
Radiation-Induced Impairment
in Lung Lymphatic Vasculature

Ye Cui, MD, PhD,1 Julie Wilder, PhD,2 Cecilia Rietz, PhD,2 Andrew Gigliotti, DVM, PhD,2

Xiaomeng Tang, MS,2 Yuanyuan Shi, PhD,2 Raymond Guilmette, PhD,2 Hao Wang, BS,1

Gautam George, MD,1 Eduarda Nilo de Magaldi,1 Sarah G. Chu, MD,1 Melanie Doyle-Eisele, PhD,2

Jacob D. McDonald, PhD,2 Ivan O. Rosas, MD,1,2 and Souheil El-Chemaly, MD, MPH1,2

Abstract

Background: The lymphatic vasculature has been shown to play important roles in lung injury and repair,
particularly in lung fibrosis. The effects of ionizing radiation on lung lymphatic vasculature have not been
previously reported.
Methods and Results: C57Bl/6 mice were immobilized in a lead shield exposing only the thoracic cavity, and
were irradiated with a single dose of 14 Gy. Animals were sacrificed and lungs collected at different time points
(1, 4, 8, and 16 weeks) following radiation. To identify lymphatic vessels in lung tissue sections, we used
antibodies that are specific for lymphatic vessel endothelial receptor 1 (LYVE-1), a marker of lymphatic
endothelial cells (LEC). To evaluate LEC cell death and oxidative damage, lung tissue sections were stained for
LYVE-1 and with TUNEL staining, or 8-oxo-dG respectively. Images were imported into ImageJ v1.36b and
analyzed. Compared to a non-irradiated control group, we observed a durable and progressive decrease in the
density, perimeter, and area of lymphatic vessels over the study period. The decline in the density of lymphatic
vessels was observed in both subpleural and interstitial lymphatics. Histopathologically discernible pulmonary
fibrosis was not apparent until 16 weeks after irradiation. Furthermore, there was significantly increased LEC
apoptosis and oxidative damage at one week post-irradiation that persisted at 16 weeks.
Conclusions: There is impairment of lymphatic vasculature after a single dose of ionizing radiation that
precedes architectural distortion and fibrosis, suggesting important roles for the lymphatic circulation in the
pathogenesis of the radiation-induced lung injury.

Introduction

Radiation therapy is an essential treatment modality
for multiple malignancies, such as lung and breast

cancer.1,2 Despite recent technical advances in radiation
therapy, incidental irradiation that damages normal lung
tissue in the path of the radiation beam remains unavoidable
and frequently results in radiation-induced lung injury
(RILI).3 As such, this deleterious pulmonary effect not only
compromises quality of life for a subset of long-term cancer
survivors but also represents a major dose-limiting factor in
radiation therapy.4

The sequential damage following RILI begins with an
acute phase of pneumonitis and culminates in a chronic stage
of lung fibrosis.5 Although the dynamic histopathologic

features of RILI appear to be well characterized, the exact
cellular and molecular processes remain enigmatic and
somewhat controversial. The prevailing hypothesis holds that
the interactions of alveolar epithelial cells, inflammatory
cells, and fibroblasts are primarily responsible for the path-
ogenesis of RILI.6–8 On the other hand, the roles of other cell
types present in the lung, including lymphatic endothelial
cells (LECs) have received less attention.

LECs line the inner surface of the lymphatic network in
which lymph flows unidirectionally toward the heart. A
functioning lymphatic system plays a pivotal role in medi-
ating tissue homeostasis by resorbing fluid, macromolecules,
and cells from the interstitial space.9 Conversely, aberrant
lymphatic development or injury to lymphatic vessels can
lead to gradual accumulation of interstitial fluid and

1Division of Pulmonary and Critical Care Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts.
2Lovelace Respiratory Research Institute, Albuquerque, New Mexico.

LYMPHATIC RESEARCH AND BIOLOGY
Volume 12, Number 4, 2014
ª Mary Ann Liebert, Inc.
DOI: 10.1089/lrb.2014.0012

238



ultimately connective tissue remodeling.10 One of the most
common causes of lymphatic injury is radiation therapy.11

Observational studies conducted over the past several de-
cades have shown an association between radiation exposure
and reduced lymphatic drainage.12–14 At the cellular level, it
has recently been demonstrated that radiation may cause
severe dermal lymphatic dysfunction through augmenting
dermal LEC apoptotic cell death in a mouse tail model.13

Pulmonary lymphatics are particularly important for
maintaining alveolar clearance, which is required for efficient
gas exchange at the alveolar–capillary barrier.15 Lymphatic
abnormalities have been previously reported in idiopathic
pulmonary fibrosis (IPF).16–19 In addition, studies have
shown that in an animal model of lung fibrosis, impeding
lymphatic drainage leads to worsening fibrotic changes.20

However, to date, the effects of radiation on lung lymphatics
have not been explored. Here, we investigated the effects of a
single dose of radiation on lung lymphatic vasculature and
their temporal relationship to the development of fibrosis.

Material and Methods

Animal experiments

All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee at Lovelace
Respiratory Research Institute. Briefly, female C57Bl/6 mice
(9–11 weeks of age) were anesthetized and immobilized
under a lead shield exposing only the thoracic cavity. Ani-
mals were irradiated with a single dose of 14 Gy delivered by
a Philips X-ray Therapy Unit (Philips, Andover, MA). Ra-
diated and age-matched non-irradiated control animals (n = 3
per group per time point) were sacrificed at one, 4, 8, and 16
weeks post-exposure.

Antibodies

A complete list of antibodies used in this study is provided
in Table 1.

Immunohistochemistry and immunofluorescence

Formalin-fixed, paraffin-embedded tissue sections obtained
from radiated and non-irradiated control lungs were analyzed.
Sections were deparaffinized in xylene and rehydrated through
a graded series of ethanol, followed by antigen retrieval with
citrate buffer (pH 6.0) for 20 min at 95�C. To identify lym-
phatic vessels in tissue sections, antibodies that are specific for
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1)
and for vascular endothelial growth factor receptor (VEGFR)-
3, markers of lymphatic endothelial cells, were used.21,22 To
detect the expression of lymphangiogeneic growth factors,

tissue sections from the indicated time point were also incu-
bated with anti-VEGF-C and VEGF-D. To identify blood
vessel endothelial cells and areas of fibrosis, anti-VEGFR-2
and anti-S100A4 antibodies were used respectively.22,23 Sec-
tions were incubated with the primary antibody or an isotype
control in a humidified chamber overnight at 4�C. Sections
were then incubated with appropriate secondary antibodies
using a HRP-DAB Cell & Tissue Staining Kit (R&D Systems,
Minneapolis, MN) according to manufacturer’s instructions.
Sections were then briefly counterstained with hematoxylin.

To measure radiation-induced oxidative stress in LECs
in vivo, anti-8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-
dG) staining was performed.24 Briefly, sections were soaked in
2 N HCl for 5 min to denature DNA and neutralized in 1 M
Tris-base for 5 min at room temperature. After blocking for 1 h
with 10% normal goat serum in phosphate buffer saline (PBS),
sections were incubated in the mixture of 8-oxo-DG and
LYVE-1 antibodies or appropriate isotype controls in a hu-
midified chamber at 4�C overnight, followed by a mixture of
two secondary antibodies (Alexa Fluor 594 goat anti-mouse
IgG and Alexa Fluor 488 goat anti-rabbit IgG) for 1 h at room
temperature in the dark. Slides were then mounted using
mounting medium containing 4,6-diamidino-2-phenylindole-
2-HCl (DAPI) (Vector Laboratories Inc., Burlingame, CA).

To detect in vivo cell apoptosis, terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining25 was
performed using the In Situ Cell Death Detection kit, TMR
red (Roche Applied Science, Indianapolis, IN) according to
manufacturer’s recommendations. To localize LECs, sec-
tions were then incubated with anti-LYVE-1 antibodies.
Reactions were detected using Alexa Fluor 488 goat anti-
rabbit IgG. In addition, positive (DNase I treatment) and
negative controls (label solution only) for TUNEL staining
and negative controls for LYVE-1 staining with non-immune
rabbit IgG were performed in parallel.

Microscopy and image analysis

Tissue sections incubated with anti–LYVE-1, anti-
VEGFR-2, or anti-VEGFR-3 antibodies were inspected using
wide-field microscopy with an Olympus FSX-100 micro-
scope (Olympus, Center Valley, PA). Multiple photomicro-
graphs were captured and stitched to create panoramic
images of entire tissue sections. For immunofluorescence
staining, images from five random fields containing lym-
phatic vessels were obtained per animal using an Olympus
FV-10i confocal laser scanning microscope (Olympus).

Images were imported into ImageJ v1.36b (National In-
stitutes of Health, http://rsbweb.nih.gov/ij/). The differen-
tially immunostained lymphatic and blood vessels were
identified and manually traced. The density of lymphatic or

Table 1. List of Antibodies Used

LYVE-1 Immunohistochemistry
Immunofluorescence

Catalog no. 11-034, (AngioBio, Del Mar, CA)

S100A4 Immunohistochemistry Catalog no. ab27957, (Abcam, Cambridge, MA)
VEGF-C Immunohistochemistry Catalog no. ab9546, (Abcam)
VEGF-D Immunohistochemistry Catalog no. sc-25784, (Santa Cruz, Dallas, Texas)
VEGFR-2 Immunohistochemistry Catalog no. ab51873, (Abcam)
VEGFR-3 Immunohistochemistry Catalog no. AF743, (R&D Systems)
8-oxo-dG Immunofluorescence Catalog no. 4354-MC-050, (Trevigen, Gaithersburg, MD)
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blood vessels is expressed as the total number of lymphatic or
blood vessels in the entire tissue divided by the area of the
entire tissue. The diameters, cross-sectional areas, and pe-
rimeter were subsequently quantified. Numbers of TUNEL/
LYVE-1-positive and 8-oxo-dG/LYVE-1-positve cells were
counted in a blinded fashion. The number of double-positive
cells per field was divided by the perimeter of lymphatic
vessels in the same field for normalization.

Mean linear intercept

To evaluate the structural alterations in mouse lung fol-
lowing radiation exposure, we measured mean linear inter-
cept (MLI) according to methods described previously.26

Briefly, five random non-overlapping fields of lung tissue per
animal devoid of major airways and vasculature were digi-
tally photographed at 200· magnification, and ten equally
spaced horizontal lines were superimposed on these captured
photomicrographs. MLI was calculated by dividing the
length of the grid line by the number of intersections with
alveolar walls. The MLI values were then averaged to obtain
a single value for each sample.

Statistical analysis

Data were presented as mean – SEM. Statistical analysis
was performed using Student’s t-tests to analyze the differ-
ences between irradiated and non-irradiated groups. Multiple
comparisons were evaluated by one way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Analyses were
performed using GraphPad Prism 5.0 (GraphPad Software,
San Diego, CA). A two-tailed p value of < 0.05 was consid-
ered significant.

Results

Persistent loss of mouse lung lymphatic vessels
after a single dose of ionizing radiation

To assess the effects of a single dose of radiation on lym-
phatic vessels, mouse lung tissue sections from indicated time
points post radiation exposure or age-matched control mice
were immunostained with anti-LYVE-1 antibodies. In non-
irradiated normal mouse lung tissue, lymphatic vessels reactive
with anti-LYVE-1 antibodies were found dispersed through-
out the lung parenchyma (Fig. 1A, C). In marked contrast, we
observed a decrease in the numbers of LYVE-1 positive lym-
phatic vessels as early as one week post-irradiation, when
cellular infiltration and architectural distortion of the lung were
not visible by light microscopic examination (Fig. 1B).

As expected, at 16 weeks post-irradiation (Fig. 1D and
Supplementary Fig. S1), histologic evaluation showed thick-
ened alveolar walls accompanied by an increase in the number
of alveolar macrophages throughout the lung tissue and distinct
multifocal patches of fibrosis (identified with anti-S100A4
antibodies) predominantly within the subpleural lung paren-
chyma. Interestingly, and consistent with previous reports,16,17

we noticed a relative lack of lymphatic vessels in areas of dense
fibrosis.

The number, perimeter, and area of lymphatic vessels
were quantified and subsequently adjusted to the cross
sectional area of the entire digitally reconstituted tissue
(Supplementary Fig. S2). Our data showed that compared to
control lungs, lungs from radiated mice demonstrated a

significant decrease in the density, perimeter, and area of
lymphatic vessels (Fig. 1E, F, and G, respectively) at 1 week
post-irradiation ( p < 0.05). Importantly, these changes were
persistent and remained significant at 16 weeks post-irra-
diation with greater than 75% reduction in density, area, and
perimeter of lymphatic vessels compared to age-matched
controls. These data indicated a durable and progressive
effect of a single dose of ionizing radiation on lung LECs.

Since LYVE-1 could be affected by inflammation and is
not exclusive to the lymphatic circulation,27,28 we performed
immunohistochemical analysis of mouse lung from weeks 1
and 16 with anti-VEGFR-3 antibodies (Supplementary Fig.
S3). Consistent with the results obtained with anti-LYVE-1
antibodies, VEGFR-3 immunostaining showed a decrease in
lymphatic vessel density in radiated lungs as early as week 1,
which was persistent at week 16.

Radiation-induced changes in lymphatic vessels
observed in the subpleural and interstitial
compartments

To better understand the distribution patterns of pulmonary
lymphatic vessels, we divided lung tissue into either sub-
pleural or interstitial compartments (Fig. 2A, B). Our results
showed that changes in lymphatic vessel density were ob-
served as early as 1 week post-irradiation in both subpleural
and interstitial compartments (Fig. 2C, F). Additionally, the
decline in perimeter and area of interstitial lymphatic vessels
(Fig. 2G, H) was already apparent 1 week post-radiation
compared to control non-irradiated mice, whereas subpleural
lymphatic perimeter and area were similar to control mice at
this time point (Fig. 2D, E). Radiation-induced changes in
both subpleural and interstitial lymphatic vessels were per-
sistent at 16 weeks compared to the control lungs (Fig. 2C–
H). Additionally, morphometric analysis confirmed that there
was no significant difference in mean linear intercept (MLI)
between control and radiated mice at week 1 and week 16
(Supplementary Fig. S4), indicating that changes in lym-
phatic vessel density and size were not related to lung infla-
tion conditions or variations in alveolar airspaces.

Age-related increase in lung lymphatic vessel area
and perimeter

In non-irradiated lung tissue, there was a modest but insig-
nificant increase in the density of LYVE-1 positive lymphatic
vessels over the 16-week study period (Fig. 3A, D, G), during
which the density of VEGFR-3 positive lymphatic vessels
increased significantly (Supplementary Fig. 3E). In addition,
adult mice (6 months of age) showed a significant increase in
the perimeter and area ratio of lung lymphatic vessels when
compared to juvenile mice (2 months of age) (Fig. 3B, C). This
increase in perimeter and area ratio of lymphatic vessels was
primarily driven by changes in the interstitial lymphatics (Fig.
3H, I), since no significant changes in subpleural lymphatics
(Fig. 3E, F) were observed over the 16-week study period.

Transient induction of angiogenesis in mouse lung
after a single dose of ionizing radiation

Angiogenesis and lymphangiogenesis play important roles
in inflammation, tissue injury, and repair.29–31 Previous studies
have shown that radiation therapy promotes the formation
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of new blood vessels in both preclinical animal models and
in skin samples from breast cancer patients.32,33 To ex-
amine changes in the blood vasculature after radiation
exposure, mouse lung tissue sections were immunostained
with anti-VEGFR-2 antibodies. Blood vessels immunore-
active with anti-VEGFR-2 antibodies were quantified at
two different time points (Fig. 4). In non-irradiated lung
tissue at 1 and 16 weeks (Fig. 4A, C, respectively), blood
capillaries were present throughout the lung tissue and
particularly in the alveolar septa. As early as 1 week after
radiation exposure, we observed an increase in the num-
ber of microvessels in the lung parenchyma (Fig. 4B, E).
This increase in angiogenesis was transient, however, with

subsequent microvessel density decreasing to baseline
levels at 16 weeks (Fig. 4D, E).

Radiation is associated with increased
lung LECs apoptosis

In view of the decreased lung lymphatics following radia-
tion exposure, we hypothesized that radiation induces lung
LEC apoptosis. To this end, we performed a dual labeling with
TUNEL and anti-LYVE-1 antibodies in mouse lung tissue.
Apoptotic LECs were rarely observed in non-irradiated con-
trol lungs at 1 and 16 weeks (Fig. 5A, B). In contrast, we found
that as early as 1 week post-irradiation, there was markedly

FIG. 1. Decrease in lymphatic vessels after a single dose of radiation. One week after a single dose (14 Gy) of radiation,
radiated lungs (B) show a marked decrease in immunoreactivity with anti-LYVE-1 antibodies (brown areas indicated by
black arrows) compared to control nonradiated lungs (A). At 16 weeks post-radiation, the decrease in immunoreactivity
with anti-LYVE-1 antibodies persisted as seen in lung tissue sections from nonradiated (C) and radiated animals (D). Areas
of fibrosis (D, enclosed in blue dotted lines) observed 16 weeks after radiation were completely devoid of lymphatic vessels.
(Scale bar: 100 lm). Images of the entire lung section were obtained. ImageJ software was used to measure the density, area,
and perimeter of lymphatic vessels in tissue sections from radiated and control animals at the indicated time points (n = 3 per
group per time point). A statistically significant decrease in lymphatic vessel density (E), perimeter (F), and area (G) was
observed; *p < 0.05; **p < 0.01; ***p < 0.001, compared to time-matched controls by Student t test. A color version of this
figure is available in the online article at www.liebertpub.com/lrb.
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increased LEC apoptosis in the radiated lungs. This increase
in LEC apoptosis was persistent at 16 weeks following irra-
diation (Fig. 5B, C).

Persistent increase in oxidative stress in lung LECs
after a single dose of ionizing radiation

Accumulating evidence suggests that reactive oxygen
species (ROS) and the resulting cellular redox imbalance are
pivotal in regulating apoptosis.34,35 Additionally, excessive
cellular ROS production has been observed immediately
following radiation exposure, with increasing apoptotic cell

death as a consequence.36,37 Here, we explored the possibility
that pulmonary lymphatic endothelium could be a potential
target for radiation-induced oxidative stress. We conducted
double immunofluorescence staining for 8-oxo-dG and LYVE-1
in mouse lung sections. 8-Oxo-dG is one of the mutagenic base
modifications generated by ROS. It is a sensitive and frequently
used marker for oxidative stress.24

Similar to the patterns seen in TUNEL staining, quantifi-
cation of 8-oxo-dG/LYVE-1 double positive cells showed
significantly increased levels of oxidative stress in LECs in
mouse lung at 1 week (Fig. 6A, C) and 16 weeks (Fig. 6B, C)
post-irradiation compared to non-irradiated controls.

FIG. 2. Morphometric analysis of lymphatic vessels in the subpleural and interstitial compartments. Schematic representation
of subpleural and interstitial lymphatics (A). Lung tissue sections showing immunoreactivity with anti-LYVE-1 antibodies, with
subpleural and interstitial lymphatic vessels highlighted in (B). (Scale bar: 100 lm). Significant changes in subpleural lymphatic
density (C), perimeter (D), and area (E) were observed at the indicated time points following radiation exposure. Changes in
interstitial lymphatic density (F), perimeter (G), and area (H) were observed as early as one week post-radiation (n = 3 mice per
group per time point); *p < 0.05; **p < 0.01; ***p < 0.001, compared to time-matched controls by Student t test. A color version
of this figure is available in the online article at www.liebertpub.com/lrb.
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Expression patterns of VEGF-C and VEGF-D
are altered in response to radiation

Within the VEGF family, VEGF-C and -D constitute a
functional subgroup that orchestrates lymphatic vasculature
development.38 To explore whether they are modulated in RILI,
we stained consecutive cut mouse lung sections with antibodies
against VEGF-C and –D and examined their distribution pat-
terns. VEGF-C and -D were predominantly observed in epi-
thelial cells and alveolar macrophages in both control (Fig. 7A,
C) and radiated lungs (Fig. 7B, D). Notably, there were in-
creased numbers of VEGF-C and –D positive alveolar macro-
phages despite the significant decrease in lymphatic vessels
associated with radiation exposure. Additionally, fibrotic lesions
in the radiated mouse lung exhibited strong immunoreactivity
for VEGF-C (Fig. 7B) and relatively weak immunoreactivity for
VEGF-D (Fig. 7D), whereas VEGF-D was abundantly ex-
pressed within interstitial cells in non-irradiated control lungs
(Fig. 7C). No staining was observed when the primary anti-
bodies were replaced by normal rabbit IgG (Fig. 7E, F).

Conclusions

Nearly a century after the identification of two separate
types of RILI (an acute phase of pneumonitis and a chronic
stage of lung fibrosis),39 there are no studies to date that have
systematically examined the effects of radiation on pulmo-
nary lymphatics. In the present study, we provide the first
comprehensive analysis of the lymphatic vasculature in a
RILI mouse model and demonstrate that radiation exposure
leads to early-onset and progressive loss of pulmonary lym-
phatic vessels. Changes to the lymphatic circulation preceded
any significant structural alterations in the lung, suggesting a
role for the lymphatic circulation in the development of RILI.

Over the study period, changes in density, area, and pe-
rimeter were found in both the subpleural and interstitial
lymphatics, which share similar functions. However, the di-
rection of the lymph flow differs, with subpleural lymphatics
draining towards the pleura, and interstitial lymphatics
draining towards the hilum. Furthermore, subpleural lym-
phatics are significantly more efficient in fluid drainage.40

FIG. 3. Age-related changes in lymphatic vessels. 9-week-old mice were allowed to age. Lung tissues were collected at
indicated time points, and lymphatic vessels were identified with anti-LYVE-1 antibodies. Images of the entire lung section
were obtained. ImageJ software was used to measure the density (A, D, and G), perimeter (B, E, and H), and area (C, F, and
I) of total (A–C), subpleural (D–F), and interstitial (G–I) lymphatic vessels in lung tissue sections at the indicated time
points (n = 3 per group per time point). Results showed that between 10 weeks and 25 weeks of age, there was no significant
change in total, subpleural, or interstitial lymphatic vessel density (A, D, and G). Throughout the study period, there was no
significant change in subpleural lymphatic vessel perimeter (E) or area (F). A statistically significant age-related increase in
the perimeter (B and H) and area ratio (C and I) of total and interstitial lymphatic vessels was observed; *p < 0.05;
**p < 0.01, by 1-way ANOVA. (These data are different representations of the same data from control animals in Figs. 1 and
2. These graphs are meant to illustrate the maturation effects on lung lymphatic vessels).
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Whether these observations play important roles in the de-
velopment of pulmonary fibrosis—a predominantly sub-
pleural disease—remain to be investigated.

Previous studies on human idiopathic pulmonary fibrosis
(IPF) have shown that there is an increase in lymphatic
vessels with worsening fibrosis,16,20,41,42 which contradicts
our present findings. However, most recent evidence suggests
that these newly formed lymphatic vessels in IPF are not
functional either because of fragmentation17 or mural cells
that block lymphatic drainage,20 the net effect being impaired
lymphatic function in human fibrotic lung disease.

Several murine models have been developed to decipher the
pathogenesis of IPF. Among these, intratracheal instillation of
bleomycin remains the most widely utilized approach to in-
duce experimental lung fibrosis. Nevertheless, the bleomycin
model does not sufficiently recapitulate the pathological and
clinical features of human IPF.43 In particular, 1) bleomycin
induces bronchiolocentric fibrotic changes, whereas changes
in IPF are predominantly peripheral and subpleural; 2) the
reversibility of fibrotic changes in the bleomycin model versus
the progressive nature of human IPF; and 3) the rapid transition
from injury to the fibrotic phase in the bleomycin model

FIG. 4. Transient increase in blood capillaries after one dose of radiation. Lung tissue sections were immunostained with
anti-VEGFR-2 antibodies (black arrows) to visualize blood capillaries. One week after a single dose of radiation, VEGFR-2
positive blood capillaries were increased (B) compared to control nonradiated lungs (A). At 16 weeks there were no
significant differences in VEFGR-2 positive (black arrows) blood capillary density in nonradiated (C) compared to radiated
lungs (D). Clusters of irregularly shaped capillaries were observed along the periphery of fibrotic lesions but were virtually
absent in the fibrotic areas (D). (Scale bar: 25 lm). (E) Images of the entire lung section were obtained. ImageJ software was
used to calculate the density of VEGFR-2 positive blood capillaries in tissue sections from radiated and control animals at
the indicated time points (n = 3 per group per time point); *p < 0.05, compared to time-matched controls by Student t test. A
color version of this figure is available in the online article at www.liebertpub.com/lrb.
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(measured in days) versus the chronic condition of human IPF
that spans many years.44,45 The radiation model we used is
characterized by pronounced fibrotic changes in the lung by 16
weeks post-exposure of the thorax to a single radiation dose.46

In addition, the radiation induced lung fibrosis model more
closely mimics human IPF in regard to the peripheral distri-

bution of fibrotic changes and the time frame for fibrosis de-
velopment (measured in months).47

Previous research has shown that radiation exposure in-
duces production of free radicals, activates redox signaling,36

and compromises the capacity of the antioxidant defense
system in the lung.48 As a result, the imbalance between ROS

FIG. 5. Increased lymphatic endothelial cell death after single dose radiation. Representative images of lymphatic vessels
(LYVE-1, green), and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL, red) staining of
lung tissue from control and radiated lungs at one (A) and 16 weeks (B) after a single dose of radiation (14 Gy). Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI). (Scale bar: 100 lm). (C) Apoptotic cell index calculated as the
number of TUNEL positive/LYVE-1 positive lymphatic endothelial cells (indicated by white arrows in the merged images
in A and B) per field divided by the perimeter of lymphatic vessels in the same field. There was a significant increase in
lymphatic endothelial cell apoptosis at one and 16 weeks in radiated versus control lungs (n = 3 mice per group per time
point); **p < 0.01, compared to time-matched controls by Student t test. A color version of this figure is available in the
online article at www.liebertpub.com/lrb.
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production and scavenging elicits enhanced oxidative stress
and may lead to DNA damage. Indeed, we observed a con-
comitant increase in the markers of oxidative stress and ap-
optosis in the pulmonary lymphatic endothelium in our
animal model, which could explain, at least in part, the
gradual depletion of lymphatic vessels post radiation expo-

sure. Findings of this study are also supported by recent ob-
servations that radiation induces loss of dermal lymphatic
vessels through its pro-apoptotic effect on dermal LECs.13 In
contrast to these reports, an earlier study demonstrates that
LECs from small intestine and peri-tumoral regions are re-
sistant to apoptosis following whole-body irradiation.49 The

FIG. 6. Increased lung lymphatic vessel oxidative damage after single dose of radiation. Representative images of
lymphatic vessels (LYVE-1, green) and 8-oxo-dG (8-oxo-dG, red) staining of lung tissue sections from control and radiated
lungs at one (A) and 16 (B) weeks after a single dose radiation (14 Gy). Nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI). (Scale bar: 100 lm). (C) The number of 8-oxo-dG positive/LYVE-1 positive lymphatic endothelial
cells per field (white arrows in the merged images in A and B) was divided by the perimeter of lymphatic vessels in the
same field. There was a significant increase in oxidative stress at one and 16 weeks post radiation (n = 3 per group per time
point); *p < 0.05; ***p < 0.001, compared to time-matched controls by Student t test. A color version of this figure is
available in the online article at www.liebertpub.com/lrb.
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cause for this potential contradiction is not clear, although it
might simply reflect the variations of radiosensitivity among
LECs from different organs and tissues. Of particular rele-
vance to our current findings, ROS have been shown to me-
diate the activation of transforming growth factor (TGF)-
b1,50 which is a critical regulator of both acute and chronic
RILI.51–53

It is well established that VEGF-C and –D are required to
sustain postnatal lymphatic development.9,54 We observed a
marked increase in the number of VEGF-C and -D positive

alveolar macrophages in radiated mouse lung. This increase
was apparently insufficient to induce lymphatic regeneration.
Consistent with the present results, previous studies have
demonstrated that upregulation of VEGF-C fails to promote
lymphangiogenesis during wound healing.55,56 A possible
explanation for the above findings might be that these lym-
phangiogenic stimuli are overpowered by the abundant
presence of anti-lymphangiogenic factors such as activated
TGF-b1, which is known to suppress the expression of Prox-
1, a critical regulator of lymphangiogenesis.57–59

FIG. 7. Immunoreactive VEGF-C and VEGF-D in control and radiated lungs. Representative images of VEGF-C (A and
B) and VEGF-D (C and D) immunostaining visualized with diaminobenzidine (DAB) at 16 weeks post-irradiation. VEGF-C
immunoreactivity was observed in epithelial cells (red arrow) and alveolar macrophages (black arrow) in both control (A)
and radiated lungs (B). VEGF-D immunoreactivity was observed in epithelial cells (red arrowhead) and alveolar macro-
phages (recognized by their morphology and presence in the alveolar space; black arrowhead) in both control (C) and
radiated lungs (D). Fibrotic areas in the radiated mouse lung (red asterisk) exhibited immunoreactivity for VEGF-C (B) and
relatively weak immunoreactivity for VEGF-D (D), whereas VEGF-D was expressed within interstitial cells in control lungs
(identified by their localization at the basal membrane side of alveolar epithelial cells, blue arrowhead, C). No staining was
observed when primary antibodies were replaced with normal IgG (E and F). (Scale bar: 100 lm). A color version of this
figure is available in the online article at www.liebertpub.com/lrb.
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Several recent studies have examined changes in the
lymphatic circulation that relate to normal physiological
aging.60–63 This long-term study allowed us to examine age-
related changes in lung lymphatic vasculature. We noted
an increase in the density, perimeter, and area of pulmo-
nary lymphatics over the 16-week study period. These al-
terations in lung lymphatic vessels could be parts of the
normal physiological changes associated with maturation
process.

Although the endothelia of blood and lymphatic vessels
share similar properties, they have acquired distinct structural
and functional characteristics and are regulated in different
fashions.10 Consistent with published literature,33 the results
of our study indicate that radiation exposure is associated
with an early and transient increase in blood vessels, which
could be partially attributed to the proangiogenic effects of
oxidative stress.64 Although further investigation is war-
ranted, the opposite findings in blood and lymphatic vessels
suggest that radiation and oxidative stress may generate cell
type-specific responses. Additionally, our findings support
the notion that unlike blood vessels, alterations of lymphatic
vessels are generally irreversible.65

In conclusion, there is an early-onset and progressive loss
of pulmonary lymphatic vasculature with radiation exposure.
Mouse lung LECs are susceptible to radiation-induced oxi-
dative stress and apoptosis. Our results suggest that lym-
phatic vessels are not only tightly connected to the aberrant
remodeling process, but could play important roles in the
pathogenesis of radiation-induced lung injury and repair.
Further studies are needed to investigate the effects of
modulating lymphangiogenesis in RILI.
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