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Evaluation of the protective effect of Compound Kushen
Injection against radiation-induced lung injury in mice

TING XU', SHARMISTHA CHAKRABORTY?, DAOYAN WEI°, MEGAN TRAN?,
ROBYN RHEA?, BO WEI*, PHUONG NGUYEN?, MIHAI GAGEA®, XIAOXUE XIE'®,
LIRONG WU!’, LORENZO COHEN?, ZHONGXING LIAO' and PEIYING YANG?>

1Division of Radiation Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA;

2Department of Palliative, Rehabilitation and Integrative Medicine, The University of Texas MD Anderson Cancer Center,

Houston, TX 77030, USA; 3Department of Gastroenterology, Hepatology and Nutrition, The University of Texas MD Anderson

Cancer Center, Houston, TX 77030, USA; 4Depa.rtment of Bioinformatics and Computational Biology, The University of

Texas MD Anderson Cancer Center, Houston, TX 77030, USA; 5Depal'tment of Veterinary Medicine and Surgery,
The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA

Received February 16, 2024; Accepted November 7, 2024

DOI: 10.3892/mmr.2025.13453

Abstract. Radiation-induced lung injury (RILI) is a prevalent
complication following thoracic radiation, and currently there
is a lack of effective intervention options. The present study
investigated the potential of Compound Kushen Injection
(CKI), a botanical drug, to mitigate inflammatory responses
in mice with RILI, along with its underlying mechanisms
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of action. C3H mice underwent total lung irradiation (TLI)
and intraperitoneal injection of CKI (2, 4 or 8 ml/kg) once
daily for 8 weeks. Pre-radiation treatment with 4 or 8 ml/kg
CKI starting 2 weeks before TLI or concurrent treatment of
8 ml/kg CKI with TLI led to a significantly longer overall
survival compared with the TLI vehicle-treated group.
Micro-computed tomography evaluations showed that
concurrent treatment with 8 ml/kg CKI was associated with
a significantly lower incidence of RILI. Histological evalua-
tions revealed that concurrent CKI (4 and 8 ml/kg) treatment
significantly reduced grades of lung inflammation. Following
radiation at 72 h, TLI plus vehicle-treated mice had signifi-
cantly elevated serum IL6, IL17A, and transforming growth
factor p (TGF-p) levels compared with non-irradiated normal
mice. Conversely, mice that received TLI plus CKI displayed
lower cytokine levels than those in the TLI plus vehicle-treated
mice. Immunohistochemistry staining showed a reduction
of TGF-f positive cells in the lung tissues of TLI mice after
CKI treatment. The concurrent TLI CKI-treated mice had a
significantly reduced cyclooxygenase 2 (COX-2) activity and
COX-2 metabolites compared with TLI vehicle-treated mice.
These data highlight that CKI substantially reduced radia-
tion-induced lung inflammation, mitigated RILI incidence,
and prolonged overall survival.

Introduction

Radiation-induced lung injury (RILI) is common in patients
with lung cancer treated with thoracic radiation and is symp-
tomatic in 15 to 40% of patients (1-4). The median time to
development of symptomatic RILI is 4-6 months after comple-
tion of chemoradiation with a range from the end of radiation up
to 12 months (5). RILI can cause multiple symptoms including
shortness of breath, fever, chest pain, cough, hypoxia, and
respiratory failure, or even death, which significantly impacts
quality of life and negatively affects survival (6). At the tissue
level, RILI presents as increased infiltration of inflammatory
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cells and fluid accumulation in alveoli, interstitial edema,
epithelial degeneration followed by regeneration, bronchial
epithelium intrusion into the alveoli, disruption of endothelial
integrity and microvasculature and atelectasis (7). RILI mainly
includes radiation pneumonitis (RP) and radiation lung fibrosis
(RF). RP is the acute phase of RILI which usually developed
within 6 months after radiation and often progresses to irre-
versible chronic fibrosis (4), resulting in decreased pulmonary
function and hypoxia, which significantly impacts patients'
quality of life (8,9). For patients with RILI requiring interven-
tion, steroids and supplemental oxygen are the only reliable
treatments, as no effective drug specifically mitigates RILI.
Amifostine is among the most extensively investigated thiols
for protecting normal tissue from various cancer therapies.
However, its clinical use in RILI prevention has not gained
popularity owing to its high incidence of side effects (10) and
high variability of therapeutic effects in clinical trials (11). The
absence of effective therapeutic remedies for RILI represents
a significant unmet clinical need.

The progressive dysregulation of lung tissue caused by
RILI can begin immediately after radiation exposure, driven
by the production of free radicals, increased oxidative stress,
and an associated inflammatory cytokine response (12). Two
primary mechanisms trigger radiation-induced tissue injuries:
DNA double-strand breaks and the generation of reactive
oxygen species (13,14). In addition, radiation-induced damage
to DNA or cytoplasmic organelles activates intracellular
signaling that leads to altered gene expression (15). Many
cytokines and chemokines are elevated in the circulating
blood, bronchoalveolar fluid, or lung tissues of humans and
mice with RILI (16-19). For example, IL6, showed a persistent
elevation in mouse lung tissues after irradiation, coinciding
with the onset of acute pneumonitis (19). Transforming growth
factor B (TGF-f), derived from inflammatory cells and, to a
lesser extent, from pneumocytes and fibroblasts, is a key cyto-
kine involved in the fibrotic process (8,20-22). Rube et al (22)
reported that TGF-f3 elevation in lung tissue could be induced
by 12 Gray (Gy) thoracic radiation, with TGF- expression
predominantly localized in areas of inflammatory cell infil-
trates and fibrosis. Elevated circulating IL-6 and TGF-f during
and after radiation were predictive of RILI in thoracic cancer
patients (21,23,24). More recently, studies showed that RILI
can be induced through the activation of the IL6-TGFp-IL17
pathway (25-27).

Furthermore, one of the predominant histopathological
events in RILI is local inflammation. Cyclooxygenase 2
(COX-2) plays an essential role in RILI by producing prosta-
glandin (PG). Selective COX-2 inhibitors, such as celecoxib,
have been shown to significantly improve the survival of irra-
diated mice when treatment started 9 weeks after radiation,
suggesting the importance of COX-2 pathway in mitigating
radiation induced RILI (28). Another study reported
Psoralidin, a dual inhibitor of COX-2 and 5-LOX, inhibited
the IR-induced COX-2 expression and PGE (2) production,
further demonstrating the importance of COX-2-mediated
inflammatory pathway in RILI (29). Thus, we explored
alterations in the COX-2 pathway in RILI mouse models in
the current study.

Compound kushen injection (CKI) is a hot water extract
from the herbs kushen (Sophora flavescentis radix) and

baituling (Heterosmilax yunnanensis rhizoma). Kushen
has long been used in China to treat tumors, inflammation,
and other diseases, including viral hepatitis, enteritis, viral
myocarditis, arrhythmia, and skin diseases (e.g., colpitis,
psoriasis, eczema) (30). The major bioactive components of
kushen are matrine and oxymatrine. CKI is manufactured
in a GMP-compliant facility and contains over 200 different
chemical components, predominantly alkaloids and
flavonoids, primarily derived from kushen (31).

As a product approved by the Chinese Food and Drug
Administration, CKI has been regularly used in oncology
clinics in China for more than 20 years (30,32,33). It has been
used in combination with chemotherapy for treating gastric,
liver, and non-small cell lung carcinomas (34) and has also been
observed to alleviate the toxicity of radiochemotherapy (35).
Treatment regimens include 12-30 ml intravenous injection
daily for 4-8 weeks and is provided concurrently in patients
getting radiotherapy (30,32,33). In a systematic review and
meta-analysis of 13 clinical studies, Wang et al (32) reported
that CKI significantly reduced radiation-induced adverse
events, including radiation pneumonitis, esophagitis, and bone
marrow suppression, and improved quality of life in non-small
cell lung cancer patients. Most recently, a study conducted in
China documented CKI's efficacy in reducing the incidence of
grade =2 RILI, alleviating symptom burden, and improving
quality of life in lung cancer patients (36). However, a
limitation is that all the prior clinical research was conducted
in China.

Preclinical research on CKI shows that its treatment
induces cell cycle arrest and autophagic cell death by upregu-
lation of LC3-I and II protein expression in human NSCLC
H1975 and H1650 cells, while also sensitizing these cells to
gefitinib by down regulation of PI3K/mTOR pathways (37,38).
The effect of CKI on apoptosis was also reported in breast
cancer MCF-7 and liver cancer HepG2 cells (39). CKI inhibits
sarcoma growth and tumor-induced hyperalgesia via TRPV1
signaling pathways and suppresses human breast cancer
stem-like cells by downregulating the canonical Wnt/B-catenin
pathway (40). However, CKI's mechanisms regarding its effects
on RILI are still under investigation, representing a significant
knowledge gap.

Thus, the goal of the present study aimed to assess the effects
of CKI treatment on RILI in mouse models and to unravel its
underlying mechanism of action. Our hypothesis was centered
on CKI's potential to mitigate RILI via its anti-inflammatory
effect, suggesting its prospective application for patients at
risk of developing RILI.

Materials and methods

All procedures were performed according to the relevant
guidelines, rules, and regulations of The University of Texas
MD Anderson Cancer Center.

Study drug. CKI (batch #20180301 or #20200110) was
provided by Shanxi Zhendong Pharmaceutical Co. (Changzhi,
Shanxi, China); it was manufactured using the same proce-
dures as those used to manufacture the CKI product that is
used in the clinical setting in accordance with good manu-
facturing practices (36). Every 1 ml of CKI is standardized to
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contain 8.0 to 14.0 mg of matrine and oxymatrine, and 0.35
to 1.20 mg of macrozamin. Fig. S1 shows the quantification
and consistency of matrine and oxymatrine in three batches
of CKI, two of which were used in this study, analyzed by
High performance liquid chromatography with tandem mass
spectrometry (LC-MS/MS). Total volumes of 200 pl solutions
were prepared for each injection with CKI and saline. The
amount of CKI included in each injection at doses of 2, 4 and
8 ml/kg were 50, 100 and 200 pl of CKI, diluted with 150, 100,
and O ul of saline, respectively.

Other materials. Prostaglandin E, (PGE,), PGD,, and its
relevant internal standards PGE,-d4 and PGD,-d4, as well
as COX-2 activity assay kit (#760151) were purchased from
Cayman Chemical (Ann Arbor, MI). Anti-Cyclooxygenase-2
(Anti-COX-2) and anti-15-hydroxyprostaglandin dehydroge-
nase (anti-15-PGDH) antibodies were obtained from Novus
Biological (Centennial, CO).

Animals. Female C3H/KamL mice from the Department of
Experimental Radiation Oncology, MD Anderson and female
C3H/heN mice (Charles River, Wilmington, MA) were used
in this study. As described previously, the C3H mouse strain is
well characterized in studies of RILI intervention (28,41). The
study mice were 12 to 16 weeks old. They were housed at the
institutional animal facility under controlled temperature and
humidity levels and a 12:12 h light-dark schedule. They were
given lab chow diet (Harlan Laboratories, Indianapolis, IN)
and water ad libitum. Mice were euthanized by CO, inhala-
tion when they lost 20% of body weight or became moribund.
Exposure to CO, was performed in the home cage. The CO,
was gradually increased, with a CO, asphyxiation rate of
30-70% of chamber volume per min.

Radiation procedure. Total lung irradiation (TLI) was
performed using an XRAD 225Cx (Precision X-Ray, North
Branford, CT). Irradiation was performed according to the
standard operating procedure of our institution's Small Animal
Imaging Facility. The setup for TLI consisted of a 225 kVp,
13.3 mA beam with a 0.15 mm copper filter and 20x20 mm
beam collimator. Radiation was delivered at a dose rate of
300 Gy/min from the anterior-posterior/posterior-anterior
direction using two parallel opposing beams. Mice were anes-
thetized with inhaled anesthesia (5% isoflurane for induction
and 1.5-3% for maintenance) and positioned so that only the
thorax was exposed in the radiation field.

Experiments

Experiment 1: determine the optimal timing and dose
response of CKI treatment after a single dose radiation
exposure, focusing on its impact on survival. A single radia-
tion dose of 13.5 Gy was used to determine the efficacy of
CKI in preventing RILI and its relevant mechanism of action,
as a previous study showed that C3H mice developed pneu-
monitis after they were irradiated at this dose level (28,42 .43).
The optimal timing of CKI delivery was investigated using
three different schedules: 1) starting 2 weeks prior to TLI; 2)
starting concurrently on the same day as TLI; or 3) starting
9 weeks after TLI, which is the median time for the develop-
ment of acute RILI (see treatment schema in Fig. 1A). When

MOLECULAR MEDICINE REPORTS 31: 88, 2025 3

CKI and TLI were given on the same day, mice were irradiated
before receiving CKI treatment.

CKI was administered to mice (n=16 to 20 per dose group)
once per day five days/week via intraperitoneal injection at
doses of 2, 4, or 8 ml/kg for a total of 8 weeks (40 injections),
with a 1-week break after the initial 4 weeks. The treatment
schedule was based on the CKI administration schedule
routinely used in oncology clinics in China. The 4 ml/kg dose
was equivalent to a clinical dose of 20 ml/day, which is the
dose approved by the China Food and Drug Administration
for this product (32,33).

Blood was collected from the facial vein at 2, 4, 8 weeks
after TLI. Micro-computed tomography (CT) imaging was
performed 1 week before and 4-12 weeks after TLI. Lung
tissues were collected and processed for histopathological
evaluation at the termination of the study. Survival and RILI
were evaluated and compared between the treatment groups to
determine the optimal timing and dose of CKI.

Experiment 2: determine the effect of CKI on survival at
different radiation dose levels. Mice were randomly assigned
to TLI only and TLI + CKI groups. Mice were irradiated at
a range of single radiation doses (11.75-14 Gy, n=3 to 9 per
group) to establish radiation dose response on survival. In the
TLI + CKI group, CKI 8 ml/kg was injected to mice concomi-
tantly with TLI and then daily for 8 weeks, as this was the
most effective dose and schedule suggested from the results
of experiment 1.

Experiment 3: Determine the potential mechanisms of CKI in
mitigating RILI. To investigate the potential mechanism(s) for
the effects of CKI at reducing RILI, experimental mice (n=3-8
per group) were treated with 13.5 Gy TLI and CKI at doses of
4 and 8 ml/kg CKI concomitantly and daily for 8 weeks. Mice
treated with saline + TLI were used as blank control groups.
Blood was drawn from the facial vein at 72 h for cytokine
analysis. Micro-CT imaging and lung tissue collections were
performed at 2, 4, 6, and 8 weeks after TLI for RILI evalu-
ation. In addition, lung tissues were either formalin-fixed or
flash frozen for related experiments.

Endpoints evaluations

Survival evaluation. The primary endpoint of this study was
mouse survival. Mice were weighed weekly and observed
daily for signs of morbidity (hunched posture, progressive
weight loss exceeding 20%, or labored breathing). Mice were
euthanized by CO, inhalation when they lost more than 20%
of their body weight or became moribund.

RILI evaluation

Micro-CT imaging evaluation. Micro-CT imaging was
performed using XRAD 225Cx (Precision X-Ray) within
1 week before radiation and again 1-3 months after radiation.
Briefly, the mice were anesthetized with inhaled anesthesia
(5% isoflurane for induction and 1.5-3% for maintenance).
When the mice were fully anesthetized, a 22-gauge endotra-
cheal tube was placed using a BioLite mouse intubation system
(Braintree Scientific, Braintree, MA). The CT parameters used
were 60 kV, 4 mA, and 3 rpm. The mice were mechanically
ventilated at 60 breaths per min throughout the procedure, and
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a 20-sec breath hold was applied during image acquisition at
20 cmH,0. The pressure was monitored through an inline
manometer. After image acquisition was complete, the mice
were extubated and recovered in a clean and warm cage. Two
to three certified radiation oncologists blinded to experiment
groups reviewed the Micro-CT images for RILI evaluation.

Histopathology evaluation. Formalin-fixed lung tissues were
embedded in paraffin, and sections were stained with hema-
toxylin and eosin (H&E) for histopathological examination.
The RILI score was established based on the evaluation of
H&E-stained lung sections as follows: grade 1, minimal tissue
changes affecting 1 to 10% of the tissue; grade 2, mild tissue
changes affecting 11 to 20% of the tissue; grade 3, moderate
tissue changes affecting 21 to 40% of the tissue; and grade
4, marked tissue changes affecting 41 to 100% of the tissue.
A certified veterinary pathologist blinded to experimental
groups performed histopathological examinations of 4-5 lung
tissues from each lobe.

Immunohistochemistry. Formalin-fixed lung tissues were
embedded in paraffin, and sections were stained with COX-2
(Cell Signaling, #12282) or TGF-f3 (Abcam, Waltham, MA)
antibodies for immunohistochemistry (IHC) analyses. For
the THC staining, 4-um sections were stained following the
standard operating procedure of our institution's histopatho-
logical core facility. The stained slides were scanned with an
Aperio AT2 bright-field slide scanner (Durham, NC), and IHC
staining was quantified with Aperio image analysis algorithms
for each lobe of the lung tissues (44).

Serum cytokine analysis. Given that proinflammatory cyto-
kines, including IL6, IL17, and TGF-f have been associated
with RILI and that changes in these cytokines appeared soon
after radiation in C3H mice (16,17), the serum levels of these
cytokines were determined by enzyme-linked immunosorbent
assay (ELISA) kits (R&D Systems, Minneapolis, MN, or
Invitrogen/Thermo Fisher Scientific, Waltham, MA).

COX-2 activity in lung tissue. Lung tissues were homogenized
with cold buffer containing 0.1M Tris pH 7.8 and 1 mM EDTA
(10 ml/g of tissue). COX-2 activity was assessed according to
the manufacture instruction. Briefly, the lung tissue super-
natants were collected and used for the assay. An aliquot of
40 ml lung tissue supernatant was mixed with 10 ml of Hemin,
20 ml of Colorimetric substrate, and 20 ml of arachidonic acid
in 110 ml of assay buffer. The absorbance was read at 590 nM.
COX-2 activity was calculated by subtracting an average back-
ground sample and from its corresponding sample or inhibitor
treated sample. COX-2 activity was calculated per sample
using TMPD extinction coefficient of 0.00826 mM™! following
instructions from the manufacturer (Cayman Chemical,
#760151).

Eicosanoid-profiling analysis. We and others have demon-
strated the importance of COX-2-mediated inflammatory
mediators in RILI (28,29), thus, we further determined the
levels of cyclooxygenase metabolites in lung tissue using
LC-MS/MS method, as described previously (45). Briefly,
analyses were performed using an Agilent 6460 Triple

Quadrupole mass spectrometer (Santa Clara, CA) equipped
with an Agilent 1200 HPLC system. Eicosanoids were
separated using a Kinetex C18 2.6-ym, 2.0x100-mm column
(Phenomenex, Torrance, CA). The mobile phases used 0.1%
formic acid in water (phase A) and 0.1% formic acid in aceto-
nitrile (phase B). For the analyses of prostaglandins PGE,
and PGD,, separation was achieved using a linear gradient of
20-98% of 0.1% formic acid in acetonitrile (phase B) with a
total time of 33 min. The flow rate was 400 yl/min with a
column temperature of 30°C. The sample injection volume was
15 pl. Samples were kept at 4°C during the analysis. The mass
spectrometer was operated in the electrospray negative-ion
mode with a gas temperature of 350°C, a gas flow rate of
10 1/min, and a nebulizer pressure of 20 psi. The temperature
of the sheath gas was 350°C and the sheath gas flow rate was
12 1/min. The capillary voltage was -2,900 V. Fragmentation
was performed for all compounds, using nitrogen as the colli-
sion gas. COX-2 metabolites were detected using electrospray
negative ionization and multiple-reaction monitoring of the
transitions at mass-to-charge ratios of 351.2 —271.2 for
PGE,/PGD, and 355.2 —275.2 for PGE,-d4/PGD,-d4. The
results were expressed as nanograms of prostaglandins per
milligram of protein.

Immunoblotting. Frozen lung tissue samples were washed
with cold PBS and homogenized in lysis buffer containing
proteinase and phosphatase inhibitor cocktails with Precellys
homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
France). The tissue lysates were collected after being
centrifuged at 16,000 rpm in 4°C. The immunoblotting was
performed using the automated western blotting system. The
Jess™ Simple Western system (ProteinSimple, San Jose, CA,
USA,)) is a system that automatically separates and immuno-
detects proteins by size through its capillaries. To quantify
the interested protein expression, the standard method for
12-230-kDa Jess separation module (SM-W004) was followed.
The final protein concentration of tissue lysate (0.4 to 1 mg/ml)
was obtained by mixing measured tissue lysate (0.6 to 2 mg/ml)
with 0.1X Sample buffer and Fluorescent 5X Master mix
(ProteinSimple). This mixture was denatured at 95°C for
5 min. Primary antibodies of interest (COX-2 and 15-PGDH)
and tubulin were prepared by mixing antibody diluent with
ratio from 1:10 to 1:50. Secondary antibodies were prepared
by combining chemiluminescence antibody and fluorescence
antibody. After that, tissue lysate samples were loaded into the
Ladder (12-230-kDa) plate, followed by the loading of anti-
body diluent, primary antibody, secondary antibody, luminol-s
and peroxide mixture (for chemiluminescence detection), and
wash buffer according to the manufacturer instruction. Digital
images of chemiluminescence and fluorescence of the inter-
ested proteins were captured with Compass Simple Western
software (version 4.1.0, Protein Simple), and the area was used
for the quantification of the proteins.

Statistical analyses. Kaplan-Meier survival functions and
log-rank tests were performed to compare survival durations
between the treatment groups. RILI incidence rates were
compared between the control and CKI-treatment groups
using the Fisher's exact test. Differences in histopathologic
pneumonitis grade score and protein expression levels were
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Figure 1. Treatment schema and Kaplan-Meier survival analysis of C3H mice treated with CKI. (A) Illustration of the treatment delivery schedules. Two cycles
(5 days a week for 4 weeks/cycle), separated by a week, of CKI were given to the study mice through i.p. injection. Three different administration schedules
of CKI were tested, including starting CKI 2 weeks before TLI, starting it concomitantly with TLI and starting it 9 weeks after TLI. The total lung of C3H
mice were exposed to a single 13.5 Gy dose and treated with the indicated doses of CKI. (B) Survival curves for C3H mice treated with CKI before irradiation
(4 ml/kg CKI vs. control, P=0.004; 8 ml/kg CKI vs. control, P=0.025). (C) Survival curves for irradiated mice treated with CKI starting at the time of irradia-
tion (8 ml/kg CKI vs. control, P=0.025). CKI, Compound Kushen Injection; i.p., intraperitoneal injection; TLI, total lung irradiation.

compared using the two-sample independent t-test. Data
distribution of normality was tested by Shapiro-Wilk test. If
not normal, log transformation was performed for analysis.
The statistical significance threshold was P<0.05. Statistics
were performed by SPSS version 29.0 (IBM Corp., Armonk,
NY) and GraphPad Prism version 10 (GraphPad Software
Inc., Boston, Massachusetts USA).

Results

CKI improved survival of C3H mice after TLI. CKI was given
to irradiated C3H mice according to three different schedules
as shown in Fig. 1A. Mice that received pre-treatment CKI at
4 ml/kg (101.0+£5.0 days, P=0.004) and 8 ml/kg (94.0+7.6 days,
P=0.025; Fig. 1B) had significantly longer median survival
compared with the vehicle (saline) control mice (86.0+0.8 days).
Similarly, mice that received 8 ml/kg CKI concurrently had
16 days longer median survival compared with the vehicle

control mice (108.0+0.4 days vs. 92.0+8.4 days, P=0.025
Fig. 1C). However, mice that received 4 ml/kg CKI concur-
rently did not show survival benefit over the control group
(101.0+£6 .4 vs. 92.0+8 .4 days, P=0.126; Fig. 1C). There was no
significant benefit in survival for 2 ml/kg CKI regardless of
when the CKI was administered (Fig. 1B and C). Additionally,
there were no significant differences in survival of the mice
treated with CKI at 9 weeks after TLI (Fig. S2).

To further understand whether the protective effect of
CKI against RILI depends on the given dose of radiation,
we examined the effect of CKI on RILI in C3H mice that
received radiation doses of 11.75, 12.5, 13.25, or 14 Gy. Mice
that received 14 Gy radiation had significantly shorter median
survival (median + SE: 86.0+1.8 days, P<0.05; Fig. 2A) than
the mice that received 11.75 or 12.5 Gy only (median + SE:
94.0+0.8 and 98+5.7 days respectively). The three lower radia-
tion dose only groups, 11.75, 12.5, and 13.25 Gy, did not show
differences in survival between each other (median survival
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Figure 2. Dose-dependent overall survival of C3H mice. (A) Kaplan-Meier curves for TLI + vehicle and TLI + 8 ml/kg CKI-treated mice at radiation dose
levels ranging from 11.75 to 14 Gy. (B) Median survival times for TLI + vehicle and TLI + 8 ml/kg CKI-treated mice at radiation dose levels from 11.75
to 14 Gy. The median survival times of TLI + vehicle-treated mice were significant longer at the two lowest radiation doses (11.75 and 12.5 Gy) compared
to those at the highest radiation dose (14 Gy). CKI treatment (8 ml/kg) significantly prolonged the median survival times of irradiated mice compared to
vehicle-treated mice at all radiation dose levels. “P<0.05 vs. TLI (14 Gy) + vehicle. "P<0.05 vs. TLI + vehicle at the same radiation dose level. CKI, Compound

Kushen Injection; TLI, total lung irradiation.

time: 92 to 98 days). We found that concurrent 8 ml/kg CKI
treatment significantly increased survival in all radiation dose
levels with median survival prolonged by 13-25 days (P<0.05,
Fig. 2B). These results suggest that CKI exerted protection
against RILI-associated mouse death within a defined dose of
radiation from 11.75 to 14 Gy.

CKI decreased the incidence of RILI in C3H mice after TLI.
Micro-CT imaging of lung tissues was performed before and
1-3 months after concurrent 13.5 Gy TLI and CKI treatment
to monitor RILI. Representative micro-CT images showed
lung tissues in non-irradiated normal condition (Fig. 3Aa),
subsequent severe whole lung RILI with airspace consolida-
tion after TLI + vehicle treatment (Fig. 3Ab), moderate RILI
with ground-glass opacities in both lungs (indicated by white
arrows) after TLI + CKI 8 ml/kg treatment (Fig. 3Ac), and
no RILI after TLI + CKI 8 ml/kg treatment (Fig. 3Ad). Both
4 ml/kg n=8) and 8 ml/kg (n=13) CKI treatment groups had
lower incidences of RILI than that of the vehicle control
group (n=5) with RILI rates of 25% (4 ml/kg, P=0.086) and
8% (8 ml/kg, P=0.008) vs. 80% (vehicle) (Fig. 3B). To further
investigate the differences in pathological changes occurred
in TLI + vehicle vs. TLI + CKI groups, a certified veteri-
nary pathologist blinded for experiment groups performed
histopathological examinations of the formalin-fixed lung
tissues. The lung tissues from CKI treated non-irradiated
mice (Fig. S3) had similar histologic appearance with vehicle
treated non-irradiated mice (Fig. 4Ad), suggesting CKI
itself did not affect the lung histology in normal C3H mice.
Histopathologic evaluation of lung tissues revealed that the

(o9

P=0.008

1.0 9
P=0.086

0.8 1

0.6 1

0.4 4

0.2 4

Incidence of radiation pneumonitis

0.0 4
Radiation + + +
CKI (ml/kg) O 4 8

Figure 3. RILI incidence in TLI-treated C3H mice. Micro-CT imaging was
conducted to estimate lung tissue damage and the protective effects of CKI
treatment in mice 4 to 12 weeks after radiation of 13.5 Gy. (A) Representative
micro-CT images of lung tissues from: (a) Normal, nonirradiated mice;
(b) mice treated with TLI + vehicle that developed whole lung RILI; (c) mice
treated with TLI + 8 ml/kg CKI that developed moderate RILI (indicated
by white arrows); and (d) mice treated with TLI + 8 ml/kg CKI that did
not develop RILI. (B) Incidence of RILI in mice treated with TLI + vehicle
control, TLI + 4 ml/kg CKI, and TLI + 8 ml/kg CKI. RILI, radiation-induced
lung injury; TLI, total lung irradiation; CKI, Compound Kushen Injection;
CT, computed tomography.

TLI + vehicle control group had marked acute interstitial
pneumonia, represented by diffuse alveolar infiltration of
many inflammatory cells (neutrophils and macrophages, black
arrow), and edema with abundant intra-alveolar exudation of
proteinaceous fluid forming hyaline membranes (green arrow)
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Figure 4. Histopathological analysis of lung tissue from TLI mice. (A) Images of hematoxylin and eosin stained lung tissues at 5x and 20x magnifications
obtained from C3H mice at termination of the study. (a) TLI + vehicle control mouse showing lung with marked interstitial pneumonitis-with alveolar
infiltration of many inflammatory cells (black arrow) and edema with abundant exudation of eosinophilic proteinaceous fluid into the alveolar spaces making
thick hyaline membranes along the alveolar walls (green arrow); (b) TLI + 4 ml/kg CKI and (c) TLI + 8 ml/kg CKI-treaded mice showing comparable mild
and minimal interstitial pneumonitis with alveolar infiltration of inflammatory cells (black arrow); (d) normal lung tissue from vehicle treated non-irradiated
mouse. (B) Mean pneumonitis grades in mice treated with TLI plus 0, 4, or 8 ml/kg CKI (n=7-13 per group). Data are presented as the mean + standard error.

s

“P<0.05 and ““P<0.001. TLI, total lung irradiation; CKI, Compound Kushen Injection.

(Fig. 4Aa). Consistent with previous findings, no fibrosis
was noted in these mice (46). Hematoxylin and eosin stains
of lung tissues derived from CKI-treated TLI mice (4 and
8 ml/kg) showed that these animals had significantly lower
degree of RILI, which was demonstrated by minimal or mild
interstitial pneumonia with infiltration of only a few inflam-
matory cells (Fig. 4Ab and c), that is in contrast with marked
interstitial pneumonia in vehicle-treated TLI mice (Fig. 4Aa).
Quantifications of the histopathological grade scores of lung
lesions (Fig. 4B) showed a statistically significant reduction of
RILI in CKI-treated (4 and 8 ml/kg) TLI mice in comparison
with vehicle-treated TLI mice. These data indicate that CKI
treatment substantially minimized the lung injuries caused by
TLI in C3H mice.

CKlI reduced inflammatory cytokine levels in C3H mice after
TLI. Given inflammation is primarily associated with RILI,
proinflammatory cytokines were measured in the serum of
mice before and 72 h after irradiation. IL6 levels in the TLI +
vehicle group (4.75+£0.59 pg/ml) were 8.0-fold higher than in
the nonirradiated control mice (0.58+0.38 pg/ml) (Fig. 5A).
TLI + CKI (4 and 8 ml/kg) significantly reduced the mean
IL6 levels to 1.09+0.15 pg/ml and 0.70+0.29 pg/ml (P<0.001;
Fig. 5A), respectively, which were comparable to that of the
nonirradiated control mice. Similarly, IL17A levels of TLI +
CKI-treated mice (4 and 8 ml/kg) were 73% lower than that
of TLI + vehicle control mice (P<0.01; Fig. S4); TGF-f levels
of TLI + CKI-treated mice (4 and 8 ml/kg) were 42 and
60% lower than that of TLI + vehicle control mice (P<0.05;
Fig. 5B).

Furthermore, to investigate the temporal change of
cytokines in TLI mice, serum IL6 was measured at 2, 4 and
8 weeks after TLI and expression of TGF-f in lung tissues
was measured at 2 weeks after TLI. Levels of serum IL6 in
TLI vehicle control group were 2.5-fold higher (P<0.01) than
that of non-radiation control mice at 2 weeks after TLI but
recovered at 4 and 8 weeks. CKI 4 or 8 ml/kg treated mice

showed stable low levels of IL6 at 2, 4, and 8 weeks after
TLI (Fig. 5C). Consistently, IHC staining in lung tissues at
2 weeks after TLI showed that the percent of TGF-f positive
cells in the lung tissues of CKI 8 ml/kg treated mice were
significantly lower than that of vehicle control mice (2.5% vs.
26.9%,P=0.005) (Fig. 5D and E). These data suggest that CKI
markedly decreased radiation-induced inflammatory cytokine
levels and exerted anti-inflammatory activity as an early
response to radiation.

CKI modulated COX-2 activity and COX-2 metabolites in the
lung tissues of C3H mice after TLI. COX-2 metabolites and
COX-2 activity were assessed in the lung tissues of mice 4 weeks
after radiation. As shown in Fig. 6A, there were significantly
lower levels of the intralung COX-2 metabolites PGD, and PGE,
4 weeks after radiation in the CKI-treated (4 and 8 ml/kg) mice
compared to the vehicle control mice (P<0.05). To understand
whether this reduction of COX-2 metabolites was mediated by
suppression of COX-2 activity or protein expression, COX-2
activity and protein expression were measured by ELISA, THC
staining and western blot in irradiated lung tissues. The COX-2
activity was significantly reduced at 4 weeks after radiation in
the lung tissues of CKI (4 and 8 ml/kg) treated mice compared
to that of vehicle control mice (P<0.05, Fig. 6B). In contrast, the
percentages of COX-2-positive cells and COX-2 protein expres-
sion in the irradiated lung tissues were similar between CKI
treated mice and vehicle control (Fig. S5), suggesting that the
reduction in COX-2 metabolites by CKI was not due to inhibi-
tion of COX-2 protein expression.

To further understand whether CKI also affects the
degradation pathway of prostaglandins, the protein level
of 15-PGDH, which is the common degradation enzyme of
PGE, and PGD,, was examined in the lung tissues of C3H
mice (Fig. 6C). CKI (8 ml/kg) treatment significantly upregu-
lated the expression of 15-PGDH compared to that of vehicle
control group (P=0.014) (Fig. 6D). These results suggest that
CKI elicited reduction of PGE, and PGD, could be at least
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Figure 5. Proinflammatory cytokines in serum and lung tissues of C3H mice treated with TLI with or without CKI. Serum cytokine levels of: (A) IL6 and
(B) TGF-f at 72 h after concurrent 13.5 Gy TLI with vehicle control or CKI treatment (n=3-4 per group). Measurements were made using ELISA. (C) Serum
levels of IL6 at 2, 4 and 8 weeks after 13.5 Gy TLI with vehicle control or CKI treatment (n=3-4 per group). (D) Immunohistochemistry analysis of TGF-f in
lung tissues of C3H mice at 2 weeks after treatment (scale bars, 200 ym): (a) Normal, (b) TLI (13.5 Gy) and (c) TLI + CKI (8 ml/kg). (E) Quantitative analysis
of TGF-B-positive cells in lung tissues. Data are presented as the mean + standard deviation. "P<0.05, “P<0.01, ““P<0.001 and “""P<0.0001 vs. irradiated
vehicle control. “P<0.05, #P<0.01 and ##P<0.001 vs. normal non-irradiated control. TGF-f, transforming growth factor f3; CKI, Compound Kushen Injection;
TLI, total lung irradiation.
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Figure 6. Effect of CKI on the COX-2 metabolic pathway. (A) The intralung COX-2 metabolites PGD, and PGE, measured using liquid chromatography/tandem
mass spectrometry. (B) COX-2 activity measured by ELISA kit. (C) Western blot analysis (D) and quantification of 15-PGDH protein expression in lung
tissues of C3H mice at 4 weeks after TLI with vehicle control or CKI treatment. Data are presented as mean + standard deviation. COX-2 activity data was
log-transformed for analysis as non-normal distribution. "P<0.05 and “P<0.01. CKI, Compound Kushen Injection; COX-2, cyclooxygenase 2; PGE,, prosta-
glandin E,; PGD,, prostaglandin D2; 15-PGDH, 15-hydroxyprostaglandin dehydrogenase; RT, radiation therapy.
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partially due to inhibition of COX-2 activity and increase in
the degradation of these metabolites in irradiated lung tissues.

Discussion

In the present study, we provided several lines of evidence to
suggest that CKI reduces inflammation and alleviates radia-
tion-induced pneumonitis. First, pre-irradiation or concurrent
TLI and CKI 8 ml/kg was associated with improved survival
of irradiated C3H mice. Second, CKI was associated
with reduced incidence and severity of RILI evaluated by
micro-CT imaging and histopathology. To our knowledge, this
is the first demonstration of CKI's preventive effect on RILI
in C3H mice. Third, CKI treatment significantly reduced key
proinflammatory cytokines including IL6, IL17, and TGF-f3 as
well as activity of COX-2 supporting anti-inflammation as the
hypothesized mechanism of action of CKI.

RILI generally occurs in two main phases: an early inflam-
matory phase, called RP, which is characterized by immune
cell infiltration and cytokine release, and a late fibrotic phase,
during which tissue remodeling and fibrosis result in chronic
lung dysfunction. Cytokines such as IL-6, TGF-f, and IL17
have been demonstrated to play key roles in mediating the
inflammatory response. For example, a study has shown that
the levels of the circulating proinflammatory cytokines such
as IL6 in serum and BAL were correlated with tissue levels of
the proinflammatory markers (17). In addition, higher plasma
levels of inflammatory cytokines detected quickly within 48 h
after radiation, such as TGF-p1,IL1a, and IL6, predict a higher
risk for RILI (19,21,22,47). It emphasizes the important role
of activation of these proinflammation cytokines and related
pathways in RILI. Interestingly, anti-inflammatory drugs
such as dexamethasone and an anti-IL17A antibody reduced
the concentrations of IL17A (25,48,49), TGF-f, and IL6, and
alleviated RILI and subsequent fibrosis in mice, suggesting
the importance of IL17A in inflammation and fibrosis (49).
The current data demonstrated that CKI significantly reduced
radiation-induced elevation of multiple key pro-inflammatory
cytokines including IL6, IL17A, and TGF-f in the serum of
C3H mice 72 h after irradiation. The findings also revealed
that the levels of TGF-f in the lung tissues of CKI-treated mice
were significantly reduced at 2 weeks after irradiation, which
is consistent with a recently published mechanism study (50).
However, which of the three inflammatory cytokines, or
perhaps others, are the key regulatory factors is not clear. As
the inflammatory response is complex and multidimensional,
it is unlikely that there is one specific component driving the
effects. Examining the regulatory pathway for the changes of
these cytokines or perhaps others mediating the CKI-elicited
protective effects in RILI deserves further investigation.

Prostaglandins, known inflammatory mediators, are
synthesized from arachidonic acid via the actions of cyclo-
oxygenase (COX-1 or COX-2) enzymes and degraded by the
key enzyme 15-PGDH (51). Thus, the levels of prostaglandins,
especially PGE,, are regulated by the COX-2 and 15-PGDH
enzymes in tissues, including lung tissue (52). The current
study found that CKI-treated mice had a decrease in COX-2
metabolites in irradiated lung tissues, including PGD, and
PGE,, suggesting that CKI may reduce RILI by targeting
COX-2 pathways.
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A prior study found that Clarithromycin prevented RILI
by downregulating COX-2 protein expression in irradiated
C57B/L6 mice (53). In our study, the results showed that CKI
treatment did not reduce radiation-induced COX-2 expres-
sion but inhibited COX-2 activity, suggesting CKI reduced
the intralung COX-2 metabolites (PGD, and PGE,) through
inhibiting COX-2 activity but not downregulating COX-2
protein expression. CKI treatment also led to upregulation of
15-PGDH expression, which could at least in part contribute
to the CKlI-elicited degradation of prostaglandins (PGE, and
PGD,). Given research has shown that 15-PGDH is abundant in
both normal mouse and human lung tissues (54) and 15-PGDH
has been demonstrated as a tumor suppressor in lung and
colon cancer (55-58), it would be interesting to further under-
stand how CKI is able to upregulate 15-PGDH levels in TLI
mice and reduce overall RILI. Additionally, studies reported
that COX-2 expression could be induced by TGF-f through
TGF-B-TGFBRI1-COX-2 signaling pathway (59-61) and tran-
scriptionally regulated by NF-kB (62). Examination of NF-kB
in the CKI treated TLI mice might help further understand the
mechanism of action of CKI in RILI.

One of the limitations of the current series of experiments
is not knowing which of the purported active components of
CKI exerts the protective effects on RILI. Preclinical studies
have demonstrated that matrine, one of the active ingredients
in CKI, significantly improves the survival of mice with
lipopolysaccharide-induced acute lung injuries and allevi-
ates pulmonary edema by inhibiting inflammatory cytokines
and mediators such as tumor necrosis factor a, IL6, and
high mobility group protein Bl (38), and downregulating
inflammatory genes such as IL6, CCLI, and COX2 (63).
Oxymatrine, another major component of CKI, has
anti-inflammatory activity; however, studies have produced
mixed results regarding its role in inhibiting cytokine levels
and cytokine-cytokine receptor interactions in cancer
cells (64,65). The flavonoids from kushen roots have been
reported to significantly inhibit IL6, COX-2, and nitric oxide
synthase in lipopolysaccharide-treated RAW 264.7 mouse
macrophage cells and to suppress inflammation in a mouse
arthritis model (66). However, which bioactive components
(i.e., alkaloids, flavonoids) in CKI are responsible for CKI's
protective effects against RILI remain unknown. Even though
one can speculate that CKI's role in preventing RILI may
be due to both alkaloids and flavonoids, further studies are
needed to explore the specific components or combination
that leads to CKI-induced reduction of RILI.

Previous studies have shown that micro-CT can be
used for early detection and assessment of structural and
histopathological changes of RILI in mice (67). Changes in
micro-CT parameters (Hounsfield Units and pixels) of irra-
diated mouse lungs were highly correlated with histological
changes, including air space enlargement, at 1 and 4 days
post-irradiation (67). Plathow et al detected the develop-
ment of radiation induced lung fibrosis prior to the onset of
clinical parameters by monitoring the changes (increase in
Hounsfield Units, intralobular opacity and fibrotic strandings)
in micro-CT (68). In the current study, at least two physicians
independently reviewed and evaluated micro-CT images
of the lung for RILI changes before and after radiation. We
observed that CKI 8 ml/kg treatment led to significantly less
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RILI from 80% (vehicle control mice) to 8%. It was consistent
with histopathology findings that CKI-treated mice had less
interstitial pneumonitis and fewer inflammatory cell infiltra-
tions compared to vehicle control mice. In addition, CKI itself
did not cause any physiological changes in the normal lung
tissues of C3H mice. This protective effect of CKI may have
contributed to the longer survival of the CKI-treated mice.

However, the mice with minor or no RILI only had
moderately longer survival than that of mice with RILI,
suggesting that radiation-induced damage to other organs, such
as esophagus and heart, may contribute to the mortality of
mice without RILI. H&E-staining of heart tissue derived from
irradiated mice with or without CKI treatment did not find
any significant pathological changes in these tissues (data not
shown) even though we did observe less macrophage infiltra-
tion in the lungs of CKI treated mice than that of vehicle control
group. Yet, prior studies showed that CKI exhibited anti-tumor
effect by activating proinflammatory responses and promoted
tumor-associated macrophages and CD8+ T cells infiltration
in tumor microenvironment (69,70). However, the current
studies did not conduct a thorough evaluation of immune
mechanisms or the effects of CKI on cancer growth, instead
focusing on examining CKI's anti-inflammatory properties for
the prevention of RILI. Other radiation-induced damage, such
as thrombosis, bone marrow damage, and immune cell changes
in TLI mice should be further investigated. Now that we have
documented the anti-inflammatory effects of CKI in reducing
RILI, future mechanistic studies could validate these findings
with more in-depth studies using molecular inhibitors or acti-
vators and perform either transcriptomic or proteomic analysis
to gain a more comprehensive understanding of CKI's effects.

Collectively, the current findings suggest that administering
CKI-in a formulation and dosage similar to those routinely
used clinically in China-improves survival and reduces the
development of RILI in C3H mice. CKI treatment decreased
expression of inflammatory cytokines, including TGF-f, IL6,
and IL17, and reduced the activity and metabolites of intra-
lung COX-2. These findings align with histopathological and
micro-CT assessments, which demonstrated improvements in
lung structure. Further clinical studies of CKI as a potential
candidate for preventing RILI are warranted.
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