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Abstract

Background: Airway epithelial injury is a crucial component of acute and severe asthma 

pathogenesis and a promising target for treatment of refractory asthma. However, the underlying 

mechanism of epithelial injury remains poorly explored. Though high levels of polyamines, 

mainly spermine, have been found in asthma and co-morbidity, their role in airway epithelial 

injury and the cause of their altered levels in asthma has not been explored.

Methods: We measured key polyamine metabolic enzymes in lung samples from normal and 

asthmatic subjects and in mice with OVA-induced allergic airway inflammation (AAI). Polyamine 

metabolism was modulated using pharmacologic/genetic modulators. Epithelial stress and 

apoptosis were measured by TSLP levels and TUNEL assay, respectively.

Results: We found loss of the polyamine catabolic enzymes spermidine/spermine-N (1)-

acetyltransferase-1 (SAT1) and spermine oxidase (SMOX) predominantly in bronchial epithelial 

cells (BECs) of human asthmatic lung samples and mice with AAI. In naïve mice, SAT1 or SMOX 

knockdown led to airway hyper-responsiveness, remodeling and BEC apoptosis. Conversely, in 

mice with AAI, overexpression of either SAT1 or SMOX alleviated asthmatic features and reduced 

TSLP levels and BEC apoptosis. Similarly, while pharmacological induction of SAT1 and SMOX 
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using the polyamine analogue bis(ethyl)norspermine (BENSPM) alleviated asthmatic features 

with reduced TSLP levels and BEC apoptosis, pharmacological inhibition of these enzymes using 

BERENIL or MDL72527, respectively, worsened them. Spermine accumulation in lungs 

correlated with BEC apoptosis, and spermine treatment caused apoptosis of human BEAS-2B cells 

in vitro.

Conclusions: Spermine induces BEC injury. Induction of polyamine catabolism may represent a 

novel therapeutic approach for asthma via reversing BEC stress.
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Introduction

Asthma is a complex disorder that involves an intricate interplay between structural (1) and 

immune cells (2). Current therapeutics available for asthma are based on the inflammatory 

response; however, they are ineffective for a group of patients, who develop resistance (3). 

Therefore, there is an imperative need to target alternative pathways of asthma pathogenesis 

(4). In contrast to immune cells, the airway epithelial layer is a structural boundary between 

the lung and the external environment, and current literature suggests that airway epithelial 

injury is a critical aspect of asthma pathogenesis (1,5). Stressed epithelia produce cytokines 

such as TSLP, IL-33 and IL-25 (2), which can cause airway inflammation and remodeling 

(6). Of these, TSLP has gained the most importance in asthma (7). Importantly, 

overexpression of TSLP in the lungs of naïve mice led to self-perpetuated asthma-like 

features (8). Interestingly, in a recent report, treatment with tezepelumab, a monoclonal 

antibody against TSLP, was found to be effective in severe asthma patients with poor steroid 

responsiveness (9). Further, apoptosis of bronchial epithelial cells (BECs) in the lungs of 

human asthmatics (10,11) and in mice with experimental asthma, reported by us (12,13) and 

others (14), suggests the involvement of epithelial stress in asthma. Hence, finding out the 

pathways involved in the survival or damage of airway epithelial cells could be a suitable 

approach for the discovery of alternative therapies in asthma management.

The polyamines (PAs) putrescine (PUT; H3N+(CH2)4
+NH3), spermidine (SPD; H3N+ 

(CH2)4
+NH2(CH2)3

+NH3) and spermine (SPM; H3N+

(CH2)3
+NH2(CH2)4

+NH2(CH2)3
+NH3) are positively charged biological molecules at 

physiological pH (15). PA catabolism plays a crucial role in maintaining optimal levels of 

intracellular PA pools by converting longer PAs back to smaller PAs through two key 

catabolic enzymes, spermidine/spermine-N(1)-acetyltransferase-1 (SAT1) and spermine 

oxidase (SMOX) (Fig. 1, A) (16). SAT1 transfers acetyl groups onto SPM and SPD, and 

acetylated PAs are either exported out of the cell or oxidized by acetyl polyamine oxidase 

(PAOX). The rate of PAOX reaction is limited by the availability of acetylated PAs, hence 

SAT1 is considered a rate-limiting enzyme of this catabolic reaction (17). SMOX 

preferentially catabolizes SPM but not SPD, without prior acetylation, unlike PAOX (18). 

Various pharmacological modulators, such as 2-difluoromethylornithine (DFMO), 

bis(ethyl)-norspermine (BESNPM), N,N1-bis(2,3-butadienyl)-1,4-butanediamine 
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(MDL72527) and diminazene-aceturate (BERENIL) can target key enzymes involved in the 

PA metabolic processes (Fig. 1, A) (19).

The involvement of PA pathway in cell survival or death has been reported (20,21). 

However, the effects of PAs are contextual, depending on their concentrations and cell types 

(22). In asthma, PA levels are increased in the blood (23) and sputum (especially SPM) (24) 

of patients. However, the reason for this elevation of SPM and other PAs is not known. 

Though there are few reports available for the effects of PAs on circulating immune cells, 

such as mast cells, in context of asthma (25,26), the effects of PAs on airway epithelial cells 

have not yet been studied. Interestingly, a recent study demonstrated survival-promoting 

effects of SPM on eosinophils in asthma (27). Since airway epithelium and eosinophils play 

protective and damaging roles in asthma, respectively, we sought to study the effect of PAs 

on airway epithelium.

In this study, we report for the first time that the PA catabolic enzymes SAT1 and SMOX are 

downregulated in asthma, predominantly in BECs. We show how reduced PA catabolism is 

associated with epithelial stress and the inflammatory cascade. Furthermore, 

pharmacological or genetic induction of PA catabolism, leading to normal PA levels, 

reverses asthma features.

Materials and Methods

For a detailed description, please see supplementary sections.

Animals

Male BALB/c mice (8–10 weeks old) were obtained from Central Drug Research Institute 

(Lucknow, India) and acclimatized for a week before the experiments. Animals were 

maintained following the guidelines and protocols approved by the institutional animal 

ethics committee.

Human samples

Human lung lysates and paraffin-embedded lung sections (from same samples) were 

purchased from Novus Biologicals (Colorado, USA) and BioChain Institute, Inc. 

(California, USA).

Cell line

Human bronchial epithelial cell line, BEAS-2B (derived from normal human bronchial 

epithelium) (28) was purchased (CRL-9609; ATCC, USA) and grown in serum-free LHC-9 

medium (Gibco, USA).

Delivery of pharmacological compounds and plasmids, in naïve mice or mice with AAI

Pharmacological induction of SAT1 and SMOX (Fig. 1E: Set-II) was performed using the 

PA analogue BENSPM {20mg/kg} (29–31), a structural mimetic of SPM that exploits the 

regulatory feedback mechanisms of the PA pathway. For inhibition, BERENIL {20mg/kg 

(Sigma, USA)}, a pharmacologic inhibitor of SAT1 activity (32) and MDL72527 {40mg/kg 
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(Sigma, USA)}, a PA analogue, which is a competitive inhibitor of SMOX (33) were used. 

Compounds were delivered intravenously via tail vein injections.

For genetic modulations, different plasmids were complexed with in vivo-jetPEI reagent 

(Polyplus, France) as per the manufacturer’s instructions, and were administered by either 

intratracheal or intravenous routes, as detailed in supplementary methods.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software. One-way ANOVA test 

was used to compare more than two groups followed by Tukey’s post-hoc analysis. Between 

two groups, unpaired, two-tailed Student’s t test was used.

Results

Loss of the PA catabolic enzymes SAT1 and SMOX in human asthmatic lung samples

To investigate the status of PA metabolism (Fig. 1A), expression of key metabolic enzymes 

was measured by Western blots in total lysates of human lung samples from both asthmatics 

and healthy subjects. The cellular identity of these expressions was studied by 

immunohistochemistry (IHC). Though the levels of ODC were unchanged (Fig. S1, A), we 

observed significant reductions in the levels of SAT1 and SMOX, in the lung lysates of 

asthmatics in comparison to healthy controls (Fig. 1B). Interestingly, IHC of the lung 

sections showed that these reductions in catabolic enzymes were most prominent in the 

BECs (Fig. 1C and D).

PA catabolism is downregulated in AAI

In order to study the role of derailed PA metabolism in epithelial injury and, thus, asthma 

pathogenesis, we used murine-model of AAI, which shows key features of asthma (Fig. 1E: 

Set-I). To confirm the suitability of the model, we checked the levels of PAs by high 

performance liquid chromatography (HPLC) and the expression of ODC, SAT1 and SMOX 

by Western blotting. To estimate the levels of PAs, lung tissues from mice with AAI (OVA/

OVA) and normal mice (SHAM/PBS) were used. We found a significant increase in the 

levels of all mammalian PAs, PUT, SPD and SPM, in mice with AAI (Fig. 1F). However, of 

all PAs, the levels of SPM were increased the most (~2 fold) (Fig. 1F). Although, no 

differences were observed in ODC (Fig. S1, B), SAT1 and SMOX levels were significantly 

reduced (Fig. 1G and Fig. S1, C and D). Additionally, the activity of SAT1 was decreased 

(Fig. S1, E). These results were confirmed by IHC which showed that SAT1 and SMOX 

were downregulated predominantly in BECs (Fig. 1H and Fig. S1, F).

In vivo knockdown of either SAT1 or SMOX increases PAs and generates asthma-like 
features in naïve mice

To determine whether reduced PA catabolism contributed to asthma pathophysiology, we 

knocked down SAT1 and SMOX in naïve mice by intratracheal delivery of respective 

shRNA plasmids (Fig. 2A). Knockdown of SAT1 and SMOX was confirmed by Western 

blot analysis (Fig. S2, A). Knockdown of SAT1 or SMOX by their respective shRNAs, but 

not by scrambled shRNA, elevated the levels of all PAs in the lung (Fig. 2B). Interestingly, 
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loss of either SAT1 or SMOX led to a significant development of airway hyper-

responsiveness (AHR) in the naïve mice (Fig. 2C). This AHR induction was associated with 

modest increase in airway inflammation (Fig. 2D and E), goblet cell metaplasia and sub-

epithelial collagen deposition (Fig. 2D). Both neutrophils and eosinophils were increased in 

bronchoalveolar lavage (BAL) fluid (Fig. 2F). To rule out the possibility of non-specific 

shRNA effects, we measured the levels of interferon (IFN)-β in the lung lysates and 

observed no induction of interferon response (Fig. S2, B).

Pharmacological induction of PA catabolism alleviates, while inhibition worsens asthmatic 
features, in mice with AAI, along with PA levels

Since both catabolic enzymes were reduced in asthma, we induced both of these enzymes 

together, in mice with AAI, using BENSPM, a potent pharmacological inducer of SAT1 

(29,30) and SMOX (31). BENSPM competes with the natural PAs for uptake into the cell. 

Once inside, the analogue exploits the self-regulatory nature of the PA metabolic pathway, 

upregulating the catabolic pathways while downregulating biosynthesis through feedback 

inhibition. Western blots and IHC results confirmed the induction of SAT1 and SMOX in the 

lungs (Fig. 3A-B and Fig. S3, A-B). Moreover, BENSPM treatment significantly induced 

SAT1 activity in the lungs of mice (Fig. S3, C). Induction of PA catabolism reduced high 

levels of SPM and SPD in the lungs of mice with AAI (Fig. 3C). It also reduced AHR (Fig. 

3D) and improved histopathological features, such as airway inflammation (Fig. 3E and F), 

goblet cell metaplasia, and sub-epithelial collagen deposition (Fig. 3E). Further, BENSPM 

treatment led to a reduction in BAL eosinophils and neutrophils to nearly undetectable levels 

(Fig. 3G). Interestingly, these mice also showed a marked reduction in TSLP levels (Fig. 

3H), indicating alleviation of BEC stress. This reversal of asthma features and epithelial 

stress was associated with a striking reduction of ova-specific IgE (Fig. 3I) and pro-

inflammatory cytokines, IL-4, IL-5 and IL-13 (Fig. 3J–L). Since a greater level of epithelial 

stress has been reported in severe asthmatics than in intermittent asthma patients (34), we 

sought to further increase the levels of SPM and SPD in the lungs of mice with AAI by 

using inhibitors of SAT1 and SMOX, BERENIL (32) and MDL72527 (33) (Fig. 1E: Set-III), 

respectively. As expected, we observed higher levels of PAs in the lungs of mice with AAI 

after either BERENIL or MDL72527 treatment (Fig. S4, A). Interestingly, this further 

increase in PAs was associated with aggravation of asthmatic features in mice with AAI 

(Fig. S4, B-E), including epithelial stress (Fig. S5, A), ova-specific IgE (Fig. S5, B) and pro-

inflammatory cytokines levels (Fig. S5, C–E).

Overexpression of either SAT1 or SMOX reduces PAs and alleviates asthmatic features in 
mice with AAI

To further dissect the therapeutic effects of inducing PA catabolism in asthma, we tested the 

individual contribution of SAT1 and SMOX in reversing asthmatic features. For this, we 

intravenously administered SAT1- or SMOX-overexpressing plasmids in mice with AAI 

(Fig.1E: Set-IV). Western blot analysis and IHC results (Fig. S6, A–B) confirmed the 

overexpression of SAT1 and SMOX in the lungs. Importantly, overexpression of either SAT1 

or SMOX resulted in a significant decrease in PAs (Fig. 4A) and AHR (Fig. 4B) that was 

associated with reductions in airway inflammation, airway remodeling, airway eosinophilia, 

and in the levels of TSLP, ova-specific IgE, IL-4, IL-5 and IL-13 (Fig. 4C–J). Absence of 
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IFN-β induction in these mouse lungs excluded the possibility of non-specific effects by 

plasmid administration (Fig. S6, C).

SPM accumulation in the lungs positively correlates with the apoptosis of BECs

To determine the effect of accumulated PAs on cell stress, we used Terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays in our murine models 

of AAI and in naïve mice with different modulators of PA catabolism. Interestingly, we 

observed predominant apoptosis of the BECs in the lungs, where the PAs were found to be 

accumulated, i.e., after knockdown of SAT1 and SMOX (Fig. 5A). However, reductions in 

the levels of apoptosis were observed where the levels of PAs were reduced after BENSPM 

treatment (Fig. 5B) or overexpression of SAT1 or SMOX (Fig. 5C). Additionally, more BEC 

apoptosis was observed in MDL72527- and BERENIL-treated AAI mice than in vehicle-

treated AAI mice (Fig. S7, A). Quantification of apoptosis and its association with PA levels 

indicated a pro-apoptotic role of accumulated PAs in BECs. We correlated the levels of the 

individual PAs with the total number of apoptotic BECs in the lungs. Interestingly, of all of 

the PAs altered, SPM showed the strongest correlation with BEC apoptosis (Pearson’s 

correlation r value = 0.8148, r2 = 0.6639 and p<0.0001); conversely, SPD and PUT were not 

well correlated with apoptosis (correlation r values < 0.5) (Fig. 5D). As previous studies 

showed an active role of mitochondrial dysfunction in epithelial injury (35,36), we measured 

the levels of cytochrome c (cyto c) and cleaved-caspase-3 (c-csp-3) in lung cytosols. 

Interestingly, the trends in cyto c and c-csp-3 levels were similar to that observed with 

apoptosis of BECs (Fig. 5E-G and Fig. S7, B–E).

SPM is the most active PA in inducing apoptosis of human BECs

After finding a strong correlation between accumulation of SPM and apoptosis of BECs in 

the lungs, we tested the causal role of each PA in inducing apoptosis of BEAS-2B cells by 

culturing them with different concentrations of PUT, SPD and SPM. The extent of apoptosis 

was quantified using AnnexinV/7-AAD assay. Of the PAs, SPM was found to be the most 

active PA in inducing the apoptosis of BEAS-2B, followed by SPD, whereas, PUT was 

ineffective (Fig. 6A and B). To determine if the apoptosis of BEAS-2B was due to the 

dysfunction of mitochondria, we measured cyto c, in the cytosols of BEAS-2B. Cyto c levels 

were increased with increasing concentrations of SPM (Fig. 6C). Moreover, the cleavage of 

csp-3 showed a concentration-dependent increase (Fig. 6D).

Discussion

Normally, PAs are tightly maintained at levels optimal for cellular functions. Alterations in 

PA levels, either high (21,23,24,30,37,38) or low (21,39) have been associated with various 

diseases. In asthma, despite the evidence for increased PAs, a mechanistic understanding has 

remained elusive.

In this study, we report for the first time that PA catabolism is downregulated in asthma 

(predominantly in the BECs) and resulting high levels of SPM induce BEC stress and 

apoptosis. In the normal lungs of mouse and human, we observed higher expressions of 

SAT1 and SMOX in the BECs, in comparison to other structural cells. Though inflammatory 

Jain et al. Page 6

Allergy. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells in the lung sections of asthmatic patients and mice with AAI have shown similar 

expression of SAT1; SMOX expression was moderate in the inflammatory cells of human 

lungs in comparison to mouse. Hence downregulation of SAT1 and SMOX in BECs may 

lead to the accumulation of PAs, as was seen in lungs of mice with AAI. Additionally, 

another PA catabolic enzyme diamine oxidase (DAO) utilizes substrate PUT but not SPD or 

SPM. Moreover, the activity of DAO is very low in the lungs (almost negligible) (40). 

Therefore, the contribution of SAT1 and SMOX is most important in context of asthma. 

Further, significant apoptosis of BECs after SAT1 or SMOX knockdown in naïve mice lungs 

indicates a crucial role of PA catabolism in the maintenance of lung epithelial homeostasis. 

Moreover, SAT1 was reported to be highly expressed in the normal epithelial cells from 

nasal brushings (41).

Interestingly, SAT1 or SMOX knockdown in naïve mice lungs increased PA levels and 

induced asthma-like features, supporting a causal role of SAT1 and SMOX in asthma 

pathophysiology. Similarly, SPM nebulization in naïve mice was reported to induce AHR 

(24). In airway smooth muscle cells (ASMCs), interaction of SAT1 with α9β1 integrin was 

shown to reduce AHR by catabolizing PAs locally (42). However, in the absence of integrin, 

this effect was not observed even after induction of SAT1. Moreover, SAT1 expression in 

ASMCs was not tested in asthma. In contrast to ASMCs, we found predominant reduction of 

SAT1 in BECs. Hence, the induction of asthma-like features after knockdown is likely due 

to BEC stress (Fig. 5A) (8,12). In contrast to knockdown experiments, overexpression of 

either SAT1 or SMOX alleviated AAI with BEC stress; this further strengthens the 

importance of both enzymes in asthma. Further, we found worsening of asthmatic features in 

AAI after SAT1 and SMOX inhibition using BERENIL and MDL72527, respectively, that 

was associated with higher levels of SPM, BEC stress and apoptosis. This aggravated 

response could be implicated in severe asthmatic conditions, where airway epithelial 

shedding is greater than in mild intermittent asthma (34).

Induction of PA catabolism appears to be a viable therapeutic approach in asthma. BENSPM 

treatment reduced PAs and potently alleviated AAI along with epithelial stress. The striking 

reduction in OVA-specific IgE levels after BENSPM treatment could be due to reduced 

TSLP levels, as TSLP stimulates T cells to express IL-4 (43) that is known to induce IgE 

synthesis from B cells in asthma (44). While it is not possible to definitively separate the 

interlinked inflammatory response and epithelial stress in AAI, the overall data is consistent 

with BENSPM alleviating BEC injury by reducing PA accumulation, thereby attenuating the 

release of TSLP and damping the well-known feed-forward loop between AAI and epithelial 

injury. Recently, an antibody against TSLP, markedly inhibited exacerbations in severe 

asthmatics and reduced IgE levels (9). Importantly, this effect was independent of asthma 

subtypes such as eosinophilic or neutrophilic. This suggests that therapeutic interventions 

targeting BEC stress and TSLP release may be most relevant for severe asthmatics. 

Restoring normal PA catabolism seems to be one such approach. Moreover, the effects of 

BENSPM treatment are consistent with observations in Parkinson’s disease model, where 

BENSPM induced SAT1 reduced PAs and alleviated disease pathology; while BERENIL 

worsened it (30). In contrast, in tumour lines, BENSPM induced PA catabolism from 

hundreds to thousands-fold and resulted in cytotoxicity (45,46). Whereas, in our study 

BENSPM did not induce SAT-1 activity to such an extent and thus reduced epithelial stress.
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In a study by North et al., an attempt was made to inhibit PA biosynthesis using DFMO. 

However, that strategy could not reduce high levels of SPM and targeting ODC worsened 

AAI and peri-bronchial collagen deposition in mice, although it attenuated AHR (24). The 

reason for these unexpected results could be, (a) the observed unchanged levels of ODC in 

AAI; (b) inability of DFMO to consistently reduce SPM levels, due to additional 

compensatory mechanisms and incomplete inhibition of ODC (47,48). Thus, there was no 

effect on SPM levels in their model, and the observed changes in AHR could be because of 

SPD levels. SPM was the most effective PA in inducing AHR in their study and in inducing 

BEC injury in our study. In contrast, our strategy of using BENSPM did bring down the 

elevated levels of SPM and alleviated asthmatic features.

BECs are damaged and sensitive to apoptosis in the lungs of asthmatics (10,11) and in mice 

with OVA-induced AAI, as reported by us and others (12–14,49). Thus, we speculated that 

these high levels of PAs could lead to apoptosis of BECs. In our in vivo models with 

modulated PA catabolism, we found high levels of SPM to be well correlated with BECs 

apoptosis. Our studies with human BECs in culture demonstrated that SPM was the most 

active PA inducing apoptosis. The concentrations of SPM (10–100 µmol/L) inducing BEC 

apoptosis are physiologically relevant, as in asthmatic patients during attacks, upto 30 

µmol/L SPM in the blood (23), and upto 316 nmol/g [~µmol/L] SPM in mouse lungs were 

reported (50).

The SPM induced apoptosis was associated with cyto c release from mitochondria and 

caspase-3 activation, and is in agreement with earlier studies, where SPM treatment to cells 

or cell-free preparations of mitochondria induced cyto c release (51) and activated caspase-3 

(52). Although, we have demonstrated an association of mitochondrial dysfunction with 

SPM, the causation and mechanism for this effect remains to be elucidated.

Interestingly, in the context of growth and repair of gastrointestinal mucosa, depletion of 

PAs protected intestinal epithelial cells from apoptosis (53). Similarly, our results showed 

the diminished wound-healing, after SPM addition to BEAS-2B (Fig. S8), indicating its 

possible non-apoptotic role in controlling cell proliferation in addition to its apoptotic effects 

(Fig. 5). Such dual effects of SPM are likely to be context dependent, ranging from finer 

regulatory control in physiological processes such as healing, to injury and apoptosis in 

pathological conditions. Thus, moderately increased SPM levels may compromise epithelial 

wound repair, a known feature of asthma, while striking elevations may cause the epithelial 

injury. Thus, changes in polyamine metabolism could lead to asthma risk or perpetuate 

asthma-like changes, depending on context. This warrants further attention and 

investigation. In contrast, a recent study demonstrated that SPM prolongs eosinophil survival 

by inhibiting normal apoptosis (27). Therefore, the effects of PAs on cellular apoptosis may 

not be true for all cell types. Thus, it is conceivable that increased SPM levels can have 

direct and indirect effects, such as eosinophil survival, AHR induction and BECs damage, 

resulting in severe asthmatic conditions.

Importantly, elevated SPM levels were well-correlated with oxidative/nitrosative stress 

during obesity (54), suggesting that PA metabolism could be important in obese-asthma. The 

increasing prevalence of obese-asthma and its poor response to standard anti-inflammatory 
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therapy provides an impetus for further exploration of this area. PA metabolism is known to 

be a valid drug target, as DFMO is approved for the treatment of Human African 

Trypanosomiasis and is currently in colorectal cancer chemoprevention trials (55,56). Thus, 

the reduction of PAs, through the induction of PA catabolism, represents a novel therapeutic 

target for asthma that holds considerable promise for further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Loss of the PA catabolic enzymes SAT1 and SMOX in human asthmatics and in mice with 

AAI. (A) Schematic depiction of PA metabolism. PUT is synthesized by oxidative 

decarboxylation of ornithine by the ornithine decarboxylase (ODC). PUT further gets 

converted into SPD and SPM by spermidine synthase (SRM) and spermine synthase (SMS), 

respectively. PA catabolism converts longer PAs back to smaller PAs through SAT1, SMOX 

and PAOX. Key enzymes are in filled shapes and pharmacological modulators are italicized. 
(B) Representative Western blots and densitometry of SAT1 and SMOX in human lung 

lysates (n=4). (C and D) Representative IHC images of SAT1 and SMOX in human lung 

sections (n=4; Original magnification: 200X). (E) Schematic presentation of the protocols 

for the OVA-induced AAI model without (Set-I) and with (Set II-IV) different modulators of 

PA catabolism, see Methods. (F) PA levels in the whole lung lysates of mice. (G) 

Representative Western blots for catabolic enzymes (SAT1 and SMOX) in whole lung 
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lysates. (H) Representative IHC images of SAT1 and SMOX in lungs sections of mice 

(Original magnification: 200X). In images, arrows indicate expression in BECs. All data are 

presented as means ± s.e.m. Mice data (F-H, means ± s.e.m.) are representative from one of 

three independent experiments (n=5). Student’s t-test, *P<0.05; **P<0.01.
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Figure 2. 
In vivo knock- down of either SAT1 or SMOX increases PAs and generates asthma-like 

features in naïve mice. (A) Schematic protocol for intratracheal administration of SAT1- and 

SMOX-shRNA plasmids (Set-V). (B) PA levels in the whole lung lysates. (C) Airway 

resistance (or AHR) in response to methacholine. (D) Representative images for airway 

inflammation, goblet cell metaplasia and sub-epithelial collagen deposition in the lungs as 

measured by haematoxylin and eosin (H&E), periodic acid schiff (PAS) and Masson’s 

trichrome (MT) stainings, respectively. (E) Inflammation scores in the H&E stained lung 

sections. (F) Differential cell counts in the BAL fluid. MAC, macrophages; LYM, 

lymphocytes; EOS, eosinophils; NEU, neutrophils; Br, bronchus; V, vessel. Dashed arrows, 

arrow heads and dotted arrows indicate cellular infiltration, mucin and collagen, 

respectively. Original magnification: 100X for H&E and 200X for PAS and MT. Data 

(means ± s.e.m.) are representative from one of two independent experiments (n=5; ANOVA 

test followed by Tukey’s post hoc analysis or Student’s t-test, *P<0.05; **P<0.01; 

***P<0.001).
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Figure 3. 
Pharmacological induction of PA catabolism using BENSPM reduces PAs and alleviates 

asthmatic features in mice with AAI. (A and B) Representative Western blot and IHC 

images for the confirmation of induction of SAT1 and SMOX in mouse lungs with AAI 

(OVA/VEHICLE). (C) PA levels in whole lung lysates. (D) AHR to methacholine. (E) 

Representative images for airway inflammation, goblet cell metaplasia and sub-epithelial 

collagen deposition in the lungs. (F) Inflammation scores in the H&E-stained lung sections. 

(G) Differential cell counts in the BAL fluid. MAC, macrophages; LYM, lymphocytes; EOS, 

eosinophils; NEU, neutrophils. (H-L) Levels of TSLP, OVA-specific IgE and pro-

inflammatory cytokines in the BAL fluid, serum and total lung lysates, respectively as 

measured by ELISA. Br, bronchus; V, vessel. Cellular infiltration, mucin and collagen in 

lungs is indicated by dashed arrows, arrow heads and dotted arrows, respectively. Original 

magnification in images: 100X for H&E and MT and 200X for PAS and IHC. Data (means ± 
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s.e.m.) are representative from one of two independent experiments (n=6; ANOVA test 

followed by Tukey’s post hoc analysis or Student’s t-test, *P<0.05; **P<0.01; ***P<0.001).
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Figure 4. 
Overexpression of either SAT1 or SMOX reduces PAs and alleviates asthmatic features in 

mice with AAI. (A and B) Polyamine levels in the whole lung lysates and AHR of lungs to 

methacholine in mice with AAI (OVA/pCMV-entry) and SAT1 or SMOX overexpression 

plasmids. (C) Representative images of airway inflammation, goblet cell metaplasia and sub-

epithelial collagen deposition in the lungs. (D) Inflammation scores in the H&E-stained lung 

sections. (E) Differential cell counts in the BAL fluid. MAC, macrophages; LYM, 

lymphocytes; EOS, eosinophils; NEU, neutrophils. (F-J) Levels of TSLP, OVA-specific IgE 

and pro-inflammatory cytokines in the BAL fluid, serum and total lung lysates, respectively. 

Br, bronchus; V, vessel. Dashed arrows, arrow heads and dotted arrows indicate cellular 

infiltration, mucin and collagen, respectively. Original magnification in images: 100X for 

H&E, MT and 200X for PAS. Data (means ± s.e.m.) are representative from one of two 

independent experiments (n=6; ANOVA test followed by Tukey’s post hoc analysis or 
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Student’s t-test, *P<0.05; **P<0.01; ***P<0.001), (In panel B, for AHR data, **P<0.01 for 

SHAM/VEHICLE versus OVA/pCMV-entry, #P <0.05 for OVA/pCMV-entry versus OVA/

pCMV-SAT1 and †P <0.05 for OVA/pCMV-entry versus OVA/pCMV-SMOX group).
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Figure 5. 
SPM accumulation in the lungs positively correlates with the apoptosis of BECs. (A-C) 

Representative images of TUNEL assay and quantification of TUNEL-positive BECs after 

SAT1 and SMOX modulations in mice, i.e., after (A) knock down by shRNA, (B) induction 

using BENSPM and (C) overexpression by their respective plasmids. (D) Linear regression 

plots and Pearson’s correlation coefficients for the percentage of apoptotic BECs with 

respect to SPM, SPD and PUT levels in the lungs for different murine models used in this 

study. (E-G) Representative Western blots of cyto c and c-csp-3 in the lung cytosols after 

SAT1 and SMOX modulations, i.e., after (E) knock down by shRNA, (F) induction using 

BENSPM and (G) overexpression by plasmids. Br, bronchus. Arrows indicate TUNEL-

positive BEC nuclei in brown (original magnification, 1000X). Data (means ± s.e.m.) are 

representative from one of two independent experiments (n=5–6; ANOVA test followed by 

Tukey’s post hoc analysis, *P<0.05; **P<0.01; ***P<0.001).
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Figure 6. 
SPM is the most active PA in inducing apoptosis of human BECs. (A) Fold change in the 

apoptosis of BEAS-2B cells that were treated with different concentrations of PUT, SPD and 

SPM for 24 hours, with respect to non-treated control cells. (B) Representative dot plots for 

the most active PA, SPM, quantified in panel A; Quadrants Q1 and Q2 together show the 

total apoptotic cells. (C and D) Levels of cyto c in the cytosols and flow cytometry analysis 

of c-csp-3 in BEAS-2B cells after treatment with different concentrations of SPM. Data 

(means ± s.e.m.) are representative from one of at least three independent experiments 

(ANOVA test followed by Tukey’s post hoc analysis, *P<0.05; **P<0.01; ***P<0.001).
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