
JPET #226563 

 

1 

 

Title Page 
 
3,3’-diindolylmethane ameliorates staphylococcal enterotoxin B-induced acute lung injury 

through alterations in the expression of microRNA that target apoptosis and cell cycle 
arrest in activated T cells 

David M. Elliott, Mitzi Nagarkatti, and Prakash S. Nagarkatti 

Department of Pathology, Microbiology and Immunology, University of South Carolina School of 

Medicine, Columbia, SC 29208, USA (D.M.E, M.N, and P.S.N) 

WJB Dorn Veterans Affairs Medical Center, Columbia, SC (M.N) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 27, 2016 as DOI: 10.1124/jpet.115.226563

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #226563 

 

2 

 

Running Title Page 

DIM ameliorates SEB-induced ALI 

Corresponding Author: 
Prakash Nagarkatti, Ph. D. 
Vice President for Research 
Carolina Distinguished Professor 
202 Osborne Administration Building 
University of South Carolina 
Columbia, SC 29208 
(803) 777.5458 tel 
(803) 777.5457 fax 
E-mail: prakash@mailbox.sc.edu 
 

Number of pages: 36 

Number of tables: 2 

Number of figures: 7 

Number of references: 74 

Number of words in Abstract: 191 

Number of words in Introduction: 466 words 

Number of words in Discussion: 1905 words 

Abbreviations used in this article: 

DIM  3,3’-diindolylmethane 

ALI  acute lung injury 

SEB  staphylococcal enterotoxin B 

miRNA microRNA 

BAL  bronchoalveolar lavage 

Recommended section assignment:  

Drug Discovery and Translational Medicine  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 27, 2016 as DOI: 10.1124/jpet.115.226563

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #226563 

 

3 

 

Abstract 

3,3’-diindolylmethane (DIM) is natural indole found in cruciferous vegetables that has 

significant anti-cancer and anti-inflammatory properties. In this current study, we investigated 

the effects of DIM on acute lung injury (ALI) induced by exposure to staphylococcal enterotoxin 

B (SEB). We found that pre-treatment of mice with DIM led to attenuation of SEB-induced 

inflammation in the lungs, vascular leak, and IFN-γ secretion. Additionally, DIM could induce 

cell cycle arrest and cell death in SEB-activated T cells in a concentration-dependent manner. 

Interestingly, microRNA (miRNA) microarray analysis uncovered an altered miRNA profile in 

lung infiltrating mononuclear cells following DIM treatment of SEB exposed mice. Moreover, 

computational analysis of miRNA gene targets and regulation networks indicated that DIM alters 

miRNA in the cell death and cell cycle progression pathways. Specifically, DIM treatment 

significantly downregulated several miRNA and a correlative increase associated gene targets. 

Furthermore, overexpression and inhibition studies demonstrated that DIM-induced cell death, at 

least in part, utilized miR-222. Collectively, these studies demonstrate for the first time that DIM 

treatment attenuates SEB-induced acute lung injury and may do so through the induction of 

microRNAs that promote apoptosis and cell cycle arrest in SEB-activated T cells. 
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Introduction 

Staphylococcus aureus, a gram-positive opportunistic pathogen, has become a major 

etiology of nosocomial infections and secretes SEB among other virulence factors (Lowy, 1998; 

Foster, 2004). Moreover, SEB is listed as a Category B select agent by the Center for Disease 

Control and Prevention.  Thus, it poses significant public health threat if used as a biological 

weapon. The consequence of SEB exposure can range from mild food poisoning to potentially 

fatal toxic shock (Pinchuk et al., 2010) and stems from its ability to induce the expansion of a 

significant proportion of T cells (Herman et al., 1991). SEB binds directly to class II major 

histocompatibility complex (MHC II) expressed on antigen presenting cells and consecutively 

binds the T cell receptor (TCR) via the variable region on the β-chain of the TCR (Seth et al., 

1994). Inhalation of SEB leads to recruitment of immune cells to the lungs, secretion of 

cytokines (IL-2, IL-4, TNF-α, IFN-γ, etc.), and damage of the endothelial-epithelial interface in 

lungs creating increased vascular permeability and ultimately respiratory failure (Krakauer, 

2005; Liu et al., 2009; Saeed et al., 2012). 

3,3'-diindolylmethane (DIM) is a natural indole compound derived from its precursor 

indole-3-carbinol (I3C), found in cruciferous vegetables such as kale, cabbage, broccoli and 

cauliflower (Ali et al., 2013). Indigoid compounds have been extensively studied for their anti-

cancer properties (Ahmad et al., 2010; Banerjee et al., 2011). Recently, the immunosuppressive 

role for DIM has been studied in a number of inflammatory diseases, including experimental 

arthritis (Dong et al., 2010), colitis (Huang et al., 2013), and autoimmune encephalomyelitis 

(Rouse et al., 2013).  
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 MicroRNAs (miRNAs), a class of small (~22 nt) non-coding RNAs, have recently been 

implicated as evolutionarily conserved gene regulators (Zhang and Su, 2009). Moreover, the role 

of microRNA in the regulation of inflammation has become apparent (Baltimore et al., 2008; 

Hoefig and Heissmeyer, 2008). Furthermore, our lab has recently proposed a role for microRNA 

in SEB-mediated toxicity (Rao et al., 2015). MicroRNAs perform their regulatory role by 

binding to the 3’ untranslated region (UTR) of target mRNA ultimately causing translational 

repression via sequestration or degradation of mRNA (Plank et al., 2013). Target mRNAs are 

determined by the microRNA seed sequence and microRNA-target gene pairings can be 

predicted using computational algorithms (miRANDA, PicTar, TargetScan, etc.) (Watanabe et 

al., 2007). Recently, our lab has also discovered a role for DIM-mediated miRNA regulation in 

inflammatory disease (Rouse et al., 2014; Tomar et al., 2014).  

In the current study, we investigated the therapeutic potential of DIM in the attenuation 

of SEB-induced acute lung injury and the role microRNA may play. We demonstrate that DIM 

ameliorates the aberrant inflammation via suppression of cellular proliferation, thereby 

protecting mice against SEB-induced ALI. Moreover, our data suggest that DIM may mitigate 

lung injury through miRNAs that regulate the cell cycle and cell death pathways. 
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Methods 

Animal use and care. Female C57BL/6 mice (6-8weeks of age) were procured from the National 

Cancer Institute, National Institutes of Health (Frederick, MD). Animals were maintained under 

typical pathogen-free conditions and all animal care and experimental procedures were approved 

by the University of South Carolina Institutional Animal care and Use Committee (IACUC, 

AUP: 2012). 

Induction of SEB-induced lung inflammation and DIM treatment regimen. Groups of four to five 

mice were randomized and exposed to SEB (Toxin Technologies Inc., BT202), 50 μg/mouse in 

25 μl of sterile PBS intranasally, as described (Saeed et al., 2012). DIM (Sigma-Aldrich, D9568) 

was prepared in sterile corn oil and administered via oral gavage on days -1, 0, and 1 at a 100 

mg/kg body weight. Anderton et al 2004, showed that mice given 250 mg/kg DIM via oral 

gavage had wide bioavailability, including both plasma and lung tissues, and no associated 

toxicity. Control groups received intranasal administration of sterile PBS and sterile corn oil 

(gavage). Mice were euthanized 48 hours after SEB exposure. 

Measurement of capillary leak. Capillary leak in the lungs was measured via Evans Blue Assay 

as previously described (Rieder et al., 2012). SEB and DIM were similarly administered as 

above, and 48 h after SEB exposure, mice were injected with 1% Evans blue dye in PBS 

intravenously, and 2 hours after dye injection, the mice were sacrificed under anesthesia. 

Following perfusion with heparinized PBS, the lungs were removed and placed in formamide at 

37°C for 24 h. The amount of dye in the lungs was calculated by measuring the absorbance of 

the supernatants at 620 nm. The following equation was used in order to calculate percent 

increase in capillary: (ODsample-ODcontrol)/ODcontrol) x 100. 
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Histopathology. SEB and DIM were similarly administered as above, and 48 h after SEB 

exposure, lungs were collected and placed in 10% formalin overnight. Tissue samples were 

embedded in paraffin, processed for hematoxylin and eosin staining. Briefly, tissues were 

deparaffinzed using xylene and alcohol dehydration series (90%, 95%, and 100%). Sections were 

then cut and mounted on slides. Slides were stained with hematoxylin and eosin (H&E) and 

assessed with a Nikon E600 light microscope. 

Cytokine detection of serum and bronchoalveolar lavage (BAL) fluid. Mice were euthanized 48 

hours after SEB exposure. Intact lungs were removed following suture of the trachea. Cold 

sterile PBS (1 mL) was used to collect the lavage fluid from lungs of vehicle or DIM treated 

mice. Mice were bled prior to sacrifice and blood spun down for isolation of serum. Cytokine 

levels for IFN-γ was measured in BAL fluid and serum. All cytokines were measured using 

Biolegend ELISA Max kits (Biolegend, 430801), as described (Rao et al., 2014). 

Antibodies and flow cytometry. Cells were stained with fluorescent conjugated antibodies and 

analyzed using the Beckman Coulter FC500 (Indianapolis, IN) to determine phenotypes of 

infiltrating lung mononuclear cells. Antibodies used: Allophycocyanin (APC)-conjugated-anti-

CD3 (clone: 145.2 C11), fluorescein isothiocyanate (FITC) -conjugated anti-CD8 (clone: 53-

6.7), anti-CD3 (clone: 145.2 C11) anti-vβ8 (clone: KJ16-133.18), and phycoerthyrin (PE)-

conjugated anti-CD4 (clone: GK 1.5), anti-NK1.1 (clone: PK136) from Biolegend. 

Isolation of lung-infiltrating cells. SEB and DIM were administered as above, and 48 h after 

SEB exposure, mice were euthanized. Lungs were harvested and homogenized using Stomacher® 

80 Biomaster in 10 ml of sterile PBS. Cell suspensions were washed and isolated using Ficoll 

gradient separation. Briefly, cells resuspended in sterile PBS were carefully layered onto Ficoll 
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(Histopaque®-1077, Sigma-Aldrich, 10771) and centrifuged at 500 G for 30 minutes at room 

temperature (25°C) with brake off. The mononuclear cells were collected at the interface. Live 

cells were then enumerated using a hemocytometer and Trypan blue exclusion. 

MicroRNA and mRNA isolation. Using miRNeasy Kit (Qiagen, 217004), total RNA (including 

small RNAs) were isolated from lung-infiltrating mononuclear cells or in vitro splenocytes 

cultures. Purity and concentration of RNA was determined using the NanoDrop 2000 

spectrophotometer from Thermo Scientific (Wilmington, DE). 

MicroRNA array, pathway analysis, and quantitative real-time PCR. MiRNA expression profile 

of lung infiltrating mononuclear cells was determined using Affymetrix GeneChip® miRNA 1.0 

array platform as described previously (Hegde et al., 2013). Ingenuity Pathway Analysis (IPA) 

software (Qiagen) was used to analyze the microarray dataset. Top miRNA molecules were 

determined using a log2 1.5 fold change between treatment groups. Pathways and mRNA targets 

were selected using IPA; either strongly predicted or experimentally validated interactions in 

published literature were pursued. This method was used to create miRNA-mRNA pathways as 

previously described (Hegde et al., 2013). Select miRNA were validated by real time qPCR. 

Using miScript II RT kit (Qiagen, 218160), cDNA was prepared from total RNA samples. 

Mature miRNA detection was performed using QuantiTect SYBR Green PCR kit (Qiagen, 

218073) as per manufacturer’s instructions and the Viia7 PCR thermal cycler for the following: 

mmu-miR-222, mmu-miR-34a, mmu-miR-494, mmu-miR-706, mmu-miR-125b, mmu-miR-155 

and control RNU_1a or Snord96a primers obtained from Qiagen. Relative quantification by 

2(ΔΔCq) method and expressed relative to endogenous control. 
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Cell Cycle Analysis. Splenocytes were isolated from naïve C57BL/6 mice and cultured with SEB 

(1 μg/mL) in the absence or presence of vehicle or DIM (10-50 μM) for 6, 12, 18 and 24 hrs. In 

vitro concentrations of DIM were based on previous work from our laboratory and is well within 

attainable concentrations found following oral administration of DIM in mice (Anderton et al., 

2004; Rouse et al., 2013; Busbee et al., 2014). Cells were harvested and fixed with 2% 

paraformaldehyde for 1 hr at 4°C. After washing with staining buffer, cells were incubated in a 

solution containing 0.2% Tween 20, 100 U/mL RNase, and 50 μg/mL propidium iodide for 20 

min at 37°C. Cell cycle analysis was performed using flow cytometry in which samples were 

gated on live cells. LMD files were further analyzed using ModFit LT (Verity Software House, 

Topsham, ME). 

Transfection of miRNA. This was performed as described (Busbee et al., 2015).  Splenocytes 

were cultured in complete (10% FBS, 10mM L-glutamine, 10mM Hepes, 50 μM β-

Mercaptoethanol, and 100 μg/mL penicillin) RPMI 1640 medium (Life Technologies, 11875-

093). Cells were seeded at 2.5 x 105 cells per well in a 24 well plate and transfected for 24 hrs 

with mock control, 40nM synthetic mmu-miR-222 (MSY0000670) and 100 nM mmu-mmiR-222 

(MIN0000670) using HiPerFect transfection reagent (Qiagen, 301704), according to 

manufacturer’s instructions. Cells were then cultured in the absence or presence of 25 uM DIM 

for 6 hours. Cells were collected and stained using AnnexinV/PI kit to ascertain extent of cell 

death. Additionally, total RNA and protein were extracted for analysis. 

Western blotting. Total protein was isolated from lung mononuclear cells and in vitro 

transfection reactions using RIPA buffer (Santa Cruz Biotechnology, sc-24948) and then were 

quantified using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 23225). Ten to 

twenty micrograms of protein were loaded for each sample. Protein extracts were separated by 
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12% polyacrylamide gel electrophoresis and transferred onto nitrocellulose membrane. 

Membranes were then probed with antibodies against: p27kip1, BIM, and/or controls β-actin and 

γ-tubulin as shown (Santa Cruz). Blots were developed using WesternSure ™ PREMIUM 

Chemiluminescent Substrate and scanned using the C-Digit Blot Scanner from Licor (Lincoln, 

Nebraska). 

 

Statistics. Statistical analysis was performed using GraphPad Prism 5.0 (San Diego, CA). The 

data using mice were generated using groups of 4-5mice and depicted mean ± SEM.  The in vitro 

assays were performed at least three times to confirm the reproducibility.   Statistical difference 

was calculated using ANOVA and Student’s t-test, and where stated post hoc analysis was 

performed via Tukey’s method. A value of <0.05 was considered statistically significant. 
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Results 

DIM attenuates SEB-induced ALI 

Inhalation exposure of SEB leads to acute pulmonary damage comprised of 

inflammation, cytokine secretion, capillary leak, and edema. In this study, we investigated the 

ameliorative potential of DIM in this model of inflammation. Previously, our lab has shown that 

40 mg/kg body weight of DIM was able to attenuate other inflammatory disorders (Busbee et al., 

2014; Rouse et al., 2014). To account for lower bioavailability of DIM in lung tissue, we used a 

dose of 100 mg/kg body weight of DIM in this study, described further in methods. Moreover, 

previous studies showed that DIM could attenuate brain inflammation in a lipopolysaccharide 

model at similar dosage via oral gavage (Kim et al., 2014). Mice were pre-treated with DIM or 

vehicle (corn oil) 24 hours and 1 hour prior to SEB exposure. Twenty four hours after SEB 

exposure, mice were given the final dose of DIM or vehicle. A group of mice were also given 

DIM only, receiving the same three treatments as stated above.  

Forty eight hours after SEB exposure, histopathological analysis of H&E stained lung 

sections showed extensive infiltration of cells in VEH+SEB group as compared to control 

(Figure 1A and 1B). The DIM+SEB group showed significantly reduced infiltration and DIM 

alone treatment showed no infiltration (Figure 1A and 1B). We analyzed the extent of vascular 

leak using Evans Blue dye as previously described (Saeed et al., 2012). Indeed, SEB exposure 

led to a significant increase in vascular leak when compared to vehicle alone. However, DIM 

treatment could significantly reduce vascular leak (Figure 1C). 

DIM lessens lung infiltration and IFN-γ secretion 
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 Substantial cellular infiltration and subsequent cytokine secretion characterize acute lung 

injury induced by SEB. Overall inflammatory burden was next assessed by enumerating the total 

mononuclear cells from the lungs of each group of mice. SEB-treated mice had a significant 

increase in lung mononuclear cells which was decreased following DIM treatment (Figure 2A). 

Lung infiltrating cells were further analyzed to identify different immune subsets. We found that 

SEB exposure produced an increase in the total number of cells expressing CD3+, CD4+, CD8+, 

Vβ8+, NK1.1+ (NK cells), and NK1.1+CD3+ (NKT cells).  Furthermore, DIM reduced these cell 

subsets infiltrating into the lungs (Figure 2B). Our lab has recently shown the importance of 

gamma interferon (IFN-γ) in the inflammatory cascade and subsequent cell damage in acute lung 

injury (Rao et al., 2014). We therefore examined the expression of IFN-γ in the serum and 

bronchoalveolar lavage (BAL) fluid. The IFN-γ levels in the serum and BAL fluid were 

significantly elevated in SEB treated mice compared to vehicle controls. DIM treatment was able 

to significantly reduce to IFN-γ expression in serum and BAL fluid (Figure 2C and 2D). 

DIM induces apoptosis and cell cycle arrest 

 DIM has been shown to have potent anti-proliferative properties in a multitude of cancer 

cells lines, inducing apoptosis and/or cell cycle disruption (Shorey et al., 2012; Weng et al., 

2012a; Jin et al., 2015). In this current study, we determined the possibility that DIM may induce 

cell death in SEB-activated T cells. To this end, we activated splenocytes with SEB (1 μg/ml) for 

24 hours in the presence of a DIM concentration range (10, 25, 50 μM). Cells were then 

collected and stained with anti-CD3 and TUNEL (Roche) and analyzed by flow cytometry. After 

24 hours, DIM showed a significant increase in apoptosis in SEB-activated T cells as compared 

to vehicle. This response could be seen in a concentration dependent manner. It should be noted 
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that SEB alone led to apoptosis (~20% overall and ~4% T cells), which can be attributed to 

activation induced cell death (Figure 3A and 3B).  

Additionally, we tested DIM’s potential to arrest the cell cycle in SEB-activated T cells. 

Splenocytes were treated similarly as above. However, cells were collected at 6, 12, and 18 hrs 

and analyzed for cell cycle using propidium iodide staining, flow cytometry and ModFit LT 

software. Activation with SEB for 6 hours led to an increase in cells found in S phase as 

compared to naïve control, which were found to be in G0/G1 phase, with a minor percentage in S 

and G2/M phases. Interestingly, DIM treatment caused a majority of the cells to be found in 

G2/M phase; this was seen in a concentration-dependent manner (Figure 3C and 3D). Similar 

results were seen at 12 and 18 hrs (data not shown). These results substantiate the ability of DIM 

to alter the cellular proliferation induced by SEB activation via G2/M arrest and apoptosis. 

DIM treatment of SEB exposed mice significantly alters the microRNA profile of lung 

mononuclear cells 

 MicroRNAs have recently been implicated as having a regulatory role in cellular 

proliferation, cell cycle progression and inflammation. Furthermore, miRNAs have been shown 

to play a key role in lung inflammation (Foster et al., 2013) and particularly in SEB-induced lung 

inflammation (Rao et al., 2015).  Therefore, we investigated the role of microRNA in the DIM-

mediated suppression of inflammation, specifically in the lungs of SEB exposed mice. Forty 

eight hours after administration of SEB, we isolated lung mononuclear infiltrating cells from 

SEB exposed mice treated with DIM or vehicle. Total RNA was collected and analyzed using 

Affymetrix GeneChip miRNA 1.0 array platform. Differentially expressed miRNAs were 

represented in a heat map.  Mice treated with DIM and SEB showed a significant change in the 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 27, 2016 as DOI: 10.1124/jpet.115.226563

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #226563 

 

14 

 

microRNA expression profile when compared to the VEH+SEB group (Figure 4A). Upon further 

analysis, we were able to identify 10 miRNAs that were significantly upregulated and 25 

miRNAs that were significantly downregulated in DIM+SEB groups when compared to 

VEH+SEB treatment (Figure 4B and 4C). Following the miRNA array, we used Ingenuity 

Systems IPA analysis to further fine tune select miRNAs. These miRNAs are compiled in (Table 

1), along with their seed sequence and respective fold change. Six microRNAs were randomly 

selected for further validation. DIM treatment led to a significant downregulation of four of the 

selected miRNAs in SEB exposed mice (Figure 4D). Collectively, these data suggested that 

microRNA may have an integral role in the anti-proliferative effect of DIM in SEB-induced 

acute lung injury. 

DIM treatment decreases the expression of miR-222 and miR-494 to regulate p27kip1 and BIM 

expression 

 Among the miRs screened, miR-222 and miR-494 were found to be significantly 

increased upon SEB exposure compared to vehicle control mice and DIM treatment led to a 

significant decrease (Figure 5A and 5E). The miR-222 was predicted to target cdkn1b (p27kip1) 

and miR-494 was predicted to target bcl2l11 (BIM), both having a miRWalk score of 3 and 

putative 3’ UTR targeting was seen for each miRNA-mRNA pairing using microRNA.org 

(www.microRNA.org) alignment tool (Figure 5B and 5F). A complete list of mRNA targets for 

miR-222 and miR-494 can be found in Table 2. Furthermore, p27kip1 and BIM expression levels 

were found to be significantly increased in DIM+SEB as compared to VEH+SEB group 

respectively (Figure 5C/D and 5G/H). Together these results suggested that DIM treatment in 

mice exposed to SEB might alter the miRNA expression profile, which may lead to the halt of 
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cell cycle progression and induction of apoptosis, therefore attenuating the aberrant lung 

inflammatory response. 

Mir-222 downregulation may be integral to DIM-mediated cell death 

 To further confirm the role of DIM-induced miRNAs in cell death, we transfected 

splenocytes with miR-222 mimic and inhibitor. After eighteen hours, cells were treated with 

DIM (25 μM) or vehicle (DMSO) for 6 hours. MiR-222 expression following mimic transfection 

increased 960-fold compared to mock control and inhibitor saw no significant change (Figure 

6A). Furthermore, miR-222 mimic significantly decreased cell death compared to mock control 

and inhibitor saw no change in the absence of DIM. DIM treatment led to a significant increase 

in cell death as compared to SEB. Mimic transfection could rescue cells from DIM-mediated 

apoptosis significantly. Moreover, inhibitor led to a significant increase in cell death in the 

presence of DIM (Figure 6B). We then investigated the effect of miR-222 mimic and inhibitor in 

these SEB activated splenocytes on the level of expression of p27kip1 and PUMA and found that 

miR-222 mimic could decrease expression of PUMA but not p27kip1. Moreover, miR-222 

inhibitor transfection led a significant increase in both p27kip1 and PUMA expression (Figure 

6C). Together, these data suggested that DIM may induce apoptosis through the downregulation 

of miR-222 and subsequent increase in gene targets p27kip1 and PUMA. 
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Discussion 

 Acute lung injury (ALI) and its more severe form acute respiratory distress syndrome 

(ARDS) are clinical disorders with characteristic pulmonary bilateral infiltrates, edema, and 

hypoxemia and can have a wide range of etiologies: sepsis, reperfusion, pneumonia, and smoke 

or toxic chemical inhalation (Ware and Matthay, 2000). Mortality rates still remain relatively 

high (~30-50%) depending on causation, and treatment modalities remain restricted with limited 

efficacy (Dushianthan et al., 2011). Therefore, there still remains the need for novel treatment 

modalities with improved safety and efficacy. Although animal models do not perfectly resemble 

clinical manifestations of acute lung injury, they do provide invaluable insight into facets of 

human pathophysiology (Matute-Bello et al., 2008). For example, inhalation of SEB can lead to 

dramatic respiratory inflammation which mimics the infiltration and edema seen in clinical ALI 

(Neumann et al., 1997). In this study, we used intranasal administration of SEB to induce lung 

inflammation and for the first time demonstrated the clinical benefits of DIM in this model, 

which may result from the ability of naturally derived indole to suppress inflammation by 

modulating miRNA expression which targets integral parts of the cell cycle and cell death 

pathways. In the current study, we demonstrated that DIM can protect from SEB-induced ALI by 

decreasing pulmonary infiltration, attenuating IFN-γ secretion, and limiting vascular leak. 

Additionally, our data, suggested that the changes in miRNA expression profile by DIM in vivo 

could be involved in the prophylactic role. DIM treatment significantly decreased the expression 

of miR-222 and miR-494 in the lung mononuclear cells with a coordinate increase in the 

expression of p27kip1 and BIM. Moreover, utilizing miR-222 synthetic mimic and inhibitor, we 

performed gain and loss of function analysis to demonstrate the potential role of miR-222 in 

DIM mediated suppression of proliferation caused by SEB.  In the current study, we used 
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100mg/kg body weight of DIM to attenuate SEB-induced ALI in the mouse model.  These doses 

are clinically relevant because in human studies, doses up to 600 mg daily of DIM, have been 

used (Heath et al., 2010). The dose of 100 mg/kg in mice when converted into Human 

Equivalent Dose works out to 480 mg, considering an adult to weigh 60 kg. Thus, the dose used 

in this study is translationally relevant.   

SEB exposure drives extensive release of chemokines and cytokines, T cell expansion 

and both localized and systemic tissue damage (Krakauer, 1999; Saeed et al., 2012; Busbee et 

al., 2014). This atypical immune response can be attributed to the unique mechanism of T cell 

activation that SEB utilizes, expanding a considerable proportion of T cells by binding 

sequentially the vβ8 region of the TCR on T cells and MHC class II molecule on antigen 

presenting cells (Herman et al., 1991; Xia et al., 2014). Our results are consistent with these 

findings, as we observed a dramatic increase in infiltrating mononuclear cells and significant 

endothelial-epithelial barrier destruction in the lungs. Moreover, systemic and bronchoalveolar 

IFN-γ expression was significantly increased, which has been shown to be integral to SEB 

mediated toxic shock syndrome and lung injury (Tilahun et al., 2011; Rao et al., 2014). 

The molecular mechanisms have been well described for SEB-mediated inflammation. 

Upon TCR activation and co-stimulation, canonical and alternative signaling pathways are 

activated simultaneously (Deane and Fruman, 2004; Bueno et al., 2006; Park et al., 2009). These 

conditions synergize to promote proliferative and pro-inflammatory gene expression in T cells 

(Krakauer, 2013). However, recently a new regulatory factor has been discovered: miRNA. 

Extensive studies of miRNA have provided evidence to show its critical role in fine-tuning 

biological processes. MicroRNAs exert their regulatory efforts by targeting the 3’ UTR of 

mRNA, thereby inhibiting gene translation via sequestration or degradation of mRNA 
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(Ranganathan and Sivasankar, 2014). The importance of miRNAs in immune cell development 

and response has also been elucidated (Baltimore et al., 2008). Moreover, a recent study from 

our lab has expounded the role of miRNAs in SEB-induced acute lung injury and mortality (Rao 

et al., 2015). The importance of individual (miR-155) and clustered miRNAs (miR-17-92) in 

SEB-induced acute lung has also been studied (Rao et al., 2014, 2015). 

The roles of miR-222 and miR-494 have predominantly been studied in the context of 

cancer, however miR-222 was elevated in activated human T cells and lung mononuclear cells of 

SEB exposed mice and miR-494 was found to be dysregulated in T cells in multiple sclerosis 

patients (Grigoryev et al., 2011; Jernås et al., 2013; Rao et al., 2015). Given the limited 

knowledge of how these function in lymphocytes, we sought to determine their regulatory role. 

MicroRNA-222 is encoded in tandem with homologous miR-221 on the X chromosome and has 

been implicated as a tumor suppressor or oncomiR targeting p27kip1, p57, PUMA, PTEN and 

BIM in varying cancer cell lines (Garofalo et al., 2012). Interestingly, c-Jun and NFκB bind to 

the promoter of miR-221/222 to induce their expression (Galardi et al., 2011) and activation of 

ERK1/2 induces miR-221/222 (Terasawa et al., 2009). Similarly, miR-494 (Chr12) is also a 

known oncomiR targeting CCNB1, CDC2, PTEN, BCL2L11 (BIM), and CDK6 (Olaru et al., 

2011; Yamanaka et al., 2012; Li et al., 2015). Romano et al found that ability of miR-494 to 

suppress the pro-apoptotic protein BIM was inhibited upon ERK1/2 inactivation (Romano et al., 

2012). Over-expression and loss of function studies with both miR-222 and -494 have shown 

regulatory roles in cell cycle progression and proliferation in cell lines (Zhang et al., 2010a; G 

Sun et al., 2013; Sun et al., 2014). Similar to these reports, SEB exposure led a significant 

increase in the expression of miR-222 and -494 in lung mononuclear cells, suggesting that these 

may have functions consistent with those seen in cancer cells. 
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Cyclin-dependent kinase inhibitor 1B (CDKN1B), or p27kip1, is member of the cyclin 

dependent kinase inhibitor family and has been reported as a direct target of miR-222 (C Sun et 

al., 2013, p. 27). p27kip1 inhibits the activation of cyclin E-CDK2 or cyclin D-CDK4, thereby 

controlling cell cycle progression at G1. However, this result was not replicated in another study 

performed by Wurz et al in ovarian carcinoma, which showed a correlation between CDKN1C 

(p57) but not p27kip1 and miR-221/222 (Wurz et al., 2010). The timing, cell status, and cell type 

may be integral to finding this correlation as it has been suggested as a feed-back loop 

mechanism (Frenquelli et al., 2010). These findings may explain the lack of p27kip1 repression 

in SEB exposed mice and miR-222 mimic studies conducted. Moreover, PUMA another direct 

target of miR-222 (Zhang et al., 2010b) was significantly reduced following induction of miR-

222 mimic. Cell environment and timing are critical factors in miRNA regulation as changes can 

occur within hours of activation (Bronevetsky et al., 2013). Another confounding issue, miRNAs 

can act synergistically and antagonistic with each other; both miR-222 and miR-494 directly 

target the pro-apoptotic BH3-only protein BCL2L11, or BIM (Terasawa et al., 2009; Romano et 

al., 2012). SEB exposed mice showed decreased BIM protein in lung mononuclear cells 

correlating with the increased miR-222 and -494 levels. Concurrent with these findings, miR-222 

mimic could induce cell survival, in part by modulating mRNA gene targets. Inhibition of miR-

222 led to a significant increase in p27kip1 and PUMA expression but could not significantly 

increase apoptosis. 

DIM has been shown to attenuate a wide array of inflammatory diseases and utilizes 

complementary functions. Recent reports, purport the effective use of DIM in murine models of 

arthritis and steatosis (Huang et al., 2013; Liu et al., 2014). In mouse models of LPS-induced 

acute liver failure and experimental autoimmune encephalomyelitis, we have displayed its ability 
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to attenuate disease progression; alleviating liver damage and halting CNS demyelination by 

altering microRNA expression profiles in macrophages and CD4+ T cells, respectively (Rouse et 

al., 2014; Tomar et al., 2014). In as much as, our data demonstrate significant reduction in 

pulmonary infiltrates, local and systemic IFN-γ expression, and edema. We have previously 

reported that DIM’s effects can be attributed, in part, to promotion of apoptosis and G1/S arrest 

in ConA activated T cells (Busbee et al., 2014; Rouse et al., 2014). In the current study, DIM 

treatment led an increase in cell death in vitro. However, we also found that DIM halted SEB 

activated cells in G2/M phase. Interestingly, DIM has been shown to halt cell cycle progression 

in both the G1/S and G2/M phases, relying on suppression of ERK and Akt pathways and NFκB-

Akt, MAPK and p53 signaling pathways, respectively based on studies performed in different 

cancer cell lines and concentrations of DIM (Rajoria et al., 2011; Weng et al., 2012b).  Such 

studies further emphasize the importance of cell type specificity and the concentrations of DIM 

used. Furthermore, recent studies have demonstrated that DIM increases p27kip1 expression and 

a synthetic derivative 2,2'-diphenyl-3,3'-diindolylmethane can increase the expression of BIM 

(Wang et al., 2008; Bhowmik et al., 2013).  These data are consistent with our findings that DIM 

significantly increased both p27kip1 and BIM expression. 

In the current study, we noted that DIM treatment altered the miRNA expression profile 

in lung mononuclear cells significantly, specifically downregulating the expression of miR-222 

and -494 in lung mononuclear cells, which could explain the concurrent increase in p27kip1 and 

BIM protein levels observed in the same cells. Although the mechanism is unknown, DIM has 

been shown to decrease NFκB nuclear translocation and ERK1/2 phosphorylation, which both 

are proven to promote the transcription of these miRNAs (Rahman et al., 2007; Rajoria et al., 

2011). In another study, formulated DIM (BR-DIM) could increase expression of miR-221 and 
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consequently decrease p27kip1 and PUMA expression in a pancreatic cancer cell line (panc-1) 

(Sarkar et al., 2013). In addition, we noted that DIM-induced increased cell death in SEB 

activated splenocytes and transfection of miR-222 mimic could rescue cells from apoptosis and 

inhibition of miR-222 significantly increased DIM-mediated cell death; increased expression of 

miR-222 gene targets p27kip1 and PUMA in the presence of DIM could be one explanation for 

this effect.   

It is not clear if DIM would exert in vivo a direct effect on SEB biotransformation or 

affect the growth of Staphylococcus aureus.  A recent study indicated that DIM and synthesized 

DIM derivatives have anti-bacterial properties, including inhibition of Staphylococcus aureus in 

vitro, at high concentrations (Roy et al., 2013).   If DIM were to be effective in vivo to inhibit the 

bacteria, there could be a potential synergistic effect of DIM, acting on both the host immune 

response to SEB and the pathogen. It is currently unclear if DIM has any direct effects on the 

biotransformation of SEB.  Previous studies (Vabulas et al., 1996) have shown that 

administration of SEB into mice leads to its accumulation in the lymph nodes in 5 mins followed 

by clearance primarily through the kidneys within 10-24 hours.  Thus, because SEB can come in 

contact with immune cells within 5 mins, and its excretion through kidneys occurs much later, by 

which time, the T cells are already activated, we believe that DIM-mediated effects are less 

likely to result from its effect on SEB biotransformation. 

Altogether, the current study demonstrates the use of DIM as a potential therapy against 

SEB-induced acute lung injury and related pulmonary inflammatory diseases.  This beneficial 

effect of DIM is mediated, at least in part, by the down-regulation of microRNAs-222 and -494 

that lead to an increased expression of p27kip1, PUMA, and BIM to halt cell cycle progression 
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and promote cell death in SEB activated cells (Figure 7). These findings add to the growing 

evidence supporting the anti-inflammatory properties of DIM.  
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Legends for Figures 

Figure 1. DIM treatment reduces SEB-induced inflammation and capillary leak in the lungs. (A) 

Haematoxylin and eosin staining of lung sections from different treatment groups. The 

photographs were taken at 40X magnification. (B) Quantification of the histopathology data. 

Layers of infiltrating cells were counted around 15 different capillaries of the same size, and the 

data represent the mean ± SEM for each individual group.  (C) Measurement of capillary leak in 

the lungs using Evan’s Blue dye extravasation. Percent increase in vascular leak was calculated 

compared to control. Vertical bars represent data collected from 4-5 mice per group expressed as 

means ± SEM. ANOVA, ***p < 0.001 and *p < 0.05 with Tukey’s test. 

Figure 2. DIM decreases immune cell infiltration and IFN-γ expression in the lungs. All 

experiments above were performed 48 hours after SEB exposure.  (A) Total number of 

mononuclear cells from lungs of mice expressed as per mouse. (B) Immune cells were further 

stained with mAb to determine the following subsets: T-cells (CD3), T-helper cells (CD4), T-

cytotoxic cells (CD8), natural killer cells (NK) and natural killer T-cells (NKT). The percentages 

were multiplied by the total cell number to yield the absolute cell counts shown. (C) IFN-γ levels 

in bronchoaveolar lavage (BAL) fluid. (D) IFN-γ expression in serum. All cytokines were 

determined using enzyme linked immunosorbent assay (ELISA) from Biolegend. Vertical bars in 

panels B-D represent mean ± SEM from groups of 4-5 mice.  ANOVA, ***p < 0.001 and **p < 

0.01 with Tukey’s post hoc test.    

Figure 3. DIM induces apoptosis and cell cycle arrest in SEB-activated cells. (A) 3,3’-

diindolylmethane induces cell death in a concentration-dependent manner. Splenocytes from 

C57Bl/6 mice were activated with SEB (1 μg/ml) in the presence of either vehicle or DIM (10, 
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25, 50 μM) for 24 hrs.  Cells were stained for CD3 analyzed for apoptosis based on TUNEL. (B) 

TUNEL positive cells from above gated on CD3. (C) Cells were treated similar as above and 

were collected at 6, 12, and 18 hours. Cells were analyzed with PI staining, flow cytometry, and 

ModFit software. (D) Quantification of cell cycle analysis. Vertical bars in panels represent 

mean ± SEM from groups of 4-5 mice. ANOVA, ***p < 0.001 and **p < 0.01 with Tukey’s post 

hoc test.    

Figure 4. miRNA expression profiling. miRNA was isolated from lung mononuclear cells from 

mice exposed to SEB or SEB and DIM as described in Fig 1 legend.  (A) Differential expression 

heat map of 609 miRNAs between VEH+SEB and DIM+SEB groups. (B) Pearson correlation 

scatter plot of miRNA log2 expression values for VEH+SEB and DIM+SEB groups. (C) Barplot 

of fold changes of differentially expressed miRNA in DIM+SEB showing >1.5-fold difference in 

expression as compared to VEH+SEB. (D) Quantitative real-time PCR validation of select 

dysregulated miRNA. RNU1a and Snord96a were used as endogenous control and expression 

level was normalized to vehicle. Vertical bars in panel D represent mean ± SEM from groups of 

4-5 mice. **p < 0.01 and *p < 0.05 as compared to vehicle. 

Figure 5. In vivo miRNA and target gene expression for miR-222 and miR-494. Mice were 

exposed to SEB or SEB and DIM as described in Fig 1 legend. Total RNA and protein was 

isolated from lung mononuclear cells. (A) miR-222 expression level by Q-PCR. (B) Schematic 

of miRNA-mRNA pairing of miR-222 with CCKN1B (p27kip1) and BCL2L11 (BIM). (C) 

Western blot analysis of p27kip1. (D) Densitometry analysis of p27kip1 relative expression 

normalized to β-actin using Image J software. (E) miR-494 expression level by Q-PCR. (F) 

Schematic of miRNA-mRNA pairing of miR-494 with BCL2L11 (BIM). (G) Western blot 

analysis of BIM. (H) Densitometry analysis of BIML relative expression normalized to β-actin 
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using Image J software.  Data presented as means ± SEM (n=3 per group). *, **, and *** 

represent significant difference with p values <0.05, <0.01, and <0.001 respectively. 

Figure 6. miR-222 regulates p27kip1 and PUMA expression to induce cell death in SEB 

activated splenocytes. Splenocytes were transfected with control (mock) or miRNA mimic and 

inhibitor for miRNA-222 in the presence of SEB (1 μg/mL). Eighteen hours later, cells were 

treated with DIM (25 μM) or vehicle for six hours. (A) Total RNA was isolated from cells and 

analyzed for miR-222 expression by qPCR. (B) Cells were collected and stained with 

AnnexinV/PI staining to determine apoptosis and then quantified for cell death. (C) Relative 

expression level of gene targets p27kip1 and PUMA by quantitative PCR. Data presented as 

means ± SEM (n=3 per group). *, **, and *** represent significant difference with p values 

<0.05, <0.01, and <0.001 respectively. 

Figure 7. Schematic mechanism of DIM on SEB activated T cells. Exposure to SEB leads to 

massive activation and proliferation of T cells through canonical pathways, with those governing 

apoptotic status playing a critical role. Given our findings, microRNAs also have a key role in 

the regulation of this response. In particular, SEB alters expression of certain microRNAs such 

as, miR-222 and miR-494.  These can act to inhibit the expression the pro-apoptotic factors 

PUMA and BIM, as well as a key regulator of cell cycle progression, p27kip1, thereby 

promoting cell survival and proliferative response in T cells, and causing acute lung injury. Our 

studies suggest a new mechanism whereby DIM treatment leads to a decrease in the 

aforementioned microRNA, shifting the balance to an anti-proliferative state, induction cell cycle 

arrest and cell death, ultimately leading to increased apoptosis of SEB-activated T cells and 

attenuation of acute lung injury. 
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Tables 

Table 1. Highly upregulated and downregulated miRNAs upon DIM treatment in SEB exposed mice.  

miRNA Identifier MiRBase Accession # Chr. Sequence a FC 

mmu-miR-142b MIMAT0031402 Chr11 uccauaaaguaggaaacacu 1.7↑ 

mmu-miR-34a-5p MIMAT0000542 Chr4 uggcagugucuuagcugguugu 1.6↑ 

mmu-miR-465b-3p MIMAT0004872 ChrX gaucagggccuuucuaaguaga 1.5↑ 

mmu-miR-125a-5p MIMAT0031402 Chr17 ucccugagacccuuuaaccuguga 1.6↑ 

mmu-miR-222-3p MIMAT0000670 ChrX agcuacaucuggcuacuggu 1.8↓ 

mmu-miR-494-3p MIMAT0003182 Chr12 ugaaacauacacgggaaaccuc 2.5↓ 

mmu-miR-376b MIMAT0001092 Chr12 aucauagaggaacauccacuu 4.5↓ 

mmu-miR-706 MIMAT0003496 Chr6 agagaaacccugucucaaaaaa 1.9↓ 

a7-mer seed sequence in bold 
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Table 2. MicroRNAs -222, -494 and experimentally proven target genes.  

miRNA Experimentally Observed Targets 
mmu-miR-222-3p p27kip1, p57, BIM, PUMA, PTEN 
mmu-miR-494-3p BIM, CCNB1, CDC2, PTEN, CDK6 
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