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Background: In our studies, it was shown that the effectiveness of the conditioned medium

obtained by cultivating mesenchymal stem cells depends on the microenvironment conditions

used to cultivate the cells. It was demonstrated that the conditioned medium obtained by

culturing cells with low oxygen content (10%) has a much more pronounced protective effect.

Methods: Protein compositions obtained from MSCs cultured under hypoxic (10% O2 hc-

MSC) and normal (21% O2 nc-MSC) conditions were used to treat acute liver failure (ALF)

induced in mice by acetaminophen injection. Thus, we obtained fractions normalized by volume,

which predominantly contained proteins with masses > 50, 50-30, 30-10, and 10-3 kDa.

Results: The data from biochemical studies have shown that only fractions from 10 to 30

kDa (hcMSC and ncMSC) significantly reduced the level of liver enzymes in the beginning

of the acute period after acetaminophen administration. Mass spectrometry analysis of the

proteins contained in the isolated fractions showed a sharp increase in the protein levels in

the 10-30 kDa hcMSC fraction as compared with that in 10-30 kDa ncMSCs. The composi-

tion obtained from MSCs cultured at lower O2 level (fraction 10-30 kDa hcMSC) was shown

to be more potent than the composition prepared from normoxic cells.

Conclusion: The results have shown that a composition obtained by culturing the cells

under a reduced content of O2 (10%), significantly improves the biochemical parameters, and

histological arrester reduces the degree of inflammation and stimulates regenerative pro-

cesses in liver, compared to both the control group and group treated with the composition

that was obtained by culturing the cells under normal oxygen content.
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Introduction
Acute liver failure (ALF) is a condition where hepatocyte death occurs within days

or weeks without cirrhosis signs. The death can be caused by numerous agents,

including viruses, toxins, and drugs. In the United States, approximately 2,000

people are diagnosed with ALF every year, and almost 60% of the cases are caused

by acetaminophen (APAP) or idiosyncratic drug reactions caused by drugs.1 In

general, APAP-induced injury significantly exceeds idiosyncratic drug-induced

liver injury, with their approximate ratio being 4:1.

Most APAP-associated ALF cases have signs of suicide; however, as early as

the 1980s, there were reported cases of the ALF development associated with

therapeutic drug administration or alcohol-tylenol syndrome.2,3
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N-acetylcysteine (NAC) is the best treatment for para-

cetamol poisoning. Since the 1970s, NAC therapy has

been the best therapeutic option for treating patients with

APAP-induced ALF. However, various adverse reactions

to NAC, with their severity ranging from minor to fatal,

have been reported in the clinic.4 In addition, the thera-

peutic window for the introduction of NAC is rather nar-

row, while some patients already have signs of ALF.

Finally, NAC binds toxic NAPQI, but its effectiveness is

drastically reduced in the late stages of the pathological

process. It is also known that NAC is much less effective

in APAP-treated mice.5 Consequently, the development of

new drugs designed to suppress the progression of APAP-

induced hepatitis is of great importance and would be

highly desirable.

One of the effective ways of treating ALF developed

due to APAP administration is transplantation of mesench-

ymal stem cells.6,7 A number of studies have demonstrated

that transplantation causes an anti-inflammatory, anti-

apoptotic, and proliferative effect on mice.8,9

However, some authors believe that the clinical effect

caused by the introduction of stem cells is primarily asso-

ciated with paracrine factors released by cells into culture

medium. In this case, introduction of conditioned medium

derived from stem cells exerts an effect that is only

slightly inferior to that of MSC introduction.10

In our previous studies, we demonstrated that the effec-

tiveness of conditioned medium obtained during cultiva-

tion of mesenchymal stem cells depended on the

microenvironment conditions used for cultivation of the

cells.11 For example, conditioned medium obtained during

cultivation of cells under low oxygen content (10%) con-

dition was demonstrated to have a significantly more pro-

nounced protective effect.9

The purpose of this study was to isolate a molecular

fraction of the conditioned medium, which possessed the

maximum protective effect in APAP-induced liver failure,

and to characterize changes, using mass spectrometry, in

the qualitative and quantitative composition of proteins,

depending on cultivation conditions.

Materials and methods
Preparation of bone marrow stem cells
To isolate MSCs, the bone marrow was harvested from the

femur of CD1 mice under general anesthesia. The mononuc-

lear fraction of bone marrow cells was isolated on a density

gradient using a standard Lympholyte-H solution (Cedarlane,

Canada). After preparation, the suspension of mononuclear

cells was seeded on Petri dishes and cultured in DMEM

medium with addition of 10% fetal calf serum (Gibco).

The produced cells were subjected to osteogenic, chon-

drogenic, and adipogenic differentiation according to the

standard technique to confirm the fact that they possessed

the MSC properties.12

Osteogenic differentiation (with addition of 10% fetal calf

serum, 100 μMdexamethasone, 0.1 mM ascorbic acid, and 10

nM β-glycerophosphate) was confirmed by the presence of

alkaline phosphatase in cell culture using standard reagents

(Sigma-Aldrich, USA). Chondrogenic differentiation (with

addition of 10% fetal calf serum, 100 μM dexamethasone,

and 0.1 μg/mLTGF-β) was confirmed by alcian blue staining.

Adipogenic differentiation (with addition of 10% fetal calf

serum, 10 μM dexamethasone, 10 μg/mL insulin, and 100

μg/mL IBMX) was confirmed by Oil Red-O staining.

MSC cultivation
A cell monolayer was cultivated under normoxia (21% O2

and 5% CO2 ncMSC) and hypoxia (10% O2 and 5% CO2

hcMSC) conditions. We could not see any differences

between the cells; the stabs were cultivated under condi-

tions of normoxia (CD44 98.2%, CD90 97.6%, CD31

1.0%, and CD45 0.6%) and hypoxia (CD44 97.0%,

CD90 97.3%, CD31 1.1%, and CD45 0.8%).

CMSC preparation
After preparing the cell monolayer, culture medium was

completely refreshed, and, after 3 days, conditioned cul-

ture medium was combined with the MSC lysate (1:1).

The conditioned medium derived from MSCs cultured

under normoxia conditions was designated as ncMSC,

and the conditioned medium obtained from MSCs cultured

under hypoxia conditions was designated as hcMSC.

Fraction preparation
Ultrafiltration was used to separate conditioned medium. 10

mL of studied conditioned medium was placed in an Amicon

Ultra-15 50,000NMWL filter device (Millipore, Ireland) and

centrifuged using a swinging-bucket rotor at +4ºC for 25

mins. The upper fraction was washed three times with 10

mL of 1X PBS (Amresco, USA), transferred to a new tube,

and adjusted to a volume of 10 mL with 1X PBS. The filtrate

obtained during the first filtration was transferred to a 30,000

NMWL concentrator. The filtration procedure was carried

out as described above, except that the upper fraction was

diluted to the filtrate volume initially introduced into the
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concentrator. Thus, we obtained fractions normalized by

volume, which contained predominantly proteins with

masses >50, 50–30, 30–10, and 10–3 kDa.

Mass spectrometry
The protein solution pH was adjusted to 8.0 by adding 1M

Tris-Cl, followed by addition of 5% acetonitrile to facilitate

further hydrolysis. 50 μL of the protein solution was mixed

with 5 μL of 50 mM DTT and incubated at 65ºC for 5 mins,

followed by addition of 5 μL of 100 mM IAA and incubation

at 30ºC in a dark place for 30 mins. Then, 5 μL of 1 μg/μL
sequencing grade trypsin (Promega) was added and incubated

at 37ºC overnight. The reaction was stopped by adding 5 μL of

0.5% acetic acid. The reaction mixture was centrifuged at

12,500 g for 10 mins, and the supernatant was transferred to

a new tube and stored at –20ºC until further analysis.

Peptide mixtures were analyzed on a nano-HPLCAgilent

1100 system (Agilent Technologies, Santa Clara, CA, USA)

combined with a 7T LTQ-FT Ultra mass spectrometer

(Thermo Electron, Bremen, Germany) equipped with a

nanospray ion source (positive mode). Peptides were sepa-

rated on a homemade capillary column (Fused-silica

PicoTip®; emitter id, 75 μm; length, 12 cm; nominal tip id,

15 μm) packedwith Reprosil-Pur Basic C18, 3 μm, 100A (Dr

Maisch HPLC GmbH, Ammerbuch-Entringen, Germany).

The separation was carried out using a 120-min gradient

(H2O/ACN containing 0.1% formic acid) from 3% to 90%

of ACN at a flow rate of 300 nL/min. MS and MS/MS data

were acquired in a data-dependent mode using the Xcalibur

(Thermo Finnigan, San Jose, USA) software.

MS data were analyzed using the MaxQuant program

against the SwissProt database with an initial precursor mass

error of 10 ppm. The minimum peptide length for identifica-

tion was set to seven amino acids; the “match between runs”

option was activated, and the cutoff false discovery rate was

set to 0.01. Proteins with more than two peptides and with at

least one unique peptide were considered as identified. For

protein quantification, label-free analysis was used.

Simulation of ALF
Male mice of the BaLb line weighing 22–24 g were divided

into two groups (the control and experimental ones). APAP

was administered intraperitoneally at a dose of 270 mg/kg to

animals of all groups. After 15 mins, animals in the control

group (No. 1, n=15) were intraperitoneally injected with 1 mL

of intact culture medium (DMEM supplemented with 10%

fetal calf serum without culturing any cells), whereas all

animals in the experimental group (group No. 2=15 and No.

3 n=15) received 1 mL of ncMSC or hcMSC compositions

(0.5 mL condition media +0.5 mL lysate MSC, protein con-

centration, 10 mg/mL).

Histology
Material for histological examination was collected 4 hrs

after APAP administration. For morphological assessment

of changes, the liver of mice was fixed in 10% neutral

buffered formalin, and 4–5 µm thick serial paraffin sec-

tions were prepared.

Dystrophic and necrotic changes in the liver were

scored based on analysis of 10 fields of view using a

semi-quantitative blind method.13 The following scale

was used: 0 – no changes; 0.5 – dystrophic changes in

<1/3 of hepatocytes; 1 – dystrophic changes in more than

1/3 of hepatocytes; 2 – dystrophic changes in more than 2/

3 of hepatocytes; 3 – dystrophic changes in 100% of

hepatocytes; 4 – the sample contains a combination of

dystrophy with single focal necroses; and 5 – extensive

focal necrosis. For scored assessment, six animals in each

group were examined.

Biochemical study
The levels of liver enzymes GPT and GOT were measured

in intact animals before administration of APAP. The

effect of the abovementioned composition was evaluated

based on changes in the serum levels of ALS and GOT in

animals 4 hrs after administration of APAP. The serum

levels of GOT and GPT were determined using the kinetic

method on an Olympus AU2700 biochemical analyzer

(Beckman Coulter, USA).

Statistical analysis
Statistical analysis was performed using the Statistica 6.0

software. The Mann–Whitney U-test was used for non-

parametric data. Differences were considered statistically

significant at p<0.05.

Ethical considerations
Ethical clearance for the study was obtained from the

Institute of Cell Biophysics of the Russian Academy of

Sciences prior to study initiation. The study was con-

ducted in compliance with the principles of the

Declaration of Helsinki. In addition to the approval

from the Institute of Cell Biophysics of the Russian

Academy of Sciences, the maintenance and ethical treat-

ment of laboratory animals was done in accordance with
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Guidelines of the European Convention for the Protection

of Vertebrate animals used for experiments and

Guidelines for working with laboratory animals in ICB

RAS, Order N39 from December 30, 2018.

Results
Biochemical study
The biochemical study data demonstrated that only 10–30

kDa fractions (hcMSC and ncMSC) significantly reduced

the level of hepatic enzymes in the acute period onset after

administration of APAP (Figure 1). Other fractions did not

significantly reduce the level of cytolytic enzymes.

For example, the following enzyme levels were

detected in the control group at 4 hrs: GPT (blue

curve) – 3,322.0±213.0 U/L, GOT (red curve) 1,285.5

±98.2 U/L, which exceeded the intact control levels

29.8- and 12.2-fold, respectively. In a group of animals

receiving the 10–30 kDa hcMSC fraction, the GPT and

GOT levels were 3.4- and 2-fold higher, respectively, as

compared to those in the intact control. In animals

receiving the 10–30 kDa ncMSC fraction, a significantly

greater increase in the enzyme levels was observed

compared to hcMSC-treated animals, which exceeded

the intact control levels 12.1- (GPT) and 3.1-fold

(GOT), respectively (Figure 2).

Mass spectrometry
A mass spectrometry analysis of the proteins contained in

isolated fractions showed a sharp increase in levels of the

following proteins in the 10–30 kDa hcMSC fraction (Table

1) as compared to ncMSC: elongation factor 1-delta (21.5

kDa), platelet-activating factor acetylhydrolase (22.1 kDa),

and nucleophosmin (30 kDa). In addition, the concentra-

tions of 10 proteins increased: for tropomyosin (28.3 kDa),

it changed 13.1-fold; for thioredoxin (Trx) (11.7 kDa), 1.7-

fold; for myotrophin (12.9 kDa), 3.6-fold; for superoxide

dismutase [Cu-Zn] (15.9 kDa), 3.1-fold, for macrophage

migration inhibitory factor (12.5 kDa), 1.4-fold; for galec-

tin-1 (14.9 kDa), 1.3-fold; for nucleoside diphosphate

kinase (17.2 kDa), 1.8-fold; for peptidyl-prolyl cis-trans

isomerase (18.0 kDa), 1.5-fold, for Rho GDP-dissociation

inhibitor 1 (23.4 kDa), 1.4-fold and for myosin light poly-

peptide 6 (17.0 kDa), 1.2-fold.

Histology
An analysis of the histological data obtained in control animals

revealed signs of acute injury to liver tissue and pronounced

centrilobular liver congestion (Figure 3A–B). The blood-con-

gested areas occupied from 1/2 to 2/3 of the lobular areas,

sometimes merging with each other. The central parts of the

lobules were characterized by discomplexation of the hepatic

0%

20%

40%

60%

80%

100%

120%

0-10kDa 10-30kDa 30-50kDa > 50 kDa

hc-MSC nc-MSC

Figure 1 Activities of liver enzymes GPT in animals treated with hcMSC or ncMSC 4 hrs after administration of acetaminophen.

Abbreviations: hc-MSC, MSCs cultured under hypoxic (10% O2 hc-MSC) condition; nc-MSC MSCs cultured under normal (21% O2 nc-MSC) condition.
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cords and destruction of some hepatocytes accompanied by

karyorrhexis. Homogenization and total distinct small-droplet

fatty degeneration, with a tendency to a fat droplet increase,

was observed in the cytoplasm of intact hepatic cells of these

lobular parts. Hepatocytes at the periphery of lobules were in

the state of granular protein dystrophy and small-droplet obe-

sity. There was a coarse and granular distribution of chromatin

in the nuclei of these cells. Single hepatocytes with a large

hyperchromic nucleus and binuclear cells were found among

them. Dilation and congestion of the hepatic veins were

observed in some specimens.

An analysis of the histological data obtained for ani-

mals injected with the 10–30 kDa ncMSC fraction com-

pared to those in the control group revealed that the cord

structure of hepatic lobules was preserved (Figure 3C–D).

Congestion was less pronounced. The sinusoids at the
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Figure 2 Activities of liver enzymes GPT and GOT in the control group and in animals treated with hcMSC (10–30 kDa) or ncMSC (10–30 kDa) after the administration of

acetaminophen.

Notes: *p<0.05 Compared with intact control. @p<0.05 Compared with 24 h. #p<0.05 Compared with Control group.

Abbreviations: hc-MSC, MSCs cultured under hypoxic (10% O2 hc-MSC) condition; nc-MSC MSCs cultured under normal (21% O2 nc-MSC) condition.

Table 1 Results of the analysis of ncMSC and hcMSC (mass spectrometry)

Protein Mol. weight [kDa] 10–30 hcMSC 10–30 ncMSC hcMSC/ncMSC

Intensity,x103 Intensity,x103

Elongation factor 1-delta 21,478 952 0 High

Platelet-activating factor acetylhydrolase 22,056 1071 0 High

Nucleophosmin 29,524 2282 0 High

Tropomyosin 28,343 965 74 13.1

Thioredoxin 11,675 4,219 2,481 1.7

Myotrophin 12,861 2,047 568 3.6

Superoxide dismutase [Cu-Zn] 15,942 1,613 515 3.1

Macrophage migration inhibitory factor 12,504 595 425 1.4

Galectin-1 14,866 63,682 48,986 1.3

Nucleoside diphosphate kinase 17,208 3,936 2,225 1.8

Peptidyl-prolyl cis-trans isomerase 17,971 67,247 45,105 1.5

Rho GDP-dissociation inhibitor 1 23,407 12,053 8,576 1.4

Myosin light polypeptide 6 16,961 2,932 2,414 1.2
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periphery of lobules were not enlarged. The cell mem-

branes of hepatocytes in this area retained clear contours.

The hepatocyte cytoplasm was characterized by pulverized

obesity. A coarse chromatin distribution was detected in

the cell nuclei. Single nuclei had a vesicular structure.

There were rare binuclear hepatocytes.

The morphological picture of the liver in animals injected

with the hcMSC fraction was characterized by the most

favorable appearance: congestion of the lobules was usually

not observed (Figure 3E–F). The cord structure of lobules

was preserved. The cytoplasm of centrilobular hepatocytes

presented with signs of swelling as well as granular protein

and dusty fatty degeneration. The outer cell membranes had

distinct contours. The nuclei of hepatocytes were character-

ized mainly by a fine chromatin distribution. At the periphery

of lobules, there were an increased number of cells with a

uniform chromatin distribution and large hyperchromic

nuclei. There were a greater number of binuclear cells.

The morphometric analysis revealed that there was

pronounced injury to liver tissue 4 hrs after APAP intro-

duction (Table 2). In this case, introduction of the 10–30

kDa hcMSC fraction exerted the maximum protective

C
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Figure 3 Histology of mouse liver after acetaminophen injection (270 mg/kg), stained with hematoxylin and eosin. Control 4 hrs after the injection (A) x160; (B) x400; 4 hrs

after acetaminophen injection (270 mg/kg) and simultaneous treatment with ncMSC (10–30 kDa) protein compositions (C) x200; (D) x400; 4 hrs after acetaminophen

injection (270 mg/kg) and simultaneous treatment with hcMSC (10–30 kDa) protein compositions (E) x200; (F) x400.
Abbreviations: hc-MSC, MSCs cultured under hypoxic (10% O2 hc-MSC) condition; nc-MSC MSCs cultured under normal (21% O2 nc-MSC) condition.

Table 2 The morphometric analysis revealed that there was

pronounced injury to liver tissue 4 hrs after acetaminophen

introduction

Parameter Control ncMSC
10–30 kDa

hcMSC
10–30 kDa

Score (mean) 4.45 3.925 3.075

Standard error 0.08 0.08 0.04

Standard deviation 0.50 0.53 0.27

Variance 0.25 0.28 0.07

Number of

measurements

40 40 40

Abbreviations: hc-MSC, MSCs cultured under hypoxic (10% O2 hc-MSC) condi-

tion; nc-MSC MSCs cultured under normal (21% O2 nc-MSC) condition.
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effect, significantly differing from the control group and

the 10–30 kDa ncMSC-treated group.

Discussion
Treatment of APAP-induced ALF requires serious medical

measures and, in some cases, liver transplantation. The use

of NAC as an antidote is associated with a number of side

effects.4 In addition, the therapeutic window for NAC

administration is rather narrow, which, as has been

shown, reduces its efficacy in APAP-treated mice.5 A

number of studies have demonstrated that MSCs can be

an effective method for the prevention and treatment of

APAP-induced ALF. However, cell transplantation has

several limitations. The use of autologous MSCs in the

acute period is actually impossible because a sufficient

dose of cells should be introduced within the first hours

after an event to achieve a positive clinical effect. In this

case, it is necessary to emphasize the apparent dose depen-

dence of the clinical effect on the amount of transplanted

cellular material.14

The use of a high dose of allogeneic cells may lead to

severe complications and immune dysfunction.15,16

One of the possible ways to solve this problem may be

the use of paracrine factors produced by stem cells. The

effectiveness of their use was demonstrated in our pre-

vious work.9 However, we believe that the use of the total

fraction is not reasonable.

Our findings demonstrated that the 10–30 kDa frac-

tion had a protective effect via inhibition of APAP-

induced ALF. At the same time, the medium fraction

obtained under low oxygen content conditions was maxi-

mally effective.

One of the possible causes for this effect may be a

quantitative difference in the peptide composition, which

was detected by LC-MS. As can be seen from Table 1,

concentrations of 10 proteins increased from 1.2- to 13.1-

fold. The concentration of three proteins increased to a

detectable level.

According to the literature data, three of the presented

proteins (galectin-1, Trx, SOD) can reduce the degree of

injury during the development of APAP-induced ALF.

Galectin-1 is a protein secreted by stem cells into

culture medium; it inhibits the inflammatory response by

suppressing proliferation of T lymphocytes.17,18 A study

by Ryu et al demonstrated that tonsil-derived MSCs were

able to inhibit the development of ConA-induced hepatitis

via the production of galectin-1. The authors attributed this

effect to blockade of CD4+ T lymphocyte activation by

galectin-1.14

Trx is a protein that regulates the production of reactive

oxygen species and is produced in response to oxidative

stress.19,20 This protein exerts an anti-inflammatory effect

via inhibition of neutrophil chemotaxis.21 Okuyama et al

reported that an increase in Trx expression prevented the

development of acute hepatitis caused by thioacetamide or

LPS.22 Taneka et al demonstrated that albumin-conjugated

Trx effectively reduced the degree of liver injury caused

by APAP.23

It should be noted that a decrease in the oxygen level

during MSC cultivation leads to a sharp (2.6-fold) increase

in MIF production. According to the literature, this pro-

inflammatory factor increases the degree of injury to liver

tissue.24 However, on the other hand, MIF was shown to

increase survival of MSCs in hypoxic conditions protect-

ing cells from hypoxia-induced apoptosis and reducing the

level of oxidative stress25 Perhaps, this mechanism may

occur in hepatocytes exposed to APAP.

Ethical considerations
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