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Abstract

Sulfur mustard (SM) and nitrogen mustard (NM) are cytotoxic alkylating agents that cause severe 

and progressive injury to the respiratory tract, resulting in significant morbidity and mortality. 

Evidence suggests that macrophages and the inflammatory mediators they release play roles in 

both acute and long-term pulmonary injury caused by mustards. In this article, we review the 

pathogenic effects of SM and NM on the respiratory tract and potential inflammatory mechanisms 

contributing to this activity.
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Introduction

Sulfur mustard (SM) and the related analog nitrogen mustard (NM) are bifunctional 

alkylating agents known to cause severe damage to target organs, including the lung.1–3 

Owing to their lipophilic nature, mustards readily penetrate tissues and cells and react with 

sulfhydryl, carboxyl, and aliphatic amino groups, as well as heterocyclic nitrogen atoms, 

forming stable adducts and causing alkylation and cross-linking of nucleic acids, proteins, 

and lipids.4,5 This results in oxidative and nitrosative stress, impairment of cellular 

functioning, DNA damage, and cytotoxicity.3,6
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Acute respiratory complications following inhalation exposure to mustards include 

rhinorrhea, irritation, coughing, and choking, whereas long-term effects include asthma, 

bronchitis, bronchiectasis, airway narrowing due to scarring, and pulmonary fibrosis leading 

to bronchiolitis obliterans and chronic obstructive pulmonary disease (COPD).2,3,7,8 These 

pathological alterations are correlated with a persistent macrophage-dominant inflammatory 

response, and increases in proinflammatory/profibrotic mediators, including reactive oxygen 

species (ROS) and reactive nitrogen species (RNS), tumor necrosis factor α (TNFα), 

eicosanoids, interleukin (IL)-1, IL-6, IL-8, IL-10, IL-12, IL-13, matrix metalloproteinases 

(MMPs), connective tissue growth factor (CTGF), and transforming growth factor (TGF)-β, 

which have been implicated in pulmonary disease pathology and progression.3,9,10 

Macrophages are known to play roles in both acute and chronic lung pathologies.11 

However, the signaling events regulating macrophage activation and phenotypic 

differentiation and the role of these cells in initiating, propagating, and resolving mustard-

induced pulmonary injury are currently unknown, and this represents the focus of our 

research.

Mustard-induced histopathological changes in the respiratory tract

To assess the role of macrophages and inflammatory mediators in vesicant-induced lung 

injury and fibrosis, we developed an experimental rodent model using NM (0.125 mg/kg, 

i.t.). At this dose, all animals survive and appear clinically normal for at least 4 weeks. 

Importantly, histopathological alterations induced by NM in the trachea, bronchi, and lung 

are generally similar to those observed with SM.12–18 In the trachea and bronchi, acute 

changes, including focal attenuation of the epithelium, detachment of the epithelium from 

the mucosa, loss of cilia, and an accumulation of fibrin entrapping necrotic epithelial cells 

and debris in the lumen, are observed 1–3 days postexposure.14 At this time, multifocal 

hyperplasia, bronchiolized alveoli, perivascular and peribronchial edema, hyperplasia and 

hypertrophy of goblet cells, blood vessel hemorrhage, fibrin deposits, and inflammatory cell 

infiltrates, along with patchy, mild thickening of alveolar septa, are also noted in the lower 

respiratory tract and the lung.14,16–18 These pathological sequelae following NM exposure 

persist for at least 28 days. With time, erythrophagocytosis, fibroplasia, squamous 

metaplasia of the bronchial wall, and emphysema-like changes in the alveolar tissue also 

develop, and, by 7 days after mustard exposure, prominent trichrome staining is evident 

within inflammatory lesions, particularly around the alveolar septal wall and the 

peribronchiolar region, with a few areas exhibiting organized fibrin deposits.16 By 28 days 

postexposure, multiple areas of fibrosis containing organized collagen fibers are observed 

around airways and bronchioles.16 These alterations are consistent with progressive and 

persistent histological changes described by others in rodents up to 30 days after NM or SM 

exposure.12,13,19,20 Similar pathological changes have been described in lungs of Iran–Iraq 

war veterans exposed to SM or in individuals following accidental pulmonary exposure to 

mustards.8,21,22 Together, these findings validate our experimental rodent model for 

investigating mechanisms of mustard-induced pulmonary injury.
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Macrophages and inflammatory mediators accumulate in the lung following 

mustard exposure

In rodents, mustard-induced pulmonary injury is associated with an accumulation of 

activated macrophages in the lung; these cells appear within 1 day of exposure and persist 

for at least 28 days.10,14,16,18 Evidence suggests that macrophages play roles in both acute 

and chronic pulmonary pathologies, including cytotoxicity and fibrosis, and that these 

responses are mediated by phenotypically distinct macrophage subpopulations, broadly 

characterized as proinflammatory/cytotoxic M1 macrophages and anti-inflammatory/wound 

repair M2 macrophages.11,23 Whereas proinflammatory/cytotoxic M1 macrophages release 

ROS and RNS, eicosanoids, TNFα, IL-12, and MMPs, anti-inflammatory/wound repair M2 

macrophages release mediators such as IL-10, which suppresses inflammation, and growth 

factors that promote wound repair.11 Excessive release of mediators by M1 and M2 

macrophages can lead to chronic inflammation, injury, and/or fibrosis. Studies in our 

laboratory have demonstrated that macrophages accumulating in the lung early (1–3 days) 

after NM express inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2, and 

TNFα, markers of M1 macrophages;14,16–18 M1 markers, including iNOS, TNFα, COX-2, 

IL-12α, MMP-9, and MMP-1010 are also upregulated in isolated macrophages (Table 1). 

The observation that M1 macrophages persist in the lung for at least 28 days after NM 

exposure suggests a prolonged proinflammatory response. Proinflammatory M1 

macrophages have been implicated in lung injury induced by ozone and bleomycin, 

pulmonary toxicants known to cause acute oxidative injury to the lung,24,25 and we 

speculate that they play similar roles in mustard toxicity. This is supported by our findings 

that treatment of rats with gadolinium chloride, an M1 macrophage inhibitor,26 suppressed 

NM-induced lung injury.

Following mustard exposure, increased numbers of M2 macrophages are observed in the 

lung, characterized by expression of CD163, CD206, and arginase (Arg) II (Table 1). These 

cells first appear 3 days after exposure, suggesting that the process of fibrosis begins early in 

the pathogenic response.10,16,17 This is supported by our findings that expression of the 

profibrotic mitogen TGF-β and fibroplasia are also evident 3 days post-NM. With time 

following NM exposure, M2 macrophages became enlarged and foamy, a characteristic of 

profibrotic macrophages, and, by 28 days, they are mainly clustered in the airspaces adjacent 

to fibrotic regions.10,16,27

To further characterize macrophages responding to NM, cells were analyzed by flow 

cytometry using markers for inflammatory macrophages (CD11b) and maturity (CD43).10 

Following NM exposure, CD11b+ inflammatory cells are observed in the lung within 1 day 

of exposure and persist for up to 28 days. CD11b+ cells were found to consist of immature 

macrophages, which express high levels of CD43 (CD43+), and mature macrophages, which 

express low levels of CD43 (CD43−). While maximum numbers of immature 

CD11b+CD43+ macrophages are observed in the lung at 3 days after NM exposure, 

CD11b+CD43− mature macrophages peak at 7 days. At 28 days, only a small number of 

CD11b+ infiltrating macrophages are present in the lung, and these cells are mainly CD43−. 

To analyze these subpopulations further, they were sorted and examined for relative 
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expression of M1 and M2 genes.10 At 3 days post-NM, M1 (iNOS, IL-12α) marker 

expression is prominent in the CD11b+CD43+ subpopulation, while M2 (IL-10, CX3CR1) 

genes are upregulated in the CD11b+CD43− subpopulation. These findings indicate that M1 

macrophages accumulating in the lung after NM are more immature than M2 macrophages 

and derived largely from blood monocytes.28 In contrast, low expression of CD43 on M2 

macrophages indicates a more mature phenotype. We speculate that these cells are mainly 

derived from immature M1 macrophages that develop an M2 phenotype as they mature.29 

This is supported by our findings that ApoE, a protein associated with macrophage 

activation toward an anti-inflammatory M2 phenotype,30 is increased in immature 

CD11b+CD43+ macrophages relative to mature CD11b+CD43− cells.10 Similar macrophage 

maturation and phenotypic switching have been described in renal and peritoneal models of 

inflammation.31,32

Role of spleen-derived macrophages in mustard-induced lung injury

The spleen is the largest lymphatic organ in the body and plays an important role in 

pathogen recognition, iron recycling, and clearance of effete erythrocytes. The spleen has 

also been shown to act as a reservoir of inflammatory monocytes, which are readily 

mobilized to sites of tissue injury by angiotensin-II (AT-2) released from injured tissues and 

AT-2 receptor-1α (ATR-1α) expressed on inflammatory leukocytes, where they differentiate 

into macrophages and participate in both pro- and anti-inflammatory responses.33–39 To 

investigate the contribution of spleen monocytes to NM-induced inflammation and injury, 

we used splenectomized (SPX) rats. Treatment of SPX rats with NM results in an increase in 

lung macrophages expressing CCR2 but a decrease in ATR-1α+ cells, receptors important in 

bone marrow and spleen monocyte trafficking, respectively.40 Although the numbers of 

CD11b+ inflammatory cells in the lung are not affected by splenectomy, numbers of iNOS+ 

proinflammatory/cytotoxic M1 macrophages increase. Expression of M1 markers (i.e., iNOS 

and COX-2) is also upregulated in macrophages isolated from lungs of SPX rats. In contrast, 

NM-induced accumulation of M2 macrophages (CD68+, CD163+, CD206+, and Ym-1+) is 

generally unaltered by splenectomy, while expression of M2 proteins, including IL-10, 

ApoE, pentraxin (PTX) -2 and PTX-3, is reduced. These changes in lung macrophages 

responding to NM are associated with exacerbated tissue injury and more rapid fibrogenesis 

(Fig. 1) relative to sham-exposed rats.40 These data indicate that macrophages and mediators 

derived from the spleen participate in the early-resolution phase of vesicant-induced injury, 

and that in their absence the balance is shifted towards cytotoxic M1 macrophages, which 

promote lung injury.

Mustard-induced oxidative stress

Oxidative stress has been shown to contribute to vesicant-induced lung injury, in part by 

triggering the inflammatory cascade.3,41,42 Thus, following exposure to vesicants, 

antioxidant levels decrease, and markers of oxidative stress, such as malondialdehyde, 8-

hydroxyguanosine, and 4-hydroxynonenal, increase.43–45 Additionally, treatment of animals 

with antioxidants reduces vesicant-induced lung injury and inflammation.19,43,46,47 Heme 

oxygenase (HO)-1 is a phase II stress response enzyme with antioxidant and anti-

inflammatory activity.48,49 After exposure of rodents to mustards, increases in both the 
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intensity of HO-1 expression and the number of macrophages expressing HO-1 are observed 

in the lung.14,16,17 Increased levels of HO-1 persist for at least 28 days, suggesting that 

oxidative stress is an ongoing process after vesicant exposure.16 Findings that HO-1 

expression is predominantly localized in lung macrophages indicate that these cells may be a 

significant source of cytotoxic oxidants. Mustard exposure is also associated with 

upregulation of the antioxidant Mn–superoxide dismutase (SOD) in lung macrophages and 

epithelial cells; lipocalin-2, a member the lipocalin superfamily with antioxidant activity,50 

is also increased in bronchoalveolar lavage (BAL).16,17 These data provide additional 

support for the idea that vesicant-induced injury results from an imbalance between oxidants 

and antioxidants.

Approaches to mitigating mustard-induced pulmonary injury and fibrosis

At present, there are no approved drugs to counter pulmonary toxicity induced by mustards. 

Our approach to identifying potentially efficacious treatments has been to focus on 

macrophage-derived inflammatory proteins implicated in acute lung injury, fibrosis, and 

pulmonary disease pathogenesis. Initially, we targeted iNOS, an enzyme mediating the 

production of RNS by inflammatory macrophages.51 We found that mice deficient in iNOS 

are less sensitive to the cytotoxic effects of the half-mustard 2-chloroethyl ethyl sulfide 

(CEES) than wild-type controls.52 CEES-mediated alterations in pulmonary function are 

also reduced in iNOS−/− mice, suggesting that RNS generated via iNOS play a role in the 

pathogenic responses to mustards. To explore this further, we studied the effects of blocking 

iNOS using aminoguanidine (AG), a specific inhibitor of the enzyme,53 in our rat model of 

NM-induced lung toxicity. Treatment of animals with AG reduces NM-induced 

histopathological changes in the lung 1 and 3 days postexposure and blunts NM-induced 

increases in BAL cell and protein content.16 NM-induced increases in proliferating cell 

nuclear antigen (PCNA) expression and fibroplasia are also reduced by AG, along with NM-

induced oxidative stress and the accumulation of COX-2+ and iNOS+ proinflammatory M1 

macrophages in the lung. This is correlated with reduced numbers of Ym-1+ and galactin 

(Gal)-3+ M2 macrophages in the lung.16 Similar effects are observed using 1400W, another 

selective iNOS inhibitor.54 Antioxidants have been reported to inhibit proliferation of cells 

within hyperplastic lesions, collagen accumulation, and the development of fibrotic lesions 

in the lung following exposure to bleomycin or to CEES.55–57 Our findings provide support 

for a role for ROS and RNS in NM-induced lung toxicity and fibroplasia, and suggest that 

targeting these mediators may be useful for the treatment of acute lung injury induced by 

mustard vesicants.

In further studies, we focused on TNFα, a macrophage-derived proinflammatory cytokine 

known to promote oxidative stress, inflammatory cell influx, cytotoxicity and apoptosis, and 

pulmonary fibrosis.58–61 Initially, we used transgenic mice lacking TNF receptor (TNFR) 1, 

the major receptor mediating the proinflammatory actions of TNFα.58,59 Loss of TNFR1 in 

mice is associated with significant protection from CEES-induced lung injury, oxidative 

stress, and inflammation.62 CEES-induced expression of iNOS, COX-2, and monocyte 

chemotactic protein (MCP)-1 mRNA is also attenuated in Tnfr1−/− mice relative to wild-

type mice, while CEES-mediated upregulation of CuZn-SOD and Mn-SOD is delayed or 

absent in Tnfr1−/− mice, and functional alterations are blunted. These findings prompted us 
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to assess the effects of pharmacologic inhibition of TNFα on mustard-induced toxicity in the 

lung using pentoxifylline, a methyl xanthine phosphodiesterase inhibitor reported to 

downregulate TNFα production,63 or a specific antibody to TNFα. In these experiments, 

rats were treated with pentoxifylline (46.7 mg/kg, intraperitoneally) daily for 3 days 

beginning 15 min after NM exposure, or with anti-TNFα antibody (15 mg/kg, 

intravenously) once every 7–9 days, beginning 30 min after NM exposure. Inhibition of 

TNFα with pentoxifylline or anti-TNFα antibody reduces progressive histopathologic 

alterations in the lung, including acute inflammation, edema, and injury, as well as NM-

induced peribronchial and parenchymal fibrotic alterations.17,64 Inhibition of TNFα also 

reduces NM-induced damage to the alveolar–epithelial barrier, measured by BAL protein 

and cell content, as well as expression of the oxidative stress markers HO-1 and lipocalin-2. 

TNFα inhibitors also effectively suppress the accumulation of proinflammatory/cytotoxic 

M1 macrophages in the lung in response to NM. Treatment of rats with anti-TNFα antibody 

also reduces NM-induced increases in expression of the profibrotic mediator TGF-β.64 This 

is associated with marked inhibition of NM-induced fibrosis and collagen deposition in the 

lung. Together, these findings suggest that TNFα is an important mediator of vesicant-

induced pulmonary injury, and blocking TNFα is effective in attenuating the acute and long-

term effects of mustards in the lung.

Summary

Mustard exposure involves a complex cascade of events, including oxidative stress, acute 

injury and disruption of tissue architecture, remodeling, and fibrosis. Studies from our 

laboratory have shown that M1and M2 macrophages sequentially accumulate in the lung 

following mustard exposure, and that they release mediators that contribute to both acute and 

long-term pathogenic responses. Our studies also demonstrate that inflammatory mediators, 

including RNS, ROS and TNFα, are important in vesicant-induced pulmonary injury. Thus, 

targeting these molecules may represent an efficacious approach to mitigating the toxic 

effects of mustards in humans.
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Figure 1. 
Histopathologic effects of NM on the lungs of control and splenectomized rats. Lung 

sections, prepared 3 and 7 days after exposure of sham control and SPX rats to CTL or NM, 

were stained with hematoxylin and eosin (magnification 200×). Representative sections from 

three rats/treatment groups are shown. From Ref. 40.

Malaviya et al. Page 10

Ann N Y Acad Sci. Author manuscript; available in PMC 2017 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Malaviya et al. Page 11

Ta
b

le
 1

Ph
en

ot
yp

ic
 c

ha
ra

ct
er

is
tic

s 
of

 m
ac

ro
ph

ag
e 

su
bp

op
ul

at
io

ns
 a

cc
um

ul
at

in
g 

in
 th

e 
lu

ng
 f

ol
lo

w
in

g 
ni

tr
og

en
 m

us
ta

rd
 e

xp
os

ur
e

M
1 

m
ar

ke
rs

C
T

L

D
ay

s 
af

te
r 

m
us

ta
rd

 e
xp

os
ur

e

1
3

7
28

C
D

11
b

+
/−

+
+

+
+

+
+

+
+

iN
O

S
+

/−
+

+
+

+
+

+
+

+
+

C
O

X
-2

+
/−

+
+

+
+

+
+

+
+

T
N

Fα
+

+
+

+
+

+
+

+

M
M

P-
9

+
/−

+
+

+
+

+
N

D
N

D

iN
O

S 
ge

ne
+

/−
+

+
+

+
+

+
+

C
O

X
-2

 g
en

e
+

/−
+

+
+

+
+

+
+

+
+

T
N

Fα
 g

en
e

+
+

+
+

+
+

+
+

M
M

P-
9 

ge
ne

+
+

+
+

+
+

+
+

+
+

+
+

M
M

P-
10

 g
en

e
+

+
+

+
+

+
+

+

IL
-1

2α
 g

en
e

+
/−

+
+

+
+

+
+

+
+

+

M
2 

m
ar

ke
rs

C
D

68
+

+
+

+
+

+
+

+
+

C
D

16
3

−
+

+
+

+
+

+
+

C
D

20
6

+
+

+
+

+
+

+
+

+
+

A
rg

 I
I

−
+

+
+

+
+

+
+

+

Y
m

-1
+

/−
+

+
+

+
+

+
+

+

G
al

-3
+

+
+

+
+

+
+

+
+

T
G

F-
β

+
/−

N
D

+
+

+
+

/−
+

/−

IL
-1

0 
ge

ne
+

/−
+

+
+

+
+

+
+

+
+

+
/−

PT
X

-2
 g

en
e

+
/−

+
+

+
+

+
+

+
+

+
+

/−

C
T

G
F 

ge
ne

+
/−

+
+

+
+

+
+

+
+

+
/−

A
po

E
 g

en
e

+
/−

+
/−

+
+

+
+

+
+

+

N
ot

e:
 R

at
s 

w
er

e 
eu

th
an

iz
ed

 1
, 3

, 7
, o

r 
28

 d
ay

s 
af

te
r 

tr
ea

tm
en

t w
ith

 n
itr

og
en

 m
us

ta
rd

 (
N

M
) 

or
 c

on
tr

ol
 (

C
T

L
).

 P
ro

te
in

 e
xp

re
ss

io
n 

w
as

 a
ss

es
se

d 
by

 im
m

un
oh

is
to

ch
em

is
tr

y 
in

 lu
ng

 s
ec

tio
ns

. G
en

e 
ex

pr
es

si
on

 
w

as
 a

na
ly

ze
d 

in
 f

ro
ze

n 
lu

ng
 s

am
pl

es
 b

y 
R

T-
PC

R
, a

nd
 d

at
a 

no
rm

al
iz

ed
 r

el
at

iv
e 

to
 G

A
PD

H
. N

D
, n

ot
 d

et
er

m
in

ed
; +

+
+

, h
ig

h 
ex

pr
es

si
on

; +
+

, i
nt

er
m

ed
ia

te
 e

xp
re

ss
io

n;
 +

, l
ow

 e
xp

re
ss

io
n;

 +
/−

, l
ow

/n
o 

ex
pr

es
si

on
; −

, n
o 

ex
pr

es
si

on
.

Ann N Y Acad Sci. Author manuscript; available in PMC 2017 June 28.


	Abstract
	Introduction
	Mustard-induced histopathological changes in the respiratory tract
	Macrophages and inflammatory mediators accumulate in the lung following mustard exposure
	Role of spleen-derived macrophages in mustard-induced lung injury
	Mustard-induced oxidative stress
	Approaches to mitigating mustard-induced pulmonary injury and fibrosis
	Summary
	References
	Figure 1
	Table 1

