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Abstract

Background: Global warming has led to extreme temperatures in different latitudinal
regions, resulting in the extinction of a large number of species. This study focuses
on the effects of extreme high temperatures on cell proliferation, cell cycle, cell
differentiation and mitochondria activity in human adipose-derived mesenchymal
stromal cells (hADSCs).

Methods: hADSCs were divided into three groups and incubated in 37°C, 39°C and
40°C environment for 5 hours of exposure each day, and then to 37°C circumstances
for further incubation. Cell surface markers, cell cycle, cell proliferation activity,
mitochondrial activity and cell polarization were detected and analyzed by flow
cytometry, CCK-8 assay, ROS and JC-1 staining respectively on the 1% and 3™ day of
cell culture; osteogenic and adipogenic differentiation ability of hASCs was analysed by
staining after 21 days of osteogenic and adipogenic differentiation induction culture.

Results: The results of this study showed that hADSCs grown under high temperature
conditions had restricted growth activity, blocked S and G2 phases of the cell cycle,
reduced cytokinesis and impaired mitochondrial activity, while their osteogenic
differentiation ability and membrane potential depolarization were enhanced.

Conclusion: hADSCs were subjected to high temperature stimulation with restricted
growth activity, reduced cell division, impaired mitochondrial activity, significant
cell depolarization and enhanced osteogenic differentiation, and these results were
closely related to the pathogenic mechanisms of skin aging and heat stroke due to
outdoor sun exposure.

Keywords: High temperature; Adipose-derived mesenchymal stromal cells;
Proliferation; Cell cycle; ROS

Abbreviations: hADSCs: human Adipose-Derived Mesenchymal Stromal Cells; ROS:
Reactive Oxygen Species.
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Introduction

Recently, global warming has led to extreme temperatures in
different latitudinal regions. Some studies have reported that high
temperatures from temperate and tropical regions may result in
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wildlife experiencing a dramatic increase in disease risk [1]. As
anthropogenic climate change continues to worsen, the risks to
biodiversity will increase over time, and future projections suggest
that a potentially catastrophic decline in global biodiversity is
imminent [2], and these studies suggest that high temperature
environments pose a serious threat to both animals and people.

Previous reports have shown that high temperature radiation
can cause skin aging and slow down lipid metabolism. Kobayashi
et al. [3] showed that lactating mice, under moderately high

temperature conditions at 39°C, induced higher lactation capacity
of mammary epithelial cells (MECs) through control of STAT5 and
STAT3 signalling. In contrast, prolonged exposure to 41°C gave
rise to a decrease in milk production capacity through inactivation
of STATS and a decrease in the total number of MECs. It has also
been shown that when rats are exposed to high temperature
(50°C), lipolysis in adipose tissue is inhibited due to their high
body temperature, while intravascular lipolysis is activated [4,5].
Therefore, understanding the response of human cells to high
temperature environment can help us to make positive responses
to future environmental changes.
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With climate change, the increasing incidence of heat-related
deaths has been a frequent concern. The 2019 Global Burden
of Disease, Injury, and Risk Factors Study demonstrate the non-
optimal temperature as one of the top 10 causes of death globally.
Globally, 5 million deaths from 2000 to 2019 are associated with
abnormal temperatures [6]. For example, a common illness, Heat
Stroke (HS) is a life-threatening disease defined as exposure to
excessive hyperthermia at core temperatures above 40°C and
resulting in a systemic inflammatory response syndrome [7].HS
occurs when multiple tissues and organs are damaged, allowing
the secretion of pro-inflammatory cytokines including tumor
necrosis factor-a (TNF-a) and interleukin-6 (IL-6), and ultimately
systemic inflammation [8]. However, the specific pathogenic
mechanisms need to be further investigated.

Adipose tissue is a highly metabolically active endocrine organ,
which plays an important role in energy storage, energy balance
and metabolic regulation [9]. However, many statistics in recent
years have shown that body temperature in healthy adults is
gradually decreasing [10,11], suggesting that some changes in
adipose tissue in the body are occurring with environmental
changes or induced. Therefore, studying the changes in cellular
properties in adipose tissue in abnormal environments will help
us better understand the effects of environmental changes on
the human body. Currently, there are fewer reports on the effects
of high temperature environments on adipocytes. The aim of
this experiment is to analyze the changes in cell morphology,
cell phenotype, cell proliferation, cell differentiation, cell cycle,
ROS and membrane potential depolarization of hADSCs at 37°C-
40°C. The purpose of this study was to analyze the effect of high
temperature environment on the biological properties of hADSCs.

Materials and Methods

Materials

Human  adipose-derived  mesenchymal  stromal cells
(#HHUXMD-01001) and human adipose-derived mesenchymal
stromal cell medium (#HUXMD-90031) were purchased from
Cyagen Biosciences (Guangzhou). Dulbecco's Phosphate Buffer
Solution (D-PBS, #8119217) and Trypsin (#2177715) purchased
from Gibco; Antibodies of CD105-PE (#560839), CD73-PE
(#550257), CD34-PE (#348057), CD90-PE (#561970), CD45PE
(#557059) purchased from Becton, Dickinson and Company
(Guangzhou, China). Cell Counting Kit-8 kit (#SA616) was
purchased from Dojindo; ROS fluorescent probe Dihydroethidium-
Hydroethidine (DHE, #D1008) and mitochondrial membrane-
potential dye (JC-1, #J4001) were purchased from US EVERBRIGHT,
Inc.

Methods

Cell culture and temperature exposure experiments: To
understood the effect of different temperatures on hADSCs cells.
For the experiment, Passage 4 (P4) of hADSCs cells were adjusted
to the appropriate cell density and inoculated in 6-well plates.
The cells were incubated in different temperature (37°C, 39°C,
40°C) incubators for 5 h every day, and the cells were uniformly
placed in the same temperature incubator at 37°C after the end
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of stimulation, then the cell morphology was then observed and
photographed. The duration of continuous treatment ranged
from 1-28 d depending on the design of the different experiments.

Cell surface marker determination assay: The cells treated with
different temperatures were used to determine the expression
of hADSCs surface markers CD105-PE, CD90-PE, CD73-PE,
CD34-PE and CD45-PE by flow cytometry. The cells were first
digested with 0.25% trypsin and collected in suspension, the
cell density was adjusted (1 x 10° cells/mL) and washed twice
with Dulbecco's Phosphate Buffer Solution (D-PBS); the cells
were then re-suspended in D-PBS, centrifuged at 3000 rpm for
5 min, the supernatant was discarded, the appropriate amount
of fluorescently labelled monoclonal antibody was added and
incubated for 30 min at room temperature and protected from
light. The cells were resuspended with 300 uL D-PBS and analyzed
by BD FACSDIVA software, and the surface antigen expression
was expressed as a percentage (%).

Cell Counting Kit-8 (CCK-8) assay: When the stimulated cells
reach the time point of the assay, aspirate all the medium and
add 200 pL of fresh medium and 20 pL of CCK-8 reagent (10%),
then incubate in the incubator for 1 to 4 h. At the time point, 100
uL of supernatant medium was taken into a 96-well plate and the
optical density (OD) was read at 450 nm using an enzyme marker.

Cell cycle assay: The P4 cells were adjusted to 10° cells per tube
and centrifuged at 250 g for 5 min. The supernatant was discarded,
and the cells were fixed in 70% ethanol at 4°C for more than 2 h
and centrifuged at 250 g for 5 min. 100 uL of RNaseA was added
to the supernatant for 30 min in a water bath at 37°C. 400 pL of
PI stain was added and mixed at 4°C for 30 min, protected from
light. The cells were detected by FACScanto 6 flow cytometer and
the percentage of cells in GO/G1, S and G2/M phases of the cell
cycle (%) was calculated.

Osteogenic and lipogenic differentiation induction assay: The
hADSCs of P4 were inoculated into gelatinized 6-well plates.
When the cells were confluent to 60%-70%, the osteogenic
differentiation induction medium was changed every 3 days, and
after 2-4 weeks of induction, alizarin red staining was performed;
When the cells were confluent to 100%, they were replaced with
lipogenic differentiation induction medium solution A and after
3 days with lipogenic differentiation induction medium solution
B. After 24 h, solution B was aspirated and solution A was added,
and solution A and B were alternately induced 3-5 times, and
finally the culture was maintained with solution B for 4-7 days
until the lipid droplets became large and round enough for oil
red O staining. After induction of differentiation staining by both
methods, 10 randomly selected fields of view were photographed
under high magnification using uniform photographic conditions.
The area of cells stained with red calcified nodules (osteogenic
differentiation) or red lipid droplets (lipogenic differentiation)
and the area of all cells in the whole area photographed were
measured using Image J software, and the ratio of the area of
differentiated cells to the total area was calculated as the result
and expressed as a percentage (%).

Reactive oxygen species (ROS) and JC-1 staining assay: The
hADSCs of P4 were stained with JC-1 dye and ROS probe
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to determine the mitochondrial membrane potential and
intracellular ROS content, respectively. Staining was performed
according to the instructions of the ROS Fluorescent Probes-DHE
and JC-1 kits. Diluted ROS probe solution (1 uM) and JC-1 dye
(10 pg/ml) were added to the cell well plates and incubated in
an incubator at 37°C for 10-30 min protected from light. After
being washed twice with D-PBS, they were observed under a
fluorescent microscope and photographed. Cells with weak
mitochondrial activity stained red for ROS, while cells stained with
JC-1 went from red to green fluorescence, indicating a decrease
in mitochondrial membrane potential.

Statistical analysis: Data were reported as mean and standard
error, and SPSS 22.0 and Data were expressed as mean and
standard error, and data were analysed using IBM SPSS Statistics
22.0 (IBM, USA) and plotted using Adobe Photoshop Cs5 (Adobe
Systems Inc, USA) and GraphPad prism 7 (GraphPad Software,
USA). Differences And significance were verified by one-way
ANOVA. A p value<0.05 was considered as statistically significant.

Results
Cell morphology of hADSCs

The cell morphology of hADSCs was observed under different
temperature gradient treatments, and no morphological
differences were observed in hADSCs on the 1% day (Figure 1).
When the cells grew to the 3™ day, the cells in the 37 °C group
showed a gradual swirling growth trend, while the cells in the
39°C group showed a scattered growth. Vacuole-like changes
were seen in the cytoplasm of the cells in the 40°C group.
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CeII morphological characteristics of hADSCs in different
temperature treatment groups. Note: A-C were the cell morphology

of the 1st day in the 37°C, 39°C and 40°C groups, respectively, and
Q—F were the cell morphology of the 3rd day in each group. j

Cell surface markers of hADSCs

To understand whether the phenotype of hADSCs changed after
different temperature exposures, we performed flow cytometric
assays on cell surface markers of hADSCs treated at 37°C, 39°C
and 40°C groups, respectively. The results showed that CD90,
CD73 and CD105 expression rates were above 90%, while CD34
and CD45 expression rates were <3% (Figure 2). Statistical
analysis showed that CD90 and CD73 were not statistically
different between groups on the 1**day and the 3 day, CD105
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expression increased with increasing temperature on the 3™ day
(P<0.5), and CD34 and CD45 expression decreased with increasing
temperature on the 3" day (P<0.05).
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Cell proliferation of hADSCs

This experiment used CCK-8 assay to analyze the proliferation
viability of hADSCs at different Temperatures (37°C, 39°Cand 40°C
group) by measuring the OD values of the cells. The results were
shown in Figure 3, on the 1 day, hADSCs were significantly
increased in the 39°C group compared with the other two groups
(P<0.05); on the 3™ day, there was no statistical difference
between the three groups.
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Cell cycle variation in hADSCs

The cell cycle of hADSCs in each group was measured by flow
cytometry, and the results showed (Figure 4) that at the 1st day,
the proportion of cells in G1 phase was greater in the 37°C group
(50.01% + 0.40%) than in the 39°C group (48.53% + 0.96%) and
less than in the 40°C group (54.71% + 0.61%), and the difference
was statistically significant; the proportion of cells in G2 phase
was highest in the 39°C group, which was significantly different
from the 40°C group;the proportion of S-phase of cells in both
the 37°C and 39°C groups was greater than that in the 40°C
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group. At the 3rd day, the G1 phase of all three groups increased
compared with the 1st day, and the proportion of G1 phase of
cells gradually decreased with the increase of temperature, while
the proportion of G2 and S phases of cells gradually increased.
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FIow cytometry analysis of cell cycle. Note: A and B
represent scatter plots of the cell cycle of hADSCs on the 1st day

and the 3rd day after treatment with different temperature groups,
respectively. Cand D represent histograms of the proportion of each
phase of the cell cycle of hADSCs on the 1st day and the 3rd day
after treatment with different temperature groups, respectively.
Values bar were expressed as mean + SEM, *P<0.05, **P<0.01,
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Osteogenic and lipogenic differentiation ability
of hADSCs

After osteogenesis-induced differentiation of hADSCs from
three different temperature-stimulated groups, the formation of
red calcified nodules was detected by alizarin red staining, and
microscopic observation showed that all three groups of cells
could form red calcified nodules to different degrees, and the rate
of cellular calcium nodule formation increased with the increase
of temperature (Figures 5A-5F); as shown in the bar graph.
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MOsteogenic differentiation potential of hADSCs after
different temperature treatment. Note: A-C were the results of

alizarin red staining in the 37°C group, 39°C group and 40°C group
observed at low magnification, while D-F represent their results at
high magnification, respectively. G was the quantification of alizarin
red staining score. Values bar were expressed as mean + SEM,
(*P<0.0l, **%p<0.001. j
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In Figure 5G, the trend of cellular calcium nodule formation
was 37°C group (18.71 = 1.73) <39°C group (91.03 = 8.03)
<40°C group (103.58 + 7.32) (P<0.01). After lipogenesis-induced
differentiation of hADSCs from three different temperature
stimulation groups, they were stained with oil red O. Microscopic
observation showed that all three groups of cells showed lipid
droplets of different sizes (Figures 6A-6F), the saturation of
cellular lipid droplets decreased with increasing temperature,
and the size of cellular lipid droplets showed 37°C group (32.90 +
4.32) >39°Cgroup (28.19 £ 1.32 ) >40°C group (26.69 + 2.55), with
a statistical difference between the 37°C and 40°C groups.
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magnification, respectively. G was the quantification of oil-red O
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Results of ROS and JC-1 assay

The ROS content of hADSCs on the 1st day and the 3rd day
after different temperature treatments in the three groups was
measured by ROS probes. As shown in Figure 7, at the 1st day,
the ROS fluorescence Intensity was weak and not significantly
different between the 37°C and 39°C groups, while the ROS
fluorescence intensity was significantly enhanced in the high
temperature (40°C) group; at the 3rd day, the fluorescence was
stillweakin the 37°Cgroup, while the ROS fluorescence expression
intensity was significantly enhanced in the 39°C and 40°C groups.
The results of mitochondrial membrane potential measurement
using JC-1 dye were shown in Figure 8, which showed that the
trend of mitochondrial membrane potential change was a
gradual increase in membrane potential depolarization with the
increase in ambient temperature. The effect of JC-1 membrane
potential sensitive dye on mitochondrial depolarization was
observed by fluorescence microscopy, with high potentials
characterized by red fluorescence, while low potentials showed
green fluorescence. The results showed that the depolarization
was more pronounced at higher temperatures.

This article is available in: https://www.imedpub.com/endocrinology-metabolism-open-access/
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Effect of different temperature groups on ROS content of
hADSCs. Note: A-C were the expression of ROS of hADSCs at the 1st
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Discussion

Global warming will affect ecosystems as well as human health
in multiple ways, and these impacts are expected to rise
dramatically with increasing warming, with estimates that the
number of people at climate-related risk will increase by hundreds
of millions by 2050. However, it remains difficult to predict the
human impacts of the complex interplay of mechanisms driven
by warming [12]. At present, the impact of climate warming on
human survival and in animals is still poorly understood.

Yellow adipose tissue is mainly distributed in subcutaneous tissues,
omentum and mesentery, and is the largest energy reservoir
in the body. It has the function of storing fat, maintaining and
regulating body temperature and participating in fat metabolism
[13]. There are more reports on how adipose tissue responds to
changes in the external environment at low temperatures, but
few studies have examined the changes in adipose tissue at high
temperatures. In this study, we chose adipose-derived human
adipose mesenchymal stromal cells as the subject to explore the
biological properties of the cells and the changes in oxidative
stress under high temperature environment.

Available reports show that positive expression of CD73, CD105
and CD90, and negative expression of CD34 and CD45 are cell

© Under License of Creative Commons Attribution 3.0 License

surface markers of ADSCs [14,15]. To clarify whether cell surface
markers change at different temperatures exposure. This study
showed no significant changes from the cell morphology, but
subtle differences in their cell surface markers have been
observed. At the 3rd day of treatment at different temperatures,
the expression of CD105 was increased at 39°C and 40°C
compared to 37°C, indicating an enhanced chondrogenic capacity
[16]. In contrast, the expression of CD34 and CD45 decreased and
was <5%, suggesting that the cells still have the characteristics
of mesenchymal stromal cells [17]. Analysis of cell proliferation
viability showed that at 24 h after passaging, the proliferation
capacity of hADSCs in the 39°C environment was significantly
higher than the other two groups, and by 72 h, the proliferation
capacity of cells in the 37°C group was slightly higher than
the others, showing that the change in environmental high
temperature caused a short-term rapid proliferation of hADSCs,
while the opposite proliferation trend occurred by 72 h. Further
analysis in terms of cell cycle showed that at the 3rd day of cell
growth, the G1 phase (pre-DNA synthesis phase) was reduced
and the S phase (DNA replication phase) and G2 phase (late DNA
synthesis phase) were significantly higher in the 39°C and 40°C
environments compared to the 37°C group, illustrating that the
S and G2 phases of the cells were blocked and the cell division
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ability was reduced, which were consistent with the formation
of a gradual decrease in cell proliferation activity at the 3rd day.

The multidirectional differentiation potential of stromal cells is
one of the functions of stromal cells measured. This experiment
showed that the rate of cellular calcium nodule formation
increased with increasing temperature after osteogenesis-
induced differentiation of hADSCs in each group, and the
saturation of cellular lipid droplets decreased with increasing
temperature after lipogenesis-induced differentiation. This
indicates that temperature exerts an important influence on the
differentiation of stromal cells. Jang et al. [18] compared the
differences in indoor and outdoor summer temperatures and
humidity in Korea and Southeast Asia to assess changes in skin
studies showed that repeated exposure to high temperatures and
high humidity increased sebum content and haemoglobin index
in human skin.

However, repeated temperature differences can relax skin blood
vessels and reduce skin elasticity, which can contribute to skin
aging. These results were associated with a greater tendency
for cells to become chondrogenic and differentiated at elevated
temperatures. Kim et al. [19,20] recruited 20 women aged 20 to 40
years. After exposing them to outdoor and indoor environments
for 90 minutes, skin assessments were performed on the face
(forehead and cheeks) and forearms to determine the degree of
skin hydration, sebum secretion, trans-epidermal water loss, pH,
and oil content. The study showed that hot environments produce
more sweat, increase hydration, sebum secretion, water loss,
and lower skin pH. These results suggest that hot environments
produce varying degrees of disruption to human skin and to
the function and metabolism of epidermal cells. These results
are relatively similar to the tendency of hADSCs to osteogenic
differentiation by high-temperature environments.

Proton pumps are present in the inner mitochondrial membrane
and can pump matrix protons into the membrane gap. Proton
translocation across the membrane allows the mitochondrial
membrane gap to accumulate large internal amounts of protons,
described as a proton gradient: the mitochondrial membrane gap
generates a large positive charge while the mitochondrial matrix
generates a large negative charge, resulting in a transmembrane
potential (AW) across the inner mitochondrial membrane,
referred to as the mitochondrial membrane potential. Normal
mitochondrial membrane potential is a prerequisite for
maintaining oxidative phosphorylation and ATP production in
mitochondria and is necessary for maintaining mitochondrial
function, while an important change during apoptosis is the
collapse of mitochondrial membrane electrical AWm sites. JC-1
dye accumulates within mitochondria in a potential-dependent
manner and can be used to detect cellular, tissue or purified
mitochondrial membrane potentials. In normal mitochondria,
JC-1 aggregates in the mitochondrial matrix to form polymers,
which emit intense red fluorescence (Ex=585 nm, Em=590 nm) ; in
unhealthy mitochondria, due to a decrease or loss of membrane
potential, JC-1 can only exist as a monomer in the cytoplasm,
producing greenfluorescence (Ex=514 nm, Em=529nm).JC-1isnot
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only used for qualitative detection, because the change of colour
can reflect the change of mitochondrial membrane potential
very directly, but also for quantitative detection, because the
degree of mitochondrial depolarization can be measured by the
ratio of red/green fluorescence intensity. From the experimental
results, it was observed that the JC-1 staining changed from red
to green with the increase of temperature, suggesting that the
mitochondrial membrane potential depolarization was serious at
high temperature, and the membrane potential decreased and
apoptosis occurred in the cells.

ROS is a class of single-electron reduction products of oxygen
in the body, which are generated by leaking electrons out of
the oxidative respiratory chain and consuming about 2% of the
oxygen before it is passed to the terminal oxidase, including
the one-electron reduction product of oxygen, superoxide
anion, two-electron reduction product, hydrogen peroxide,
three-electron reduction product, hydroxyl radical, and nitric
oxide. ROS production is mainly formed by the high oxygen
environment and the high reduced state of the respiratory chain
in the mitochondrial transition from state IIl to state IV, which
causes a large number of electrons to leak out and reduce
oxygen molecules. Under pathological conditions, the loss of the
normal balance between the production and removal of ROS
often results in damage to the body by ROS. Oxidative damage
mainly includes: first, oxidative damage to nucleic acids, after
oxidative damage to the DNA may occur breaks, mutations and
changes in thermal stability, which seriously affects the normal
transcription and translation of genetic information; second,
modification of amino acids, peptide chain breaks, the formation
of cross-linked polymers of proteins, changes in conformation
and immunogenicity, and other five aspects. Most of the hydroxyl
radicals in the organism are produced in the organelles, especially
in the mitochondria, causing damage to the mitochondrial
membrane and leading to impaired energy metabolism in the
cells and the organism [21,22]. The present study showed that
with increasing temperature, mitochondrial oxidative stress ROS
content increases, demonstrating increased production and
release of mitochondrial oxides and inhibited activity.

The results of ROS and JC-1 assays were in line with the
mechanistic studies in humans when heat stroke occurs, such
as in heat stroke, cells in the body are in a hypoxic state, ATP is
reduced, Ca2+ concentration is increased, followed by elevated
ROS and oxidative stress, leading to apoptosis, tissue necrosis and
autophagy, and eventually multi-organ dysfunction and individual
death [23]. Interestingly, the results in this experiment showed
that ROS was elevated and mitochondrial activity was reduced
when hADSCs cells were in a high temperature environment; the
cell membrane depolarization was severe during JC-1 staining,
which may also lead to dysregulation of Ca2+ flow. It may
further explain that when people are under high temperature
all the time, the growth of hADSCs cells is restricted and cellular
oxidative stress is severe, and then apoptosis or cell death occurs,
resulting in the loss of the ability of adipocytes to maintain body
temperature, and the final trend is the loss of organismal function
and death.

6 This article is available in: https://www.imedpub.com/endocrinology-metabolism-open-access/
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ADSCs are widely distributed in vivo, including subcutaneous
tissues. The changes in cellular activity and function of hADSCs
induced by high temperature are closely related to explain the
aging of epidermal cells, dysregulation of lipid metabolism and
maintenance of body temperature. Therefore, we hypothesize
that humans and animals growing near the equator or in hot
regions are affected by high temperatures, which may cause
aging of surface cells such as skin in mild cases and impairment
of metabolism of cells, tissues and organs in the body in severe
cases, thus causing various diseases.

Conclusion

hADSCs grown under high temperature conditions have restricted
growth activity, blocked S and G2 phases resulting in reduced
cell division, enhanced osteogenic differentiation, impaired
mitochondrial activity, and severe cell depolarization. These
phenomena are directly related to skin aging, apoptosis and
heat stroke diseases caused by outdoor exposure to sunlight in
summer as reported by previous researchers. These results may
provide a further explanation for global warming to localize high
temperatures, causing the cause of species extinction.
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