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Direct pulmonary delivery of solubilized curcumin
reduces severity of lethal pneumonia
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ABSTRACT:Acute respiratorydistress syndrome (ARDS), themost severe formof acute lung injury, is associatedwith
reduced lung compliance and hypoxemia. Curcumin exhibits potent anti-inflammatory properties but has poor
solubility and rapid plasma clearance. To overcome these physiochemical limitations and uncover the full thera-
peutic potential of curcumin in lung inflammation, in this study we utilized a novel water-soluble curcumin
formulation (CDC)anddelivered itdirectly into the lungsofC57BL/6mice inoculatedwitha lethaldoseofKlebsiella
pneumoniae (KP). Administration of CDC led to a significant reduction in mortality, in bacterial presence within
blood and lungs, as well as in lung injury, inflammation, and oxidative stress. The expression of Klebsiella he-
molysin gene; TNF-a; IFN-b; nucleotide-binding domain, leucine-rich–containing family, pyrin domain–
containing-3; hypoxia-inducible factor 1/2a; and NF-kBwere also decreased following CDC treatment, suggesting
modulation of the inflammasome complex and hypoxia signaling pathways as anunderlyingmechanismbywhich
CDC reduces the severity of pneumonia. On a cellular level, CDC led to diminished cell death, improved viability,
and protection of human lung epithelial cells in vitro. Overall, our studies demonstrate that CDC administration
improves cell survival and reduces injury, inflammation, and mortality in a murine model of lethal gram-negative
pneumonia. CDC, therefore, has promising anti-inflammatory potential in pneumonia and likely other in-
flammatory lung diseases, demonstrating the importance of optimizing the physicochemical properties of active
natural products to optimize their clinical application.—Zhang, B., Swamy, S., Balijepalli, S., Panicker, S.,Mooliyil,
J., Sherman, M. A., Parkkinen, J., Raghavendran, K., Suresh, M. V. Direct pulmonary delivery of solubilized
curcumin reduces severity of lethal pneumonia. FASEB J. 33, 13294–13309 (2019). www.fasebj.org
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Acute respiratory distress syndrome (ARDS) is a life-
threatening, overexuberant inflammatory response caused
by a variety of insults (1). The severity of ARDS is associ-
ated with poor prognosis and higher mortality (2, 3).

Several factors increase the risk of ARDS, including sepsis,
acid aspiration, major trauma, lung contusion (LC), acute
pancreatitis, massive transfusions, and bacterial pneumo-
nia (4–8). Bacterial pneumonia remains a significant cause
of morbidity and mortality in modern intensive care units
(9). The incidence of ventilator-associated pneumonia
steadily increases despite the introduction of ventilator-
associated pneumonia bundles in the care of critically ill
patients (10, 11). Infection (12), such as sepsis and pneu-
monia, precipitates ARDS in more than half of all reported
cases. Klebsiella pneumoniae (KP) (13) are common gram-
negativebacteria that is frequently implicated inARDS(14).

Curcumin is a polyphenol extracted from turmeric,
which belongs to the Zingiberaceae family. It has been
shown that curcumin has a broad range of beneficial
properties both in vitro and in vivo, including anti-
inflammatory, antitumor, antioxidant, and antimicrobial
effects (15–17). Recent studies have demonstrated that
curcumin reduces inflammation, improvesmorbidity, and
decreases mortality in models of inflammatory disease
such as rheumatoid arthritis and inflammatory bowel
disease as well as common malignancies including colon,
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stomach, heart, lung, breast, and skin cancers (18–22).
However, the poor solubility and chemical instability of
curcumin under physiologic conditions limit its bio-
availability and clinical efficacy (23).

We previously developed a stable, water-soluble cur-
cumin formulation (CDC) in which the compound is
complexed with hydroxyalkyl-substituted g-cyclodextrin
(CD) (24, 25). CDs were previously tested in nebulized
inhaled drug formulations, with some reports indicating
that CD enhances pulmonary penetration. The CDC was
administered intravenously to beagles at doses as high as
10 mg/kg twice daily for 14 d, without observed adverse
effects (24). After repeated daily administration, tetrahy-
docurcumin sulfate, the major metabolite, peaked at
30min andmostly cleared the systemby60min.The rapid
plasma clearance of curcumin after systemic CDC ad-
ministration supports our choice of pulmonary adminis-
tration for further in vivo studies.

We have previously shown that direct delivery of the
CDC to the lung following exposure to LPS reduces the
severity of acute lung injury (ALI) in mice (24). Here, we
investigated the role of CDC in a clinically relevant model
of gram-negative pneumonia in both male and female
mice. We demonstrate for what we believe to be the first
time the ability of a curcumin formulation to effectively
reduce inflammation and mortality in a lethal model of
gram-negative pneumonia, thus encouraging the devel-
opment of novel natural product–based therapeutics for
bacterial pneumonia and ARDS.

MATERIALS AND METHODS

Animals

Male and female age-matched (8–10 wk) C57BL/6 (The Jackson
Laboratory, Bar Harbor,ME,USA)micewere used in this study.
All procedures performed were approved by the Institutional
Animal Care and Use Committee at the University of Michigan
and complied with state, federal, and National Institutes of
Health (NIH, Bethesda, MD, USA) regulations.

Curcumin preparation

Curcumin was prepared as previously described. Briefly,
hydroxypropyl-g-CDwas dissolved to a concentration of 112 g/
L in 0.18Msodiumhydroxide solution.Curcumin (CurcuminC3
Complex; SabinsaCorp., EastWindsor,NJ,USA)was added to a
concentration of 15 g/L. The solution was agitated, and after
complete dissolution of curcumin, the pH was adjusted to 6.0
with a mixture of acids. The solution was filtered and filled
aseptically into sterilevials thatwere thencappedandsealed.The
recovered CDC solution contained 12 g/L curcumin and 93 g/L
CD in 20 mM sodium citrate in a total of 100 mMNaCl solution.
Endotoxin content was,1.8 IU/ml asmeasured by the Limulus
amoebocyte lysate gel clotmethod. TheCDCsolutionwas stored
at 2–8°C and protected from light. The CD vehicle was prepared
in the same way but without the addition of curcumin (24, 25).

Bacterial pneumonia model

KP, strain 43816, serotype 2was purchased fromAmerican Type
Culture Collection (ATCC; Manassas, VA, USA). This microbial

strain was cultured overnight in trypticase soy broth (Becton
Dickinson,SanDiego,CA,USA)with reinoculation the following
morning into freshmedium to bring the bacteria into log-growth
phase. The bacteriawere centrifuged at 600 g and 4°C for 10min,
washed with sterile 0.9% normal saline, centrifuged again, and
then resuspended in sterile saline. Optical density was read on a
spectrophotometer (Milton Roy, Rochester, NY, USA) at a
wavelength of 600 nm. Appropriate serial dilutions were sub-
sequently performed to achieve a concentration of 500 colony
formingunits (CFUs)ofbacteriaper30ml of inoculum.Micewere
inoculated with the bacterial suspension or vehicle via deep oral
hypopharyngeal injection under isoflurane anesthesia (26).
Lastly, the CDCwas administered 2 h before as well as 2, 6, and
24 h after injection with KP. The CDC concentration was 30 mg/
30 ml per mouse (CDC frequency was chosen based on our pre-
vious study). Animals were allowed to recover spontaneously.
Survival wasmonitored for 10 d, and animal health and survival
data were recorded every 8 h. The survival study was repeated
twice, with CDC administered before and after KP.

Determination of bacterial survival in the lungs
and blood

Bacterial loads in the lungs and blood ofKP and CDCmice were
determined at 24 and 48 h. Lungswere removed andmaintained
in sterile conditions. Both lungs were homogenized in 1 ml of
ice-cold PBS. A small aliquot (100 ml) of tissue homogenate was
serially diluted in sterilized PBS, plated on 5% sheep blood agar,
and incubated overnight at 37°C, after which the number of
colonies was determined. For blood CFU determination, blood
was collected via cardiac puncture using a sterile 18-gauge nee-
dle. Tomeasurebacteremia, 100ml of undilutedbloodwasplated
onto 5% sheep blood agar plates (Thermo Fisher Scientific,
Waltham,MA, USA) and incubated at 37°C for 24 h, after which
colonieswere counted. If no colonieswere present, culture plates
were kept for an additional 48 h in the incubator to confirm no
growth of delayed organisms (27–29).

Lung pressure-volume mechanics

Immediately following exsanguination, pulmonary respiratory
mechanics were measured after blood samples were obtained.
Micewere further exsanguinatedby transectionof theabdominal
inferior vena cava. An 18-gauge metallic cannula was inserted
into the trachea through a midline cervical exposure. Animals
were then connected to a Scireq flexiVent (Scireq, Montreal, QC,
Canada) that allows for simultaneous ventilation and data cap-
ture. Immediate postmortemventilationwas performedwith the
following parameters: tidal volume 10 ml/kg, respiratory rate
150 breaths per minute, and positive-end expiratory pressure
2 cmH2O. With the pressure-volume (PV) ramp volume regu-
lated, controlled inflation and deflation was performed to mea-
sure quasi-static compliance values (30).

Albumin concentrations in bronchoalveolar lavage

Albumin concentrations in bronchoalveolar lavage fluid (BAL)
were measured by ELISA using polyclonal rabbit anti-mouse al-
bumin antibodies and horseradish peroxidase–labeled goat anti-
rabbit IgG (Bethyl Laboratories, Montgomery, TX, USA) (31, 32).

Determination of cytokine levels in BAL and lungs

Soluble concentrations of IL-1b, IL-4, IL-6, IL-10, IL-13, IL-17,
IL-22, macrophage inflammatory protein 2 (MIP-2), chemokine
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ligand 6 (CCL6) (monocyte chemoattractant protein 1), CCL12
(monocyte chemotactic protein 5), receptor for advanced glyca-
tion end products, myeloperoxidase (MPO), IFN-g, TNF-a, and
keratinocyte chemoattractant (KC) in the BAL and lungs fol-
lowing pneumonia and CDC administration were determined
using ELISA. Antibody pairs (1 capture antibody and 1
biotinylated-reporter antibody) and recombinant cytokines for
these assays were obtained from R&D Systems (Minneapolis,
MN, USA) (5).

Cytospin cell count

BAL cells were centrifuged at 600 g for 5 min using a Cytospin II
(ThermoFisher Scientific), stainedwithDiff-Quik (DadeBehring,
Deerfield, IL, USA), and analyzed by examination under a light
microscope at320magnification as previously described in refs.
30 and 33.

Tetrazolium dye reduction assay of bacterial killing

Thebacterial killing capacity of alveolarmacrophages (AMs)was
quantified using tetrazolium dye reduction assay (MTT) (34).
Wild-typemicewere administeredCDC,KP, orKP+CDC.AMs
were collected and seeded into (triplicate) 96-well plates, 1 ex-
perimental (37°C) plate, and 1 control (4°C). Cells from both
plateswere infectedwithKP (2.33 108 CFU/ml; themultiplicity
of infection 50:1) for 30 min at 37°C. Cells on the experimental
plate were washed and then incubated at 37°C for 90 min,
whereas cells on the control plate were washed and then lysed
with 0.5% saponin in tryptic soy broth (MilliporeSigma, Bur-
lington,MA,USA) andplaced at 4°C.After 90min, cells from the
experimental plate were lysed with 0.5% saponin in tryptic soy
broth. Bothplateswere then incubated at 37°C for 2.5 h.A total of
5 mg/ml MTT (MilliporeSigma) was added to each plate and
incubated for 30 min, and the absorbance at 595 nm (A595) was
read. Results were expressed as a percentage of survival of
ingested bacteria normalized to the percentage of control, where
the A595 experiment values were divided by the average of the
A595 control values using the following formula: survival of
ingestedbacteria= (A595 experimentalplate/A595 controlplate)3
100%.

In vitro phagocytosis assay

Phagocytosis assays were performed as previously described by
Takala et al. (12). Briefly, AM was isolated from BAL after ad-
ministration of KP and CDC, plated onto a 2 3 105 cells/well
plate, and cultured overnight in DMEM medium. Wells were
aspirated and replaced with 50 ml serum-free medium. AMwas
then incubated with FITC-labeled, heat-killed KP. Phagocytosis
of FITC-labeled bacteria was measured after quenching of non-
ingested bacteria with trypan blue (32, 33).

Ex vivo phagocytosis following KP by
mouse macrophages

Phagocytosis assays were performed with adherent macro-
phages as previously described by Suresh et al. (30) but with
modifications.KPwas opsonized in fresh 5%normal fetal bovine
serum for 30 min at 37°C, washed in PBS, and resuspended in
Roswell Park Memorial Institute (RPMI) 1640 /H medium at
1000 CFUs. Macrophages were added (33 105) to serum-coated
chambered 8-well tissue culture plates and allowed to adhere at
room temperature for 1 h. Cells were washed with PBS, non-
adherent cells were removed, and the remaining macrophages

were combined with 103 KP. The assay chamber was incubated
for 1 h at 37°C to initiate phagocytosis. Macrophages were then
washed with cold PBS. Cells were fixed with 4% para-
formaldehyde for 10 min on ice, followed by 10 min at room
temperature. The fixative was removed by aspiration, and then
the samples were washed 3 times with PBS and incubated in
blocking buffer (5% goat serum in PBS) for 30 min at room
temperature. To detect ingested bacteria, macrophages were
permeabilized with 0.3% Triton X-100 for 10 min at room tem-
perature prior to incubation with FITC-labeled Klebsiella pAb
(Thermo Fisher Scientific) for 1 h at room temperature. Nuclei
were stained with DAPI. Cells on coverslips were thenmounted
in mounting media (Agilent Technologies, Santa Clara, CA,
USA), and photomicrographs of the invasive sections were an-
alyzed digitally using Photoshop software v.9.0.2 (Adobe, San
Jose, CA, USA).

Flow-cytometry, apoptosis-annexin V-FITC staining

Apoptosis analysis was performed as previously described.
Briefly, cells were labeled with Annexin V (BioLegend, San
Diego, CA,USA) and incubated for 20min at room temperature.
After washing with Annexin V binding buffer, cells were in-
cubated for 10 min with Live/Dead stain (Thermo Fisher Scien-
tific). Cells were washed and blocked with flow cytometry
(Fc) block (CD16/32) and then stained with the following
fluorochrome-conjugated mouse antibodies: Ly6C-FITC, Gr-1-
PE, CD11c-APCCy7, F4/80-AF488, and CD11b-PE-Cy7 (Bio-
Legend, BDBiosciences, San Jose,CA,USA).Datawereanalyzed
using FlowJo software (Treestar, Ashland, OR, USA) (30, 31).

TaqMan quantitative PCR

Total RNA was prepared from whole lung lysate and reverse
transcribed into cDNA using Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV RT; Thermo Fisher Scientific).
cDNA was then amplified by real-time quantitative TaqMan
PCR using an ABI Prism 7700 sequence detection system
(GraphPad, La Jolla, USA). Glyceraldehyde 3-phosphate de-
hydrogenase was analyzed as an internal control. TaqMan gene
expression reagents or SYBR Green Master PCR Mix (Thermo
Fisher Scientific) were used to detect genes responsible for in-
flammation.Datawere expressed as the fold-change in transcript
expression. Fold difference in mRNA expression between treat-
ment groupswas determined by software developed by Thermo
Fisher Scientific (30, 31).

Western blot

Mouse lungs were lysed in ice-cold lysis buffer, mixed with a
commercial sample buffer (Thermo Fisher Scientific), and heated
at 95°C for 5 min. Samples were then electrophoresed on
SDS-polyacrylamide gels afterwhich the gelswere transferred to
PVDF membranes. Blots were incubated overnight at 4°C with
various primary antibodies and followed by appropriate sec-
ondary antibody. They were then washed, and the signal was
detected using a Super Signal chemiluminescent substrate
Western blotting reagent (Pierce Biotechnology, Waltham, MA,
USA) with chemiluminescent-sensitive film (31).

Histology

Lung sections were fixed in formalin, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin. Histologic
findings such as peribronchial, parenchymal, and perivascular
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cell infiltration were semiquantitatively graded in a blinded
manner (24, 33).

Cell culture

Human lung epithelial cells (A549) (ATCC) were grown as a
monolayer in 5% CO2 at 37°C in FK12 medium supplemented
with10%heat-inactivated fetal bovine serum,50U/mlpenicillin,
and 50 mg/ml streptomycin. Cells were plated in 6-well culture
plates or 8-well chambered plates for various experiments.

Curcumin administration in vitro

Human lungepithelial cells (A549)wereplatedatdensities of 43
105 cells/well in 6-well plates. After 24 h of incubation, the me-
dium was changed to serum-free DMEM followed by 24-h cul-
ture. Cells were then treated with or without curcumin (200 mM
concentrations of CDC) for 2 h at 37°C in 5% CO2. After in-
cubation with CDC, the medium was discarded, and cells were
added to a new antibiotic-freemedium and treatedwithKP (100
CFUs).Cellswere thencultured for anadditional 24hafterwhich
samples were collected (24).

NF-kB immunocytochemistry

Human lung epithelial cells (A549) were seeded in 8 chambered
glassplates.After 24hof incubation, cellswere treatedwithKP in
the presence and absence of CDC for 24 h at 37°C in 5% CO2.
Control cells were exposed to KP and CDC alone. After in-
cubation, the medium was changed, and cells were washed 3
times with PBS. Cells were fixed by adding formaldehyde di-
rectly, for 15 min at room temperature. Next, cells were washed
with PBS, permeabilized with 0.2% Triton X-100 (Milli-
poreSigma), washed 2 more times with PBS, and blocked with
PBS containing 1%bovine serumalbumin. Thiswas followed by
incubation in NF-kBp65 (Cell Signaling Technology, Danvers,
MA, USA) followed by incubation in Alexa fluorescent-labeled
secondary antibodies (Thermo Fisher Scientific) for 1 h. Nuclei
were stainedwithDAPI. Cells were thenmounted on coverslips
in mounting media (Agilent), and photomicrographs of the in-
vasive sections were analyzed digitally using Photoshop soft-
ware v.9.0.2.

Capillary Western immunoassay

Western immunoassay analysis was performed with a Western
immunoassay system (004–600; Protein Simple, San Jose, CA,
USA) according to the manufacturer’s instructions using a 12–
230 kDa separation module (SM-W004; Protein Simple) and an
anti-mouse detection module (DM-002; Protein Simple) (35).
Briefly, protein samples were diluted 10-fold in sample buffer
(100-fold diluted 103 Sample Buffer 2 from the Separation
Module), then mixed with Fluorescent Master Mix (Pro-
teinSimple, Centennial, CO, USA) and heated at 95°C for 5min.
The samples, blocking reagent (antibody diluent), primary anti-
bodies (in antibodydiluent), horseradish peroxidase–conjugated
secondary antibodies, and chemiluminescent substrate were
pipetted onto the plate of the separation module.

Statistical methods

Datawere expressed asmeans6 SEM. Statistical significancewas
estimated using 1-way ANOVA (GraphPad Prism 7.01). Indi-
vidual intergroup comparisons were analyzed using a 2-tailed,

unpairedStudent’s t testwithWelch’s correction. Survival curves
(Kaplan-Meier plot) were compared using log-rank tests (26).
Fluorescence recovery analysis was performed using ImageJ
(NIH) (36).ValuesofP,0.05wereconsideredsignificant (30, 31).

RESULTS

Survival is enhanced and the bacterial burden
is reduced by CDC administration

Here, we examined the protective effect of CDC in a
murine model of pneumonia using KP. In the first set of
experiments, the CDC was administered 2 h before in-
oculation with KP. Survival was monitored for 10 d. All
KPmice died within 5 d. However, survival rates were
significantly improved (60%) in mice that received
CDC. Mice unexposed to KP had 100% survival (Fig.
1A). Survival experiments were repeated twice (n = 10/
group, a total of 40 animals). Next, the CDC was ad-
ministered 2 h after inoculation with KP and survival
wasmonitored for 10 d. Again, the CDC administration
led to 60% survival. All mice exposed to KP that did not
receive CDC died within 5 d. This survival experiment
was repeated twice (n = 10/group, a total of 40 animals)
(Fig. 1B). In another set of experiments, the CDC was
administered 6 and 24 h after KP administration and
survival was monitored for 10 d. The survival rates
were significantly better in mice that received CDC 6 h
after pneumonia. In contrast, only 20% of mice that re-
ceived CDC 24 h after pneumonia survived at 10 d, but
mortality was still significantly decreased compared to
mice that did not receive CDC (n = 10/group, total 30
animals) (Fig. 1C) (*P , 0.05 by log-rank test). For all
further experiments, CDC was administered 2 h after
bacterial inoculation to correspond to the initiation of
pneumonia treatment more closely.

Next, bacterial counts in the lungs and blood were
assessed. Therewere significantly reduced bacterial counts
in the lungs of mice that received CDC compared to KP
alone (n= 4/group) (Fig. 1D).Mice thatwere administered
CDCexhibited significantly reduced bacterial burden both
in terms of growth on blood agar and CFUs at 24 and 48 h
compared to KP alone (n = 4 per group). There was no
growth in the vehicle and CDC groups alone (Fig. 1E, F).
Taken together, the data suggest that the CDC improves
bacterial clearance and survival in mice inoculated with
KP in a lethal model of gram-negative pneumonia.

Permeability injury and inflammation are
modulated by CDC administration

We have previously demonstrated that curcumin is ex-
tensively taken up by cells in the lung following CDC
administration (24).Wenext examined the total number of
cells in the BAL following inoculation with KP and CDC
administration. Fc revealed significantlymore cells inmice
exposed toKP compared to vehicle and controls, but there
was no significant difference between the 2 pneumonia
groups (Fig. 2A). Similarly, the level of monocytes at 24 h
washigher inmice exposed toKP compared tovehicle and
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controls, but there was no significant difference between
the 2 pneumonia groups (Fig. 2B). Additionally, therewas
no significant difference in macrophage recruitment (Fc
and cytospin) betweenKP andKP +CDCmice at both the
24- and 48-h intervals (Fig. 2C, D). We next assessed the
apoptotic response in KP mice with and without CDC.
First, we examined the level of macrophages by macro-
phage phenotype 1 (M1) and macrophage phenotype 2
(M2). InKPmice, theM1washigher compared tomice that

treated with CDC (Fig. 2E). M2s, however, were found to
predominate in KP mice that received CDC compared to
KP alone (Fig. 2F). Moreover, M1 and M2 apoptosis were
lower in KP + CDC mice compared to KP alone (Fig. 2G,
H). These data suggest that CDC treatment better pre-
servesmacrophages against apoptosis. Finally, the level of
neutrophils was significantly higher (Fc and cytospin
evaluation) at 24 h in the pneumonia group that received
CDC compared to KP alone (Fig. 2I, J).

Figure 1. CDC administration enhances survival and reduces bacterial burden in blood and lungs following KP. A, B) Survival
studies: wild-type mice (n = 10 mice/group) were infected with 500 CFUs of KP. CDC was administered 2 h before (A) and after
(B) KP. Survival was monitored over 10 d. In the third study, CDC was administered 6 and 24 h after KP. C) Survival was
determined 10 d (n = 10 mice/group). Significance values were determined with the log-rank Mantel-Cox test. **P , 0.05 KP vs.
CDC; *P , 0.05 KP vs. KP + CDC. D–F) Bacterial burden in the lung (D) and blood (E, F) was assessed 24 and 48 h following
inoculation (n = 4/group). *P , 0.5 CDC vs. KP; #P , 0.5 KP vs. KP + CDC.
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Lung compliance is better preserved by
CDC administration

We have previously shown that the acute inflammatory
response in LC and pneumonia is responsible for the def-
icits in oxygenation, increases in quasi-static pulmonary
compliance and severe permeability injury (26, 30, 37). To
determine the extent of the mechanical injury, PV mea-
surements were taken at different time intervals following
KP administration with and without CDC. Pulmonary

compliance and total lung capacity at 30 cmH2O were
significantly better in KP mice that received CDC than in
KPmice alone at both time points (Fig. 3A, B). These data
suggest that CDC treatment protects against worsening
mechanical lung function following pneumonia.

We also found that the level of BAL albumin, a marker
of permeability injury, was significantly lower in KP +
CDCmice at both 24 and 48 h (Fig. 3C). Finally, histologic
evaluationofhematoxylinandeosin–stained lungsections
revealed significantly reduced injury in pneumonia mice

Figure 2. A, B) CDC administration attenuates injury and inflammation following pneumonia. BAL cells: Fc data demonstrate the
total number of cells (A) and the total number of monocytes (B) following KP and CDC administration. C, D) Representative Fc
(C) and cytospin (D) data show the total number of macrophages following KP and CDC administration (n = 6/group). E, F) Fc
data show the total number of M1s (E) and M2s (F ) following KP and CDC administration (n = 6/group). G, H) M1s (G) and
M2s (H) apoptosis were measured by Fc. I, J ) The Fc and cytospin data reveal the level of neutrophils (I, J ) the KP + CDC group
compared to KP alone at both time points (n = 6/group). Samples were analyzed using a 2-tailed, unpaired Student’s t test with
Welch’s correction. *P , 0.05 CDC vs. KP; #P , 0.05 KP vs. KP + CDC.
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that received CDC compared to KP alone at both time
points (Fig. 3D). Taken together, the above data indicate
that delivery of CDC protects against worse permeability
injury and overall destruction of lung architecture fol-
lowing gram-negative bacterial pneumonia exposure.

Production of proinflammatory cytokines is
diminished by CDC administration

To determine the role of CDC in the production of neu-
trophil activity, the levels of proinflammatory cytokines

(IL-1b, IL-6, TNF-a), KC,MIP-2, andMPOweremeasured
in the BAL and lungs. In the BAL, the levels of IL-1b, IL-6,
KC, and MIP-2 were significantly reduced in pneumonia
mice that received CDC in conjunctionwithKP compared
toKP alone (Fig. 4A–H). TNF-awas significantly elevated
inKP +CDCmice only at 24 h in the BALbut significantly
elevatedatboth timepoints in the lung (Fig. 4I, J).MPO is a
significant constituent of neutrophil cytoplasmic granules.
In the BAL, MPO was significantly reduced at both time
points in KP + CDC mice compared to KP alone (Fig. 4K)
(significance is not shownonFig. 4K betweenKP andKP+
CDC groups at the 24-h time point above the bars). There

Figure 3. CDC administration attenuates injury following pneumonia. A, B) PV mechanics: Closed-chest PV mechanics were measured at
24 h (A) and 48 h (B) afterKP (n = 6/group). C) Permeability injury: Albumin concentration in the BALwas determined by ELISA (n = 16).D,
E) Pathologic injury: Representative hematoxylin and eosin lung sections at 24 and 48 h following KP and CDC administration (n = 3/group)
are shown at3400 original magnification (D), and the degree of pathologic injury was calculated (E). Statistical analysis was performed at each
time point with a 2-tailed, unpaired Student’s t test with Welch’s correction. *P , 0.05 CDC vs. KP; #P , 0.05 KP vs. KP + CDC.

13300 Vol. 33 December 2019 ZHANG ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by (58.97.11.126) on March 24, 2020. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 13294-13309.

http://www.fasebj.org


was no significant difference in lung MPO levels at both
time points (Fig. 4L).

Additionally, monocyte chemoattractant protein
1was significantly decreased at 24 h in the BAL and 48 h
in the lungs of KP + CDCmice (Supplemental Fig. S1A,
B). Monocyte chemotactic protein 5 was significantly
lower in the BAL of KP + CDC mice only at 48 h (Sup-
plemental Fig. S1C, D). IL-4 and IL-13 were initially
identified as products of activated Th2 cells, and pre-
vious studies have shown that they possess a variety of
immunomodulatory properties concerning B cells (38,
39). Here, both IL-4 and IL-13 were significantly ele-
vated in KP + CDC mice at 24 h in both the BAL and
lungs (Supplemental Fig. S1E, H). IFN-g was found to
be significantly lower in the lungs of KP + CDC at 48 h
compared toKP alone (Supplemental Fig. S1I), but there
was no difference in the BAL (unpublished results).
Receptor for advanced glycation end products was also
elevated in the BAL and lungs ofKP +CDCmice only at
24 h (Supplemental Fig. S1J, K). Finally, there was no
difference in the levels of IL-17, IL-22, and IL-10, an
important anti-inflammatory cytokine, in the BALofKP
and KP + CDC mice (unpublished results). Taken
together, these data overall demonstrate that CDC
down-regulates the acute inflammatory response fol-
lowing pneumonia.

AM phagocytosis is improved following
CDC administration

AMs (33, 40) are the predominant immune cells in the
lungs during initial infection, and increased susceptibility
to bacterial infection is associated with defects in AM
phagocytosis. Here, we examined AM phagocytosis ex
vivo following inoculation with KP. Cells were harvested
24 h following KP administration in the presence and ab-
sence of CDC and later subjected to immunofluorescence
staining with KP (green) and nuclear staining with DAPI.
The most intense phagocytosis was found in AM taken
from KP + CDC mice (Fig. 5A). AM was also harvested
from the BAL to measure the rate of phagocytosis by
opsonized andnon-opsonized relative phagocytic activity
in vitro. Both opsonized and non-opsonized phagocytosis
was significantly higher in KP + CDC mice at 24 h com-
pared to KP alone (Fig. 5B, C). Poor bacterial clearance is
associated with increased susceptibility to infection, and
increased phagocytosis is a critical component of the im-
mune response to bacterial pneumonia. Next, AM in-
tracellular clearance of KP in the absence and presence of
CDC was assessed using the MTT assay. Intracellular
bacterial clearance byAMwas significantly higher inKP+
CDC mice compared to KP alone, as indicated by the
significantly lower number of surviving bacteria (Fig. 5D).

Finally, the expression of the lung Klebsiella hemolysin
gene (Khe), a species-specific gene forKP,was significantly
decreased at both 24and48h inKP+CDCmice compared
to KP alone (Fig. 5E). As a whole, these data suggest that
CDC leads to improved AM phagocytosis and clearance,
protecting against KP. Statistical analysis was performed
with 2-tailed, unpaired t test with Welch’s.

RNA transcription of proinflammatory genes
is attenuated by CDC administration

We have previously found that proinflammatory and
hypoxia-related genes drive the acute inflammatory re-
sponse following LC and acid-induced aspiration (31, 37).
Here, RNA was isolated from the lungs of CDC, KP, and
KP + CDC mice and the expression of specific proin-
flammatory genes includingNOS-2, arginase-1, and retnla
resistin-like a (FIZZ-1) were measured by quantitative
RT-PCR (qRT-PCR). Unconditional expression of the M1
(NOS-2) indicates significant injury and is associated with
increased production of proinflammatory cytokines. Fur-
thermore, high expression of the M2 is characterized by
increased up-regulation of the FIZZ-1/arginase pathway.
The expression of NOS-2 was significantly lower in
pneumonia mice that received CDC (Fig. 6A). While the
expression of arginase-1 was significantly higher in KP +
CDC compared to KP mice at both time points, the ex-
pression of FIZZ-1 was only significantly higher at 48 h
(Fig. 6B,C).CDC, therefore, inducedmice exposed toKP to
exhibit the protectiveM2AMphenotype, as evidenced by
decreased expression of NOS-2 and increased expression
of both arginase-1 and FIZZ-1.

We have also recently reported that activation of
hypoxia-inducible factor (HIF)-1a is crucial for the devel-
opment of acute inflammation and injury following LC
and aspiration-induced lung injury (5, 37). In the present
study, the expressionofHIF-1a andHIF-2awasmeasured
following KP. Expression of HIF-1a at both time points
and HIF-2a at 24 h was significantly elevated in KP mice
compared toKP+CDCmice, inwhich the expressionwas
maintainedclose to control levels (Fig. 6D,E). It is therefore
likely that CDC reduces inflammation in part through
regulation of early hypoxic signaling pathways.

The expression of other proinflammatory genes, in-
cluding IFN-b, TLR-2, and TLR-4, were also measured.
The expression of IFN-b was significantly elevated at
48 h inKPmice (Supplemental Fig. S2A). InKPmice, the
expression of TLR-2 was significantly elevated at 24 h,
and the expression of TLR-4 was significantly elevated
at both timepoints compared tomice that receivedCDC
(Supplemental Fig. S2B,C).Wehave also recently found
that feline sarcoma–related kinase (FER), a tyrosine-
protein kinase gene, is involved in the recruitment and
activation of inflammatory monocytes and macro-
phages as well as in modifications of known signaling
transduction pathways that enhance bacterial clearance
and improve survival (26, 27). Here, the levels of FER
were significantly higher in KP + CDC mice compared
toKPmice at 48 h, both CDC andKP +CDCmice at 48 h
(Supplemental Fig. S2F).

Systemic inflammation and inflammasome
activation are attenuated by
CDC administration

To examine the effect of CDC on serum systemic in-
flammation, the expression of proinflammatory cytokines,
including IL-1b, IL-6, andTNF-a,weremeasuredat24h in
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CDC,KP, andKP+CDCmice.The levelsof IL-1b, IL-6, and
TNF-a were found to be significantly reduced in KPmice
that receivedCDCtreatment (Fig. 7A–C). Theexpressionof
IL-6 and TNF-awere alsomeasured in the lungs at both 24

and 48 h. The expression of IL-6 and TNF-a were signifi-
cantly lower inKP+CDCcompared toKPmice (Fig. 7D,E).

Next, the involvement of the inflammasome activity
was assessed. Previous work in our laboratory has

Figure 4. CDC administered mice show reduced inflammation following pneumonia. Cytokine concentrations in the BAL and
lungs were determined by ELISA (n = 16/group). The levels of IL-1b (A, B), IL-6 (C, D), KC (E, F), MIP-2 (G, H), TNF-a (I, J),
and MPO (K, L) were measured. Statistical analysis was performed at each time point. Samples were analyzed using a 2-tailed,
unpaired Student’s t test with Welch’s correction. *P , 0.05 CDC vs. KP; #P , 0.05 KP vs. KP + CDC.
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demonstrated that IL-1b is a critical intermediate in-
volved in the regulation of acute inflammation by type II
alveolar epithelial cells (AECs) in other forms of lung
injury, such as LC and acid aspiration (5, 37). Here, ad-
ditional experiments were conducted to determine the
lung gene expression of nucleotide-binding domain,
leucine-rich–containing family, pyrindomain–containing-3
(NLRP-3) and caspase-1, components of a common inflam-
masome, as well as IL-1b, an essential product of inflam-
masome activation, following CDC administration. The
expression of IL-1b, NLRP-3, and procaspase-1 was
significantly reduced at both 24 and 48 h in KP mice
that received CDC compared to KP alone (Fig. 7F–H).
Additionally, the protein expression of NLRP-3 and

caspase-1 was measured by Western blot. The protein
levels of both NLRP-3 and caspase-1 were also de-
creased at both timepoints inKPmice treatedwithCDC
(Fig. 7I). These data demonstrate that CDC adminis-
tration attenuates expression of common inflammatory
mediators, including the inflammasome at the level of
gene expression following pneumonia.

Viability of AECs is improved in the presence
of CDC

The direct impact of KP and CDC on A549 human lung
epithelial cells viability was also assessed. Cells were

Figure 5. AMs demonstrated
increased phagocytosis of KP
following CDC administration.
A) Phagocytosis: AM phagocy-
tosis was measured using fluo-
rescence exposure and anti-KP
antibody. B, C) In vitro serum
opsonized (B) and nonopson-
ized (C) phagocytosis was also
measured (n = 5/group). D)
MTT assay: Bactericidal activity
was performed (n = 5/group).
E) Khe expression: Lung RNA
was isolated from the mice in
the presence and absence of
CDC following pneumonia, and
Khe expression was measured at
24 and 48 h (n = 5/group).
Statistical analysis was performed
at each time point. Samples were
analyzed using a 2-tailed, un-
paired Student’s t test withWelch’s
correction. *P, 0.05 CDC vs. KP;
#P , 0.05 KP vs. KP + CDC.
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exposed to CDC,KP, andKP + CDC. At 24 h, cell viability
and morphologic appearance were significantly better
preserved in KP + CDC mice compared to KP alone
(Supplemental Fig. S3A, B). These data suggest that the
CDC can protect the cells from pneumonia infection.

NF-kB activation is reduced following
CDC administration

NF‐kB (41, 42) is considered the primary proin-
flammatory mediator of a family of transcription fac-
tors involved in many inflammatory disorders and
diseases. As we and others have previously shown,
HIF-1a acts through a known secondary transcription
factor, NF-kB, suggesting an interconnection between
NF-kB and HIF-1a signaling (31, 43). Here, total cell
extracts from the lungs were harvested at 24 and 48 h
and assessed for NF-kBp65 activation by qRT-PCR and
Western blot. NF-kBp65 expression was significantly
elevated in KP mice at 24 and 48 h, but this effect was
prevented following CDC administration (Fig. 8A).
Moreover, Western blot revealed a significant re-
duction in the level of NF-kBp65 in KP + CDC mice at
24 h, and this reduction occurs as early as within the
first 7 h (Fig. 8B). Finally, NF-kB activation was eval-
uated using immunocytochemistry in human lung
epithelial cells following KP. Cells were harvested at
24 h following inoculation in the absence and presence

of CDC and later subjected to immunofluorescence
staining with NF-kBp65 (green) and nuclear staining
with DAPI. Therewas intenseNF-kBp65 staining in the
nucleus of lung epithelial cells following KP in-
oculation. However, CDC administration significantly
reduced NF-kB expression compared to cells treated
with KP alone. There was also a significantly higher de-
gree of cell death followingKP in the absence of the CDC
(Fig. 8C, D).

Finally,wemeasured the expression of phosphorylated
NF-kBp65 byWestern blot in the lung extracts of KPmice
in the presence and absence of CDC. Phosphorylated p65
levels were higher at both time points in KP mice com-
pared to those that received CDC (Fig. 8E). These results
suggest that CDC lessens early activation of NF-kB, pro-
viding protection on a cellular level.

DISCUSSION

Pneumonia is the leading cause of infectious morbidity
and mortality in the United States and is a significant risk
factor for ALI and ARDS, both of which are associated
with significant mortality (40–60%) (3, 44, 45). In our pre-
vious study, we found that plasma concentrations of cur-
cumin and its principal metabolite, tetrahydrocurcumin,
were broken down rapidly after 30 min. The rapid clear-
ance of curcumin following systemic CDC administration
led us to assess pulmonary administration for subsequent

Figure 6. Expression of proinflammatory genes increased following pneumonia. A–C) The expressions of lung NOS-2 (A),
arginase-1 (B), and FIZZ-1 (C) were measured by real-time PCR following KP and CDC administration (n = 5/group). Expression
of hypoxia-related genes following pneumonia. D, E) HIF-1a (D) and HIF-2a (E) expression was measured (n = 5/group).
Statistical analysis was performed at each time point. Samples were analyzed using a 2-tailed unpaired Student’s t test with Welch’s
correction. *P , 0.05 CDC vs. KP; #P , 0.05 KP vs. KP + CDC.
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in vivo studies (24). Previous studies have demonstrated
that targeted delivery of CDC to lung cells following ex-
posure to LPS reduces the severity of ALI in mice (16, 46,

47). In the present study,we successfully administered the
CDC directly to the lungs via deep oral hypopharyngeal
injection under isoflurane anesthesia. Here, we sought to

Figure 7. Serum proinflammatory cytokine expression is attenuated by CDC administration. A–C) ELISA measured the
expression of circulating serum cytokines, including IL-1b (A), IL-6 (B), and TNF-a (C) in KP and KP + CDC mice (n = 5/group).
D–F) The expression of lung proinflammatory genes IL-6 (D), TNF-a (E), and IL-1b (F) were measured by real-time PCR
following in KP and KP + CDC mice (n = 5/group). G, H) The expression of lung components of inflammasomes, including
NLRP-3 (G) and procaspase-1 (H), was measured by real-time PCR in KP and KP + CDC mice (n = 5/group). I) The expression of
the whole lung lysate protein NLRP-3 and caspase-1 was measured by Western blot in KP and KP + CDC mice (n = 3/group).
Statistical analysis was performed for each time point. Samples were analyzed using a 2-tailed, unpaired Student’s t test with
Welch’s correction. *P , 0.05 CDC vs. KP; #P , 0.05 KP vs. KP + CDC.
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determine the role of CDC in a clinically relevantmodel of
gram-negative bacterial pneumonia in mice to assess the
potential to alleviate morbidity and prevent mortality.

In terms of electrical resistance effects on A549 human
lung epithelial cells, Peter et al. (48) subjectedA549 human
lung epithelial cells to transepithelial electrical resistance
and found that they became leaky at 43.0 6 1.2 Vcm2.
Previous studies have also demonstrated the effect of KP
on A549 human lung epithelial cell remodeling. Ahn et al.
(49) have shown that KP35 infection introduced to BAL

cells significantly lessens vital proteins involved in regu-
lating epithelial junctions. This could allow for further
accumulation of KP and likely result in sepsis. KP, then,
poses a threat to epithelial cell barrier integrity. In our
previous study with Calu-3 cells (24), we observed that
epithelial cell monolayer integrity remained intact after
transient exposure to CDC at different concentrations.
Accordingly, we elected not to measure transepithelial
electrical resistance in thepresent studybecause itmaynot
be representative of epithelial barrier integrity. Instead,we

Figure 8. Expression of NF-kB is reduced following CDC administration. A, B) Mice (n = 5/group) were subjected to CDC, KP, or
KP + CDC administration. Lungs were harvested at 24 and 48 h. RNA and protein levels of NF-kB after were measured by qRT-
PCR (A) and Western blot (B), respectively. Immunohistochemistry: NF-kB expression was measured with human lung epithelial
cells exposed to KP in the presence and absence of CDC (n = 3/group). C, D) The relative fluorescent intensity of NF-kB was
analyzed using ImageJ2 software. Mice (n = 3/ group) were subjected to CDC, KP, or KP + CDC. E) Lungs were harvested, and
phosphorylated NF-kB was measured by Western blot. Samples were analyzed using a 2-tailed, unpaired Student’s t test with
Welch’s correction. *P , 0.05 CDC vs. KP; #P , 0.05 KP vs. KP + CDC.
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sought to determine the effect of CDC on A594 cells ex-
posed to KP in vitro.

Previous investigations have revealed the extensive
antimicrobial coverage provided by curcumin, both in
vitro and in vivo (16, 24, 46, 47). In the present study, there
was total fatality following inoculation with KP but sig-
nificantly improved survival and reduced bacterial bur-
den inboth thebloodand lungs following earlydeliveryof
CDC before 2 h after insult. We further posit that bacter-
emia was lessened following administration of CDC in
part due to the overall decreased severity in lung injury, as
evidenced by significant reductions in BAL albumin and
degree of histologic injury.

Wehavepreviouslydemonstratedthe importanceofpro-
and anti-inflammatory chemokines and cytokines to the
evolution of lung injury (50). Here, we found that treatment
with CDC led to broad reductions in the proinflammatory
cytokines IL-1b, IL-6, and TNF-a in not just the BAL and
lungsbutalso the serumin thesettingofKP.Moreover, there
was also a concordant decrease in gene expression in the
lung following CDC treatment. CDC, therefore, attenuates
the inflammatory response at the transcription and protein
levels both locally and systemically.

Moreover, the up-regulation of IL-4, arginase-1, and
FIZZ-1 indicate M2 AM polarization and an overall im-
provement in phagocytosis and response to injury (51).
Here, we observed the AM phenotype polarization. AM
characterization is a vital determinant for the progression
of lung injury. TheM1 (also termed“classically activated”)
is characterizedby increasedproductionofoxidativeburst
and simultaneous NO release.

Conversely, theM2(also termed“alternativelyactivated”)
is associatedwith decreased production of proinflammatory
cytokines and up-regulation of the FIZZ-1 pathways. Mac-
rophage polarization dictates the nature, duration, and se-
verity of an inflammatory response (30, 52). Here, we found
that M1 activation was significantly higher at 24 h in the KP
mice when compared to theKP + CDCmice (Fig. 2). On the
other hand, the M2 was significantly higher in KP + CDC
compared toKPmice (unpublished results). This suggests an
avenueof influencebywhich theCDCformulationdecreases
inflammation and injury by shifting expression in macro-
phages away from inflammatory pathways.

The underlying mechanism by which CDC causes
down-regulation of injury and inflammation following
pneumonia is likely multifactorial and includes modula-
tion of a common inflammasome. The NLRP-3 inflam-
masome is involved ina rangeofboth sterile and infectious
lung disease states including LC and ALI/ARDS. This
inflammasome is composed of NLRP-3, the adaptor pro-
tein apoptosis-associated speck-like protein containing
caspase activation and recruitment domain [CARD
(ASC)], and the effector protein caspase-1. Activation in-
volves 2 steps: priming and assembly. Priming is initiated
by ligand, such as microbial components or cytokines,
binding to IL-1 receptor (IL-1R), TLRs, or TNF receptor
(TNF-R). This leads to up-regulation of NF-kB and sub-
sequent expression of inflammasome components. As-
sembly and activation are then induced by a wide range
of damage- or pathogen-associated molecular patterns
(DAMPs and PAMPs, respectively) (53, 54).

In the setting of bacterial infection, the NLRP-3 inflam-
masomehasbeen foundtobebothhelpfulandharmful, and
in the setting of KP it also has a multifaceted role (53). Hua
et al. (55) studied a serotype of KP implicated in pyogenic
liver abscess. They identified a virulence factor, K1-CPS,
that in vitro caused IL-1b up-regulation in macrophages
dependent on NLRP-3, ASC, and caspase-1. Moreover,
NLRP-3 inflammasome activation byK1-CPSwas found to
occur through multiple factors including TLR-4, (MAPK,
specifically ERK1/2 and p38), PI3K/NF-kB signaling, mi-
tochondrial factors, and in part, through reactive oxygen
species (ROS) (55). With a strain of drug-resistant KP iso-
lated from patients with bacteremia, Codo et al. (56) dem-
onstrated that inflammasome activation was inhibited in
macrophages in vitro. Specifically, they describe that KP
induction of IL-10 inhibits inflammasome function, thereby
impairing bacterial clearance. Two studies have evaluated
the role of theNLRP-3 inflammasome inKPmurinemodels
ofpneumonia (56).Both invitroand invivo,Willingham et al.
(57) found that NLRP-3 prompts macrophage necrosis as
well as expression of the proinflammatory markers high
mobility group box 1 and IL-1b. These findings were re-
versed in not just NLRP-3 but also ASC knockouts. How-
ever, although NLRP-3 knockout mice were found to have
reductions in inflammation, they also had decreased sur-
vival. In another study,Huet et al. (58) observed in vitro and
in vivo that glutathione peroxidase 1 knockout mice un-
derwent early NLRP-3 inflammasome activation mediated
by H2O2. NLRP-3 inflammasome was also associated with
improved survival; this effect was reversed not just with
antioxidant treatment but also with anakinra, the IL-1R
antagonist. NLRP-3, then, is activated by a diversity of fac-
tors and appears to play a protective role inKPpneumonia.

In the present study, too, KP led to up-regulation of
NLRP-3 inflammasome activity in a murine model of
pneumonia, as indicated by significantly increased expres-
sion of NLRP-3, caspase-1, and IL-1b. AMs have been
demonstrated to express TLR-2 and TLR-4 and even play a
protective role inALI, including infectious etiologies (54, 55).
Here, TLR-2 and TLR-4, which are also involved in inflam-
masomepriming,were foundtobeelevatedin the lungsafter
KPwithout anydeleterious effect on injury or survival. RNA
and protein expression of NF-kBwere also significantly ele-
vated following KP. Bacterial burden and mortality were
significantly increased due to KP. These findings, however,
were reversed with CDC administration. Contrary to other
studies in which NLRP-3 was found to be protective, here
down-regulation by CDC was associated with decreased
bacterial dissemination, inflammation, and mortality. The
mechanism of NLRP-3 inflammasome down-regulation by
CDC is likely multifactorial and includes modulation of
primingviaTLRsandNF-kBaswell aspossiblyROS,MAPK
signaling, or HIF-related pathways through hypoxic AECs,
as we have previously described (37).

We have recently found that FER, a tyrosine-protein
kinase gene, is involved in the recruitment and activa-
tion of inflammatory monocytes and macrophages as
well as in modifications of known signaling trans-
duction pathways that enhance bacterial clearance and
improve survival (26, 27). Here, we found that FER
expression was significantly higher following CDC
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administration (Supplemental Fig. S2). Bacterial lung
infection is characterized by excessive capillary leak-
age, activation of transcription factors, expression of
proinflammatory mediators, and accumulation of neu-
trophils in the alveolar spaces with diffuse damage to the
alveolar epithelial and endothelial cells (59, 60). Our re-
search has previously demonstrated that HIF-1a plays a
critical role in the regulation of inflammation following
lung injury, specifically, through type II AECs (31, 37).
Here, the expression of both HIF-1a and HIF-2a were
decreased following treatment with CDC.

Furthermore,HIFandNF-kBareknowntoregulate the
response to hypoxia and inflammation in tandem (61). Xu
et al. (47) recently reported that curcumin reduces mac-
rophage activation and lung inflammation induced by
influenza infection through inhibition of the NF-kB
signaling pathway. Here, we report that CDC adminis-
tration significantly reduced expression of NF-kB at both
the transcript and protein levels. CDC, therefore, likely
further attenuates inflammation following bacterial
pneumonia via modulation of the interconnected HIF
and NF-kB proinflammatory pathways.

To our knowledge, this is the first study that conclusively
demonstrates thebenefitsofa specific curcumin formulation
on injury, inflammation, and survival in a lethal gram-
negative model of pneumonia. Early direct delivery of
the CDC likely prevents injury and inflammation through
preferential polarization of M2s and modulation of HIF-
related pathways, including NF-kB. Of note, studies in hu-
mans have found that curcumin is generally well tolerated
without adverse effects, except for diarrhea at extremely
high oral doses (20, 24). Direct delivery of CDC to the lungs
is a safe and effective therapy in a murine model of gram-
negative pneumonia. These promising results support fur-
ther evaluation of the role of CDC in human pneumonia
and other inflammatory lung injuries such as ARDS.
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