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Abstract: Exploring the potential usage of the acellular preparation of porcine hemoglobin (PHb)
isolated from slaughterhouse blood as a cell culture media component, we have tested its effects
on the functional characteristics of stromal cells of mesodermal origin. Human peripheral blood
mesenchymal stromal cells (PB-MSCs) were used in this study as a primary cell model system, along
with three mouse cell lines (ATDC5, MC3T3-E1, and 3T3-L1), which represent more uniform model
systems. We investigated the effect of PHb at concentrations of 0.1, 1, and 10 µM on these cells’
proliferation, cycle, and clonogenic and migratory potential, and found that PHb’s effect depended on
both the cell type and its concentration. At the lowest concentration used (0.1 µM), PHb showed the
least evident impact on the cell growth and migration; hence, we analyzed its effect on mesenchymal
cell multilineage differentiation capacity at this concentration. Even under conditions that induce a
specific type of MSC differentiation (cultivation in particular differentiation media), PHb modulated
chondrogenic, osteogenic, and adipogenic differentiation, making it a potential candidate for a
supplement of MSC culture. Through a model of porcine hemoglobin, these findings also contribute
to improving the knowledge of extracellular hemoglobin’s influence on MSCs in vivo.
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1. Introduction

As one of the best-studied macromolecules of all time, hemoglobin has attracted re-
searchers’ attention for nearly 200 years. Nonetheless, this protein has not yet revealed all
its secrets, particularly from a chemical, physiological, genetic, clinical, or biotechnological
point of view, since the potential applications of hemoglobin, both from vertebrates and
invertebrates, are still being actively studied [1]. The beginning of hemoglobin’s usage
in biotechnology marked the exploration of its potential usage as a blood substitute, i.e.,
hemoglobin-based oxygen carriers, which is ongoing [2,3]. Besides human hemoglobin,
porcine and bovine hemoglobin has also been thoroughly studied due to its availability
and high homology with human hemoglobin [4,5]. Thus, both bovine and porcine slaugh-
terhouse blood-derived hemoglobin has found applications in the production of functional
food intended for human and animal nutrition, primarily owing to the high content of
iron [6,7]. Bovine hemoglobin was demonstrated as a pH-sensitive nano-vehicle for po-
tential cancer detection and therapy [8] and as an effective glucose biosensor in vitro [9].
Via facilitating oxygen diffusion, porcine hemoglobin isolated from slaughterhouse blood
also appeared as an effective wound healing spray agent [10,11]. According to data from
the literature, products based on hemoglobin, aimed to be used as a component of cell
culture media, have been developed using only invertebrates’ hemoglobin so far. These
preparations include hemoglobin-based products isolated from Annelida species, intended
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to be used as a preservation agent for transplantation organs [12,13] or as an oxygenation
additive or stemness maintainer for mesenchymal stromal cell cultures [14,15]. We have
previously shown that hemoglobin originating from bovine erythrocytes from slaughter-
house blood can reduce the potential of pluripotent mesenchymal cells to differentiate in
the direction of chondrogenic, osteogenic, and adipogenic lineages in vitro [16]. As far
as we know, data on porcine hemoglobin’s (PHb) effects on the functional properties of
mesenchymal cells are lacking. Since porcine slaughterhouse blood represents a second
important source of mammalian hemoglobin, isolated PHb might also act as a good model
of the extracellular presence of this macromolecule, which is characteristic in many physi-
ological or pathophysiological conditions associated with or induced by hemolysis [16].
Hence, aiming to explore the use of slaughterhouse blood-derived acellular PHb as a cell
culture media constituent, we have evaluated its in vitro effects on several stromal cells of
mesodermal origin.

2. Materials and Methods
2.1. Acellular Hemoglobin Preparation

Hemoglobin (Hb) was isolated from porcine erythrocytes originating from slaugh-
terhouse blood, by a process of gradual hypotonic hemolysis, as described by Kostić and
co-workers [17]. In brief, the plasma and leucocytes were removed from porcine slaughter-
house blood by centrifugation at 1800× g for 20 min, along with phosphate-buffered saline
(PBS, pH 7.2–7.4) washing three times to obtain the erythrocytes. Then, 35 mM hypotonic
sodium phosphate buffer for hemolysis was introduced into a beaker containing 100 mL
of isolated erythrocytes (hematocrit 60%) using a peristaltic pump (Infusion pump, IP610,
Biomedicine, Belgrade, Serbia) at a flow rate of 300 mL/h for 27 min. The suspension was
constantly mixed in a horizontal rotational shaker (Yellow line OS 5 basic, Ika Werbe GMBH
& Co., Staufen, Germany). The gradual decrease in the ionic strength of the buffer led to the
gradual release of hemoglobin from the erythrocytes into the surrounding solution in the
reaction beaker. After gradual hemolysis, the membranes of lysed erythrocytes were pre-
cipitated by centrifugation, at 4 ◦C, at 3200× g for 40 min and washed with PBS three times.
The supernatants were further purified by tangential ultrafiltration through 0.2 µm and
100 kDa pore size filters (Viva Flow®50, Sartorius AG, Göttingen, Germany) [18]. Acellular
porcine hemoglobin preparation was characterized by means of UV–Vis spectroscopy, pho-
ton correlation spectroscopy, SDS-PAGE, and isoelectric focusing, as reported in Drvenica
et al. [18] and Stančić et al. [16]. Purified hemoglobin samples were collected at−20 ◦C, and
the tests on cell cultures were completed for less than two years from hemoglobin isolation,
since hemoglobin remains a native protein during this period [18]. Additionally, by using
the ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) test, we confirmed the
ability of the porcine hemoglobin preparation to reduce ABTS radicals in a dose-dependent
manner, indicating preserved divalent iron in heme (Supplementary Material, Figure S1).
ABTS radical scavenging activity was determined based on the method described in Miller
et al. [19].

2.2. Cell Cultures

Peripheral blood mesenchymal stromal cells (PB-MSCs) were obtained from mononu-
clear cells of peripheral blood by density gradient centrifugation, according to Trivanović
and co-workers [20]. In brief, mononuclear cells were cultivated at a density of 4× 105/cm2

in 25 cm2 flasks in growth medium (GM). The medium was replaced twice a week and
non-adherent cells were discarded. When a colony of adherent fibroblast-like cells was
noticed to be of approximate size of 5 cm2, cells were detached and cultivated in a new
flask in GM. Samples were handled in compliance with the ethical standards of the regional
ethical commission and the Declaration of Helsinki. PB-MSCs experiments were performed
with cells of passage number < 10. Cell lines ATDC5, MC3T3-E1, and 3T3-L1 were gen-
erously given by Dr. Carmelo Bernabeu (CIB, CSIC, Madrid, Spain). Both primary cells
and cell lines were cultivated in growth medium (GM) consisting of Dulbecco’s modified
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Eagle’s medium (DMEM) (Sigma-Aldrich, Burlington, MA, USA), 10% fetal calf serum
(FCS) (Capricorn-Scientific, Ebsdorfergrund, Germany), and 100 U/mL penicillin and
100 µg/mL streptomycin (PAA, Linz, Austria), at 37 ◦C in a humidified atmosphere of 5%
CO2 and 95% air (standard conditions).

2.3. Cell Assays

The effect of porcine hemoglobin on cell proliferation was evaluated by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test and by Hoechst 33258
staining, as described in [16]. PB-MSCs’ clonogenic capacity was determined by colony-
forming unit fibroblast (CFU-F) assay [19]. Flow cytometric analysis with propidium
iodide staining was applied for the assessment of PB-MSCs’ cycle progression [16]. The
migratory ability of both primary PB-MSCs and mesenchymal cell lines was estimated
using a scratch assay, performed as described in Stančić et al. [16]. In brief, after making a
“scratch” in the cell monolayer using a pipette tip, cells were cultivated for an additional
24 h under treatment with PHb (0.1, 1, and 10 µM) in DMEM with 1% FCS, and then fixed
in ice-cold methanol for 10 min and stained with 0.1% Crystal violet for 10 min. The cell
migration into the scratch area was assessed by TScratch software (Computational Science
and Engineering Laboratory, Swiss Federal Institute of Technology, ETH Zurich, Zurich,
Switzerland), as described in Kocić et al. [21].

Chondrogenic differentiation of PB-MSCs and ADTC5 cells was induced by cultivating
these cells in chondrogenic differentiation medium (CM: DMEM/5% FCS, 100 U/mL
penicillin/streptomycin, 2 ng/mL of transforming growth factor-β (TGF-β) (R&D Systems,
Minneapolis, MN, USA), 50 µM ascorbic acid-2-phosphate (Sigma-Aldrich, Burlington, MA,
USA), and 10 nM dexamethasone (Dex) (AppliChem GmbH, Darmstadt, Germany)) for 14
and 10 days, with or without 0.1 µM porcine hemoglobin preparation (PHb). Following
the culture period, chondrogenic differentiation was assessed by the presence of cartilage-
specific glycosaminoglycans (GAGs) stained with Safranin O, as described by Stančić and
co-workers [16].

Osteogenic differentiation of PB-MSCs and MC3T3-E1 was induced by cultivating
these cells in corresponding osteogenic differentiation medium (OM) (as described in
Stančić et al. [16]). OM for PB-MSCs contained DMEM/5% FCS, 100 U/mL penicillin/
streptomycin, 10 mM β-glycerophosphate (Sigma-Aldrich, Burlington, MA, USA), 10 nM
Dex, and 50 µM ascorbic acid-2-phosphate. Two OMs were for MC3T3-E1 to capture the
effect of PHb on different osteogenesis phases of these cells: (1) OM with Dex consisted of
DMEM/5% FCS, 100 U/mL penicillin/streptomycin, 10 mM β-glycerophosphate, 50 µM
ascorbic acid-2-phosphate, and 10 nM Dex and (2) OM without Dex, which consisted of
DMEM/5% FCS, 100 U/mL penicillin/streptomycin, 10 mM β-glycerophosphate, and
50 µM ascorbic acid-2-phosphate. In all OMs, PHb was dissolved at a concentration
of 0.1 µM. Osteogenic differentiation was confirmed by BCIP/NBT (5-bromo-4-chloro-3-
indolylphosphate/p-nitroblue tetrazolium chloride) (Sigma-Aldrich, Burlington, MA, USA)
staining for alkaline phosphatase (ALP), performed after 7 days of cultivation, and Alizarin
red staining for calcium deposition and extracellular matrix mineralization after 14 days of
cultivation, as described in Stančić et al. [16].

Adipogenic differentiation medium (AM) for PB-MSCs consisted of DMEM/5% FCS,
100 U/mL penicillin/streptomycin, 100 µg/mL isobutyl-methylxanthine (IBMX) (Sigma-
Aldrich, Burlington, MA, USA), 1 µM Dex, and 10 µg/mL insulin (Sigma-Aldrich, Burling-
ton, MA, USA). To observe intracellular lipid droplets, PB-MSCs were cultivated in AM for
28 days. Adipogenic differentiation of 3T3-L1 cells was induced by cultivating them in GM
until 70% confluency, and then incubating them in induction medium (DMEM with 5% FCS,
0.5 mM IBMX, 1 µM Dex, and 10 µg/mL insulin) for 3 days, insulin medium (DMEM with
5% FCS, 10 µg/mL insulin) for 4 days, and, finally, in fresh GM for 3 additional days [22].
PHb was added at a concentration of 0.1 µM in PB-MSC AM and starting from either
induction or insulin medium for 3T3-L1 cells to determine its effect on different phases
during adipogenesis. After the incubation period, PB-MSCs and 3T3-L1 cells were fixed
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with 3.7% formaldehyde and stained with 0.5% Oil Red O in isopropanol (Sigma-Aldrich,
Burlington, MA, USA) to confirm the presence of intracellular lipid droplets in these cells.

The color intensity of the cells cultured in 96-well plates, stained with Safranin O,
Alizarin, or BCIP/NBT, was quantified using TotalLab TL120 (TotalLab Ltd., Newcastle
upon Tyne, UK). Values are expressed as relative to control (given the value 100%).

2.4. Semi-Quantitative RT-PCR Assay

Total cell RNA was isolated using TRIzol Reagent (Invitrogen, Thermo Fischer Scien-
tific, Waltham, MA, USA). Complementary DNA (cDNA) was synthetized using the Rever-
tAidTM H Minus First Strand cDNA Synthesis Kit (Thermo Fischer Scientific, Waltham,
MA, USA) and oligo (dT) as a primer. Primer sets, corresponding annealing temperatures,
and the number of amplification cycles are listed in Table S1 (human primer sets) and
Table S2 (mouse primer sets) in the Supplementary Material. Primers were designed using
mRNA sequences of specific genes from the Nucleotide database through the NCBI online
tools and synthetized by Invitrogen (Invitrogen, Thermo Fischer Scientific, Waltham, MA,
USA). As a control for the amount of cDNA in each sample, glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) was amplified. Amplicons were resolved in 1.5% agarose gel
and stained with ethidium bromide. The intensity of the gel bands was quantified by
densitometry. Values are expressed as relative to control (given the value 100%).

2.5. Statistical Analysis

Three independent experiments (each in triplicate) were performed to test the effect of
PHb on the analyzed mesenchymal cell functions. SPSS v.25 software (SPSS Inc., Chicago,
IL, USA) was used to calculate descriptive statistics of each parameter analyzed separately.
All the results are given as mean ± SD of three independent experiments. To test the
normal distribution of data, the Kolmogorov–Smirnov test for normality was used. This
test showed a normal distribution of data for all results. The significant difference between
the means of the two groups was analyzed using a two-tailed t-test [23].

3. Results
3.1. Porcine Hemoglobin Modifies Viability of Mesenchymal Cells

As expected, the cell viability of ATDC5, MC3T3-E1, 3T3-L1, and PB-MSCs when
grown in GM only (spontaneous viability) increased over time (Supplementary Material,
Figure S2). PHb reduced the viability of ATDC5 cells at all analyzed concentrations after 48
and 72 h cultivation and exhibited this effect after 24 h at a concentration of 10 µM only
(Figure 1A). A similar inhibitory effect of PHb was observed in the culture with MC3T3-E1
cells. It decreased their viability at all three concentrations after 48 h in culture, and at
a concentration of 10 µM after 72 h (Figure 1B). Contrarily, PHb stimulated the viability
of 3T3-L1 cells at all tested concentrations after 48 and 72 h in culture, while it had no
effect on the cell viability at concentrations of 0.1 and 1 µM after 24 h and decreased it at a
concentration of 10 µM (Figure 1C).

At all concentrations examined, PHb had no effect on PB-MSCs’ viability after 24 and
48 h in culture, as confirmed by the MTT assay and Hoechst 33258 tagging (Figure 1D,E).
After 72 h, both MTT assay and Hoechst 33258 labeling showed that, at concentrations of
1 and 10 µM, PHb stimulated PB-MSCs’ viability, and that it did not affect viability at a
0.1 µM concentration (Figure 1F).
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(D–F) The cell viability assessed by MTT assay and Hoechst labeling. Results are percentages of the 
corresponding control (viability of control cells cultured in GM only; set at 100%). Mean ± SD of 
three independent experiments is shown. * p < 0.05, compared to the corresponding control. 
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Figure 1. Acellular porcine hemoglobin (PHb) modulates proliferation of mesenchymal cells. Viability
of ATDC5, MC3T3-E1, and 3T3-L1 cells (A–C) and PB-MSCs (D–F) cultured for 24, 48, and 72 in
growth medium (GM) supplemented with PHb. (A–C) The cell viability assessed by MTT assay.
(D–F) The cell viability assessed by MTT assay and Hoechst labeling. Results are percentages of the
corresponding control (viability of control cells cultured in GM only; set at 100%). Mean ± SD of
three independent experiments is shown. * p < 0.05, compared to the corresponding control.

3.2. Porcine Hemoglobin Modifies PB-MSCs’ Clonogenic Potential and Cell Cycle

The number of PB-MSC colonies formed in the presence of 1 and 10 µM PHb was
lower compared to the number of PB-MSCs formed in control cultures (Figure 2A,B). The
observed difference was mainly due to the change in the number of large (>200 cells)
PB-MSC colonies (Figure 2C).
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entirely closed, PHb’s effect on the migratory capacity of these cells could not be analyzed 
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Figure 2. Acellular porcine hemoglobin (PHb) modulates clonogenic capacity and apoptosis of
PB-MSCs. (A) Micrographs of CFU-F formed in growth medium (GM) or GM supplemented with
PHb (magnification 40×). (B) Clonogenic capacity of PB-MSCs after 14 days in culture with GM
supplemented with PHb, evaluated by CFU-F assay. The results are percentages of the corresponding
control, where the number of CFU-F formed after culture in GM only was set at 100%. * p < 0.05, PHb
compared to control. (C) Number of small (50–100 cells), medium (100–200 cells), and large (more
than 200 cells) CFU-F colonies formed in GM supplemented with PHb. The results are expressed as
in (B). (D) PHb does not affect the number of apoptotic PB-MSCs after 24 and 48 h in culture. (E,F)
PHb changes percentage of PB-MSCs in G0/G1 and G2+S phase of the cell cycle in 24 (E) and 48 h (F)
cultures. All the results are given as mean ± SD of three independent experiments.
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The number of apoptotic PB-MSCs (depicted by the percentage of the hypodiploid
“sub-G1” peak in the DNA fluorescence histogram in Figure 2D) grown in GM only did not
differ significantly from the quantity of apoptotic PB-MSCs grown in GM supplemented
with PHb (Figure 2D). When PB-MSCs grew in CM only, ~20% and ~35% were in the
G0/G1 phase after 24 and 48 h, respectively (Figure 2E,F). The analysis of the impact of
PHb on PB-MSCs’ cell cycle progression showed that PHb induced the transient cell cycle
arrest of PB-MSCs, with ~45% cells in the G0/G1 phase after 24 h (Figure 2E) and ~35% in
the same stage of the cell cycle after 48 h (Figure 2F) (Supplementary Material, Figure S3).

3.3. Porcine Hemoglobin Modifies Migratory Capacity of Mesenchymal Cells

PHb acted as a weak modulator of migratory potential for all analyzed mesenchymal
cells. At the concentrations of 0.1 and 1 µM, PHb slightly but significantly stimulated
the migratory capacity of PB-MSCs and ATDC5 cells (Figure 3A,B). The same, significant
stimulatory effect of PHb at all tested concentrations was observed in cultures of MC3T3-
E1 cells (Figure 3C). Since the “scratch” in 3T3-L1 cells after 24 h in culture was almost
entirely closed, PHb’s effect on the migratory capacity of these cells could not be analyzed
(Figure 3D).
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Figure 3. Acellular porcine hemoglobin (PHb) modulates migratory capacity of mesenchymal cells.
Migration of PB-MSCs (A), ATDC5 (B), MC3T3-E1 (C), and 3T3-L1 (D) cells analyzed by “scratch”
assay (micrographs magnification: 40×). Upon making a “scratch” in confluent cell monolayer, cells
were cultured for 24 h in the presence of growth medium (GM) or GM supplemented with PHb. The
surface formed immediately after making the “scratch” was labeled “GM t0” and represented the
control of the experiment (set as 100%). Results are percentages of the scratch areas covered with
migrating cells, relative to GM t0. Mean ± SD of three independent is shown. * p < 0.05, compared to
the corresponding control.

3.4. Porcine Hemoglobin Modifies Differentiation Capacity of Mesenchymal Cells

To evaluate the influence of PHb on the multilineage cell differentiation of mesenchy-
mal cells, we selected the concentration of 0.1 µM, since it was the one that displayed the
least prominent effect on the proliferation, migration, and clonogenic capacity of the tested
cells.
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The results of the analysis showed that the GAGs content in PB-MSCs and ATDC5
cells grown in the presence of 0.1 µM PHb was lower compared to that of the cells cultured
in CM only (Figure 4A,B). PHb decreased the expression of chondrogenic marker SOX9 in
PB-MSCs, slightly stimulated the expression of COL1A1, and increased the expression of
COL2A1 after 14 days in culture (Figure 4C). Contrarily, PHb stimulated the expression lev-
els of Sox9 in ATDC5 cells and attenuated the expression of COL11A1, while the expression
product of col2a1 was not identified in these cells using RT-PCR (Figure 4D).
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Figure 4. Acellular porcine hemoglobin (PHb) reduces chondrogenic differentiation capacity of
mesenchymal cells. Chondrogenic differentiation of PB-MSCs and ATDC5 cells assessed by Safranin
O staining of GAGs in PB-MSCs after 14 days (A) and ATDC5 cells after 7 days (B) of cultivation with
or without 0.1 µM PHb in chondrogenic differentiation medium (CM). Intensity of the Safranin O
staining in GM supplemented with PHb is presented as relative to control (CM, set as 100%). Mean ±
SD of four independent experiments is shown; * p < 0.05, compared to the corresponding control.
Chondrogenic differentiation of PB-MSCs was confirmed by RT-PCR of analysis of expression of
SOX9, COL1A1, and COL2A1 genes after 11 days of cultivation (C) and Sox9, Col11a, and Col2a1 genes
in ATDC5 cells after 7 days of cultivation (D) in CM with or without PHb. GAPDH was used as a
gel loading control. Representative RT-PCR bands are shown. The RT-PCR results are expressed as
relative to corresponding control (CM, set as 100%). Mean ± SD of three independent experiments is
shown.

PHb did not affect ALP activity in 7-day-cultivated PB-MSCs (Figure 5A) but it de-
creased the content of extracellular calcium deposits after 14 days of cultivation (Figure 5B).
Following 7 days in culture with PHb, the expression levels of RUNX2 and COL1A1 were
increased in PB-MSCs, while PHb decreased the expression of ALPL in these cells following
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7 days of incubation (Figure 5C). After 14 days in culture, the expression levels of RUNX2,
COL1A1, and ALPL markers were lower in PB-MSCs cultured in the presence of PHb than
in the cells cultured in OM only (Figure 5D). The expression of the BGLAP gene in PB-MSCs
was not induced after 7 or 14 days of incubation in OM (Figure 5C,D).
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Figure 5. Acellular porcine hemoglobin (PHb) reduces osteogenic differentiation capacity of primary
PB-MSCs. Osteogenic differentiation of PB-MSCs was assessed by ALP staining (NBT/BCIP) after 7
days in culture (A) and Alizarin red staining after 14 days in culture (B) with or without 0.1 µM PHb
in osteogenic differentiation medium (OM). Intensity of ALP or Alizarin red staining is presented as
relative to corresponding control (OM set as 100%). Mean ± SD of four independent experiments
is shown; * p < 0.05, compared to the control (OM). Osteogenic differentiation of PB-MSCs was
confirmed by RT-PCR of analysis of expression of RUNX2, ALPL, BGLAP, COL1A1 genes after the
cells were cultured in OM with and without PHb for 7 days (C) and 14 days (D). GAPDH was used
as a gel loading control. Representative RT-PCR bands are shown. The RT-PCR results are expressed
as relative to corresponding control (OM, set as 100%). Mean ± SD of three independent experiments
is shown.

In MC3T3-E1 cells grown in OM without Dex, PHb decreased the activity of the ALP
enzyme but had no effect on the content of extracellular calcium deposits (Figure 6A,B). On
the other hand, PHb had no influence on the ALP activity or the content of extracellular
calcium deposits in MC3T3-E1 cells cultured in OM with Dex (Figure 6D,E). In the OM
without Dex, PHb stimulated the expression of Runx2 and Alpl, while it had no effect on
the expression of the Bglap marker (Figure 6C). The expression of Runx2 in MC3T3-E1
cells cultivated in OM with Dex could not be detected (Figure 6F). In the cells grown in
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this medium, PHb attenuated the expression of the Alpl marker and did not affect the
expression of Bglap (Figure 6F).
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Figure 6. Acellular porcine hemoglobin (PHb) modulates osteogenic differentiation of MC3T3-E1
cells grown in osteogenic medium with or without dexamethasone (Dex). MC3T3-E1 was cultured
in osteogenic medium (OM) without (A–C) or with (E,F) added Dex. The osteogenic differentiation
was assessed by ALP staining (NBT/BCIP) after 7 days in culture (A,D) and Alizarin red staining
after 14 days in culture (B,E) with OM with or without PHb. Results of ALP or Alizarin red staining
are presented as relative to control (OM set as 100%). Mean ± SD of four independent experiments
is shown; * p < 0.05, compared to the control (OM). Osteogenic differentiation of MC3T3-E1 was
confirmed by RT-PCR of analysis of expression of Runx2, Alpl, and Bglap genes after cultivating
cells in OM with and without PHb for 7 days (C,F). GAPDH was used as a gel loading control.
Representative RT-PCR bands are shown. RT-PCR results are expressed as relative to corresponding
control (OM, set as 100%). Mean ± SD of three independent experiments is shown.

Differentiation of PB-MSCs and 3T3-L1 cells towards adipogenic lineage was con-
firmed by the presence of lipid droplets after Oil Red staining (Figure 7A). The expression
of ADIPOQ (coding adiponectin) and LPL (coding lipoprotein lipase) was not detected in
PB-MSCs after 7 or 14 days of incubation in AM (Figure 7B,C). The expression of PPARG
(coding peroxisome proliferator-activated receptor gamma) was enhanced in the presence
of 0.1 µM PHb after 7 days in culture (Figure 7B) and decreased after 14 days in culture
with PB-MSCs (Figure 7C). PHb increased the expression of the Pparg gene when added
starting from the induction medium and did not affect the expression of the Adipoq marker
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in 3T3-L1 cells (Figure 7D). The expression levels of both markers (Pparg and Adipoq) in
3T3-L1 cells were decreased when PHb was supplemented in insulin medium (Figure 7E).
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Figure 7. Acellular porcine hemoglobin (PHb) reduces adipogenic differentiation capacity of mes-
enchymal cells. The adipogenic differentiation was confirmed by Oil Red staining of lipid droplets
in PB-MSCs cultured for 28 days and 3T3-L1 cultured for 10 days in adipogenic medium (AM) (A).
Adipogenic differentiation of PB-MSCs was confirmed by RT-PCR of analysis of expression of PPARG,
ADIPOQ, and LPL genes. PB-MSCs were cultivated in adipogenic medium (AM) supplemented with
or without 0.1 µM PHb for 7 days (B) and 14 days (C). Adipogenic differentiation of 3T3-L1 was
confirmed by RT-PCR of analysis of Pparg and Adipoq genes. PHb was added starting from induction
medium (D) or insulin medium (E). GAPDH was used as a gel loading control. Representative
RT-PCR bands are shown. The RT-PCR results are expressed as relative to corresponding control
(AM, set as 100%). Mean ± SD of three independent experiments is shown.

4. Discussion

In the internal milieu of erythrocytes, mammalian hemoglobin possesses a broad range
of functions [24], which nowadays are well understood. However, when these biological
macromolecules are present extracellularly, they exhibit many other still insufficiently eluci-
dated biological functions [25–27]. This fact is increasing the added value of hemoglobin’s
use for biomedical and biotechnological purposes, especially in the case of xenogeneic
ones. Since mammalian erythrocytes are enucleated cells, porcine and bovine blood is of
particular interest for biotechnological studies due to the fact that the manipulation and
hemoglobin isolation from these cells are facilitated. Bovine and porcine slaughterhouse
blood, as a natural waste derivative of the meat industry, is a very attractive, readily avail-



Processes 2022, 10, 32 11 of 17

able source of hemoglobin. The main advantage over using slaughterhouse blood compared
to outdated human blood in research is the fact that slaughterhouse blood is abundant,
while a maximum of 5–10% donated human blood is not used for transfusion (becomes
outdated [5] or contains anti-erythrocyte antibodies) and can be used for biotechnological
purposes. Thus far, hemoglobin isolated from slaughterhouse blood has found application
in studies of the interactions of proteins with ligands, molecules, and nanoparticles, and
their harmfulness and safety [28–31], as a biosensor and drug carrier [29], and, to the
greatest extent, as hemoglobin-based oxygen carriers [1,3]. Porcine Hb (PHb) has also been
added to the portfolio of raw materials for this type of oxygen carrier [32], as a result of the
restricted stock of human Hb and the potential danger of human blood-borne diseases such
as hepatitis and HIV and cross-species transmission of Creutzfeldt–Jakob disease (mad
cow disease) in the case of bovine blood use. PHb shows 84.4% homology to human adult
hemoglobin [4]. Our studies have shown that porcine hemoglobin can be isolated from
slaughterhouse blood by a simple and cost-effective process based on gradual hypotonic
hemolysis [17] and tangential ultrafiltration [18]. Such a process provides a high level of
protein purity, and, more importantly, isolated hemoglobin possesses physico-chemical
characteristics as a native molecule [18]. Since PHb is a valuable model for the simulation
of extracellular hemoglobin’s presence in vivo, in this study, it was predominantly tested
on human primary cells, PB-MSCs. However, to evaluate its potential for usage as a con-
stituent of cell culture media, besides a heterogeneous cell population of PB-MSCs, whose
traits vary in many aspects (such as donors, number of passages in cell culture, etc. [33]),
PHb was also tested on three cell lines of mesodermal origin—ATDC5, MC3T3-E1, and
3T3-L1—as more standardized cell systems compared to primary cells.

In this research, the effect of PHb on cell viability was dependent on its concentration
and the type of the cells it was tested on. PHb had a predominantly inhibitory effect on
the viability of ATDC5 and MC3T3-E1 cells, corresponding to the demonstrated effect of
bovine hemoglobin (BHb) on the proliferation rate of these cells [16]. The cytotoxic effect of
hemoglobin was also previously described on HUVEC cells [34], glioma cells [35], CHO-S
cells [14], and rat neural cells [36,37]. The mainly stimulatory effect of PHb on 3T3-L1 cells’
viability was similar to the effect of BHb on 3T3-L1 cells’ proliferation rate [16]. Other
studies documented that hemoglobin enhances the growth of human colon cancer cell lines
HT-29 and Lovo, as well as the CCD-33Co normal colonic fibroblast cell line [38], human
hepatoma cell line C3A [39], and primary rat astrocyte cultures [40]. The observed effect of
PHb on MSCs’ viability (i.e., stimulation at higher concentrations after prolonged incuba-
tion) was in accordance with the effect of BHb on the cell proliferation rate, demonstrated
using the same model systems [16].

Even though extracellular hemoglobin can be a part of the PB-MSC microenvironment,
data in the literature regarding its influence on mesenchymal cells’ migratory capacity are
scarce. Bo et al. [41] demonstrated that human glycated hemoglobin (HbA1c) inhibited
the migration of HUVEC cells in a dose- and time-dependent manner [41]. Likewise, the
peptides derived from bovine hemoglobin had the same effect on the MIAPaCa-2 cell
line’s migratory capacity [42]. Contrarily, Roth et al. [35] showed that bovine hemoglobin
stimulates the migration of glioma cells at a concentration of 0.5 g/L at 5% O2 [35]. This
is in accordance with our results, showing that PHb slightly stimulated the migration of
PB-MSCs, ATDC5, and MC3T3-E1 cells at most of the tested concentrations. However,
even then, the observed changes in the migratory ability of different mesenchymal cells in
the presence of PHb were within the range of ± 8% as against the related control. Since
the concentration of 0.1 µM PHb minimally affected PB-MSCs’ and cell lines’ growth
and migration, this concentration was chosen to further test the effects of PHb on the
multilineage differentiation potential.

As expected, after induction, PB-MSCs differentiated towards osteogenic, adipogenic,
and chondrogenic lineages, while the cell lines exhibited the earlier described lineage-
specific differentiation. The initial data revealed equality between the cells in GM culture
solely and the cells cultivated in GM with PHb added (Supplementary Material, Figure S4),
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so the effects of PHb were further investigated by its addition in the specific differentiation
media.

The lower level of GAGs (histochemically determined by Safranin O staining) after
the induction of the chondrogenic differentiation of PB-MSCs and ATCD5 in chondrogenic
differentiation medium with the addition of PHb, in comparison to the conditions without
PHb, indicates that PHb reduced the chondrogenic differentiation capacity of the analyzed
cells. However, PHb’s impacts on the expression of genes representing markers of chon-
drogenic differentiation depended on the homogeneity of the cell population, as well as
on the phase of chondrogenic differentiation [16,43]. Our results demonstrated that, along
with the reduction in GAGs content, PHb suppressed SOX9 expression in PB-MSCs (crucial
transcription factor in cartilage and marker of chondrogenesis stage II), while it mildly
enhanced the expression of both collagens tested, collagen type I and collagen type II (chon-
drogenesis stage I and IV markers, respectively). In ATDC5 cells, PHb caused the lowering
of GAGs and downregulated the expression of Col11a1; as expected, due to the genetic
uniformity of this cell line, unlike PB-MSCs, expression of the late chondrogenic markers
was not observed [16]. In comparison to our previous studies on bovine hemoglobin’s
impact on chondrogenesis in ATDC5 cells [16], PHb revealed the same effect on the expres-
sion of Col11a1, but, contrary to bovine hemoglobin, it stimulated the expression of Sox9.
Besides our recent study on bovine hemoglobin’s effects on mesenchymal stromal cells [16],
to the best of the authors’ knowledge, there are no literature data on the direct influence
of hemoglobin or heme on the chondrogenic differentiation of MSCs and mesenchymal
cell lines. The chondrogenic capacity of MSCs derived from bone marrow was evaluated
under the influence of different iron compounds [44,45], and reduced expression/shift was
demonstrated for chondrogenic markers SOX9 and COL2A1. However, this could be only
speculated so far, and additional research is considered necessary to confirm that the effect
of hemoglobin shown in our experiments was due to heme iron.

Under an induced model of hemorrhagic anemia, mouse bone marrow MSCs have
shown an increased capacity for osteogenic differentiation (and, at the same time, a re-
duced ability for adipogenic differentiation) [46], but the direct influence of extracellular
hemoglobin has not been discussed. In this study, the results of histochemical tests after
the osteogenic differentiation of PB-MSCs in the presence of PHb proved consistency with
the effect of bovine hemoglobin [16]. As shown in the case of BHb [16], the activity of ALP
enzymes (measured by NBT/BCIP staining) and calcium deposits (measured by Alizarin
red staining) in PB-MSCs grown in the presence of PHb was lower than in the cells grown in
hemoglobin-free medium. However, analysis of gene expression by RT-PCR showed slight
differences in the effects of PHb on osteogenic PB-MSCs’ gene expression in comparison to
bovine hemoglobin [16]. The alterations in the expression of osteogenic markers detected
by RT-PCR (with the most noticeable difference in the expression of RUNX2, a crucial
transcriptional agent for the dedication of MSCs to the bone-forming cells [47]), as well as
differences in the results of colorimetric assays, can be attributed to the population variety
of PB-MSCs, as well as to the cell storage conditions and duration [33]. The PB-MSCs used
in our two studies were of the same donor and in the same passage, but the PB-MSCs used
for the analysis of PHb’s effects expressed RUNX2 constitutively (although at a very low
level), while the constitutive expression in PB-MSCs used for the analysis of the effect of
BHb was not evident [16]. The expression of osteocalcin (encoded by the BGLAP gene) was
not detected in PB-MSCs even after 14 days, which is in accordance with the accepted model
of osteogenic differentiation of these cells in vitro [48]. Both PHb and BHb decreased ALPL
gene expression in PB-MSCs grown for both 7 and 14 days, while they slightly reduced the
expression of the type I collagen gene after 14 days in culture [16]. However, PHb increased,
while BHb decreased, the expression of the type I collagen gene after 7 days in culture [16].
These variations in the effects of BHb and PHb on type I collagen gene expression could be,
at least partially, explained by the diversity of the PB-MSCs population.

Guided by the already established experimental protocols to understand the delicate
alterations specific to each phase of osteogenesis induced by extracellular hemoglobin [16],
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in this study, we also used two media for the osteogenic differentiation of MC3T3-E1 cells:
OM with Dex and OM without Dex. In OM with Dex, PHb decreased the activity of the
ALP enzyme but, differently from BHb (as reported in [16]), PHb did not modulate the level
of calcium deposits in MC3T3-E1 cells. Both PHb and BHb in OM with Dex stimulated
Alpl expression and had no significant influence on Bglap expression. However, the effects
of these two hemoglobin types on Runx2 were opposite: PHb stimulated, while BHb
silenced its expression. In OM with Dex, PHb exhibited effects similar to those reported
for bovine hemoglobin [16]. Namely, PHb in OM with Dex did not lead to a change in the
parameters detectable by histochemical staining, lowered the expression of Alpl, and did
not affect Bglap expression in MC3T3-E1 cells. Furthermore, Runx2 was not detected under
these conditions, suggesting the faster passage of MC3T3-E1 cells through the stages of
osteogenic differentiation compared to cells grown in dexamethasone-free medium. As
already speculated in the case of bovine extracellular hemoglobin’s effects on MC3T3-E1
cells [16], a possible explanation for these results could be that PHb added to culture
medium causes phase shifts, i.e., a “delay” in osteogenic differentiation [48].

PPARγ, a master regulator of adipogenesis in mammals, is considered both a sufficient
and necessary factor for adipogenic differentiation [49]. PHb stimulated the expression of
this marker after 7 days in culture of PB-MSCs and decreased it after 14 days. Other adi-
pogenic markers were not expressed as extended treatment was almost certainly needed to
accomplish their expression. The same results were demonstrated in the case of BHb addi-
tion in PB-MSCs culture [16]. Furthermore, this study revealed that the effect of PHb on the
adipogenic differentiation ability of 3T3-L1 cells was dependent on the phase of adipogenic
differentiation during which hemoglobin was added, as already demonstrated for BHb [16].
After PHb addition starting from the induction medium, hemoglobin stimulated the expres-
sion of Pparγ and did not influence expression of adiponectin but inhibited the expression
of these markers after addition starting from the insulin medium. It has been shown that
heme stimulates the adipogenic differentiation of MSCs as well as 3T3-L1 cells [50]. Addi-
tionally, pathophysiological processes followed by increased production of denatured heme
proteins are linked with an enhanced adipogenic response; this effect is mostly manifested
as adipocyte hypertrophy, characterized by dysfunctional, proinflammatory adipocytes
that have reduced expression of the anti-inflammatory hormone, adiponectin [51]. The
inconsistencies in the effects of PHb and BHb on MSCs’ functional characteristics [16] may
be attributed to differences in primary protein structure [52] or higher levels of protein
organization. Moreover, our recent study showed some differences in the phospholipid
content and distribution in isolated porcine and bovine hemoglobin, as an inevitable side
component in hemoglobin samples due to the used preparation method [53]. Ten fatty
acids were demonstrated in phospholipids originating from porcine hemoglobin and six in
phospholipids presented in bovine hemoglobin samples: (1) saturated fatty acids (palmitic
and stearic acid) were the most dominant fatty acids in hemoglobin preparations of both
species, but the quantity of palmitic acid was higher in porcine hemoglobin samples com-
pared to bovine ones; (2) palmitoleic, oleic, and vaccenic fatty acids were found in porcine
hemoglobin preparations, while oleic acid was the only monounsaturated fatty acid de-
tected in bovine hemoglobin samples; (3) five poly unsaturated fatty acids were detected
in porcine hemoglobin samples (linolenic, γ-linolenic, α-linolenic, dihomo-γ-linolenic,
arachidonic, and linoleic acid) and three (dihomo-γ-linolenic, arachidonic, and linoleic
acid) in bovine hemoglobin samples [53].

There are numerous reports supporting the fact that fatty acids influence the functional
characteristics of MSCs. Casado-Díaz et al. have shown that arachidonic acid induces
the adipogenic differentiation of MSCs while inhibiting osteoblastogenesis [54]. In ad-
dition to stimulating MSCs’ motility [55], oleic acid can also stimulate the expression of
neural markers in MSCs isolated from the human endometrium [56]. In contrast to the
arachidonic effect, linolenic acid stimulates osteogenic and inhibits adipogenic MSCs’ differ-
entiation [57]. However, there is evidence demonstrating that linolenic and α-linolenic acids
reduce RUNX2 expression in MSCs and stimulate PPARG expression, as well as leading to
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the increased accumulation of lipid droplets in these cells in a dose-dependent manner [58].
Furthermore, an increase in the accumulation of lipid droplets in MSCs during adipogenic
differentiation was obtained by Yanting et al. [59], during the cultivation of MSCs with
linolenic, oleic, and palmitic acid [59]. Liu and co-workers have shown that stearic acid
can stimulate MSCs’ migration and accelerate cartilage healing, as well as leading to an
increase in the number of colonies of these cells [60]. According to the above-mentioned
findings, the differences in the effects of PHb (porcine) hemoglobin in this study and bovine
hemoglobin in our previous study [16] on the functional characteristics of mesenchymal
cells could be explained, at least partially, by the differences in the appearance of individual
fatty acids of phospholipid contaminants present in the porcine and bovine hemoglobin
samples used. However, without additional and more detailed analysis of the influence
of each of these components individually, and subsequently in synergy, the influence of
trace fatty acids present in the used hemoglobin samples on the observed changes in the
functional characteristics of MSCs can be speculated only.

5. Conclusions

In summary, we have reported that PHb, as xenogeneic hemoglobin, influences the
proliferative, migratory, and differentiation potential of several mesenchymal cells. The
effect of PHb on these cell functional characteristics depends on its concentration, cell
type, and culture period. The effect of PHb on cell viability was predominantly inhibitory
on ATDC5 and MC3T3-E1 cells, mainly stimulatory on 3T3-L1 cells, and stimulatory at
higher concentrations after prolonged incubation on PB-MSCs. PHb slightly stimulated
the migration of PB-MSCs, ATDC5, and MC3T3-E1 cells. The capacity to differentiate
towards chondrogenic, osteogenic, and adipogenic lineages of PB-MSCs and corresponding
cell lines (ATDC5 cells for chondrogenic differentiation, MC3T3-E1 cells for osteogenic
differentiation, and 3T3-L1 cells for adipogenic differentiation) was reduced in the presence
of PHb. Our results indicate that, even under conditions that induce a specific type of
MSC differentiation (cultivation in particular differentiation media), PHb, similarly to BHb,
has the ability to modulate multilineage differentiation, making it a potential candidate
for a component of cell propagation or preservation media. Furthermore, this study
discusses delicate discrepancies obtained in cells’ functional properties using porcine (PHb)
and bovine (BHb) hemoglobin (two types of mammalian extracellular hemoglobin) as a
consequence of the inevitable impurities of the production process, which is an essential
aspect of the actual biotechnological application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr10010032/s1, Figure S1: Reduction in ABTS cation radical by PHb; Figure S2: Spontaneous
proliferation of (A) ATDC5, (B) MC3T3-E1, (C) 3T3-L1 cells after 24, 48, and 72 h in culture, assessed
by MTT assay; Figure S3: (A) Representative flow cytometry histograms of PB-MSCs cultured in
growth medium (GM) (B,D) or 0.1 PHb in GM (C,E) for 24 (B,C) or 48 h (D,E); Figure S4: Effect of
porcine hemoglobin (PHb) on chondrogenic differentiation of ATDC5 cells assessed by Safranin O
staining of GAGs in ATDC5 cells after 7 days of cultivation with or without 0.1 µM PHb in growth
medium (GM; DMEM supplemented with 10% fetal calf serum) (A). Effect of PHb on osteogenic
differentiation of PB-MSCs assessed by NBT/BCIP staining for ALP after 7 days of cultivation with
or without 0.1 µM PHb in GM (B). (C) Effect of PHb on osteogenic differentiation of MC3T3-E1 cells
assessed by Alizarin red staining after 14 days of cultivation with or without 0.1 µM PHb in GM (C);
Table S1: Human PCR primer sets used in experiments; Table S2: Mouse PCR primer sets used in
experiments.
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