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Abstract: Lactic acidosis characterizes the tumor microenvironment (TME) and is involved in the
mechanisms leading to cancer progression and dissemination through the reprogramming of tumor
and local host cells (e.g., endothelial cells, fibroblasts, and immune cells). Adipose tissue also repre-
sents a crucial component of the TME which is receiving increasing attention due to its pro-tumoral
activity, however, to date, it is not known whether it could be affected by the acidic TME. Now,
emerging evidence from chronic inflammatory and fibrotic diseases underlines that adipocytes may
give rise to pathogenic myofibroblast-like cells through the adipocyte-to-myofibroblast transition
(AMT). Thus, our study aimed to investigate whether extracellular acidosis could affect the AMT
process, sustaining the acquisition by adipocytes of a cancer-associated fibroblast (CAF)-like phe-
notype with a pro-tumoral activity. To this purpose, human subcutaneous adipose-derived stem
cells committed to adipocytes (acADSCs) were cultured under basal (pH 7.4) or lactic acidic (pH 6.7,
10 mM lactate) conditions, and AMT was evaluated with quantitative PCR, immunoblotting, and
immunofluorescence analyses. We observed that lactic acidosis significantly impaired the expression
of adipocytic markers while inducing myofibroblastic, pro-fibrotic, and pro-inflammatory phenotypes
in acADSCs, which are characteristic of AMT reprogramming. Interestingly, the conditioned medium
of lactic acidosis-exposed acADSC cultures was able to induce myofibroblastic activation in normal
fibroblasts and sustain the proliferation, migration, invasion, and therapy resistance of breast cancer
cells in vitro. This study reveals a previously unrecognized relationship between lactic acidosis and
the generation of a new CAF-like cell subpopulation from adipocytic precursor cells sustaining tumor
malignancy.

Keywords: adipocytes; adipose-derived stem cells; cell differentiation; extracellular acidosis; lactate;
myofibroblasts; cancer-associated fibroblasts; breast cancer cells

1. Introduction

Extracellular acidosis characterizes the microenvironment of most solid tumors which
generally show a pH ranging from 6.4 to 7.0 [1]. The acidification of the tumor microen-
vironment (TME) is indeed the direct consequence of the high glycolytic metabolism of
cancer cells, which prefer glycolysis instead of phosphorylative oxidation even in presence
of oxygen (Warburg effect), with a final advantage in cell proliferation but accompanied
by an overproduction and subsequent release of lactic acid in the extracellular milieu [2,3].
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Besides that, the impaired lymphatic circulation and the high interstitial pressure typical of
solid cancer tissues further exacerbate the phenomenon [4].

The acidic TME has been recognized as a hallmark of cancer and a crucial contributor
to tumor progression. Notably, extracellular acidosis has been demonstrated to repro-
gram both tumor and host stromal cellular components toward disease advancement,
actively participating in every step of cancer dissemination [5–7]. Much evidence to date
has revealed the effects of the acidic TME on cancer cells, which, once adapted to such
environmental conditions, gain an extremely plastic phenotype endowed with an increased
ability to invade the surrounding tissues, enter into and survive in the blood/lymphatic
circulation (anoikis resistance), and evade immune surveillance systems, as well as resist
chemotherapy, radiation therapy, immunotherapy, and molecularly targeted therapies,
overall accounting for an increased metastatic potential [5,8–10].

The acidic TME exerts pro-tumoral effects by also acting on non-tumor cellular com-
ponents, either within or surrounding the tumor mass, or even at distant sites—in a sort
of paracrine/endocrine way, involving, for instance, extracellular vesicles that can travel
through all body fluids, conveying oncogenic bioactive molecules and potentially preparing
every tissue for metastatic colonization [11]. Indeed, the ability of extracellular acidosis
to drive the pro-tumoral reprogramming of fibroblasts [12–14], endothelial cells [15,16],
and immune cells [17–20] has been extensively demonstrated. To date, no evidence has
been collected instead on the possible effects of extracellular acidosis on the adipocytic
cell compartment and their possible switching through the adipocyte-to-myofibroblast
transition (AMT). Notably, very recent findings underline the importance of AMT, a process
by which pre-adipocytes/adipocytes transdifferentiate into pathogenic myofibroblast-like
cells, observed in systemic sclerosis and other fibrotic diseases, where it was deemed as
relevant in the formation of the pro-fibrotic myofibroblasts responsible for excessive ex-
tracellular matrix synthesis/deposition and remodeling [21–24]. Adipocytes and, more
precisely, cancer-associated adipocytes (CAAs) are then being extensively investigated, and
evidence supports their active contribution to cancer progression, especially in mammary
tumors [20,25–29], where they represent 90% of the breast tissue [30] and were found to
give rise to the generation of cancer-associated fibroblast (CAF)-like cells with pro-tumoral
activity [31]. To date, it has never been explored whether extracellular lactic acidosis might
favor AMT.

Here, indeed, we demonstrated for the first time that lactic acidosis promotes the
AMT process, resulting in the generation of myofibroblast/CAF-like cells that in turn
sustain proliferation, migration, and invasion, as well as the therapy resistance of breast
cancer cells.

2. Materials and Methods
2.1. Cell Culture and Treatment

Three lines of normal human subcutaneous adipose-derived stem cells (ADSCs) pur-
chased from Lonza (catalog no. PT-5006; Lonza, Basel, Switzerland) were maintained in
ADSC complete medium (ADSC Growth Medium BulletKit; catalog no. PT-4505; Lonza)
at 37 ◦C in a 5% CO2 incubator. To commit ADSCs to adipocytes, cells at low passage
(passages 2–4) and at 90% confluence were seeded in Petri dishes and incubated for 10 days
in a preadipocyte differentiation medium (PGM-2 Preadipocyte Growth Medium-2 Bul-
letKit; catalog no. PT-8002; Lonza) containing PBM-2 basal medium (catalog no. PT-8202;
Lonza) and PGM-2 SingleQuots supplements (catalog no. PT-9502; Lonza). The obtained
adipocyte-committed ADSCs (acADSCs) were then cultured for another 3 days under
different conditions to obtain three different experimental points, namely basal acADSCs,
acidic acADSCs, and transforming growth factor β1 (TGFβ1)-treated acADSCs. Basal
acADSCs were cultured in PBM-2 basal medium with 2% fetal bovine serum (FBS) at pH
7.4, acidic acADSCs were subjected to chemically induced acidosis by the direct adminis-
tration of 1 N hydrogen chloride (HCl) in PBM-2 medium with 2% FBS to reach pH 6.7 in
the presence of 10 mM lactate (Sigma-Aldrich, Milan, Italy), while TGFβ1-treated acADSCs
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were incubated in PBM-2 medium with 2% FBS (pH 7.4) and 10 ng/mL recombinant hu-
man TGFβ1 (PeproTech, Rocky Hill, NJ, USA). pH 6.7 was chosen as the representative
acidic condition following preliminary experiments where a pH range from 7.4 to 6.4 was
assessed in our cell culture model. pH was monitored using an Orion 520A1 pH meter
(Thermo Fisher Scientific, Waltham, MA, USA). An additional experimental condition
of acADSCs grown for 3 days in the basal medium at pH 7.4 in the presence of 10 mM
lactate was used as an internal control in the initial experiments on AMT. Phase-contrast
photomicrographs of acADSCs were captured under a Leica inverted microscope (Leica Mi-
crosystems, Mannheim, Germany). Cells with intracytoplasmic lipid droplets were counted
in 10 randomly chosen microscopic high-power fields (hpf; 40× original magnification) per
sample by two independent observers (B.S.F. and M.M.) who were blinded with regard to
the sample classification. The final result was the mean of the two different observations for
each sample. For selected experiments, conditioned media from basal and acidic acADSCs
(basal acADSC-cm and acidic acADSC-cm, respectively) were collected after maintaining
cells in fresh PBM-2 basal medium supplemented with 2% FBS for an additional 3 days.

Three lines of normal human dermal fibroblasts (NHDFs) purchased from Sigma-
Aldrich (catalog no. C-12302) and cultured in Dulbecco’s modified Eagle medium (DMEM),
4.5 g/L glucose (Euroclone, Milan, Italy) supplemented with 2 mM L-glutamine and 10%
FBS were used for the experimental procedures between the third and seventh passages.

MCF7 and MDA-MB-231 breast cancer cells were obtained from American Type
Culture Collection (ATCC) and cultured in DMEM 4.5 g/L glucose supplemented with 10%
FBS. In selected experiments, MCF7 and MDA-MB-231 were treated for 72 h with 0.1 µM
and 1 µM doxorubicin (MedChemExpress, Sollentuna, Sweden), respectively.

2.2. Annexin V/Propidium Iodide Flow Cytometer Assay

ADSCs were seeded into 6-well plates until 90% confluence, committed to adipocyte
differentiation for 10 days, and subsequently grown for 72 h under basal (pH 7.4) or lactic
acidic (pH 6.7, 10 mM lactate) conditions. Culture media were collected and acADSCs
were harvested with Accutase (Euroclone), and subsequently collected in flow cytometer
tubes. After 5 min centrifugation at 300× g, cell pellets were incubated for 15 min at 4 ◦C in
the dark with 100 µL of annexin binding buffer (100 mM HEPES, 140 mM NaCl, 25 mM
CaCl2, pH 7.4), 1 µL of 100 µg/mL propidium iodide (PI; Sigma-Aldrich) working solution,
and 3 µL annexin V APC-conjugated (Immunotools, Friesoythe, Germany). Each sample
was added with annexin binding buffer to reach 500 µL volume/tube. Samples were
then analyzed at BD FACSCanto II (BD Biosciences, Milan, Italy). Cellular distribution
depending on annexin V and/or PI positivity allowed the measurement of the percentage
of viable cells (annexin V− and PI−), early apoptosis (annexin V+ and PI−), late apoptosis
(annexin V+ and PI+), and necrosis (annexin V− and PI+). A minimum of 10,000 events
were collected.

2.3. MTT Assay

After 1 × 104 ADSCs were seeded into a 96-well plate and committed to adipocyte
differentiation for 10 days, the obtained acADSCs were grown for 72 h under basal (pH
7.4) or lactic acidic (pH 6.7, 10 mM lactate) conditions. Cells were subsequently incubated
for 2 h at 37 ◦C in the dark with 0.5 mg/mL MTT-containing medium without phenol red.
MTT was removed and cells were lysed in 100 µL dimethyl sulfoxide (DMSO). Absorbance
values were recorded at 595 nm with an automatic plate reader (Bio-Rad, Hercules, CA,
USA). Similarly, 0.5 × 104 MCF7 or MDA-MB-231 cells were seeded into a 96-well plate
and grown in basal acADSC-cm or acidic acADSC-cm for 72 h or 96 h as specified in the
results section and figure legends. Following the 2 h incubation at 37 ◦C in 0.5 mg/mL
MTT-containing medium in the absence of phenol red, cells were lysed in 100 µL DMSO,
and 595 nm absorbance values were measured with the automatic plate reader.
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2.4. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Total RNA was prepared from acADSCs using Tri Reagent (Merck Life Science, Milan,
Italy), agarose gel checked for integrity, and quantified with the NanoDrop 8000 Spectropho-
tometer (Thermo Fisher Scientific). In selected experiments, RNA was also purified from
NHDFs cultured in basal acADSC-cm or acidic acADSC-cm for 24 h. Reverse transcription
was performed with the iScript cDNA Synthesis Kit (Bio-Rad, Milan, Italy) according to the
manufacturer’s instructions. For gene expression quantification, SYBR Green Real-Time
PCR was performed using the StepOnePlus Real-Time PCR System (Applied Biosystems,
Milan, Italy) with melting curve analysis. Predesigned oligonucleotide primer pairs were
employed (QuantiTect Primer Assay; Qiagen, Hilden, Germany). The assay IDs are shown
in Table 1. The PCR mixture was composed of 1 µL cDNA, 0.5 µM sense, and antisense
primers, 10 µL 2× QuantiTect SYBR Green PCR Master Mix containing SYBR Green I dye,
ROX passive reference dye, HotStarTaq DNA Polymerase, dNTP mix, and MgCl2 (Qiagen).
Amplification was performed according to a standard protocol recommended by the manu-
facturer. Non-specific signals produced by primer dimers or genomic DNA were excluded
by dissociation curve analysis, non-template controls, and samples without enzyme in
the reverse transcription step. In all samples, 18S ribosomal RNA (Hs_RRN18S_1_SG;
catalog no. QT00199367; Qiagen) was measured as an endogenous control to normalize the
amounts of loaded cDNA. Differences were calculated with the threshold cycle (Ct) and
comparative Ct method for relative quantification.

Table 1. Predesigned oligonucleotide primer pairs used for SYBR green real-time PCR.

Gene Assay ID Catalog No.

FABP4 Hs_FABP4_1_SG QT00055517
CEBPA Hs_CEBPA_1_SG QT00203357
PPARG Hs_PPARG_1_SG QT00029841

ADIPOQ Hs_ADIPOQ_1_SG QT02409862
PLIN1 Hs_PLIN1_1_SG QT00017486
ACTA2 Hs_ACTA2_1_SG QT00088102

COL1A1 Hs_COL1A1_1_SG QT00037793
COL1A2 Hs_COL1A2_1_SG QT00072058

IL1B Hs_IL1B_1_SG QT00021385
IL6 Hs_IL6_1_SG QT00083720

TGFB1 Hs_TGFB1_1_SG QT00000728
TGFB2 Hs_TGFB2_1_SG QT00025718

FAP Hs_FAP_1_SG QT00074963

2.5. Western Blotting

acADSCs, grown for 3 days under basal (pH 7.4) or lactic acidic (pH 6.7, 10 mM
lactate) conditions were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer (Mil-
lipore by Sigma-Aldrich) added with Pierce Protease Inhibitor Tablets (Thermo Fisher
Scientific) for protein isolation. The protein concentration was measured with Bradford
reagent (Millipore by Sigma-Aldrich). After the addition of the Laemmli sample buffer
(Bio-Rad) and β-mercaptoethanol, equal amounts of proteins were boiled at 100 ◦C for
5 min, electrophoresed on precast polyacrylamide gels (4-15% Mini-Protean TGX Gels;
Bio-Rad), and blotted onto nitrocellulose membranes (Bio-Rad). The membranes were
blocked for 30 min at room temperature in 5% w/v milk buffer (5% w/v non-fat dried milk,
50 mM Tris, 200 mM NaCl, 0.2% Tween-20) and subsequently incubated overnight at 4 ◦C
with the following primary antibodies diluted in 5% w/v milk buffer: rabbit monoclonal
anti-fatty acid-binding protein 4 (FABP4) (1:1000 dilution; catalog no. ab92501; Abcam,
Cambridge, UK), mouse monoclonal anti-adiponectin (1:1000 dilution; catalog no. ab22554;
Abcam), rabbit polyclonal anti-perilipin-1 (1:500 dilution; catalog no. ab3526; Abcam),
mouse monoclonal anti-α-smooth muscle actin (α-SMA) (1:300 dilution; catalog no. ab7817;
Abcam), rabbit monoclonal anti-COL1A1 (1:1000 dilution; catalog no. #39952; Cell Sig-
naling Technology, Danvers, MA, USA), and goat polyclonal anti-GPR81 (1:1000 dilution;



Cells 2023, 12, 939 5 of 20

catalog no. ab106942; Abcam). Mouse monoclonal anti-glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) (1:5000 dilution; catalog no. ab8245; Abcam) and rabbit polyclonal
anti-α-actinin (1:1000 dilution; catalog no. #3134; Cell Signaling Technology) antibodies
were used for normalization. The immunoblots were washed three times in Tris-buffered
saline (Bio-Rad) with 0.1% Tween-20, and then incubated for 1 h at room temperature with
HRP-conjugated secondary antibodies (Cell Signaling Technology). The proteins were
visualized by an enhanced chemiluminescence method (Clarity Western ECL Substrate;
Bio-Rad) and analyzed by ChemiDoc Touch Imaging System (Bio-Rad). Band intensities
were quantified using the free-share ImageJ software (NIH, Bethesda, MD, USA; online
at http://rsbweb.nih.gov/ij, accessed on 23 May 2022) and values were normalized to
GAPDH or α-actinin, as needed.

2.6. Immunofluorescence

For immunofluorescence microscopy, 2.5 × 105 ADSCs were seeded onto glass cover-
slips in 6-well plates and committed to adipocyte differentiation for 10 days. The resulting
acADSCs were grown for 72 h under basal (pH 7.4) or lactic acidosis (pH 6.7, 10 mM lactate)
conditions. Cells were then fixed for 30 min at 4 ◦C with 3.7% buffered paraformaldehyde
and permeabilized for 15 min with PBS 0.1% Triton X-100 at room temperature. Slides
were then blocked with 1% bovine serum albumin in PBS for 1 h at room temperature, and
finally incubated overnight at 4 ◦C with the following primary antibodies: rabbit polyclonal
anti-perilipin-1 (1:80 dilution; catalog no. ab3526; Abcam), mouse monoclonal anti-α-SMA
(1:100 dilution; catalog no. ab7817; Abcam), mouse monoclonal anti-adiponectin (1:100
dilution; catalog no. ab22554; Abcam), and rabbit monoclonal anti-COL1A1 (1:300 di-
lution; catalog no. #39952; Cell Signaling Technology). Irrelevant isotype-matched and
concentration-matched mouse and rabbit IgG (Sigma-Aldrich) were used as negative con-
trols. The day after, cells were incubated for 45 min at room temperature in the dark
with Alexa Fluor-488-conjugated and Rhodamine Red-X-conjugated secondary antibodies
at 1:200 dilution (Invitrogen, Carlsbad, CA, USA). Following nuclei staining with 4′,6-
diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) for 10 min at room temperature
in the dark, the immunostained cells were mounted onto glass slides and visualized at
the Leica DM4000 B microscope (Leica Microsystems). Fluorescence images were cap-
tured with a Leica DFC310 FX 1.4-megapixel digital color camera equipped with the Leica
software application suite LAS V3.8 (Leica Microsystems). Immunostained cells were
counted in 10 randomly chosen microscopic hpf (40× original magnification) per sample.
Only the cells with well-defined DAPI-positive nuclei were counted. Counting was per-
formed by two independent observers (I.R. and M.M.) who were blinded with regard to
the sample classification. The final result was the mean of the two different observations
for each sample.

2.7. Colony Assay

The 0.2 × 103 MCF7 or MDA-MB-231 cells were seeded into 6-well plates and allowed
to grow in the presence of the basal acADSC-cm or acidic acADSC-cm for 10 days. Formed
colonies were then fixed in 3.7% paraformaldehyde and stained with a crystal violet
solution.

2.8. Migration and Invasion Assays

Migration and invasion assays on MCF7 and MDA-MB-231 cells were performed
following a 24 h treatment with basal acADSC-cm or acidic acADSC-cm. For the migration
assay, 12 mm diameter Millicell cell culture inserts with 8 µm diameter-pore polycarbonate
filters (Sigma-Aldrich) were placed into 24-well plates, and 5× 104 cancer cells were seeded
in the upper compartment and allowed to migrate for 6 h without any FBS gradient toward
the lower compartment. Following a 1 h fixation in methanol at 4 ◦C, non-invading cells on
the upper side of the filters were mechanically wiped off with a cotton swab, while invasive
cells on the lower side of the filters were stained with Diff-Quik dye (BD Biosciences). Cells
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were then visualized and counted using an optical microscope. For the invasion assay, an
analog experimental procedure was performed with the difference that the polycarbonate
filters of the inserts were pre-coated overnight with 0.25 µg/µL Matrigel (Corning by
Sigma-Aldrich) before cell seeding.

2.9. Statistical Analysis

All data were obtained based on at least three independent experiments and analyzed
with GraphPad Prism 8 software. After assessing the normality of data by the Kolmogorov–
Smirnov test, statistical analysis between the two groups was performed using an unpaired
Student’s t-test. In the case of the comparative analysis of three groups, one-way analysis of
variance (ANOVA) was performed followed by Tukey’s post hoc test. Values are presented
as the mean of independent experiments ± standard error of the mean (SEM). Values of
p < 0.05 were considered statistically significant.

3. Results
3.1. Lactic Acidosis Induces an Adipocyte-to-Myofibroblast Transition in Adipocyte-Committed
Subcutaneous Adipose-Derived Stem Cells

Preliminary experiments performed on ADSCs allowed us to choose pH 6.7, out of
a pH range from 7.4 to 6.4, as the representative acidic condition for our experimental
model, ensuring that cell viability under the conditions of pH 6.7 was not impaired (Sup-
plementary Figure S1). By cultivating acADSCs under basal conditions (pH 7.4) or lactic
acidosis (pH 6.7 + lactate), we observed that the acidic microenvironment induced deep
morphologic changes in these cells. Indeed, compared to basal conditions, acADSCs grown
in a lactic acidic medium showed a substantial loss of intracytoplasmic lipid droplets while
displaying a mesenchymal-like elongated shape (Figure 1). This observation suggests
that, under such acidic conditions, acADSCs undergo phenotypic remodeling toward a
mesenchymal phenotype. The AMT process has already been identified in several fibrotic
diseases as the mechanism by which pre-adipocytes/adipocytes transdifferentiate into
myofibroblasts, and TGFβ1 was found to induce such a phenotypic switch [22–24]. Thereby,
acADSCs cultured in standard pH in the presence of 10 ng/mL TGFβ1 represented a posi-
tive control of AMT. In fact, acADSCs treated with TGFβ1, compared to those grown under
basal conditions, displayed a mesenchymal-like, elongated shape—even further marked
compared to lactic acidosis—accompanied by a considerable decrease in intracytoplasmic
lipid droplets. As shown in Figure 1, the number of cells containing cytoplasmic lipid
droplets was significantly decreased in both acADSCs cultured under lactic acidosis and
those stimulated with TGFβ1 compared to cultures maintained in basal (pH 7.4) medium.

In contrast, we did not observe any significant variation in acADSC viability or
proliferation when grown in basal conditions, lactic acidosis, or in the presence of TGFβ1
(Figure 2A–C). Indeed, annexin V/PI assay revealed that the percentage of viable cells at
72 h was approximately 90% in all experimental conditions (Figure 2A,B). Besides viability,
cell proliferation evaluated by MTT assay was also not altered, despite a slight but non-
significant decreasing tendency observed in acADSCs subjected to lactic acidosis or TGFβ1
treatment (Figure 2C).
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Figure 1. Representative phase-contrast photomicrographs of adipocyte-committed adipose-de-
rived stem cells (acADSCs) cultured under basal conditions (pH 7.4), lactic acidosis (pH 6.7 + lac-
tate), or in the presence of 10 ng/mL TGFβ1 for 3 days. Insets are higher magnification views of the 
respective panels, displaying prominent intracytoplasmic lipid droplets. Scale bar: 100 µm (upper 
and middle panels), 50 µm (lower panels). Bars represent the mean ± SEM of the number of cells 
with intracytoplasmic lipid droplets/high-power field (hpf). Values of p were determined by Tukey�s 
test. 

Figure 1. Representative phase-contrast photomicrographs of adipocyte-committed adipose-derived
stem cells (acADSCs) cultured under basal conditions (pH 7.4), lactic acidosis (pH 6.7 + lactate),
or in the presence of 10 ng/mL TGFβ1 for 3 days. Insets are higher magnification views of the
respective panels, displaying prominent intracytoplasmic lipid droplets. Scale bar: 100 µm (upper
and middle panels), 50 µm (lower panels). Bars represent the mean± SEM of the number of cells with
intracytoplasmic lipid droplets/high-power field (hpf). Values of p were determined by Tukey’s test.
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lactate), or in the presence of 10 ng/mL TGFβ1. Proliferation of acADSCs at basal conditions was set 
to 100%, and the other results are normalized to this value. Bars represent the mean ± SEM of three 
independent experiments (n = 3 replicates each for Annexin V/PI assay, n = 10 replicates each for 
proliferation assay) from three cell lines. No statistical difference among the three experimental 
groups was detected for both percentages of viable cells (B) and cell proliferation (C) by one-way 
ANOVA. 

The morphologic changes displayed by acADSCs subjected to the lactic acidic micro-
environment were accompanied by the loss of the expression of typical adipogenic/adi-
pocytic markers and a concomitant increase in the expression of myofibroblast markers 
(Figure 3A–H). Quantitative real-time PCR analysis revealed that the mRNA expression 
of the adipocyte-related genes FABP4, CEBPA (i.e., gene encoding C/EBPα), PPARG (i.e., 
gene encoding PPARγ), and PLIN1 (i.e., gene-encoding perilipin-1) was almost halved in 
acADSCs subjected to the lactic acidic microenvironment, while a further decrease was 
observed for ADIPOQ (i.e., gene encoding adiponectin) mRNA expression levels (Figure 
3A–E). On the contrary, lactic acidosis increased the expression levels of typical myofibro-
blast-related genes, such as ACTA2 (i.e., gene encoding α-SMA), COL1A1, and COL1A2, 
which were 2.5-fold, 3-fold, and 4-fold increased, respectively, compared to the basal con-
ditions (Figure 3F–H). As expected, the treatment with TGFβ1, compared to the basal con-
dition, significantly reduced the expression levels of all the adipocyte-related genes tested 
and concomitantly boosted the expression of myofibroblastic genes (Figure 3A–H). The 
expression levels of the 18S rRNA reference gene were stable under the three different 
experimental conditions (Figure 3I). 

Figure 2. Representative flow cytometer plots of annexin V/propidium iodide (PI) staining (A) with
cell viability quantification (B), and proliferation chart (C) of adipocyte-committed adipose-derived
stem cells (acADSCs) cultured for 3 days under basal conditions (pH 7.4), lactic acidosis (pH 6.7 +
lactate), or in the presence of 10 ng/mL TGFβ1. Proliferation of acADSCs at basal conditions was set
to 100%, and the other results are normalized to this value. Bars represent the mean ± SEM of three
independent experiments (n = 3 replicates each for Annexin V/PI assay, n = 10 replicates each for
proliferation assay) from three cell lines. No statistical difference among the three experimental groups
was detected for both percentages of viable cells (B) and cell proliferation (C) by one-way ANOVA.

The morphologic changes displayed by acADSCs subjected to the lactic acidic microenvi-
ronment were accompanied by the loss of the expression of typical adipogenic/adipocytic
markers and a concomitant increase in the expression of myofibroblast markers (Figure 3A–H).
Quantitative real-time PCR analysis revealed that the mRNA expression of the adipocyte-
related genes FABP4, CEBPA (i.e., gene encoding C/EBPα), PPARG (i.e., gene encod-
ing PPARγ), and PLIN1 (i.e., gene-encoding perilipin-1) was almost halved in acADSCs
subjected to the lactic acidic microenvironment, while a further decrease was observed
for ADIPOQ (i.e., gene encoding adiponectin) mRNA expression levels (Figure 3A–E).
On the contrary, lactic acidosis increased the expression levels of typical myofibroblast-
related genes, such as ACTA2 (i.e., gene encoding α-SMA), COL1A1, and COL1A2, which
were 2.5-fold, 3-fold, and 4-fold increased, respectively, compared to the basal conditions
(Figure 3F–H). As expected, the treatment with TGFβ1, compared to the basal condition,
significantly reduced the expression levels of all the adipocyte-related genes tested and con-
comitantly boosted the expression of myofibroblastic genes (Figure 3A–H). The expression
levels of the 18S rRNA reference gene were stable under the three different experimental
conditions (Figure 3I).
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Figure 3. Quantitative real-time PCR analysis for the expression of the adipocytic genes FABP4 (A), 
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Figure 3. Quantitative real-time PCR analysis for the expression of the adipocytic genes FABP4
(A), CEBPA (B), PPARG (C), ADIPOQ (D), and PLIN1 (E) and the myofibroblastic genes ACTA2 (F),
COL1A1 (G), and COL1A2 (H) in adipocyte-committed adipose-derived stem cells grown for 3 days
under basal conditions (pH 7.4), lactic acidosis (pH 6.7 + lactate), or in the presence of 10 ng/mL
TGFβ1. The basal level of each gene expression was set to 1, and the other results are normalized
to this value. 18S ribosomal RNA (rRNA) was used as the reference gene. The expression levels
of 18S rRNA were stable under the three different experimental conditions (I). Bars represent the
mean ± SEM of three independent experiments (n = 3 replicates each) from three cell lines. Values of
p were determined by Tukey’s test.

The data obtained in real-time PCR were validated with Western blot analysis, which
confirmed the trend of the expression of adipocyte/myofibroblast markers (Figure 4A–E).
Briefly, we observed a significant decrease in FABP4, adiponectin, and perilipin-1 protein
expression both in acADSCs grown under lactic acidosis and in those treated with TGFβ1
compared to basal conditions (Figure 4A–C). On the contrary, the protein expression
levels of the myofibroblastic markers α-SMA and COL1A1 were significantly increased
by approximately 2-fold in acADSCs cultured in a lactic acidic medium, as well as in the
presence of TGFβ1, compared to those grown under basal conditions (Figure 4D,E).
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Figure 4. Representative bands of Western blot analysis and the relative quantification charts of
the expression of the adipocytic markers FABP4 (A), adiponectin (B), and perilipin-1 (C) and the
myofibroblastic markers α-SMA (D) and COL1A1 (E) in adipocyte-committed adipose-derived
stem cells grown for 3 days under basal conditions (pH 7.4), lactic acidosis (pH 6.7 + lactate), or in
the presence of 10 ng/mL TGFβ1. GAPDH and α-actinin were measured as loading controls for
normalization. Molecular weight values (kDa) are indicated. Bars represent the mean ± SEM of
optical density in arbitrary units (a.u.). Values of p were determined by Tukey’s test.

The immunofluorescence analysis further strengthened the evidence of the AMT pro-
cess that the acADSCs underwent upon exposure to an acidic microenvironment (Figure 5).
Indeed, we observed a prominent loss of perilipin-1-coated cytoplasmic lipid droplets and
the accumulation of intracellular COL1A1 and expression of α-SMA-positive stress fibers
characteristic of myofibroblasts in acidic cell cultures, which was similar to that found in
cultures stimulated with TGFβ1 (Figure 5). In particular, the percentages of perilipin-1-
positive and adiponectin-positive cells/hpf were approximately three times decreased in
acADSCs grown under lactic acidosis, as well as following TGFβ1 treatment, compared
to those maintained in basal (pH 7.4) medium (Figure 5). Under the same experimental
conditions (i.e., lactic acidosis or TGFβ1), the percentages of α-SMA-positive and COL1A1-
positive cells/hpf were significantly increased compared to those under basal conditions
(Figure 5).

Of note, acADSCs grown for 3 days in a pH 7.4 medium in the presence of 10 mM
lactate did not show any relevant change in cell morphology, as well as in the expression of
perilipin-1, adiponectin, α-SMA, and COL1A1 compared to the cells grown under basal
conditions (Supplementary Figure S2A,B). Therefore, the exposure of acADSCs to lactate
alone, without the acidification of the culture medium, was not able to induce the AMT
process. As far as the expression of the lactate receptor GPR81 is concerned, no difference
was detected between basal acADSCs and those grown under lactic acidosis or at pH 7.4 in
the presence of 10 mM lactate (Supplementary Figure S3).
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lactate did not show any relevant change in cell morphology, as well as in the expression 
of perilipin-1, adiponectin, α-SMA, and COL1A1 compared to the cells grown under basal 
conditions (Supplementary Figure S2A,B). Therefore, the exposure of acADSCs to lactate 
alone, without the acidification of the culture medium, was not able to induce the AMT 
process. As far as the expression of the lactate receptor GPR81 is concerned, no difference 
was detected between basal acADSCs and those grown under lactic acidosis or at pH 7.4 
in the presence of 10 mM lactate (Supplementary Figure S3). 

Figure 5. Immunofluorescence analysis for the expression of the adipocytic markers perilipin-1 (red,
upper panels) and adiponectin (green, lower panels), and the myofibroblastic markers α-SMA (green,
upper panels) and COL1A1 (red, lower panels) in adipocyte-committed adipose-derived stem cells
grown for 3 days under basal (pH 7.4) conditions, lactic acidosis (pH 6.7 + lactate), or in the presence
of 10 ng/mL TGFβ1. Nuclei are stained blue with DAPI. Scale bar: 100 µm. Bars represent the
mean ± SEM of the percentage of immunopositive cells/high-power field (hpf). Values of p were
determined by Tukey’s test.

3.2. Lactic Acidosis Induces an Adipocyte-to-Myofibroblast Transition in Adipocyte-Committed
Subcutaneous Adipose-Derived Stem Cells Characterized by a Pro-inflammatory Phenotype

We next observed that the exposure to lactic acidic conditions in vitro induced the ac-
quisition of a pro-inflammatory and pro-fibrotic phenotype by acADSCs. Indeed, acADSCs
cultured in a pH 6.7 medium in the presence of 10 mM lactate showed a 1.5-fold increase
in mRNA expression of IL1B and IL6 genes (i.e., genes encoding the pro-inflammatory
cytokines interleukin (IL)-1β and IL-6, respectively) compared to those maintained under
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basal (pH 7.4) conditions (Figure 6A,B). The acADSC treatment with 10 ng/mL TGFβ1
was able to stimulate IL1B and IL6 gene expression at a similar level to lactic acidosis
(Figure 6A,B). In line with the above-described acADSC switch toward a myofibroblastic-
like phenotype under lactic acidosis, we observed that acADSCs exposed to pH 6.7 in
the presence of 10 mM lactate showed a modest but significant increase in the mRNA
expression of TGFB1 (i.e., gene encoding TGFβ1) compared to acADSCs grown under basal
conditions (Figure 6C). A similar trend—even though not significant—was observed for
the mRNA expression of TGFB2 (i.e., gene encoding TGFβ2) (Figure 6D).
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Figure 6. Quantitative real-time PCR analysis for the expression of the pro-inflammatory IL1B (A)
and IL6 (B) genes and the pro-fibrotic TGFB1 (C) and TGFB2 (D) genes in adipocyte-committed
adipose-derived stem cells grown for 3 days under basal (pH 7.4) conditions, lactic acidosis (pH 6.7 +
lactate) or in the presence of 10 ng/mL TGFβ1. The basal level of each gene expression was set to
1, and the other results are normalized to this value. 18S ribosomal RNA was used as the reference
gene. Bars represent the mean ± SEM of three independent experiments (n = 3 replicates each) from
the three cell lines. Values of p were determined by Tukey’s test.

3.3. Pro-Tumoral Activity of Adipocyte-Committed Subcutaneous Adipose-Derived Stem Cells
Exposed to the Acidic Microenvironment

Based on the latter findings, we decided to verify the ability of the acidic acADSCs
to promote the reprogramming of naïve stromal cells toward a CAF-like phenotype. At
first, we evaluated the effects of the conditioned media collected from acADSCs grown
either under basal (pH 7.4) conditions or under lactic acidosis (basal acADSC-cm or acidic
acADSC-cm, respectively) on NHDFs. We observed that NHDFs increased the mRNA
expression of FAP (i.e., gene encoding fibroblast activation protein), ACTA2, COL1A1, and
COL1A2 genes by approximately 1.5 times when treated with acidic acADSC-cm compared
to basal acADSC-cm (Figure 7). These data suggest that acADSCs exposed to a lactic acidic
microenvironment, following the AMT process, could be responsible for the activation of
quiescent fibroblasts toward a CAF-like phenotype, thereby enabling the hypothesis of
their possible involvement in the pro-tumor sustainment.
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fold increase in the number of invasive MCF7 cells when treated with the acidic acADSC-
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Figure 7. Quantitative real-time PCR analysis for the expression of the fibroblast activa-
tion/myofibroblast genes FAP (A), ACTA2 (B), COL1A1 (C), and COL1A2 (D) in normal human
dermal fibroblasts treated for 24 h with conditioned media produced by adipocyte-committed
adipose-derived stem cells (acADSCs) grown either under basal (pH 7.4) conditions (basal acADSC-
cm) or under lactic acidosis (acidic acADSC-cm). The basal level of each gene expression was set to
1, and the other results are normalized to this value. 18S ribosomal RNA was used as the reference
gene. Bars represent the mean ± SEM of three independent experiments (n = 3 replicates each) from
three cell lines. Values of p were determined by the unpaired Student’s t-test.

Next, we further investigated the pathogenic effects of acidic acADSC-cm, by focusing
the attention at this point on breast cancer cells, particularly on the estrogen receptor
(ER)-positive MCF7 and the triple-negative MDA-MB-231 cells. Notably, both MCF7
and MDA-MB-231 cells showed a boosted colony formation ability (Figure 8A) and an
increased proliferation (Figure 8B) when exposed to acidic acADSC-cm compared to basal
acADSC-cm, suggesting the release of pro-tumoral soluble factors by acidic acADSCs in
their conditioned media.

Moreover, both the migratory and invasive abilities of MCF7 and MDA-MB-231 cells
were significantly increased following the 24 h treatment with acidic acADSC-cm compared
to basal acADSC-cm (Figure 9A,B). More precisely, by treating cancer cells with acidic
acADSC-cm, we observed an approximately 1.3-fold increase in the number of MCF7
and MDA-MB-231 cells able to migrate (Figure 9A). In parallel, we detected a 1.3-fold
increase in the number of invasive MCF7 cells when treated with the acidic acADSC-cm
compared to basal acADSC-cm (Figure 9B). Such an increase was even further evident
in the MDA-MB-231 cell line, where the number of invading cells was 1.8 times higher
following acidic the acADSC-cm treatment than the basal acADSC-cm (Figure 9B).
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Figure 8. (A) Representative images and relative quantification charts of colony formation by MCF7
and MDA-MB-231 cells cultured for 10 days in conditioned media produced by adipocyte-committed
adipose-derived stem cells (acADSCs) grown either under basal (pH 7.4) conditions (basal acADSC-
cm) or under lactic acidosis (acidic acADSC-cm). (B) Proliferation charts of MCF7 and MDA-MB-231
cells cultured for 96 h in basal or acidic acADSC-cm. The cell proliferation rate before the addition
of acADSC-cm (T0) was set to 1, and the other results are normalized to this value. Bars represent
the mean ± SEM of three independent experiments (n = 3 replicates each for colony formation
assay, n = 10 replicates each for proliferation assay). Values of p were determined by unpaired
Student’s t-test.

Finally, by treating cancer cells with doxorubicin, we observed a slight but significant
increase in cell survival, revealed by the higher rate of proliferation of both MCF7 and
MDA-MB-231 cells exposed to a conditioned medium collected from the acidosis-exposed
acADSCs compared to that of acADSCs grown in a standard medium (Figure 10).
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rived stem cells (acADSCs) grown either under basal (pH 7.4) conditions (basal acADSC-cm) or 
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Figure 9. Representative images and relative quantification charts of migration (A) and invasion (B)
assays on MCF7 (top panel) and MDA-MB-231 (bottom panel) cells treated for 24 h with conditioned
media produced by adipocyte-committed adipose-derived stem cells (acADSCs) grown either under
basal (pH 7.4) conditions (basal acADSC-cm) or under lactic acidosis (acidic acADSC-cm). Images
of filters stained with Diff-Quik dye are shown. Scale bar: 250 µm. Migration/invasion of cells
treated with basal acADSC-cm was set to 1, and the other results are normalized to this value. Bars
represent the mean ± SEM of three independent experiments (n = 3 replicates each). Values of p were
determined by unpaired Student’s t-test.
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Figure 10. Proliferation charts of MCF7 and MDA-MB-231 cells treated for 72 h, in the presence or
absence of doxorubicin (DOXO), with conditioned media from adipocyte-committed adipose-derived
stem cells (acADSCs) grown either under basal (pH 7.4) conditions (basal acADSC-cm) or under
lactic acidosis (acidic acADSC-cm). Cell proliferation in the absence of DOXO (i.e., untreated) was
set to 100%, and the other results are normalized to this value. Bars represent the mean ± SEM of
three independent experiments (n = 10 replicates each). Values of p were determined by unpaired
Student’s t-test.
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Overall, these findings suggest a potential pro-tumoral effect of acADSCs exposed to
an acidic microenvironment to promote the CAF differentiation of standard fibroblasts and
support tumor cell proliferation, invasion, and drug resistance.

4. Discussion

The TME is a heterogeneous ecosystem composed of multiple cell types including
the cells of the immune system, vasculature, and stromal cells, all reprogrammed in favor
of tumor sustainment. Extracellular matrix and soluble factors produced by both tumor
and host stromal cells are also important elements of the TME, as well as hypoxia and
acidosis, which are able to alter and reprogram almost every cell and even non-cellular
components of the TME in a pro-tumoral way [32]. Focusing on the biochemical aspects
of the TME, to date, much evidence has been provided about the crucial role exerted by
hypoxia and acidosis in tumor progression, which made increasingly evident the intense
alliance between them and cancer cells, with the common goal of tumor advancement and
disease progression [8].

Extracellular acidosis has recently been included in the hallmarks of cancer. Indeed, in
the last two decades, the scientific community realized that it represents a peculiar trait
of most solid tumors fostering aggressive features of cancer cells and disease progression.
This microenvironmental condition arises from the combination of typical features of the
tumor tissues, i.e., the boosted cancer glycolytic metabolism with the subsequent release
of lactic acid in the extracellular milieu, the impaired drainage by the lymphatic system,
and the high interstitial pressure characterizing cancer tissues [2,4]. Extensive literature
demonstrates how extracellular lactic acidosis sustains tumor progression by acting either
directly on cancer cells, or indirectly, by reprogramming the stromal component within the
tumor mass to guarantee cancer cell proliferation and survival even under prohibitive and
hostile conditions. Briefly, the acidic TME promotes, on the one hand, the acquisition by
cancer cells of high plasticity that renders them extremely adaptable to various scenarios
they may encounter [10]; on the other one, extracellular acidosis is able to induce a pro-
tumoral reprogramming in the stromal cells, for instance, by altering the capacity of
natural and adaptive immune cells to face with the tumor [5,7,17], or by remodeling the
vasculature rendering vessels more permeant and subsequently permissive to cancer cell
intra/extravasation [33], or further, by inducing the generation of CAFs with all the pro-
tumoral activity they are endowed with [12]. What is still not known, is the effect that the
acidic TME may exert on the adipocyte compartment.

Here, we demonstrated for the first time that the acidic TME induces the AMT process
in adipocytes, fueling the generation of CAF-like cells sustaining the aggressiveness of
breast cancer cells. Briefly, we demonstrated that acADSCs grown under lactic acidosis
conditions lose the adipocyte differentiation markers FABP4, C/EBPα, adiponectin, and
perilipin-1 while acquiring the myofibroblast markers α-SMA, COL1A1, and COL1A2.
Such a phenotypic switch driven by lactic acidosis was accompanied by a modest but
significant increase in the mRNA expression of the pro-inflammatory cytokines IL-6, IL-1β,
and TGFβ1, which in turn could account at least in part for the ability of acid-adapted
acADSCs to induce the activation of normal fibroblasts. As recently reviewed [34,35],
lactate can serve as a pro- or anti-inflammatory mediator, inducing pleiotropic effects on
the inflammatory process. Indeed, lactate could exert differential effects depending not only
on the pathological process studied, but also on the cellular metabolic status, and the cell
type analyzed. For instance, lactate is pro-inflammatory in endothelial cells and fibroblasts,
while it exerts both pro- and anti-inflammatory activity on immune cells depending on
the immunophenotypes analyzed. Moreover, the complexity of this scenario increases
considering that lactate and H+ (i.e., the single components of lactic acidosis) may also
exert differential effects in the inflammatory microenvironment, as reviewed by Certo and
colleagues [36]. Contextualizing our data in this setting, we did not wonder that lactic
acidosis is able to stimulate the production by adipocytes of pro-inflammatory molecules
that could account for the fibroblast activation and generation of CAFs with pro-tumoral
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activity. On the other hand, by reducing the anti-cancer immune response and inducing
the pro-tumoral/anti-inflammatory M2 macrophage polarization, lactic acidosis seems
to strongly favor cancer progression [36]. It is noteworthy that the conditioned medium
of acADSCs exposed to the acidic condition was also able to induce breast cancer cell
proliferation, migration, invasion, and drug resistance. Therefore, the identification of the
main players of such a pro-tumoral secretome would be of extreme interest in order to
develop new anti-cancer strategies.

The peritumoral adipocytes undergo profound reprogramming toward CAAs, espe-
cially in those tumors that are closely related to adipose tissue, such as breast, colorectal,
and ovarian cancers [37]. Particular attention is dedicated to breast cancer, where the
adipose tissue represents the main component. CAAs, in contrast to mature adipocytes,
are characterized by a loss of lipid droplets accompanied by a decreased expression of
adipocyte differentiation markers [27,38]. Moreover, CAAs may mediate multiple paracrine,
juxtacrine, and endocrine signaling, sustaining tumor growth, metastasis, and drug re-
sistance. Then, their pro-tumoral functions may pass through their ability to reprogram
cancer metabolism. The disaggregation process of the lipid droplets occurring in adipocyte-
to-CAA transformation frees and renders exogenous free fatty acids and high-energy
metabolites available to cancer cells, providing them with a precious energy source for
their expansion [28,39]. In turn, tumor cells induce lipolysis in adipocytes and promote
their transformation toward CAAs [40]. In line with such considerations, our data enable
the speculation that the acidic TME may induce the AMT process in which adipocytes are
deprived of lipid droplets and, consequently, free fatty acids are freed and made available
to either cancer or stromal cells as an important energy source to sustain the overall tumor
progression. Interestingly, even pro-tumoral M2 macrophages, induced by a lactic acid-
enriched microenvironment, mainly rely on the uptake and subsequent oxidation of free
fatty acids freed in the surrounding milieu [41,42]. Evidence already reported the existence
of lipid transferring from peritumoral adipocytes to cancer cells, which in turn exploit this
high-energetic metabolic source to sustain not only their growth but also to remodel the
stromal components to be more permissive to cancer dissemination [43]. The secretome
released by CAAs also sustains disease advancement. For instance, it was demonstrated
that CCL2/monocyte chemoattractant protein-1, CCL5, IL-1β, IL-6, tumor necrosis factor
α, vascular endothelial growth factor, and leptin released by CAAs in the TME promote
the proliferation, and dissemination of breast cancer cells [29,44,45]. Furthermore, CAAs
induce resistance to chemotherapy, radiation therapy, immunotherapy, and hormone ther-
apy in breast cancer [27], and affect tumor extracellular matrix remodeling and adipose
tissue vascularization, leading to the generation of hypoxic and fibrotic conditions that in
turn mediate the epithelial-to-mesenchymal transition process in breast cancer cells [46].

Notably, recent evidence suggested that CAAs at the invasive front of the tumor
mass undergo the AMT process consisting of the phenotypic switch of adipocytes to-
ward myofibroblast/CAF-like cells endowed with all the pro-tumoral features typical of
CAFs [31,47]. Thereby, the AMT, by fueling the CAF compartment, becomes a pro-tumoral
process itself.

5. Conclusions

Overall, this study highlights that extracellular acidosis may reprogram adipocytes
toward pro-tumoral CAF-like cells, which are also able to recruit CAF from quiescent
fibroblasts. As a result, the acidic TME could fuel the CAF compartment within the tumor
mass, thereby promoting disease advancement. A limiting aspect of this study is that lactic
acidosis has only been evaluated in vitro as a unique entity, without determining the single
contributions that lactate and acidosis per se could exert in the AMT process. In particular,
it would be interesting to further investigate the possible involvement in this phenomenon
of lactate transporters (e.g., monocarboxylate transporters MCT1-4 and sodium-dependent
transporters SMCT1 and SMCT2) and receptors (e.g., G protein-coupled receptors GPR81
and GPR132) together with the intracellular signaling triggered upon lactate binding and
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cellular uptake. Another important aspect that needs to be further investigated is whether
the lactic acidosis-induced AMT could either be partially or fully reverted when basal
pH conditions are restored. These points deserve a dedicated mechanistic study in which
the molecular mechanisms leading to AMT need to be identified, to eventually reveal the
potential therapeutic targets to counteract tumor progression.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells12060939/s1, Figure S1: Cell viability quantification of
adipose-derived stem cells cultured at different pH ranges; Figure S2: Analysis of cell morphology
and expression of adipocytic and myofibroblastic markers in adipocyte-committed adipose-derived
stem cells (acADSCs) cultured under basal conditions (pH 7.4) or in the presence of 10 mM lactate
(pH 7.4 + lactate); Figure S3: Analysis of the protein expression of the lactate receptor GPR81 in
acADSCs cultured under different experimental conditions.
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