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Abstract

Background: Alcohol intake predisposes to infections and sepsis. Alcohol and sepsis inhibit the expression of milk
fat globule epidermal growth factor-factor VIII (MFG-E8), a glycoprotein essential for optimal efferocytosis, resulting
in the release of proinflammatory molecules and increased sepsis severity. We previously reported that recombinant
mouse (rm) MFG-E8 attenuates sepsis-induced organ injury in rats with acute alcohol intoxication. In order to
develop a therapy that can be safely used in humans, we have produced recombinant human (rh) MFG-E8 and
evaluated its efficacy to ameliorate sepsis after acute exposure to alcohol.

Methods: We induced acute alcohol intoxication with a bolus injection of alcohol (1.75 g/kg BW) followed by an
intravenous infusion of 300 mg/kg/h alcohol for 10 h. Sepsis was then induced by cecal ligation and puncture (CLP).
At -10, 0, and 10 h relative to CLP, rats received MFG-E8 or vehicle (albumin) intravenously. Animals were
euthanized at 20 h after CLP for blood and tissue collection. Additional groups of animals were used for a survival
study.

Results: Compared to vehicle, rhMFG-E8 treatment ameliorated blood levels of proinflammatory cytokines (%
improvement: TNF-α 49.8%, IL-6 34.7%) and endotoxin (61.7%), as well as of transaminases (AST 36.2%, ALT 40.1%)
and lactate (18.4%). Rats treated with rhMFG-E8 also had a significant histological attenuation of the acute lung
injury, as well as a reduction in the number of apoptotic cells in the thymus (43.4%) and cleaved caspase 3 (38.7%)
in the spleen. In addition, rhMFG-E8 improved the 10-day sepsis survival rate from 45 to 80%

Conclusion: rhMFG-E8 significantly ameliorated sepsis in rats with acute alcohol exposure, demonstrating rhMFG-
E8’s potential to be developed as an effective therapy for sepsis in alcohol abusers.
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Introduction
Sepsis, defined as a life-threatening organ dysfunction
caused by a dysregulated host response to infection
(Singer et al. 2016), results in an estimated 5.3 million
deaths worldwide annually (Fleischmann et al. 2016).
Known effective treatments include early administration
of empirical antibiotics, infection source control when-
ever possible, fluid resuscitation, and supportive mea-
sures to compensate for organ dysfunction such as

circulatory collapse, respiratory failure, and renal injury.
Yet, sepsis mortality rates remain as high as 26%
(Fleischmann et al. 2016), revealing an urgent medical
need for novel and effective treatments for septic pa-
tients. In the last 50 years, however, clinical trials have
repeatedly failed to identify effective new treatments for
sepsis, leading to the somber sobriquet “the graveyard of
pharmaceutical discovery” (Lee 2018). One reason pro-
posed for the lack of efficacy in clinical trials is including
septic patients with diverse predisposing conditions, dif-
ferent forms of infection, and heterogeneous clinical pre-
sentations (Vincent and Sakr 2019; Seeley and Bernard
2016). As such, one new strategy has been to identify
endophenotypes representing more homogeneous
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subgroups of septic patients who are more likely to share
pathogenic mechanisms and to respond to a given thera-
peutic intervention (Mebazaa et al. 2016). One potential
sepsis endophenotype is sepsis in alcohol abusers (Burn-
ham et al. 2003).
Alcohol abuse is highly prevalent. According to the

2016 National Survey on Drug Use and Health, 25.5% of
Americans ages 18 and older (62.6 million) report having
engaged in binge drinking in the past month (Substance
Abuse and Mental Health Services Administration 2017).
Excessive alcohol drinking is a major risk factor for devel-
oping alcohol use disorders (AUD) (Vincent and Sakr
2019). In addition to their well-known adverse effects on
the hepatic, nervous, and cardiovascular function, AUD is
also associated with increased morbidity and mortality
due to infection (Trevejo-Nunez et al. 2015; Probst et al.
2018; Waldschmidt et al. 2008; Bird and Kovacs 2008;
Ness et al. 2008; Aloman et al. 2007; Cook 1998). Alcohol
impairs the immune system, rendering alcohol abusers
more susceptible to a wide range of infectious diseases, in-
cluding bacterial sepsis (Trevejo-Nunez et al. 2015; Jin
et al. 2017; Klingensmith et al. 2019). As a result, serious
bacterial infections in patients with AUD are associated
with increased tissue damage, higher morbidity, and in-
creased mortality (Moss 2005; Gustot et al. 2017; Simou
et al. 2018; O'Brien Jr. et al. 2007; de Wit et al. 2007).
These patients often develop complications such as delir-
ium and liver cirrhosis, which also exacerbate mortality
(Vincent and Sakr 2019). Despite the increased prevalence
and severity of sepsis in patients with AUD, no specific
treatments have yet been developed to ameliorate sepsis
in alcohol abusers.
Milk fat globule-epidermal growth factor-factor VIII

(MFG-E8), also called lactadherin, is a secreted glycopro-
tein abundant in milk, including human breast milk
(Yasueda et al. 2015; Sabha et al. 2018). We have shown
that, among other functions such as anti-coagulant

(Shah et al. 2012), anti-atherogenic (Miksa et al. 2009b),
pro-extracellular matrix remodeling (Aziz et al. 2013)
and enterotrophic activity (Bhatty et al. 2017), MFG-E8
has anti-inflammatory properties (Miksa et al. 2009a).
MFG-E8 attenuates inflammation by promoting the
phagocytic clearance of the dying cells termed efferocy-
tosis (Hanayama et al. 2002; Aziz et al. 2011). MFG-E8
promotes efferocytosis by binding to phosphatidylserine
(PS) on the cell membrane of apoptotic cells via its C-
terminal F5/8-type discoidin domains while also binding
to αvβ3 integrin on phagocytes via its RGD (arginine-gly-
cine-aspartic acid) motif in the N-terminal EGF-like do-
main (Fig. 1) (Oshima et al. 2014). We have previously
shown that sepsis after acute alcohol exposure downre-
gulates MFG-E8 expression, and that the exogenous
administration of recombinant mouse (rm) MFG-E8 at-
tenuates organ injury, systemic inflammation and mor-
tality associated with this model (Wu et al. 2010;
Chaung et al. 2008). However, immunogenicity pre-
cludes the use of animal proteins in humans. Therefore,
we have expressed, purified and characterized recombin-
ant human (rh) MFG-E8 protein (Qiang et al. 2011).
Unlike its mouse orthologue, human MFG-E8 is a 387-
amino acid 45-KDa protein with only one N-terminal
EGF-like domain and no proline/threonine rich domain
(Fig. 1), with an amino acid homology of 63% with
mouse MFG-E8 (Sabha et al. 2018; Oshima et al. 2014).
In this study, we evaluated the potential benefit of

using rhMFG-E8 to ameliorate sepsis associated with
alcohol intoxication. We show that rhMFG-E8 de-
creased proinflammatory cytokines, endotoxemia, organ
damage, acute lung injury, and apoptotic cells in septic
rats with acute alcohol intoxication, and increased the
survival rate of septic rats with acute alcohol exposure.
These findings demonstrate that rhMFG-E8 can be de-
veloped as an effective therapy for sepsis associated
with alcohol abuse.

Fig. 1 Comparison of molecular structure and functional domains between human MFG-E8 and the long and short forms of mouse MFG-E8 (modified
from (Oshima et al. 2014))
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Materials and methods
Experimental animals
Adult male Sprague-Dawley rats (200–250 g) purchased
from Charles River Laboratories were housed in a hu-
midity- and temperature-controlled room with a 12-h
light cycle for at least 1 week. In order to minimize the
total cecal content, rats were fasted overnight but were
allowed water ad libitum before surgery. All experiments
were performed following the National Institutes of
Health (NIH) guidelines, and all the projects were
approved by the Institutional Animal Care and Use
Committee (IACUC) of the Feinstein Institutes for
Medical Research, Manhasset, NY.

Model of acute alcohol exposure
Acute alcohol exposure was performed following Bautis-
ta’s modified method (Wu et al. 2010; Bautista 1998; Bau-
tista and Spitzer 1999). Briefly, the jugular vein was
cannulated with PE-50 catheter under general anesthesia
with isoflurane. Rats then received a bolus injection of al-
cohol (1.75 g/kg BW in 1ml normal saline) via the jugular
venous catheter, followed by an intravenous (iv) infusion
of 300mg/kg/h of alcohol for 10 h (total dose 4.75 g/kg
BW) administered without anesthesia by use of a special-
ized animal restraint that allowed free movement of the
rat within the cage.

Cecal ligation and puncture (CLP) model of sepsis
At the end of acute alcohol exposure, rats were sub-
jected to cecal ligation and puncture (CLP), as previously
described (Qiang et al. 2013). Briefly, a 2-cm ventral
midline abdominal incision was performed under iso-
flurane anesthesia. The cecum was exposed, ligated just
distal to the ileocecal valve, and punctured twice with an
18-gauge needle. A small amount of cecal content was
extruded. After the incision was closed in layers, the ani-
mals received fluid resuscitation with 30ml/kg BW nor-
mal saline subcutaneously (sc). Rats subjected to sham
surgery underwent the same procedure, except for the
cecum perforation. At 20 h after surgery, all rats were
euthanized for blood and tissue (i.e., the lungs, spleen
and thymus) collection. Rats were euthanized at 20 h
after CLP because at that time point systemic inflamma-
tion and tissue injury are detected, but mortality does
not occur. This model represents severe sepsis and it has
been extensively used by us and others to study the
pathophysiology and therapeutic approaches (Wu et al.
2010; Cen et al. 2017; Miksa et al. 2006; Shah et al.
2012). To allow for a longer-term observation, the CLP
model in survival studies was attenuated by surgical ex-
cision of the gangrenous cecum and irrigation of the
peritoneal cavity with 30ml warm sterile ringer’s lactate
solution at 20 h after CLP. Changes in survival time were
monitored and recorded over a 10-day period. Sham

groups were not included in the survival study because
sham-operated rats do not exhibit decreased survival.

Production of rhMFG-E8
The rhMFG-E8 protein was produced by TheraSource
(Manhasset, NY). The pET-28a(+) expression plasmid
containing the His-tagged mature form of the human
MFG-E8 (NM_005928.2; Leu24-Cys387) (GeneCopoeia,
Inc., Germantown, MD) was transformed into E. coli
BL21 (DE3) cells and high-yield colonies were selected,
induced with IPTG, collected, and sonicated (Qiang
et al. 2011). The sonicate was clarified by centrifugation
and rhMFG-E8 was purified using metal affinity chroma-
tography. Purity and authentication were assessed using
SDS-PAGE and Western blotting, and the amino acid
composition of the purified protein was confirmed by
mass spectrum analysis at the Rockefeller University,
NY. After phase-separation with Triton-X-114, the
endotoxin content was < 0.01 EU/μg protein, one order
of magnitude lower than the available commercial
source. Using the pHrodo succinimidyl ester efferocyto-
sis assay (Miksa et al. 2009b; Aziz et al. 2013), we ob-
served that rhMFG-E8 increased the efferocytosis of
apoptotic thymocytes by rat peritoneal macrophages by
3-fold, thus confirming that the rhMFG-E8 generated
was biologically active.

rhMFG-E8 administration
In order to determine the beneficial effects of MFG-E8
on sepsis after acute alcohol exposure, rats received 1-
ml iv injections of normal saline containing either
rhMFG-E8 (20 μg/kg BW per injection), rmMFG-E8
(positive control, R&D Systems, Minneapolis, MN;
20 μg/kg BW per injection) or control (human albumin,
20 μg/kg BW per injection) at the beginning of alcohol
injection (-10 h), the beginning of CLP (0 h), and 10 h
after CLP (10 h). Sham-operated animals were exposed
to neither alcohol nor rhMFG-E8.

Determination of serum levels of cytokines, endotoxin,
liver enzymes, and lactate
The concentrations of TNF-α and IL-6 in the serum were
quantified using commercially obtained enzyme-linked
immunosorbent assay (ELISA) kits specific for rat TNF-α
and IL-6 (BioSource International, Camarillo, CA). Serum
endotoxin levels were measured using a limulus amebo-
cyte lysate (LAL) kit (QCL-1000™, Lonza, Walkerville,
MD). Serum levels of the liver enzymes aspartate amino-
transferase (AST), alanine aminotransferase (ALT), and
lactate were determined using colorimetric assay kits
(Pointe Scientific, Canton, MI). All assays were performed
according to instructions provided by the manufacturer.
All samples were tested in duplicates.
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Lung histological analysis
Lung tissue sections were fixed in 10% formalin and em-
bedded in paraffin, microsectioned into 5-μm sections,
and stained with hematoxylin and eosin (H&E). Lung in-
jury was evaluated by an investigator blinded for the
study groups.

Flow cytometry apoptosis assay
Apoptotic thymocytes were detected by flow cytometry
analysis using a BD FACS Calibur cytometer. Briefly,
cells from thymus were isolated, purified and resus-
pended in PBS at the concentration of 1 × 107 cell/ml.
After washing twice, cells were incubated with annexin
V in a buffer containing propidium iodide (PI; “FITC
annexin V apoptosis detection Kit”; BD Biosciences, cat.
556,547), and analyzed by flow cytometry. The majority
of the cells isolated from sham group were viable and
not undergoing apoptosis (annexin V negative and PI
negative). We counted early apoptotic cells (annexin V
positive and PI negative). Annexin V positive and PI
positive cells are in late stage apoptosis or already nec-
rotic, and were not included in the apoptotic cell counts.

Cleaved caspase-3 protein activity assay
Spleen samples were lysed and homogenized in 1 ml of
lysis buffer (10 mM TBS, 1 mM EDTA, 1 mM EGTA, 2
mM sodium orthovanadate, 0.2 mM PMSF, 2 μg /ml leu-
peptin, 2 μg /ml aprotinin, and 1% Triton X-100) for 30
min on ice and cleared by centrifugation at 12,000 g for
15 min at 4 °C. Caspase 3 is one of the critical enzymes
for apoptosis and it is able to hydrolyze the peptide sub-
strate Ac-DEVD-AMC to fluorescent 7-amino-4-methyl-
coumarin (AMC) moiety. Therefore, we measured the
AMC fluorescence of freshly obtained spleen tissue
(25 μg) cell lysate samples from each group along with
AMC standard solutions (ranging from 50 nM to 6 μM).
The amount of detectable AMC fluorescent signal was
used to represent the caspase 3 activity to quantify apop-
tosis in our samples.

Statistical analysis
Multiple group analysis was carried out using one-way
analysis of variance (ANOVA). Differences between
groups were further assessed by either the Student-
Newman-Keuls test. Survival curves were analyzed by
Kaplan-Meier method and log rank test. Difference in
values were considered significant if P < 0.05.

Results
rhMFG-E8 attenuates serum levels of TNF-α, IL-6, and
endotoxin in CLP after acute alcohol exposure
Serum levels of TNF-α and IL-6 are indicative of the im-
mune system activation during sepsis. Compared with
rats subjected to sham surgery after acute alcohol

intoxication, the serum levels of TNF-α increased by
4.9-fold in rats subjected to CLP and treated with vehicle
after acute alcohol intoxication (Fig. 2a). Animals treated
with rhMFG-E8, however, had a significant decrease of
49.8% in the TNF-α levels (Fig. 2a). Similarly, compared
with sham surgery, the serum levels of IL-6 were signifi-
cantly elevated 7.5-fold in rats subjected to CLP and treated
with vehicle after acute alcohol intoxication (Fig. 2b). Ani-
mals treated with rhMFG-E8 had a decrease of 34.7% in
the IL-6 levels, though the reduction was not statistically
significant (Fig. 2b). Serum endotoxin levels can be used as
indicator of bacteremia. Compared with sham surgery after
acute alcohol intoxication, the serum endotoxin levels were
2.8-fold higher in rats subjected to CLP and treated with
vehicle after acute alcohol intoxication (Fig. 2c). Treatment
with rhMFG-E8 significantly reduced serum endotoxin by
61.8% (Fig. 2c). These results indicate that rhMFG-E8 not
only attenuated the immune system hyper activation, but
also reduced the bacteremia in sepsis associated with acute
alcohol exposure.

rhMFG-E8 attenuates liver injury and lactate levels in CLP
after acute alcohol exposure
Aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) are often measured and used as bio-
markers of liver damage. Compared with rats subjected
to sham surgery after acute alcohol intoxication, the
serum levels of AST increased by 3.5-fold in rats sub-
jected to CLP and treated with vehicle after acute alco-
hol intoxication (Fig. 3a). Animals treated with rhMFG-
E8, however, had a significant decrease of 36.2% in the
AST levels (Fig. 3a). Similarly, compared with sham sur-
gery, the serum levels of ALT were elevated 2.3-fold in
rats subjected to CLP and treated with vehicle after
acute alcohol intoxication (Fig. 3b), but animals treated
with rhMFG-E8 had a significant decrease of 40.1% in
the ALT levels (Fig. 3b). High levels of lactate, a product
of glycolysis, are indicative of low tissue oxygenation.
Compared with sham surgery after acute alcohol intoxi-
cation, the serum levels of lactate were 64.8% higher in
rats subjected to CLP and treated with vehicle after
acute alcohol intoxication (Fig. 3c). Treatment with
rhMFG-E8 reduced the serum lactate levels by 18.4%,
though the reduction was not statistically significant
(Fig. 3c). These results indicate that rhMFG-E8 attenu-
ated liver injury and improve tissue oxygenation in sep-
sis associated with acute alcohol exposure.

rhMFG-E8 ameliorates acute lung injury in CLP after acute
alcohol exposure
The effects of rhMFG-E8 on acute lung injury associ-
ated with CLP after acute alcohol exposure were
assessed histologically (Fig. 4a-c). Compared with sham,
animals subjected to alcohol intoxication and CLP and
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treated with vehicle had alveolar septal thickening and
hyaline deposits. The rats treated with rhMFG-E8, how-
ever, had significantly milder changes in the lung archi-
tecture and morphology compared with the vehicle

group. These findings suggest that rhMFG-E8 is able to
reduce acute lung injury in rats with sepsis after acute
alcohol exposure.

rhMFG-E8 reduces the number of apoptotic cells in
tissues in CLP associated with acute alcohol exposure
MFG-E8 is known to facilitate the clearance of apoptotic
cells by efferocytosis and, thus, decreases the number of

Fig. 2 rhMFG-E8 reduces systemic inflammation and bacteremia in
CLP after acute alcohol exposure. Levels of (a) serum TNF-α, (b) serum
IL-6, and (c) serum endotoxin were increased rats subjected to CLP
and treated with vehicle (human albumin) compared with sham
surgery, and lower in rats subjected to CLP and treated with rhMFG-
E8. Prior to CLP, all rats were exposed to acute alcohol intoxication;
means + SE; n = 10–14 for sham and n = 9 for other experimental
groups; ANOVA plus Student-Newman-Keuls method, * P < 0.05 vs.
Sham, # P < 0.05 vs. Vehicle

Fig. 3 rhMFG-E8 attenuates organ injury and hypoxia in CLP after
acute alcohol exposure. Serum levels of (a) AST, b ALT, and (c) lactate
were increased rats subjected to CLP and treated with vehicle
(human albumin) compared with sham surgery, and lower in rats
subjected to CLP and treated with rhMFG-E8. Prior to CLP, all rats
were exposed to acute alcohol intoxication; means + SE; n = 10–14 for
sham and n = 9 for other experimental groups; ANOVA plus Student-
Newman-Keuls method, * P < 0.05 vs. Sham, # P < 0.05 vs. Vehicle
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detectable apoptotic events. To evaluate rhMFG-E8’s
ability to reduce detectable apoptosis, we isolated thy-
mocytes from all experimental groups (sham after acute
alcohol exposure, CLP treated with vehicle after acute
alcohol exposure, and CLP treated with rhMFG-E8 after
acute alcohol exposure) and detected the rate of apop-
totic cells using flow cytometry. Compared with rats
subjected to sham surgery after acute alcohol intoxica-
tion, the rate of apoptotic thymocytes increased by 3.17-
fold in rats subjected to CLP and treated with vehicle
after acute alcohol intoxication (Fig. 5a, b). Animals
treated with rhMFG-E8, however, had a significant de-
crease of 43.45% in the rate of apoptotic thymocytes
(Fig. 5a, b). We also estimated the number of cells
undergoing apoptosis by measuring caspase 3 activity in
spleen samples. Compared with sham surgery after acute
alcohol intoxication, the splenic caspase 3 activity was
3.0-fold higher in rats subjected to CLP and treated with
vehicle after acute alcohol intoxication (Fig. 5c). Treat-
ment with rhMFG-E8, however reduced the splenic cas-
pase 3 activity by 38.7% (Fig. 5c). These results suggest
that rhMFG-E8 effectively promoted the removal of
apoptotic cells in sepsis associated with acute alcohol
exposure.

rhMFG-E8 improves the survival in CLP associated with
acute alcohol exposure
Finally, we determined whether rhMFG-E8’s survival
benefit in CLP after acute alcohol intoxication was com-
parable to that of or commercially available rmMFG-E8.
In order to decrease sepsis severity and allow for a sur-
vival study, CLP was attenuated by surgical excision of
the gangrenous cecum and irrigation of the peritoneal
cavity with sterile lactated ringer’s solution at 20 h after
CLP. Rats subjected to CLP after acute alcohol intoxica-
tion and treated with vehicle (20 μ/kg BW human albu-
min) had a 10-day survival of 45% (Fig. 6). In contrast,

rats treated with 20 μ/kg BW rhMFG-E8 had signifi-
cantly improved 10-day survival rates of 80% (Fig. 6).
Rats treated with commercially available 20 μ/kg BW
rmMFG-E8, which was used as a positive control, also
had a significantly improved survival of 83%. These re-
sults showed that differences in homology between
rhMFG-E8 and rmMFG-E8 did not result in differences
in efficacy, informed that the rat models are adequate
for preclinical evaluation of rhMFG-E8, and reinforced
the potential of developing rhMFG-E8 as a treatment for
patients with sepsis associated with acute alcohol
intoxication.

Discussion
In the past decades, numerous clinical trials have failed
to identify effective new treatments for sepsis as a single
group. One rational alternative strategy for drug devel-
opment in sepsis is, instead, to target therapeutic inter-
ventions to endophenotypes such as sepsis in alcohol
abusers. Patients with a history of excessive alcohol use
have higher rates of hospitalization, longer hospital stays,
increased intensive care unit admissions, and more post-
operative complications than those with no history of alco-
hol abuse (Probst et al. 2018; Waldschmidt et al. 2008; Bird
and Kovacs 2008; Cook 1998). These patients also have in-
creased frequency and severity of infection as a result of
alcohol-induced immune dysfunction (Trevejo-Nunez et al.
2015; Cook 1998). Cells of the myelomonocytic lineage
seem to be particularly sensitive to the immunomodulatory
effects of ethanol (Ness et al. 2008; Aloman et al. 2007;
Bautista 1998; Bautista and Spitzer 1999; Bhatty et al.
2017). For instance, Kupffer cells in alcoholic liver have in-
efficient phagocytosis and increased production of proin-
flammatory cytokines (McClain et al. 2005; Tilg et al.
1992), reactive oxygen species (Bautista 1998; Bautista and
Spitzer 1999), and immune suppressive factors (Singer et al.
2016; Cook 1998; Tilg et al. 1992; Annoni et al. 1992).

Fig. 4 rhMFG-E8 ameliorates acute lung injury in CLP after acute alcohol exposure. While the lungs of (a) sham rats displayed a normal histological
architecture, those of (b) CLP rats treated with vehicle had alveolar septal thickening with neutrophil infiltration and hyaline deposits. The lungs
of (c) CLP rats treated with rhMFG-E8, however, had less severe histological lung injury. Representative images of tissue sections with H&E staining:
original magnification: 200×. Prior to CLP, all rats were exposed to acute alcohol intoxication; n = 10–14 for sham and n = 9 for other
experimental groups
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Other components of the immune system can also be im-
paired in patients with AUD (Jin et al. 2017). Consequently,
excessive alcohol intake is associated with increased tissue
damage, high morbidity and high mortality due to bacterial
sepsis (Moss 2005; Gustot et al. 2017; Simou et al. 2018;
O'Brien Jr. et al. 2007; de Wit et al. 2007).
We have previously shown that polymicrobial sepsis

after acute alcohol exposure is associated with reduced
expression of MFG-E8, and can be ameliorated by the
administration of rmMFG-E8 (Wu et al. 2010), thus re-
vealing a novel potential targeted therapy for sepsis in

alcohol abusers. MFG-E8 is a secreted glycoprotein ubi-
quitously expressed and abundant in milk, including hu-
man breast milk (Yasueda et al. 2015; Sabha et al. 2018).
Mainly produced by phagocytes such as macrophages
and dendritic cells, MFG-E8 is necessary for their
optimal clearance of dying (mostly apoptotic, but also
autophagic, necrotic, necroptotic, pyroptotic) cells
(Hanayama et al. 2002; Aziz et al. 2011). Sepsis is associ-
ated with a marked increase in the number of apoptotic
cells, most notably lymphocytes but also enterocytes,
cardiomyocytes, and kidney cells (Girardot et al. 2017;

Fig. 5 rhMFG-E8 is associated with reduced apoptosis in CLP after acute alcohol exposure. Early apoptotic cells in the thymus, (a) assessed by flow
cytometry (lower right quadrant, Q4; representative image) (b) and quantified, and apoptosis in the (c) spleen, assessed using caspase 3 activity,
were increased rats subjected to CLP and treated with vehicle (human albumin) compared with sham surgery, and lower in rats subjected to CLP
and treated with rhMFG-E8. Prior to CLP, all rats were exposed to acute alcohol intoxication; means + SE; n = 10–14 for sham and n = 9 for other
experimental groups; ANOVA plus Student-Newman-Keuls method, * P < 0.05 vs. Sham, # P < 0.05 vs. Vehicle
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Luan et al. 2015; Kockara and Kayatas 2013; Chopra and
Sharma 2007). If not removed by phagocytes, apoptotic
cells undergo secondary necrosis releasing proinflamma-
tory mediators that aggravate sepsis severity (Scaffidi
et al. 2002; Aziz et al. 2019; Poon et al. 2014). Indeed,
apoptosis inhibition has been proposed as a therapeutic
strategy to attenuate sepsis (Hattori et al. 2010; Wesche-
Soldato et al. 2007). Apoptotic and other dying cells can
also be detected in numerous organs after alcohol expos-
ure (Cho et al. 2018; Smith et al. 2015; Khanova et al.
2018; Liuzzi et al. 2018). Therefore, MFG-E8’s ability to
promote the clearance of apoptotic cells makes it a lo-
gical choice to treat sepsis in alcohol abusers.
We have previously shown that MFG-E8 has anti-

inflammatory effects in numerous preclinical models as-
sociated with increased levels of apoptosis (Wu et al.
2010; Cen et al. 2017; Shah et al. 2012; Ajakaiye et al.
2012; Cheyuo et al. 2012; Hansen et al. 2017a; Matsuda
et al. 2013; Matsuda et al. 2011; Wu et al. 2012; Zhang
et al. 2012; Hansen et al. 2017b). We have also shown
that deficiency in MFG-E8 is detrimental to sepsis
(Miksa et al. 2009a). Septic mice lacking MFG-E8 had
two to three times more apoptotic cells in the spleen
and a 60% higher mortality rate than septic wild-type

mice (Miksa et al. 2009a). In addition, while sepsis alone
caused a 49% decrease in MFG-E8 expression, sepsis
after acute alcohol exposure produced 70% decrease in
MFG-E8 (Oshima et al. 2014), suggesting that exposure
to binge levels of alcohol predisposes to a much more
severe deficit of MFG-E8 during sepsis. We have also
shown that exogenous administration of rmMFG-E8 in
sepsis after acute alcohol exposure provided protection
from organ injury, systemic inflammation, and apoptosis
(Wu et al. 2010). The current study shows that adminis-
tration of rhMFG-E8 reduced apoptosis in the thymus
and spleen in septic animals after acute alcohol expose.
We have shown that MFG-E8 does not decrease the
number of apoptotic cells through the direct modulation
of apoptotic pathways but rather through the clearance
of apoptotic cells (Miksa et al. 2006). Thus, one may
speculate that the observed reduction in apoptosis with
rhMFG-E8 is likely a consequence of efferocytosis rather
than a direct decrease in apoptosis. Therefore, the pro-
motion of efferocytosis with rhMFG-E8 offers an alter-
native strategy to apoptosis inhibition to treat sepsis
after acute alcohol exposure.
In our study, treatment with rhMFG-E8 significantly

reduced circulating levels of endotoxin. Bacteremia and

Fig. 6 rhMFG-E8 improves the survival rate in CLP after acute alcohol exposure. The 10-day survival rate of rats subjected to CLP and treated with
20 μ/kg BW rhMFG-E8 was significantly higher than that of rats subjected to CLP and treated with vehicle (20 μ/kg BW human albumin). The
survival benefit of animals treated with rhMFG-E8 was similar to that of animals treated with 20 μ/kg BW rmMFG-E8. Prior to CLP, all rats were
exposed to acute alcohol intoxication; CLP was attenuated by surgical excision of the gangrenous cecum and peritoneal cavity irrigation at 20 h after
CLP; n = 18 for rhMFG-E8 and n = 20 for other experimental groups); Kaplan-Meier plus log-rank test, * P < 0.05 vs. Vehicle
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endotoxemia are increased in septic patients, reflecting
hematogenic dissemination of bacteria from either the
primary source of infection or secondary to increased
gut permeability (Haussner et al. 2019). Bacteremia and
endotoxemia are also increased in alcohol abusers be-
cause alcohol increases gut permeability (Enomoto et al.
2000). Interestingly, MFG-E8 is also produced by lamina
propria macrophages in the small intestine and the
colon (Aziz et al. 2009; Bu et al. 2007), where it pro-
motes enterocyte homeostasis, restitution, proliferation,
and basal-apical migration, all of which are crucial steps
for intestinal mucosal healing (Bu et al. 2007; Mishiro
et al. 2013; Kusunoki et al. 2015). Therefore, it is con-
ceivable that rhMFG-E8 may have decreased endotoxin
levels via its enterotrophic effects.
During sepsis, the systemic and local inflammatory re-

sponses are strongly driven by damage-associated mo-
lecular patterns (DAMPs), such as eCIRP and HMGB1,
released by dying cells, as well as pathogen-associated
molecular patterns (PAMPs), like endotoxin and pep-
tidoglycan, released by bacteria. Indeed, treatment with
rhMFG-E8 was associated not only with reduced pres-
ence of dying cells and endotoxin, but also with reduced
serum levels of TNF-α and IL-6. Although anti-cytokine
therapies have failed in clinical trials (Wesche-Soldato
et al. 2007; Qin et al. 2006), systemic increases of proin-
flammatory cytokines have been associated with high
sepsis mortality rates (Qin et al. 2006). The dysregulated
inflammatory response in sepsis culminates in organ in-
jury. Accordingly, in our study, treatment with rhMFG-
E8 reduced the serum levels of the transaminases AST
and ALT, suggesting attenuation of liver injury. It is im-
portant to indicate that alcohol also causes liver injury,
and we have shown that the model of acute alcohol ex-
posure (without sepsis) was associated with increased
serum levels of AST (Wu et al. 2010). We also deter-
mined that rhMFG-E8 ameliorated sepsis-associated
acute lung injury histologically. These findings are in
agreement with previous observations in animals treated
with rmMFG-E8 (Wu et al. 2010; Hansen et al. 2017a). A
potential limitation of our study was the lack of hepatic,
renal, and intestinal evaluations for histopathology and
apoptosis. We would like to reiterate, however, that
rmMFG-E8’s protective effects on systemic and organ-
specific injuries in sepsis and pro-efferocytotic effects have
already been well established and documented by our pre-
viously published studies (Wu et al. 2010; Cen et al. 2017;
Miksa et al. 2006; Hansen et al. 2017a; Wu et al. 2012;
Hansen et al. 2017b; Matsuda et al. 2012; Yang et al.
2015). Rather, the objective of our present study was to
determine (A) whether the beneficial effect of rhMFG-E8
could be evaluated in a rat model of sepsis following after
acute alcohol intoxication and (B) whether the benefit of
rhMFG-E8 is equivalent to that of rmMFG-E8.

Although our prior study clearly demonstrated the
beneficial effects of rmMFG-E8 in alcohol/sepsis, animal
proteins are not used as therapeutic agents in humans
due to immunogenicity concerns. Therefore, for the
current project we generated and used rhMFG-E8. The
molecular structure and the amino acid sequence of the
human MFG-E8 is similar to the murine counterpart
with the exception that the human MFG-E8 contains
only one EGF-like domain and lacks the proline/threo-
nine rich domain. Due to this partial homology, we were
initially concerned about the adequacy of studying the
effects of rhMFG-E8 in rodent model of sepsis and alco-
hol exposure. The present study shows, however, that
not only rhMFG-E8 is just as effective in the rat as
rmMFG-E8, but also suggests that rhMFG-E8 can ad-
equately be evaluated using rat models of alcohol expos-
ure and sepsis.
Our model of acute alcohol intoxication consisted of

intravenous administration of alcohol for a total of 10 h,
producing an average blood alcohol level of > 135 mg/dL
without any lethality (Wu et al. 2010). Addition of CLP
produced mortality in our alcohol/sepsis model starting
24 h after CLP. Treatment with rhMFG-E8 led to a sig-
nificant improvement in the survival. A major drawback
in our study is the model of combined alcohol exposure
and sepsis. The model we used delivers alcohol intraven-
ously to guarantee blood levels comparable to those of
alcohol binge drinkers. As such it does not have oral in-
take of alcohol and, therefore, does not include its direct
effects in the gut mucosal immunity. CLP alone causes
severe sepsis with a minimal window for further aggra-
vation of its complications, therefore a direct severity
comparison between CLP alone and the combined
model is not feasible. Finally, other limitations were that
only one dose of rhMFG-E8 (20 μg/kg) was evaluated
and that treatment was initiated at the beginning of al-
cohol exposure, preceding CLP by 10 h. In order to more
firmly determine its therapeutic effects, future studies
will need to include post-treatment of alcohol and sepsis
with increasing doses of rhMFG-E8.

Conclusion
In summary, the administration of rhMFG-E8 signifi-
cantly ameliorates sepsis in the context of acute alcohol
exposure. Thus, rhMFG-E8 should be further developed
as a safe and effective treatment for septic patients who
are also alcohol abusers.
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