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Activated and nonactivated MSCs increase survival in 
humanized mice after acute liver injury through alcohol 
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Abstract
The ability of the liver to regenerate after injury makes it an ideal organ to study 
for potential therapeutic interventions. Mesenchymal stem cells (MSCs) pos-
sess self- renewal and differentiation properties, as well as anti- inflammatory 
properties that make them an ideal candidate for therapy of acute liver in-
jury. The primary aim of this study is to evaluate the potential for reversal of 
hepatic injury using human umbilical cord– derived MSCs. Secondary aims 
include comparison of various methods of administration as well as compari-
son of activated versus nonactivated human umbilical cord stem cells. To 
induce liver injury, humanized mice were fed high- cholesterol high- fat liquid 
diet with alcohol binge drinking. Mice were then treated with either umbilical 
cord MSCs, activated umbilical cord MSCs, or a placebo and followed for 
survival. Blood samples were obtained at the end of the binge drinking and at 
the time of death to measure alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) levels. Histology of all mouse livers was reported 
at time of death. Activated MSCs that were injected intravenously, intraperi-
toneally, or both routes had superior survival compared with nonactivated 
MSCs and with placebo- treated mice. AST and ALT levels were elevated in 
all mice before treatment and improved in the mice treated with stem cells. 
Conclusion: Activated stem cells resulted in marked improvement in survival 
and in recovery of hepatic chemistries. Activated umbilical cord MSCs should 
be considered an important area of investigation in acute liver injury.
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INTRODUCTION

Alcohol- associated liver disease (ALD) is a spectrum 
of disease that includes steatosis (fatty liver), steato-
hepatitis, and in severe cases, fibrosis and/or cirrhosis. 
Hepatic steatosis develops acutely in most individu-
als who consume even moderate amounts of alcohol. 
Alcoholic hepatitis is distinct from chronic liver disease 
in that it can occur with or without long- term drinking. 
The histopathologic findings seen in alcoholic hepatitis 
include steatosis, hepatocyte ballooning, Mallory Denk 
bodies, and lobular inflammation, including a prominent 
component of neutrophils.[1]

The clinical course is variable with the possibility of re-
versal with abstinence but is associated with a significant 
mortality rate of 15%– 40% with progression to cirrhosis 
in a significant number of survivors. Treatment options 
are limited and include cessation of alcohol, supportive 
care, and in some cases steroids and/or pentoxifylline. 
There have been attempts to use support devices to pro-
vide a form of “hepatic dialysis”; however, this demon-
strated only a small, nonsignificant benefit to this study 
subgroup.[2] Liver transplantation has proven successful, 
but has limited application due to strict selection criteria 
as well as availability of donor organs.[3,4]

The ability to widely differentiate makes mesenchymal 
stem cells (MSCs) an important area of research for the 
treatment of patients with liver disease. The liver’s regen-
erative abilities are well known, and the potential for stem 
cells to contribute to and catalyze this regenerative pro-
cess offers the possibility of ameliorating morbidity and 
mortality due to organ failure following liver injury. There 
are several animal models and human studies that use 
various types of MSCs to ameliorate different types of 
liver injury in both acute and chronic liver disease.[5- 15]

MSCs derived from mouse bone marrow injected 
intraperitoneally demonstrated reduced liver steatosis, 
oxidative stress, and inflammatory cell infiltration.[13] 
Additional studies have demonstrated improvement 
in hepatic chemistries including alanine transaminase 
(ALT), aspartate transaminase (AST), and steatosis, 
and had an anti- inflammatory effect.[16,17] Levine et al. 
summarized stem cell therapy in people impacted by 
ALD, with most studies including a small study popula-
tion.[18] The results are varied with some showing a de-
crease in hepatic chemistries and Model for End- Stage 
Liver Disease and Child- Pugh scores.[19] The use of 
pluripotent stem cells has been discussed with patients 
who cannot receive a liver transplant.[20] Given the 
delicate time balance between regeneration and fatal 
complications, activated MSCs may offer an advantage 
in promoting regeneration and improving outcomes in 
acute liver failure caused by alcoholic hepatitis.

Clearly, alternative treatments are required for pa-
tients with advanced chronic and acute liver failure 
in the face of organ shortages and contraindications 
to liver transplantation. To investigate the impact on 

survival in an acute liver injury model, acute alcoholic 
liver injury was induced in mice prepared with human-
ized livers to test the hypothesis that human umbilical 
cord MSCs (hUCMSCs) can improve survival com-
pared with placebo. Furthermore, the use of activated 
hUCMSCs was evaluated to determine whether ac-
tivation offered a benefit in this model of acute alco-
holic hepatitis.

MATERIALS AND METHODS

Animals and animal experimental design

Our lab generated Fah−/−, Rag2−/−, and Il2rgc−/− (FRG) 
by crossbreeding of Fah−/− mice (RIKEN) and Rag2−/−; 
Il2rgc−/− mice on a C57Bl/6J background (Jackson 
Laboratory). These FRG mice are different from the 
commercially available strain. Detailed methods for gen-
erating our FRG KO mice are detailed in the Supporting 
Materials and Methods. Institutional IACUC approval 
was obtained. All research was conducted according to 
the ethical rules and regulations of our institution.

Human umbilical cord MSC culture

hUC- MSCs under informed consent were isolated from 
the perivascular Wharton’s jelly region of the human 
umbilical cord and were provided by RoosterBio Inc. 
(Frederick, MD; RoosterVial- hUC- XF manufactured and 
sold by RoosterBio and supported by licensed technology 
from Tissue Regeneration Therapeutics Inc. core technol-
ogy and patent family: US 8,790,923; US 8,278,102; US 
7,547,546; US 9,611,456; US 9,611,456; US 8,481,311; 
US 9,611,456). The purchased hUC- MSC vials were fully 
characterized according to the International Society for 
Cell and Gene Therapy’s minimal criteria[21] and performed 
by RoosterBio. RoosterBio performed additional tests for 
hUC- MSC characterizations for the expression of surface 
markers by flow cytometry, trilineage mesoderm differenti-
ation potential (adipocytes, osteocytes, and chondrocytes), 
Indoleamine 2,3- dioxygenase activity, sterility, endotoxin, 
and mycoplasma test (data not shown). The hUC- MSCs 
were cultured and harvested following RoosterBio manu-
facturing protocols. A total of 1.5 million to 2 million hUC- 
MSCs were plated in a T225 vented flask (Corning or 
Thermo Fisher Scientific) in 25 mL of RoosterBio complete 
medium RoosterNourish- MSC- XF and cultured for 48 
hours and incubated at 37°C with 5% CO2.

Activation of hUC- MSCs

At 36– 38 hours after initial culture of hUC- MSCs, 
PrimeGenUS Inc. triple activation solution (Santa Ana, 
CA; proprietary triple activation solution by PrimegenUS 
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and supported by exclusive licensed technology patent 
family: US 8,685,728; US 9,301,979; US 10,046,011; 
US 10,898,523; US20210213067) consisting of human 
TNF- a, human interferon gamma, and IL- 17 (all from 
PeproTech, Inc.) was added to each T225 flask with 
hUC- MSCs at final concentration of 2 ng/mL for each 
cytokine.[22] Each hUC- MSC flask as allowed to culture 
with added activation media for an additional 10– 12 
hours in at 37°C with 5% CO2 incubator.

Cohort 1

Fifty humanized mice were fed modified high- fat Lieber- 
DeCarli liquid diet (Bioserv, NJ, USA) with alcohol (3.5% 
wt/vol) and high- fat or isocaloric dextrin for 4 weeks. To 
induce prolonged liver damage, mice were given etha-
nol binges by oral gavage at a dosage 4 g/kg ethanol 
as a 53% ethanol solution in water twice a week for 4 
weeks along with the high- fat chow diet. Thirty- one died 
before treatment following attempts to obtain imaging 
with computerized tomography ± ultrasound elastogra-
phy (data not shown). It was then determined to discon-
tinue imaging and preserve the remaining 19 mice for 
the first set of experiments. The remaining 19 human-
ized mice at age 104 days were randomized to com-
plete the cohort 1 studies, which included 10 males and 
9 females. Mice were randomly assigned to placebo 
(phosphate buffered saline [PBS]) (n = 5) or 1 million 
nonactivated MSCs (n = 14) 3 times in the first week 
and 2 times each week for the next 2 weeks (8 times 
during 3 weeks) (Figure 1A). Of the 14 mice treated with 
MSCs, 8 received the MSC intravenously and intraperi-
toneally, and 6 received intraperitoneally only. There 
were 7 males in the treated group of 14, and 2 males in 
the placebo group of five. The male mice were evenly 
distributed to both the treated and placebo groups. The 
mice were then followed until death, and surviving mice 

were followed until 93 days following onset of treatment, 
at which time they were euthanized.

Cohort 2

For the second set of experiments, 33 mice were pre-
pared in the same manner. However, given the high 
rate of death after 4 weeks of binge drinking, they un-
derwent binge alcohol preparation for 3 weeks and 
were then divided into five groups:

Group 1: 5 mice received nonactivated MSCs intra-
venously and intraperitoneally (60% male)

Group 2: 7 mice received intravenous and intraperi-
toneal vehicle (PBS) (57% male)

Group 3: 7 mice received activated MSCs intraperi-
toneally (43% male)

Group 4: 7 mice received activated MSCs intrave-
nously (43% male)

Group 5: 7 mice received activated MSCs intrave-
nously and intraperitoneally (57% male)

Mice were administered either 1 million MSCs or 
PBS 3 times during the first week and once each week 
for an additional 2 weeks (Figure 2A). The mice were 
then followed until death, and surviving mice were 
followed until 25 days following onset of treatment, at 
which time they were killed.

Histologic analysis

After euthanasia, liver tissue was fixed with neutral 
buffered 10% formalin and processed for histological 
evaluation. The degree of steatosis, necrosis, as well 
as fibrosis was quantified by blinded specimen analysis 
by a single pathologist on representative hematoxylin 
and eosin (HE)– stained section examination. Steatosis 
was graded on a four- tier score (0– 3) with 0 being <5% 

F I G U R E  1  Mesenchymal stem cell (MSC) treatment rescued mortality of humanized Fah−/−, Rag2−/−, and Il2rgc−/− (FRG) mice with 
alcoholic hepatitis. (A) Schematic Illustration showing relevant time points for ASH1 cohort. (B) Mice treated with nonactivated MSCs had 
significantly better survival that mice treated with phosphate- buffered saline (PBS) (Wilcoxon p < 0.0001). HSC, hematopoietic stem cell; 
Hep, Hepatocytes; IP, intraperitoneally; IV, intravenously; qRT- PCR, quantitative real- time polymerase chain reaction

(A) (B)

PBS (N = 5)
MSC (N = 14)

Histology, qRT-PCR, 
immunofluorescence, immunoblot

FRG-hu HSC/Hep
 Mice

NTBC withdrawal

FRG mice

Inject CD34+ HSCs,
non-parenchymal cells 

and hepatic progenitor cells

Blood collectionAd-uPA

To validate reconstitution rate:  To generate mice with reconstituted, genetically
modified human immune systems:  

Phase 1: To generate genetically-modified FRG-hu HSC/Hep mice: 

Phase 2: To feed alcohol Western diet with weekly binge genetically-modified FRG-hu HSC/Hep 
mice and induce liver steatosis 

To set up conditions permissive for alcoholic hepatitis:  

Phase 3: To treat genetically-modified FRG-hu HSC/Hep mice for liver damage: 

Therapy regimen

Mesenchymal stem cell therapy for liver fibrosis:  Majority of data collection: 

Euthanasia

Alcohol Western diet with weekly binges



1552 |   ACTIVATED AND NON- ACTIVATED MSC INCREASE SURVIVAL 

steatosis, 1 being 5%– 33%, 2 being 34%– 66%, and 3 
being >66%. Necrosis was also graded on a four- tier 
score (0– 3) with 0 being <5% necrosis, 1 being 5%– 10%,  
2 being ≤20%, and 3 being >21%.

Statistical design

Demographics were reported as median and interquar-
tile range for continuous variables and frequency and 
percentage for categorical variables. Wilcoxon sum rank 
test or Kruskal- Wallis test was used for continuous vari-
ables between group comparisons when appropriate. 
Wilcoxon signed- rank test was used for AST/ALT change 
between day 1 and last day. Chi- square or Fisher’s exact 
test was used for categorical variables between group 
comparisons when appropriate. Kaplan- Meier curve 
with log- rank test or Wilcoxon test were used for sur-
vival data between groups, when appropriate. For post 
hoc comparison between the treatment group and PBS, 
Bonferroni adjustment was used for continuous and cat-
egorical data, and Sidak adjustment for survival data, 
to account for multiple comparisons. Significance level 
is set as 0.05, two- sided. All analyses were conducted 
using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

RESULTS

MSC treatment prolonged survival in 
humanized FRG mice with alcoholic 
hepatitis (cohorts 1 and 2)

Table S1 provides the details of the mice pertaining to sex, 
treatment, survival, AST and ALT levels, and histology. 
However, in various treatment groups there was a nonsig-
nificant improvement in survival for male mice compared 
with female mice (Figure S1). Furthermore, there was no 

statistically significant difference of AST or ALT levels at 
baseline among the different treatment groups.

For cohort 1, four of the five control mice died on 
days 3, 5, 9, and 13 following randomization and first 
treatment. All 14 mice that were treated with nonacti-
vated MSCs, regardless of route of administration, sur-
vived and were sacrificed 93 days after randomization.

After 4 weeks, all 14 MSC- treated mice (100%) sur-
vived compared with only one of five (20%, SEM = 
0.18) surviving in the PBS control group (p < 0.0001) 
(Figure 1B).

Pathology revealed a varying degree of steatosis, in 
which only six animals had between 5% and 10% necro-
sis. No fibrosis was found on HE- stained sections. All 
PBS control mice (n = 5) had some degree of steatosis, 
and three had some degree of lobular inflammation. Of 
the 14 mice treated with MSCs, 11 had no steatosis and 
3 had no steatosis and only minimal inflammation. Of 
note, the nonactivated MSC– treated mice were killed 
over 2 months after the last injection. Consequently, 
this may have been too late to see the damage, as the 
surviving mouse would likely have histologic recovery 
at that point. This observation was considered in the 
next cohort.

Surviving mice from cohort 2 were killed 25 days 
after the first treatment. In the nonactivated MSC– 
treated group (n = 5), two died 4 days after randomiza-
tion, and this group had a survival rate of 60%. For the 
PBS- treated mice (n = 7), six of the seven (86%) died 
on days 5– 19 after randomization and first treatment, 
and only 14% survived. Overall, 100% of the 21 mice 
treated with activated MSCs survived.

For cohort 2, the activated MSC group had better 
survival than both the PBS and nonactivated MSC 
groups. This further corroborates the role of MSCs in 
survival in this animal model as well as indicates that 
activated MSCs may have better outcomes (p < 0.0001) 
(Figure 2B). The comparison of the various routes of 

F I G U R E  2  MSC treatment rescued mortality of humanized FRG mice with alcoholic hepatitis. (A) Schematic showing relevant 
time points for ASH2 cohort. (B) Mice treated with activated MSCs via any route had significantly better survival than mice treated with 
nonactivated MSCs or PBS alone (Wilxcoxon p < 0.0001). Group activated MSC IP + IV, activated MSC IV, activated MSC IP, and activated 
MSC IP + IV overlapped, and all had the same 100% survival line. HFCD, high- fat chow diet. *= p < 0.05.
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injection of activated MSCs indicated that intraperito-
neal and/or intravenous injection can be used for the 
MSC treatment.

In the placebo group, three of seven mice showed no 
significant pathologic changes, three showed steatosis, 
and two showed 5%– 10% necrosis. Of the seven mice 
that received activated MSCs (intraperitoneally and 
intravenously), five had +1 steatosis. No necrosis or 
significant inflammation was seen in any of the mice. 
Of the seven mice that had activated MSCs intraperi-
toneally, six had steatosis and one had no significant 
findings. No necrosis or significant inflammation was 
seen in any of these mice.

Of the even mice which had activated MSCs intrave-
nously, five had steatosis, two had no significant find-
ings, and one had necrosis. Of the five mice treated 
with nonactivated stem cells, two had steatosis, three 
had no significant findings, and one had necrosis. No 
fibrosis was found in any of the groups on HE stains. 
Histologic examination showed no significant differ-
ence among all of the groups. Except for two mice, all 
animals that died demonstrated some degree of steato-
sis and or necrosis (Figure 3A– F).

AST/ALT levels are decreased in FRG mice 
after MSC treatment

AST and ALT were examined at onset of treatment 
and at death, including those that were killed. All mice 
had elevated enzymes at the time of randomization, 
indicating liver damage. One hundred percent of 
PBS- treated mice, including the one surviving mouse, 
had elevated enzymes at death. All mice that received 
nonactivated or activated cells, including those that 
died (two with nonactivated cells), demonstrated a 
significant decrease in the enzymes at time of death. 
The most pronounced decreases were seen in the 
mice that received MSCs (p < 0.0001) (Figure 4A,B). 

To determine the significance of the elevated AST 
and ALT, a control group of mice was fed isocaloric 
dextrin- maltose by oral gavage twice a week for 4 
weeks without alcohol binging. These mice under-
went blood sampling for AST and ALT at the same 
timepoint as the mice that underwent alcohol binging. 
ALT and AST levels ranged between 7 U/L and 16 
U/L, compared with the elevated labs for the study 
mice.

Presence of MSC lineage marker vimentin 
validates human MSCs in liver

To examine the location of human MSCs, we 
stained PBS, nonactivated, and activated MSCs with 
a human- specific MSC lineage marker: Vimentin.[23] 
Immunohistochemistry revealed Vimentin expression 
in only activated MSC– treated mice (Figure 5A). To 
further analyze Vimentin expression, we isolated RNA 
from all three mouse groups and performed quantita-
tive polymerase chain reaction (PCR). Quantitative 
PCR revealed a statistically significant increase of 
Vimentin expression in activated MSC– treated groups 
(n = 3) compared with PBS controls (n = 3) (Figure 5B). 
These results validate that MSCs found in the livers of 
the activated MSC group were in fact human.

KI67 and myeloperoxidase 
complementary DNA levels show the 
importance of activated MSCs

Ki- 67, a liver regeneration marker, has been previously 
shown to be elevated in patients with alcohol liver.[24] 
Myeloperoxidase (MPO), a neutrophil marker, has also 
been shown to be elevated in alcohol- treated mice.[25] 
To examine the efficacy of MSCs, we isolated RNA 
from all three groups of treated mice and performed 

F I G U R E  3  Histologic examination 
showed no significant difference among 
all of the groups. Except for two mice, 
all animals that died demonstrated some 
degree of steatosis and or necrosis 
(Figure 3A-F)
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quantitative PCR (Table S2). Ki- 67 expression was 
significantly elevated in activated MSCs compared 
with PBS control (Figure 5C). Conversely, MPO lev-
els were significantly decreased in MSC- treated mice 
(Figure 5D). Collectively, these data sets show the 
importance of activated MSCs in alleviating alcohol- 
induced liver injury in these mice.

Activated MSC- treated mice retained 
human serum albumin levels after  
treatment

To examine the quantity of functional hepatocytes in 
the liver after treatment, we isolated RNA from all three 
groups and measured human albumin levels relative 
to mice. Before alcohol liver injury, we showed human 
mitochondria DNA levels of our humanized FRG mice 
to be between 60% and 70% (Figure S2). Quantitative 
PCR analysis revealed a significantly higher human al-
bumin level relative to mouse in activated MSC– treated 
mice (Figure 5E). These data indicate the importance 
of activated MSCs in alleviating liver injury in our hu-
manized mouse model.

Receptor- interacting protein kinase 3 
(RIPK3) immunofluorescence shows  
ability of MSCs to inhibit necroptosis  
pathway

Receptor- interacting protein kinase (RIPK3) has been 
previously shown to be an important molecule in 

regulating necroptosis.[26] To determine whether our 
MSC- treated mice express RIPK3, we stained paraffin- 
embedded PBS, nonactivated, and activated MSC liver 
tissue. Confocal microscopy revealed elevated levels 
of RIPK3 in PBS- treated mice compared with MSC- 
treated groups (Figure 6A). The immunoreactive score 
of confocal images showed significantly lower RIPK3 
levels in the activated MSC group compared with PBS 
control group (Figure 6B). To confirm the expression 
of RIPK3 at the protein level, we performed western 
blot analysis using protein lysates from the livers of ac-
tivated and PBS treated groups. Our results revealed 
a decrease of RIPK3 levels in the activated MSC 
group compared with the PBS control (Figure 6C). 
Thus, our RIPK3 studies indicate that the activated 
MSCs inhibited necroptosis in this mouse group.

B cell lymphoma 2 (BCL2) is expressed in 
activated MSC– treated mice

B cell lymphoma 2 (BCL- 2) has been well studied 
as an anti- apoptotic molecule that is involved in 
necroptosis and pyroptosis pathways.[27] To deter-
mine whether BCL- 2 is expressed in our alcohol- 
binged FRG mice, we isolated protein lysates and 
performed a western blot analysis. Our results re-
vealed BCL- 2 expression in activated MSC– treated 
mice (Figure 6D). Although BCL- 2 was slightly pre-
sent in the nonactivated MSC– treated group, there 
was no expression in the PBS- treated mice. These 
results indicate the importance of activated MSC 
treatment in alleviating liver injury.

F I G U R E  4  Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels from cohort 2. AST and ALT were drawn at 
onset of treatment and at death, including those that were killed. (A) Post hoc analysis with Bonferroni adjustment for last- day ALT: activated 
vs. PBS: <0.0001; nonactivated vs. PBS: <0.0001. (B) Post hoc analysis with Bonferroni adjustment for last- day AST: activated vs. PBS 
< 0.0001: nonactivated vs. PBS: <0.0001. Post hoc analysis with Bonferroni adjustment for change of AST: activated vs. PBS: <0.0001; 
nonactivated vs. PBS: <0.0001

(A) (B)
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BCL- 2 promoter is induced after the 
addition of MSC conditioning media

We next performed luciferase reporter assays target-
ing signal transducer and activator of transcription 
3 (STAT3) and cyclic adenosine monophosphate re-
sponse element- binding protein (CREB1) in BCL- 2 pro-
moter, as BCL- 2 has been shown to inhibit necroptosis 
and pyroptosis.[27] Specifically, Huh7 cells were trans-
fected with various BCL- 2 promoter constructs and 

stimulated with either Plasmalyte or MSC condition-
ing media. Our results showed that MSC conditioning 
media turned on BCL- 2 expression in the BCL- 2 con-
struct with STAT3 and CREB1 deletions (Figure 6E). 
Interestingly, other BCL- 2 promoter constructs showed 
minimal relative luciferase activity in both groups. This 
could be because of the AML- 1 (acute myeloid leuke-
mia 1) binding site (−1473 upstream from TSS), which 
has previously shown to be a repressor of BCL- 2 
expression.[28]

F I G U R E  5  Vimentin validates the location of human MSCs in the liver. (A) Vimentin (human- specific) immunohistochemistry (IHC) 
shows minimal expression in only the activated MSC– treated group. Scale bar = 10 μm. (B) Quantitative PCR shows a significant 2- 
fold increase in Vimentin MSC marker compared with PBS control group. (C) Ki- 67 marker was significantly elevated in activated MSCs 
compared with PBS and nonactivated MSCs. (D) Myeloperoxidase (MPO) expression marker was significantly decreased in both activated 
and nonactivated MSCs compared with PBS- treated group. (E) Activated MSCs expressed significantly lower human serum albumin levels 
compared with PBS control. DAPI, 4′,6- diamidino- 2- phenylindole. *= p < 0.05, **: P < 0.01, ****: p < 0.0001.
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F I G U R E  6  Receptor- interacting protein kinase (RIPK3) IHC provides insights about the necroptosis pathway. (A) Confocal fluorescent 
images showing DAPI (blue) and RIPK3 (red) expression in PBS, nonactivated MSCs, and activated MSCs. Scale bar = 10 μm. (B) 
Immunoreactive score (IRS) reveals significant decrease in RIPK3 expression in activated MSC tissue. Three representative paraffin- 
embedded liver tissues were stained for each group. (C) Western blot showing RIP3 expression in activated MSC– treated and PBS- treated 
mice groups. RIP3 expression is decreased in the activated MSC group compared with the PBS control group. (D) Western blot showing 
expression of B cell lymphoma 2 (BCL- 2). Activated MSC– treated group shows highest expression of BCL- 2 compared with PBS and 
nonactivated MSC groups. (E) BCL- 2 promoter is regulated by signal transducer and activator of transcription 3 (Stat3) and cyclic adenosine 
monophosphate response element- binding protein (CREB1) binding sites. (F) Western blot showing a reduced cleaved Gasdermin D 
(GSDMD) expression in activated MSC– treated mice. Cleaved GSDMD was highly expressed in both nonactivated and PBS- treated mice. 
(G) Proposed hypothetical mechanism. *: p < 0.05, **: P = < 0.01, ***:  p < 0.001.
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Cleaved gasdermin D levels highlight  
the importance of activated MSCs in 
alleviating liver injury

We next examined Gasdermin D (GSDMD) levels in 
PBS- treated, nonactivated MSC– treated, and activated 
MSC– treated groups. GSDMD has been shown to be an 
important inflammatory response molecule.[29] Western 
blot showed a reduced expression of cleaved GSDMD 
in the activated MSC– treated group compared with both 
nonactivated MSC and PBS control groups (Figure 6F). 
This result shows he importance of activated MSCs in 
alleviating liver injury in our treated mice.

Transduction of sh- CD44 reduces MSCs’ 
ability to travel to the liver

CD44 has been previously shown to be involved in cell 
trafficking by binding to its ligand hyaluronan.[30] To track 
the location of where MSCs go after alcohol- induced liver 
injury, we transduced activated MSCs with sh- CD44 len-
tivirus. Bioluminescence imaging revealed a higher num-
ber of cells present at the liver in sh- scrambled injected 
mice. In contrast, sh- CD44 injected mice had a lower 
amount of luciferase expression (Figure 7A,B). These im-
ages show that CD44 has an impact on MSC traveling to 
the liver after alcohol- induced liver injury.

DISCUSSION

MSCs have the potential to differentiate into various 
types of cells, migrate to injured sites, and exhibit anti- 
inflammatory properties.[31- 33] When tissue damage or 
injury occurs in the body, MSCs will migrate to the site 
of injury.[34,35] Once the MSCs reach this injury site, 
they interact with various inflammatory cells and dif-
ferent types of stromal cells to start the regeneration 

process and repair the damaged area.[36,37] Previous 
studies have shown that MSCs secrete different types 
of growth factors, cytokines, and adhesion molecules 
that affect the damaged tissue area and therefore 
maintain a positive paracrine effect on the tissue re-
pair process.[38] Other studies have shown that MSCs 
can produce many different growth factors such as 
vascular endothelial growth factor, hepatocyte growth 
factor, epidermal growth factor, fibroblast growth factor, 
platelet- derived growth factor, insulin- like growth factor 
1, and IL- 6.[39- 42] Most of these cytokine factors are up- 
regulated by the activation of NF- κB, from the exposure 
of pro- inflammatory stimuli such as TNF- α, IFN- γ, IL- 1β, 
lipopolysaccharide, and hypoxia.[43]

Several studies propose that MSCs are not sponta-
neously immunosuppressive but that they require acti-
vation for the up- regulation of their immunomodulatory 
properties. The most important activating or priming 
factors of MSCs are IFN- γ, TNF- α, IL- 17, and IL- 1β.[44- 46] 
After MSC activation from these three pro- inflammatory 
cytokines, these growth cytokine factors are up- 
regulated to promote tissue regeneration and repair by 
the recruitment or stimulation of tissue progenitor cells, 
fibroblasts, and endothelial cells in the damaged tissue 
area or by production anti- inflammatory cytokines.[47,48] 
These activated MSCs can function to inhibit the pro-
liferation of T helper and cytotoxic T cells through var-
ious pathways. The initiation of the anti- inflammatory 
response is triggered by the activation of T helper type 
2 cells and regulatory T cell differentiation.[49] IL- 6 can 
inhibit the maturation of immature dendritic cells and 
inhibition of T- cell activation by the reduction in the ex-
pression of co- stimulatory molecules CD40, CD80 and 
CD86, by suppression of proinflammatory cytokines 
and up- regulation of anti- inflammatory cytokines like 
IL- 10.[50]

In previous studies (Figure S3), using our propri-
etary method, our activated MSCs were able to highly 
express IL- 6 in vitro. We propose that the increase 

F I G U R E  7   Bioluminescence imaging shows a reduction of MSC after short hairpin CD44 (sh- CD44) transduction. (A) Images of mice 
after sh- scrambled activated MSC IP injection. (B) Images of mice after sh- CD44 transduced activated MSCs. Images show lower amount 
of Luciferase compared with sh- scrambled. ROI, region of interest

(A) (B) sh-CD44 MSCssh-Scrambled MSCs
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production of IL- 6 in our activated MSCs could be re-
sponsible in modulating the inflammatory conditions 
in the acute alcoholic liver injury model, to increase 
survival, prevent apoptosis, and pyrolysis. In future 
studies, we would like to analyze all of the potential 
pro- inflammatory and anti- inflammatory cytokines in 
our treatment groups to better understand and propose 
potential anti- inflammatory, anti- apoptosis pathways, 
and mechanisms to explain why our activated MSCs 
increased survival in our model.

Acute alcoholic hepatitis differs from chronic liver 
disease in many aspects, most importantly in the 
potential for reversibility. Therefore, the humanized 
mouse liver injured with alcohol binging presented 
the ideal model to test bot nonactivated and activated 
umbilical cord cells for the potential of increasing sur-
vival and affecting the course of the liver injury. Our 
first alcoholic hepatitis cohort had two groups (PBS 
control and nonactivated MSC treatment). The non-
activated MSC– treated mice all survived, while the 
PBS- treated control group had a 20% survival rate. 
Statistical significance showed p < 0.0001. In the sec-
ond cohort, activated MSC– treated mice had 100% 
survival, nonactivated MSC– treated mice had 60% 
survival, and, like cohort 1, the PBS control group 
had 14% survival.

Analysis of hepatic chemistries before and after 
treatment with PBS or cells revealed a significant im-
provement in the animals receiving MSCs compared 
with those receiving PBS. Furthermore, those receiv-
ing activated cells demonstrated more marked im-
provement compared with nonactivated cells. In cohort 
1, there were varying degrees of steatosis in the PBS- 
treated mice, whereas there were no significant find-
ings in the 14 surviving mice treated with MSCs. We 
hypothesized that the lack of findings in the surviving 
mice is likely due to the prolonged time of observation, 
allowing healing of the liver and corroborated by the 
marked decrease in hepatic chemistries. In cohort 2, 
the animals were killed 2 days following the final treat-
ment, and most of the mice showed varying degrees 
of steatosis as well as other signs of injury. In addition, 
as the liver pathology did not explain the differences 
in survival, we can hypothesize that the alcohol may 
have had a more systematic effect. Publicly available 
RNA- sequencing data sets have shown the importance 
of BCL- 2 and CD44 in pyroptosis and necroptosis path-
ways.[51] Our findings with RIPK3, BCL- 2, CD44, and 
GSDMD provide clues on whether activated MSCs al-
leviated liver injury inhibiting necroptosis and pyropto-
sis (Figure 6G). In the future we would like to perform 
chromatin immunoprecipitation/quantitative PCR and 
site- directed mutagenesis to see whether CREB1 and 
STAT3 do in fact turn on BCL- 2 promoter.

The results in our two cohort experiments show 
promising results as a treatment to combat alcoholic 
hepatitis. Although our mice studies were limited in 

numbers, we look forward to a higher number of FRG 
mouse cohorts and eventually larger animal studies. 
It would be interesting to see how long- term high fat/
cholesterol + alcohol binge feeding would fare with 
activated MSC treatment. In summary, activated MSC 
treatment is a strategic strategy to rescue the high mor-
tality rate of patients with alcoholic hepatitis.
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