDCs)	in	vitro.	Cells	
were	cultured	with	polyamines	at	37°	 in	5%	CO2,	 in	cRPMI	1640	
medium	supplemented	with	1	mM	sodium	pyruvate,	1%	MEM	non-
essential	 amino	 acids	 and	 vitamins,	 2	mM	 l-	glutamine,	 100	U/ml	
penicillin,	100	mg/ml	streptomycin,	and	50	mM	2-	Mercaptoethanol	
containing	 10%	 of	 human	 serum.	 THP-	1–	XBlue	 cells	 contain	 an	
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NF-	kB/activator	protein	1	(AP-	1)	reporter	system.	THP-	1	cells	have	
been transfected with a reporter plasmid expressing a secreted 
embryonic	 alkaline	 phosphatase	 under	 the	 control	 of	 a	 promoter	
that	 is	 induced	 by	 the	 transcription	 factors	NF-	κB	 and	AP-	1.	 For	
mouse	 as	 well	 human	 cells	 culture	 supernatants,	 concentration	
of	 cytokines	 and	 chemokines	 were	 quantified	 with	 the	 BioPlex	
Multiples	Array	System	(Bio-	Rad	Laboratories)	or	with	MSD	(Meso 
Scale Discovery).	Spermine	as	well	as	spermidine	used	in	in	vitro	and	
in	vivo	experiments	were	freshly	prepared	in	cRPMI	containing	10%	
human serum.

2.4  |  Animals

Female	C57BL/6	mice	aged	6–	8	weeks	were	housed	for	at	least	for	
2	weeks	before	experiment,	at	the	AO	Research	Institute	in	Davos.	
Mice were housed at 4– 6 animals per cage in individually ventilated 
cages	in	a	12-	h/12-	h	light/dark	cycle,	with	food	and	water	available	
ad	libitum.	All	experimental	procedures	were	carried	out	in	accord-
ance	with	Swiss	 law	and	approved	by	the	animal	experiment	com-
mission	of	the	canton	Grisons	in	Switzerland.

2.5  |  House dust mite model of allergic airway 
inflammation in mice

Mice	were	treated	at	day	0	with	1	µg	and	on	days	from	7	to	11	with	
10	µg	of	house	dust	mite	extract	or	NaCl	administered	intranasally.	
Mice were sacrificed and the experiment was analysed on day 12. 
Mice received 10 mM/200 μl of polyamines by means of gavage 
starting 5 days before and at the day 0 of first house dust mite or 
NaCl	application.	This	equates	to	approximately	15	mg/kg	in	a	20	g	
mouse.	Subsequently,	polyamines	were	administrated	from	day	7	to	
day 11 by means of gavage.

2.6  |  Murine BAL (bronchoalveolar lavage)

BAL	was	performed	with	1	ml	of	PBS	containing	1	×	protease	 in-
hibitor	cocktail.	Red	blood	cells	were	removed	by	resuspending	BAL	
cells	in	red	blood	cell	lysis	buffer	(Sigma-	Aldrich)	for	2	min	at	room	
temperature	followed	by	washing	in	1	ml	PBS.	The	total	number	of	
leukocytes	was	counted	with	a	Neubauer	counting	chamber.	Cells	
were	centrifuged	and	the	cell-	free	supernatant	was	stored	at	−80°	
until	cytokines	were	measured	with	BioPlex	(Bio-	Rad,	Hercules).

Single	 cell	 suspensions	 were	 obtained	 from	 lung	 tissue	 using	
GentleMACS.	Lung-	derived	single-	cell	suspensions	were	plated	at	a	
concentration	of	1	×	106	cells/ml	in	complete	RPMI	(Sigma-	Aldrich)	
and	were	re-	stimulated	with	HDM	(Greer)	for	48	h	at	37°.	Culture	
supernatants	were	assayed	for	cytokine	levels	by	Bio-	Plex	Multiplex	
Immunoassay	 System	 (Bio-	Rad).	 For	 lung	 function	measurements,	
mice were intubated under anaesthesia and airway resistance was 
assessed	using	the	forced	oscillation	technique	(FlexiVent	system).	

Airway	resistance	was	measured	in	response	to	increasing	concen-
trations	of	methacholine	from	0,	0.1,	0.3,	1,	3,	10,	to	30	mg/ml.

2.7  |  Lung histology & Immunofluorescence 
staining of tight junction proteins

Lung	tissues	were	fixed	with	4%	PFA	for	4	h	and	stored	in	70%	iso-
propanol	at	4°.	Lung	tissues	were	embedded	into	paraffin	and	3-	µm	
sections	were	stained	with	hematoxylin	and	eosin	(H&E).	For	immu-
nofluorescence	 staining	 of	mouse	 lung,	 paraffin-	embedded	 tissue	
slides	 (5	mm)	were	 subjected	 to	antigen	 retrieval	 in	 citrate	buffer,	
pH	6	(Fluka).	Antibodies	used	for	immunofluorescence	were	as	fol-
lows:	 anti–	ZO-	1	 anti-	claudin-	4	 and	 secondary	 antibody	 goat	 anti-	
rabbit	Alexa	Fluor	488,	and	goat	anti-	rabbit	Alexa	Fluor	546.	After	
staining,	 tissues	were	mounted	with	 49–	6-	diamidino-	phenylindole	
dihydrochloride–	containing	 mounting	 media.	 Stained	 slides	 were	
stored	at	22°	in	the	dark.	Confocal	images	were	taken	and	analyzed	
with	an	LSM510	Meta	Laser	Scanning	microscope.

2.8  |  Flow cytometry

MDDCs	 were	 stained	 with	 anti-	CD80,	 -	CD86,	 -	PDL1,	 -	PDL2,	
-	CD11c,	and	-	7AAD	antibodies.	After	staining	for	25	min	in	dark	at	
8°,	cells	were	washed	with	PBS	and	acquired	with	flow	cytometer.

For	analysis	of	intracellular	cytokine	production	by	T	cells,	cells	
were collected from cell culture and stained with the fixable via-
bility	dye	eFluor780.	For	 intracellular	 cytokine	staining,	 cells	were	
stimulated	with	phorbol	12-	myristate	13-	acetate/ionomycin	(50	and	
500	ng/ml)	for	4	h	at	37°	in	5%	CO2 atmosphere in the presence of 
Brefeldin	A	solution	to	 inhibit	cytokine	secretion.	Cells	were	fixed	
and	stained	for	surface	markers	CD3	and	CD4	for	25	min	at	8°.	Next,	
cells	were	permeabilized	with	intracellular	staining	perm	wash	buffer	
and	fixation	buffer.	For	intracellular	cytokines	staining,	anti-	IL-	17A,	
IL-	13,	IFN-	gamma,	IL-	4,	IL-	10,	IL-	5	antibodies	were	used.	After	stain-
ing	cells	were	washed	with	PBS	and	acquired	by	flow	cytometry.

Flow	cytometric	acquisition	was	performed	on	the	Gallios	Flow	
Cytometer	(Beckman	Coulter).	Flow	cytometry	data	were	analysed	
using	FlowJo	software.

2.9  |  Data and statistical analysis

The data and statistical analysis comply with the recommendations 
on experimental design and analysis in pharmacology.16 The data 
were	analyzed	by	an	investigator	blinded	to	the	experimental	condi-
tions. Each in vitro experiment was conducted independently at least 
three	times,	and	more	than	five	animals	per	group	were	required	for	
the	 animal	 experiments.	 The	 Kolmogorov–	Smirnov	 normality	 test	
was used to determine data normality. The data were expressed as 
mean	±	SEM.	Statistical	 significance	between	the	 two	groups	was	
calculated	using	the	nonparametric	Mann–	Whitney	test.	Intergroup	
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differences	 for	multiple	 groups	were	 assessed	 by	 one-	way	 analy-
sis	 of	 variance	 (ANOVA)	 followed	by	post	 hoc	 analysis	 (Dunnett's	
multiple	 comparisons	 test).	All	data	analysis	was	carried	out	using	
GraphPrism	 software	 (GraphPad	 Software,	 Inc).	 Differences	were	
considered statistically significant at p < .05.

2.10  |  Materials

For	 polyamine	 quantification	 in	 BAL	 fluid:	 1,7-	diaminoheptane,	
NaOH,	saturated	sodium	bicarbonate	solution,	dansyl	chloride	were	
obtained	 from	 Sigma	 (Sigma-	Aldrich),	 ammonium	 hydroxide	 from	
(Merck),	acetonitrile	from	Biosolve	Chimie,	Ultra	Performance	Liquid	
Chromatography	(UPLC)	on	an	ACQUITY	UPLC	H-	Class	Bio	System,	
and	MassLynxV4.1	software	from	Waters	Corp.

For	cell	culture	and	isolation:	density	gradient	solution	was	pur-
chased	 from	Biochrom	 (L6155),	CD14+	 isolation	 kit	 and	Automacs	
from	Miltenyi	Biotec,	IL-	4	from	Novartis,	GM-	CSF	from	Peprotech,	
RPMI	medium	from	Gibco	 (21875034),	medium	supplements	 from	
Gibco,	Human	Serum	Type	AB	from	Sigma-	Aldrich	(H4522).THP-	1-	
XBlue	 cells	 were	 obtained	 from	 InvivoGen	 and	 BioPlex	Multiples	
Array	System	from	Bio-	Rad	Laboratories.	Spermine	and	spermidine	
used	 in	 in	 vivo	 experiments	 were	 purchased	 from	 Sigma-	Aldrich	
(S4264,	S0266,	Sigma-	Aldrich).

Mice	were	obtained	from	Charles	River,	house	dust	mite	extract	
from	GREER	Laboratories,	 protease	 inhibitor	 cocktail	 from	Roche,	
red	blood	cell	lysis	buffer	from	Sigma-	Aldrich,	FlexiVent	system	from	
SCIREQ,	and	methacholine	from	Sigma-	Aldrich.

Rabbit	 polyclonal	 anti-	ZO-	1	 antibody	 was	 purchased	 from	
Invitrogen,	 rabbit	 polyclonal	 anti-	claudin-	4	 antibody	 from	Abcam,	
goat-	anti-	rabbit	 AF388,	 antibody	 and	 goat-	antirabbit	 AF546	 from	
Invitrogen.	LSM510	Meta	Laser	Scanning	Microscope	from	Zeiss.

Flow	cytometry	antibodies:	anti-	CD80	from	Biolegend	(104706,	
FITC),	 anti-	CD86	 from	 Biologend	 (105106,	 PE),	 anti-	CD274	 from	
Biolegend	 (124314,	 Pe/Cy7),	 anti-	CD273	 from	Biolegend	 (107210,	

APC),	anti-	CD11c	from	Biolegend	(117322,	Pacific	Blue),	7AAD	from	
ThermoFisher	 Scientific	 (A1310,	 7-	aminoactinomycin	 D),	 viability	
dye	 eFluor780	 from	 Thermofisher	 Scientific	 (65-	0865-	18),	 phor-
bol	 12-	myristate	 13-	acetate,	 ionomycin,	 brefeldin	A	 from	 eBiosci-
ence,	 anti-	CD3	 from	 Biolegend	 (100220,	 Pe/Cy7),	 anti	 CD4	 from	
BD	 Horizon	 (560782,	 V500),	 perm	 wash	 buffer	 from	 Biolegend	
(421002),	fixation	buffer	from	Biolegend	(420801),	anti-	IL-	17A	from	
Biolegend	 (506910,	 AlexaFluor),	 anti-	IL-	13	 from	 eBioscience	 (50–	
112–	9339,	PE-	eFluor	610),	anti-	IFN-	gamma	from	Biolegend	(505822	
PerCp/Cyanine	5.5),	 anti-	IL-	4	 from	Biolegend	 (504106,	APC),	anti-	
IL-	10	from	eBioscience	(56–	7101–	82,	AlexaFluor	700),	anti-	IL-	5	from	
Biolegend	(504311,	Briliant	Violet	421),	and	Gallios	Flow	Cytometer	
from	Beckman	Coulter.

2.11  |  Nomenclature of targets and ligands

Key	 protein	 targets	 and	 ligands	 in	 this	 article	 are	 hyperlinked	
to corresponding entries in http://www.guide topha rmaco logy.
org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	
PHARMACOLOGY,17 and are permanently archived in the Concise 
Guide	to	PHARMACOLOGY	2019/2018

3  |  RESULTS

3.1  |  Altered polyamine levels in BALs from asthma 
patients

BALs	were	obtained	from	asthma	patients	(n	=	22,	male:female	7:15,	
mean	age	=	42.4)	and	healthy	volunteers	(n	=	18,	male:female	7:11,	
mean	 age	 =	 42.3).	 Spermine	was	 the	 polyamine	 found	 at	 highest	
concentrations	 in	human	BALs,	but	 levels	were	 similar	 for	 asthma	
patients	 and	 healthy	 controls	 (Figure	 1).	 Spermidine	 levels	 were	
significantly	lower	in	BALs	from	asthma	patients,	while	cadaverine	

F I G U R E  1 Spermine	levels	are	
decreased	in	BAL	from	asthma	patients.	
In	BAL	fluid	from	patients	with	asthma	
(n	=	22),	spermidine	levels	are	decreased	
and cadaverine levels are increased as 
compared	to	non-	asthmatic	controls	
(n	=	18).	(*p < .05 between groups [Mann– 
Whitney	test])

http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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levels	 were	 significantly	 elevated	 in	 BALs	 from	 asthma	 patients.	
Putrescine	levels	were	similar	for	both	groups.

3.2  |  Spermine and spermidine modulate  
LPS- induced cell activation

To	investigate	the	effect	of	polyamines	on	NF-	κB	activation,	THP1-	
Blue	cells	were	stimulated	with	LPS	(50	ng/ml)	for	24	h	in	the	pres-
ence	 or	 absence	 of	 putrescine	 (PUT),	 spermine	 (SPM),	 spermidine	
(SPD),	 or	 cadaverine	 (CAD).	 Activation	 levels	 of	NF-	κB	 stimulated	
with	LPS	alone	were	calculated	as	100%	and	served	as	maximum	ac-
tivation	levels.	Among	the	tested	polyamines,	SPM	and	SPD	reduced	
LPS-	induced	 NF-	κB	 activation	 at	 all	 three	 tested	 doses	 (100	 μM,	
1000 μM,	and	10	000	μM),	while	CAD	had	a	significant	effect	only	
at 10 000 μM	(Figure	2A).

As	SPM	and	SPD	were	the	only	polyamines	tested	that	 im-
pacted	THP1	NF-	κB	activation	 at	 all	 tested	doses,	we	 further	
explored their immunomodulatory potential using human pri-
mary	cells.	Human	peripheral	blood	mononuclear	cells	(PBMCs)	

were	 obtained	 from	healthy	 volunteers	 and	were	 LPS	 (50	 ng/
ml)	stimulated	for	24	h	with	or	without	SPM	and	SPD.	100μM 
Spermine	reduced	IL-	2,	IL-	4,	IL-	12,	IL-	13,	IL-	17A,	GM-	CSF,	IFN-	γ,	
TNF-	α ,	 IL-	6,	 IL-	8,	MIP-	1β and 1000 μM reduced IL-	7,	 IL-	1β,	 IL-	
6,	IL-	10,	G-	CSF,	MIP-	1β	secretion	from	LPS	stimulated	PBMCs.	
Similarly,	100	μM	spermidine	reduced	secretion	of	IL-	2,	IL-	7,	IL-	
12,	IL-	13,	IL-	17A,	GM-	CSF,	IL-	1β,	IL-	6,	IL-	8,	IL-	10,	G-	CSF,	MCP-	1 
and 1000 μM	reduced	 IL-	4,	 IL-	17A,	 IFN-	γ,	 TNF-	α ,	 and	MIP-	1β.
(Figure	2B	and	Figure	S1).	As	a	polyamine	control,	we	exposed	
LPS	stimulated	PBMCs	to	PUT,	but	in	contrast,	PUT	reduced	se-
cretion	of	IL-	4,	IL-	12,	TNF-	α ,	IL-	6	only	at	lower	doses	and	IFN-	γ,	
and	G-	CSF	only	at	the	higher	dose,	from	LPS-	stimulated	PBMCs	
(Figure	2B	and	Figure	S1).

Finally,	 human	monocyte-	derived	 dendritic	 cells	 (MDDCs)	were	
differentiated from peripheral blood derived monocytes in the pres-
ence	of	IL-	4	and	GM-	CSF.	Addition	of	100	μM or 1000 μM	SPM	or	SPD	
to	MDDCs	stimulated	with	LPS	for	24	h	reduced	cell	surface	expres-
sion of CD80,	CD86,	PDL1,	and	PDL2	(Figure	2C).	Additionally,	both	
polyamines	reduced	production	of	LPS-	induced	TNF-	α by MDDCs but 
only	SPM	was	able	to	reduce	MDDC`s	production	of	IL-	6	(Figure	2D).

F I G U R E  2 Spermine	and	spermidine	reduce	pro-	inflammatory	responses	in	vitro.	Spermine	(SPM)	and	spermidine	(SPD)	decrease	LPS	
induced	NF-	κB	activation	of	THP-	1-	Blue	cells,	in	comparison	to	cells	stimulated	with	LPS	only	(A).	Putrescine	(PUT)	or	cadaverine	(CAD)	
have	no	effect.	100%	activation	represents	the	level	of	NF-	κB	activation	following	LPS	stimulation	for	24h,	as	measured	by	secretion	of	
NF-	κB-	dependent	embryonic	alkaline	phosphatase	(SEAP).	The	impact	of	each	polyamine	on	LPS-	induced	NF-	κB	activation	was	calculated	
relative	to	the	LPS	alone	positive	control	in	each	experiment.	Human	PBMCs	stimulated	with	SPD	or	SPM	in	presence	of	LPS,	decrease	the	
production	of	cytokines	during	24	h	of	culture.	Data	represented	in	heatmap	as	average	cytokine	concentration	with	LPS	alone	condition	as	
100%	of	production	(B).	Expression	of	co-	stimulatory	(CD80,	CD86)	as	well	as	co-	inhibitory	(PDL1,	PDL2)	molecules	(C)	and	production	of	
proinflammatory	cytokines	(IL-	6,	TNF-	alpha)	(D)	is	decreased	in	LPS	activated	monocyte-	derived	dendritic	cells	by	SPD	and	SPM.	(*p < .05 
between	groups,	**p	<	.01	between	groups	[ANOVA])
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3.3  |  Airway inflammation severity is reduced 
by oral administration of SPM and SPD

To investigate the effect of oral administration of polyamines on 
respiratory	allergic	inflammation,	we	gavaged	mice	with	polyamines	
every	day,	for	6	days	before	HDM	sensitization	and	every	day,	for	
5	 days,	 during	 challenge	with	HDM	 (Figure	 3A).	 Preliminary	 dose	
ranging experiments suggested that 10 mM was the highest dose 
that	was	well-	tolerated	by	all	animals	and	this	dose	was	used	in	fur-
ther	experiments	(approximately	15	mg/kg).	A	significant	increase	in	
BAL	inflammatory	cells	was	observed	in	animals	that	received	intra-
nasal	HDM	and	were	gavaged	with	the	medium	control	(Figure	3B).	
In	contrast,	oral	gavage	of	either	SPM	or	SPD	 (10	mM)	but	not	of	
CAD	 (10mM),	 significantly	 reduced	 the	 number	 of	 total	 cells	 in	
BAL	 in	HDM	exposed	animals	 (Figure	3B,	Figure	S2A).	 In	addition	
to	BAL	cell	numbers,	cytokine	levels	in	BALs	were	also	reduced	by	
SPD	and	SPM	(Figure	3C).	Compared	to	animals	exposed	to	HDM	
alone,	KC,	MCP-	1,	 and	TNF-	α	were	 reduced	by	SPM	and	Eotaxin,	
MCP-	1	and	TNF-	α	were	reduced	by	SPD	in	BAL.	(Figure	3C,	Figure	
S2B).	 In	 addition,	 single	 cell	 suspensions	 isolated	 from	 lung	 tissue	
were	re-	stimulated	in	vitro	for	48	h	with	HDM.	Lung	cells	 isolated	
from	mice	 treated	with	SPM	 (IL-	1α,	 IL-	1β,	 IL-	2,	 IL-	3,	 IL-	5,	 IL-	6,	 IL-	9,	
IL-	10,	 IL-	12(p70),	 IL-	13,	 IL-	17,	 Eotaxin,	 G-	CSF,	 GM-	CSF,	 IFN-	γ,	 KC,	
MCP-	1,	MIP-	1β,	RANTES,	TNF-	α)	and	SPD	 (IL-	1α,	 IL-	12(p70),	 IL-	13,	
IL-	17,	 Eotaxin,	 IFN-	γ,	 RANTES,	 TNF-	α)	 produced	 significantly	 less	
cytokines	when	restimulated	with	HDM	in	vitro	(Figure	3D,	Figure	
S3).	Flow	cytometric	analyses	of	 lung	tissue	derived	CD3+CD4+	T	
cells	 revealed	 that	 SPM	 reduced	 the	percentage	of	 IFN-	γ produc-
ing	T	cells	and	SPD	reduces	the	percentage	of	IL-	5,	IL-	13,	and	IFN-	γ 
producing	T	cells	(Figure	3E).

Furthermore,	 inflammatory	 cell	 infiltration	 (Figure	 4A)	 in	 tissue	
sections	 from	 the	 lungs	 of	 mice	 administered	 SPD	 were	 substan-
tially	 reduced,	while	SPM	reduced	 these	changes	 to	a	 lesser	extent.	
Additionally,	to	assess	disruption	of	epithelial	tight	junctions	integrity	
that	leads	to	loss	of	barrier	function,	immunofluorescence	staining	for	
two	key	tight	junction	molecules	ZO-	1	and	cld-	4	was	performed	on	tis-
sue sections. Confocal microscopy analysis revealed that orally adminis-
tration	of	SPD,	but	not	SPM,	reconstituted	lung	expression	of	claudin-	4	
and	ZO-	1	that	were	reduced	in	HDM-	exposed	mice	(Figure	4B).

Lastly,	as	SPD	seemed	to	be	the	most	potent	polyamine	with	ef-
fects	on	the	lung	tissue,	we	examined	if	SPD	could	influence	airway	
hyper-	responsiveness	in	response	to	methacholine	challenge.	With	
increasing	doses	of	methacholine,	animals	 that	were	gavaged	with	
SPD,	displayed	improved	tissue	damping	properties	as	compared	to	
control	animals	(Figure	5).	Tissue	dampening	is	closely	related	to	tis-
sue	resistance	but	unlike	tissue	resistance	it	 is	frequency	indepen-
dent and reflects the energy dissipation in alveoli.

4  |  DISCUSSION

Our results demonstrate that polyamines are detectable in bronchoal-
veolar	lavages	from	asthma	patients,	with	significant	differences	in	

spermidine and cadaverine levels compared to healthy volunteers. 
In vitro experiments confirmed that spermidine and spermine exert 
anti-	inflammatory	effects	on	THP1	monocytes	and	primary	immune	
cells	stimulated	with	LPS.	Oral	gavage	with	spermidine	and	spermine	
also	 were	 associated	 with	 anti-	inflammatory	 effects	 in	 a	 murine	
model	of	HDM-	induced	 lung	 inflammation,	with	spermidine	exert-
ing a greater protective effect compared to spermine.

During	homeostasis,	the	production	of	polyamines	is	tightly	reg-
ulated. The decarboxylation of ornithine by ornithine decarboxylase 
(ODC1)	generates	putrescine,	which	is	converted	to	spermidine	by	
spermidine	synthase	 (SPDS),	which	 is	 further	metabolized	to	sper-
mine	by	spermine	synthase	(SPMS).19	Spermine	can	also	be	back	con-
verted	to	spermidine.	ODC1	is	considered	the	rate-	limiting	enzyme	
of	this	pathway	as	it's	subject	to	a	unique	mechanism	of	ubiquitin-	
independent proteasomal degradation.20	 Putrescine	 and	 spermine	
levels	were	similar	between	asthma	patients	and	control	BALs,	while	
only spermidine levels were decreased in asthma patients. This 
suggests that there is not a global dysregulation of this pathway in 
the	 asthmatic	 lung,	 but	 reduced	 spermidine	 levels	may	 be	 related	
to	altered	utilization	or	metabolism	of	this	specific	polyamine	by	in-
flammatory	cells.	 In	addition,	non-	mammalian	cellular	sources	may	
also	influence	spermidine	levels.	We	have	previously	shown	that	mi-
crobes	from	the	human	gut	can	secrete	and	utilize	polyamines,	and	
there are significant differences in the microbial populations present 
in the asthmatic lung.7,21	Unfortunately,	it's	not	currently	possible	to	
discriminate	between	microbe-	derived	polyamines	versus	mamma-
lian	cell-	derived	polyamines	in	vivo,	but	both	cellular	compartments	
are	likely	to	contribute	to	the	overall	polyamine	pool.

In	contrast	with	spermidine,	cadaverine	levels	were	increased	in	
the asthmatic lung. Cadaverine is the product of lysine decarbox-
ylation,	 rather	 than	 ornithine	 decarboxylation.	However,	ODC1	 is	
thought to also play a role in cadaverine generation.2	While	accumu-
lation of cadaverine can have adverse metabolic consequences on 
host	cells,	cadaverine	might	not	play	a	significant	direct	role	in	driv-
ing	pro-	inflammatory	 responses	within	 the	 lung.	Our	 in	 vitro	data	
and	murine	data	show	that	cadaverine	did	not	decrease,	but	also	did	
not	increase	inflammatory	responses.	As	with	the	other	polyamines,	
cadaverine can be generated by both microbial and mammalian cells 
and increased cadaverine levels might be the result of altered micro-
bial populations as well as changes in host cell metabolism.

Spermidine	is	being	increasingly	recognized	as	a	potent	regula-
tor	of	inflammatory	responses.	Spermidine	has	been	shown	to	have	
a protective role in multiple different mouse experimental models 
of	 inflammatory	 diseases	 including	 multiple	 sclerosis,	 psoriasis,	
and colitis.10,22,23 Multiple mechanisms may underpin this activity. 
Epigenetic	 modifications	 are	 well-	described	 whereby	 spermidine-	
induced	acetylation	of	histone	3	led	to	upregulation	of	autophagy-	
related	gene	expression,	which	contributed	to	autophagy-	mediated	
removal	 of	 dysfunctional	 organelles,	 cells	 or	 proteins,	 and	 subse-
quently reduces cell damage and increased longevity in murine 
models.3 Recently spermidine has been shown to modulate CD4+ 
T-	cell	differentiation	in	vitro,	preferentially	committing	naive	T	cells	
to	 a	 regulatory	 phenotype,	 which	 is	 partially	 dependent	 on	 the	
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F I G U R E  3 Oral	gavage	with	spermine	and	spermidine	decreases	HDM-	induced	airway	inflammation.	SPM	and	SPD	gavage	5	days	before	
and	during	HDM-	sensitization	on	day	0,	as	well	as	during	HDM-	challenge	from	day	7	to	11	(A),	decrease	total	number	of	immune	cells	(B),	
and	cytokine	levels	(C)	in	bronchial	alveolar	lavage	fluid	in	mouse	model	of	HDM-	induced	allergic	lung	inflammation.	For	heatmaps	(C,	D),	the	
condition	where	mice	received	only	intranasally	HDM	served	as	control	and	was	set	to	100%	of	cytokine	concentration.	Cells	isolated	from	
lungs	were	restimulated	with	HDM	for	48h	in	vitro	and	decrease	of	cytokine	production	was	observed	in	culture	of	cells	isolated	from	mice	
gavaged	with	either	SPM	or	SPD	(D).	Isolated	lung	T	cells	were	intracellularly	stained	for	IL-	10,	IL-	17,	IL-	13,	IL-	5,	IL-	4,	and	IFN-	gamma	and	
results	expressed	as	%	cytokine	positive	of	all	CD4	lymphocytes	(E).	(*p	<	.05	between	groups,	**p	<	.01	between	groups	[ANOVA])

(B)
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(D) (E)
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autophagy	gene	Atg5.24	 In	addition,	spermidine	via	transformation	
into	 hypusine,	 promotes	 hypusination	 and,	 thus,	 activation	 of	 the	
critical	 cellular	 protein	 eukaryotic	 translation	 factor	 5A	 (eIF5A).25 
Spermidine	 can	 also	 promote	 dendritic	 cell	 immunoregulatory	

properties via the indoleamine	2,3-	dioxygenase	1	 (IDO1)	enzyme-	
mediated conversion of tryptophan into kynurenines,	suggesting	an	
important immunoregulatory circuit involving the aryl hydrocarbon 
receptor	(AhR).19,26	Thus,	spermidine	may	exert	immunomodulatory	
effects	via	both	biochemical	pathways	and	epigenetic	modifications,	
which will need to be explored in future experiments focused on the 
inflamed lung and asthma.

One interesting aspect of our murine experiments is that we ad-
ministered	the	polyamines	orally,	but	not	topically	to	the	lung.	The	
protective	 effect	 of	 orally	 administered	 spermidine	 is	 in	 keeping	
with	 the	 concept	 of	 the	 “gut-	lung	 axis”	 that	 highlights	 the	depen-
dence of lung health on factors present within the gastrointestinal 
tract.	Previous	work	by	us	and	others	have	shown	that	a	variety	of	
dietary	and	microbial	metabolites,	including	short	chain	fatty	acids	
and histamine,	within	 the	gut	can	 impact	 lung	health.27,28 Our hy-
pothesis is that these gut associated metabolites do not have direct 
effects	on	 the	 lungs,	but	 influence	 the	activation	and	polarization	
of immune cell subsets that get recruited to the damaged lung mu-
cosa.	 However,	 future	 experiments	 are	 required	 to	 confirm	 this	
hypothesis.

In	summary,	polyamines	are	present	within	the	lung	and	may	be	
relevant to the lung inflammatory processes associated with asthma. 
However,	it's	not	clear	if	polyamine	levels	change	as	a	consequence	
of	these	disease	processes,	or	if	polyamines	are	directly	involved	in	
the	development	of	the	pathology.	Studies,	such	as	those	ongoing	in	
our	 laboratory,	are	required	to	determine	 if	polyamines	are	simply	

F I G U R E  4 Oral	gavage	with	
spermidine decrease lung tissue 
inflammation.	Oral	gavage	with	SPD	
decreases number of lung infiltrating cell 
as show in hematoxylin and eosin staining 
(A)	and	reconstitute	impaired	epithelial	
barrier	(B)	with	increased	expression	of	
tight	junction	proteins	(ZO-	1,	cld-	4)	as	
observed in immunofluorescence staining 
of	lung	tissue.	SPM	gavage	did	not	exert	
the same effects on the lung tissue
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F I G U R E  5 Mice	gavaged	with	SPD	improve	lung	function.	Lung	
function was measured using low frequency forded oscillations 
and	represented	as	tissue	damping	(G).	Mice	which	were	gavaged	
with	SPD	show	improved	tissue	resistance	with	increasing	doses	
of	methacholine	as	compared	to	control	mice.	(*p < .05 between 
groups	[two-	way	ANOVA])
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asthma	 biomarkers	 or	 if	 they	 represent	 clinically	 relevant	 thera-
peutic	targets.	Further	exploration	of	the	immunometabolic	mech-
anisms by which spermidine impacts host inflammatory responses 
may	 also	 reveal	 if	 host	 or	microbial-	derived	 polyamines	 are	more	
important within the lung.
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