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Abstract: Global warming and the associated increasing frequency of heatwaves are on the rise 
leading to numerous health complications. Diabetic patients are more vulnerable to heat exposure 
than healthy individuals, owing to their impaired sweating ability, however, little is known about 
how heat exposure may impact the function of skin cells, commonly keratinocytes. Our recent report 
provided the first proof-of-concept revealing that the metabolic composition of sweat EVs is 
associated with metabolic changes in healthy individuals and type 2 diabetes patients. Given this 
and the shared cellular proprieties of eccrine sweat glands with keratinocytes, we questioned 
whether the metabolic changes in sweat EVs may mirror the responses of keratinocytes upon heat 
exposure. To this, we exposed HaCat, which were maintained in low (mimicking healthy condition) 
and high glucose (mimicking diabetes condition) to acute (90 min), chronic (48 h), and repetitive 
heat exposure at 40 ⁰C. Through conducting a set of experiments including a targeted metabolomics 
approach, Greiss assay, western blotting analysis, and electron microscopy studies. The data 
demonstrate that heat exposure results in substantial changes of metabolite levels belonging to 
amino acids, pyrimidine metabolism, and glycolysis pathways in high glucose maintained HaCat 
cells when compared to those noted in low glucose condition. Exploring the molecular mechanisms 
through which heat exposure may impact the metabolic composition in keratinocytes, our 
discoveries highlight nitric oxide (NO) as a novel biomarker that the level is correlated with heat 
duration and frequency. Furthermore, data reveal that the HSP-70 protein levels and mitochondrial 
morphology are consequently altered. This study provides evidence of shared metabolic alterations 
in keratinocytes and sweat EVs collected from clinical study and proposes, for the first time, NO as 
a novel biomarker for monitoring changes in health and diabetes upon heat exposure.  
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1. Introduction 

With an increased frequency and duration of heatwaves associated with climatic changes, the 
incidence of ensuing hospitalization and mortality worldwide has significantly increased, notably for 
diabetic patients [1–4].  

Diabetes is a metabolic disorder characterized by increased blood glucose levels, insulin 
resistance, and damage to multiple organs [5,6]. Recently, evidence suggested that individuals with 
diabetes are more vulnerable to heat exposure than healthy individuals, and reported a higher 
mortality rate in diabetic patients when compared with those without diabetes [7–10]. 
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Owing to the presence of sweat glands, the skin plays a crucial role in the thermoregulation via 
the production of sweat [11,12]. In diabetes condition, however, the thermoregulatory mechanism is 
impaired because of various complications, such as the signalling dysfunction in the endothelium 
and non-endothelium caused by cardiovascular problems; the metabolic features such as irregular 
insulin distribution and chronic high blood glucose; the alternation of autonomous nervous function, 
and the decreased blood flow to the skin, thus leading to a decreased sweating ability [13–15].  

Importantly, clinical studies claim the therapeutic effects of heat treatments on diabetes through 
controlling hyperglycemic level and reducing insulin resistance [16–19]. One proposed hypothesis is 
that heat can affect human sweating rate and the sweat composition. Moreover, the interplay between 
nitric oxide and heat shock proteins pathways appears to be one of the molecular mechanisms via 
which heat may promote the production of sweat [20–24]. NO is a free radical generated by the 
oxidation of L-arginine [23–26]. Recently, specific attention was attributed to NO, commonly in the 
skin via its key roles in regulating numerous biological processes in health and diseases [27–30]. This 
is, in part, due to the biphasic role of NO pathway in modulating the oxidative stress and 
mitochondrial function [30–33].  

Heat shock proteins (HSP) are highly abundant intracellular proteins, contributing to various 
biological activities in normal physiological conditions, but also dynamically acting against distinct 
stimulus such as heat [20,24,34–36]. Among these functions, HSPs play a critical role in cellular 
protein homeostasis and cyto-protection. Several studies have explored the role of HSPs in diabetes, 
and it has been established that HSP protein levels are affected in diabetes and are associated with 
diabetic complications [20,23,37]. A study suggests that HSP70 is linked directly to heat effects on 
keratinocytes, and expression of HSP-70 in the epidermis and dermis indicates activation of protein 
synthesis and anti-inflammatory processes, to prevent photodamage [38]. 

Recently, our report identified the presence of metabolites in sweat extracellular vesicles (EVs) 
with a pioneering extraction and collection methodology. The findings reveal that sweat metabolites 
are influenced by heat in healthy individuals and exhibit a correlation with glucose levels [39]. 

In this study, our objective is to establish a cause-and-effect relationship by initially 
characterizing the changes that occur in the skin during heat exposure and their subsequent 
consequences. To gain insight into how heat affects the human skin at the cellular level under 
controlled glucose conditions, we employed an in-vitro cell line model using immortalized 
keratinocyte cell lines (HaCat). We maintained HaCat in low glucose (5 mM) and high (25 mM) 
glucose levels mimicking a healthy and diabetic cell environment. We exposed these cells to heat for 
varying durations to explore the effects of elevated temperature comprehensively. 

The data reveals a contradictory metabolic composition in keratinocytes maintained in high 
glucose compared to that observed in their EVs, indicating that these vesicles may serve to buffer the 
intracellular space ensuring maintenance of homeostasis. NO is identified as a potential target to be 
associated with heat responses in high glucose-maintained keratinocytes. Furthermore, the heat 
exposure duration and frequency show positive effects on improving NO production, which is 
correlated with the increase of HSP-70 protein level and the activation of mitochondrial function. 

Our study provides, for the first time, an insight into skin health and guides preventive strategies 
for diabetes-related skin complications. Additionally, it contributes to better understanding the 
molecular mechanisms that may take part in the production of sweat, thus proposing new therapeutic 
approaches. However, further investigations using sweat glands organoids may represent a more 
realistic model for mimicking the in vivo responses toward heat exposure.  

2. Results 

1.1. Heat Exposure Alters the Metabolic Profile of Skin Keratinocytes  

Eccrine sweat glands play a major role in maintaining skin homoeostasis [12,40,41]. Owing to 
their origin, sweat glands exhibit almost the same properties as keratinocytes through regenerating 
the whole epidermis [42]. Recently, we reported that metabolite levels from sweat EVs are influenced 
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by heat exposure and proposed them as means for reflecting metabolic changes in healthy and 
diabetes disease [39,43].    

To provide a link between the observed metabolic composition of sweat EVs from healthy and 
diabetic patients [39], and that from keratinocytes upon heat exposure, HaCat cell we used. The cells 
were maintained in low (5mM) and high (25mM) glucose and then subjected to a short heat exposure 
at 40 ⁰C during 90 min. The metabolic patterns of the cells were explored through performing a 
targeted metabolomics approach, as previously described in Rahat et al., 2023 (Fig. 1A).  

These data revealed, for the first time, that heat exposure resulted in downregulation of six 
metabolites in high glucose-maintained cells when compared to their levels in low glucose condition. 
The three metabolites including arginine, valine (amino acids), and uracil (pyrimidine metabolism) 
were significantly decreased (Fig. 1B-D). The rest of metabolites including creatinine (creatine 
pathway), isoleucine and asparagine (amino acids) were decreased, although not statistically 
significant (Supplementary Figure. 1A-D). Furthermore, the level of leucine and serine (amino acid), 
and lactate (glycolysis) metabolites were substantially elevated (Fig. 1E-G).  

When evaluating the metabolites associated with the fatty acid pathway, we found a trend of 
decrease in the level of linoleate and myristate, while the level of palmitate metabolite was not 
changed in high glucose-maintained cells when compared to their levels in low glucose condition 
(Supplementary Figure. 1D-F).  

Our current results show that metabolic changes in keratinocytes are contradictory to those 
previously observed in sweat EVs collected from healthy and type 2 diabetes (T2D) [39]. This result 
might suggest that EVs serve to buffer the intracellular space, however further investigations are 
needed. 

Overall, our data suggest that keratinocytes may serve as an in vitro model for mirroring 
metabolic changes in sweat EVs, commonly for investigating glucose metabolism upon heat exposure 
in healthy and diabetic conditions.  
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1.1.1. Figure 1 

 

Figure 1. Metabolic composition of keratinocytes upon acute heat exposure. (A) Schematic 
representation of the experimental methodology. (B–G) Metabolite levels of arginine (B), uracil (C), 
valine (D), leucine (E), serine (F), and lactate (G) in high glucose- versus low glucose- maintained cells 
upon 90 min of heat exposure. Data are metabolite peak area fold changes ± SEM after normalization 
to the cell number and compared to control cells. Two-tailed Student’s t-test was used. *P < 0.05.1.1. 
Acute and chronic heat exposures alter NO levels in HaCat cells. 

Recently, our clinical results demonstrated a pioneering methodology for isolating and 
characterizing sweat EVs from clinical grade patches. Moreover, the data highlighted the use of 
certain metabolites as potential biomarkers for monitoring the heat effects on healthy and T2D 
subjects (39). Nevertheless, due to the inaccessible information concerning the basal levels of 
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metabolites brought by the diabetes condition in sweat EVs collected at room temperature, our 
normalization method, however, was limited.  

To specifically identify potential metabolites whose levels are specifically influenced by heat 
exposure and by high glucose condition, we examined and compared the basal levels of the altered 
metabolites upon acute heat exposure, shown in Figure 1, in cells maintained in high- versus low 
glucose conditions at 37 ⁰C. These findings highlight arginine as the only metabolite whose level was 
significantly inversely associated with acute heat exposure. In high glucose-maintained cells at 37⁰C, 
level of arginine was found to be moderately increased, although not statistically significant, when 
compared to its level in low glucose condition (Figure 2A). To further explore the molecular 
mechanisms via which heat exposure may modulate arginine metabolism, we selected one of its 
downstream molecules, nitric oxide (NO), as a target to be examined. Given that NO is generated by 
the oxidation of L-arginine [23–26], and our results demonstrating a decreased level of arginine in 
high glucose-maintained cells upon heat exposure, we hypothesized that heat exposures may 
influence the production of NO. Using a Greiss kit followed by a colorimetric assay, NO levels were 
evaluated as previously described [44] (Figure 2B).  

Following 90 min of heat exposure, the concentration of NO showed a slight decrease in high 
glucose-maintained cells when compared to low glucose condition (Figure 2C). This result supports 
our hypothesis indicating a positive association between the level of arginine metabolite and the 
production of NO upon heat exposure in keratinocytes. Thus, proposing NO pathway as one 
molecular mechanism via which heat exposure may influence the responses of keratinocytes in high 
glucose condition. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 June 2024                   doi:10.20944/preprints202406.0063.v1

https://doi.org/10.20944/preprints202406.0063.v1


 6 

 

1.1.1. Figure 2 

 

Figure 2. Nitric oxide is a new target of acute and chronic heat exposure in high glucose-maintained 
keratinocytes. (A) Metabolite level of arginine in HaCat cells that were grown at 37°C in presence of 
low and high glucose conditions. (B) Schematic representation of the experimental methodology. (C) 
Nitrate concentration in low- and high glucose-maintained HaCat upon acute heat exposure during 
90min. (D) NO concentration in low- and high glucose-maintained HaCat upon chronic heat exposure 
during 48min. The results are average after normalization to protein concentration and to the control 
± SEM in three separate experiments. (E) Schematic representation of the experimental methodology. 
(F. NO concentration in EVs isolated from the cells maintained in low- and high glucose-maintained 
following 48 h of heat exposure. Data are average after normalization to EVs concentration ± SEM in 
three independent experiments. Two-tailed Student’s t-test was used. *P < 0.05. 

As recently proposed in clinical studies, the duration of heat exposure is a key when 
investigating its therapeutic effect on diabetes [16–19]. Given this and our results indicating the 
altered NO production upon acute heat exposure, we aimed to explore how longer heat exposure, 
referred as to the chronic exposure, may influence its levels. The cells were exposed to heat for 48 h, 
following this, the cellular production of NO was examined using Greiss assay.  

The finding demonstrated a significant decrease of NO level in high glucose-maintained cells 
when compared to its level in low glucose condition (Figure 2D).  
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Based on the contradictory profiling of the metabolic composition observed in sweat EVs [39] 
with the one noted in herein keratinocytes model upon acute heat exposure, we hypothesize that EVs 
may serve to buffer the intracellular space responses to heat. To test this hypothesis, we isolated the 
EVs from the supernatants of cells maintained in low and high glucose conditions following 48 h of 
heat exposure. The NO concentration in both EVs was then evaluated (Figure 2E). Findings indicate 
that, upon chronic heat exposure, the calculated number of EVs produced in high glucose-maintained 
cells was higher than that noted in low glucose condition. This was associated with a significant 
increase of NO in the EVs issued from the cells maintained in high glucose when compared to its 
level in the EVs collected from cells in low glucose condition (Figure 2F). Our results confirm the 
hypothesis suggesting that EVs serve to buffer the intracellular space in keratinocytes.  

Overall, results propose NO as a novel biomarker for monitoring heat exposure consequences 
on keratinocytes when maintained in high glucose condition.   

1.3. Acute and Chronic Heat Exposures Result in Altered HSP-70 and Mitochondrial Morphology in 
Keratinocytes  

Based on the literature, Heat Shock Protein 70 (HSP-70) plays a protective role in response to 
heat stress through functioning as a molecular chaperone to preserve cellular function [35,45], and 
the recent report proposing that HSP-70 may modulate NO pathway [24]. We aimed therefore to 
examine its expression levels upon acute and chronic heat exposure by conducting western bloating 
(Figure 3A).  

At 90min, judged by western blotting images followed by band intensity quantification, a 
significant decrease of HSP-70 levels was observed in high glucose-maintained cells when compared 
to that noted in low glucose condition (Figure 3B,C). In agreement, HSP-70 was downregulated after 
48 h of heat exposure, although not statistically significant (Figure 3D,E). The data suggest the pattern 
of HSP-70 is associated with the observed levels of arginine and NO upon acute and chronic heat 
exposure conditions, respectively.  
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1.3.1. Figure 3 

 
Figure 3. HSP-70 protein is altered upon acute and chronic heat exposures. (A) Schematic 
representation of the experimental methodology. (B) Western blotting analysis of HSP-70 in HaCat 
upon acute heat exposure for 90 min. (C) Quantification of HSP-70 protein expression levels upon 
acute heat exposure during 90min. The results are shown as averages after normalization to the 
control ± SEM in three separate experiments. β-actin was used as a loading control. (D) Western 
blotting analysis of HSP-70 in HaCat following 48 h of heat exposure. (E) Quantification of HSP-70 
protein expression levels upon chronic heat exposure during 48 h. The results are shown as averages 
after normalization to the control ± SEM in three separate experiments. β-actin was used as a loading 
control. (F) Metabolite level of hypoxanthine upon acute heat exposure during 90min. Two-tailed 
Student’s t-test was used. *P < 0.05. 

Considering reports indicating that HSP-70 plays an important role in mitochondrial 
homeostasis via preserving protein (re-) folding [34,35,46,47], we aimed to examine whether, upon 
heat exposure, the decreased level of HSP-70 might trigger mitochondrial phenotype changes in high 
glucose conditions. 
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Electron microscopy images revealed that mitochondria in 25mM maintained glucose appeared 
structurally normal with various shapes (elongated or round), with well-arranged cristae and an 
electron-dense matrix upon acute heat exposure. In 5mM maintained cells, however, the 
mitochondria appeared typically swollen, they were enlarged and round, and composed of 
irregularly organized cristae accompanied by a partially or totally electron-lucent matrix (Figure 4, 
dashed rectangle).  

Data suggests that mitochondria in high glucose-maintained cells are more resistant to the short 
duration of heat exposure than those in low glucose-maintained cells. This can be explained by a 
protective mechanism in which NO is playing a key role in orchestrating the oxidative status of the 
cells [26,33]. Furthermore, the significant decrease of hypoxanthine metabolite, a marker of oxidative 
stress in health and diseases [48–51], in high glucose-maintained cells agreed with this hypothesis 
(Figure 3D). Our observation supports the hypothesis that mitochondria in cells maintained in high 
glucose are more resistant to acute heat exposure than those in low glucose condition. This can be 
explained by a protective mechanism in which NO and HSP-70 pathways may interplay for coping 
with the heat exposure.  

Together, these findings propose a potential interlink between HSP-70, mitochondrial 
morphology, and NO changes in keratinocytes upon heat treatment, although further investigations 
are needed. 

1.3.1. Figure 4 

 

Figure 4. Keratinocytes exhibit a specific mitochondrial phenotype upon acute heat exposure. 
Acute heat exposure leads to an abnormal mitochondrial phenotype (swollen and enormous, round 
in shape, disarrangement of the cristae accompanied by partially or totally electron-lucent matrix) 
(black dotted rectangle). In 25mM maintained cells, however, normal mitochondria of different 
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shapes (elongated or round) with well-arranged cristae and electron dense were observed (black 
dotted rectangle). Scale bar = 500µm. 

1.4. Repetitive Heat Exposure Improves the Levels of NO and HSP-70 Protein Leading to Altered 
Mitochondrial Phenotype in Keratinocytes  

Recently, clinical studies reported that heat therapy has beneficial results in improving insulin 
sensitivity and glycemic control for diabetic patients [18,19,52,53]. Based on this, we aimed to explore 
whether frequent heat exposure may improve the levels of NO and consequently HSP-70 protein in 
high glucose-maintained keratinocytes. Cells underwent three repetitive heat exposure for 90 min as 
illustrated in Figure 5A. Greiss assay and western blotting were performed to examine the levels of 
NO and HSP-70 protein.  

Our result demonstrates an increase, though not statistically significant, of NO production in 
high glucose-maintained cells when compared to that noted in low glucose condition (Figure 5B). 
This was correlated with a significant elevation of HSP-70 at protein level (Figure 5B).  

Electron microscopy images reveal an altered mitochondrial phenotype in both cells maintained 
in low- and high glucose conditions following repetitive heat exposure (Figure 6A). Judged by the 
noted disorganized cristae network in both cells, the data suggest that repetitive heat exposure may 
stimulate the function of mitochondria such as the respiration capacity and mitochondrial membrane 
potential. Thus, indicating a beneficial effect of frequent heat on improving mitochondrial function 
in high glucose-maintained keratinocytes. Moreover, based on the apoptotic cell number in the cells 
maintained in low and high glucose (data not shown), our data indicate that the altered phenotype of 
mitochondria appears not toxic. This is supported by the increased level on NO, which acts as an 
anti-apoptotic player via protecting the cells from oxidative damage [30–33].   

These findings reveal, for the first time, the beneficial effects of frequent heat exposure on 
modulating mitochondrial function via promoting the production of NO and upregulating HSP-70 
protein. Thus, we propose NO as a novel biomarker to be considered when monitoring the 
therapeutic effects of heat treatment on controlling glycemic level, commonly in diabetes. 
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Figure 5. Repetitive heat exposure positively influences keratinocytes responses in high glucose 
conditions. (A) Schematic representation of the experimental methodology. (B) Nitrate concentration 
in low- and high glucose-maintained HaCat upon repetitive heat exposure. The results are average 
after normalization to protein concentration and to the control ± SEM in three separate experiments. 
(C) Western blotting analysis of HSP-70 in HaCat upon acute heat exposure for 90 min. (D) 
Quantification of HSP-70 protein expression levels upon acute heat exposure during 90min. The 
results are shown as averages after normalization to the control ± SEM in three separate experiments. 
β-actin was used as a loading control. Two-tailed Student’s t-test was used. *P < 0.05. 
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Figure 6. Keratinocytes exhibit a specific mitochondrial phenotype upon repetitive heat exposure. 
Repetitive heat exposure leads to an abnormal mitochondrial phenotype (swollen and enormous, 
round in shape, disarrangement of the cristae accompanied by partially or totally electron-lucent 
matrix) (black dotted rectangle) in both 5- and 25mM maintained cells. Scale bar = 500 µm. 

3. Discussion 

The purpose of this study is to investigate the use of HaCat cells as an in vitro model, a 
representative of sweat glands cells, to test whether heat exposure with different durations and 
frequency may impact the metabolic pattern in keratinocytes. Thus, enabling the identification of 
distinct metabolites that can be used as sweat biomarkers for monitoring wellbeing and changes in 
diseases. Given this aim and our recent data highlighting that metabolic composition of sweat EVs is 
altered in healthy and T2D conditions upon heat exposure. We applied, therefore the same 
experimental design as previously described [39], and performed a targeted metabolomics approach.  

Our results propose NO as a novel biomarker to be associated with heat response in high 
glucose-maintained keratinocytes. Moreover, the alteration of NO is associated with our discoveries 
from a target metabolomic approaches that highlight arginine as the only metabolite to be specifically 
modulated by acute heat exposure in high glucose-maintained keratinocytes. This agrees with our 
recent published observation in which we demonstrate that following external heat exposure, the 
level of arginine metabolite is increased in sweat EVs collected from T2D patients when compared to 
its level in healthy subjects [39]. Similarly, following internal heat brought by an exercise test, the 
level of arginine metabolite is substantially elevated in sweat EVs of healthy subjects when compared 
to its level in the recovery state of the same individual [43]. Hier et al., reported that, in healthy 
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subjects, heat exposure increases the arginine concentration in sweat, which appears to be 
independent of its variation in the blood [54].  

Sweat glands express nitric oxide synthase enzyme (NOS) that the function is to produce NO 
via the oxidation of L-arginine [32,55,56], thus influencing the sweat composition. Importantly, 
during exercise in the heat, a relationship between the function of NOS and sweat production was 
proposed [57–59]. Data indicate that the inhibition of NOS attenuates the rate of human sweat and 
propose the NO pathway as a regulator for sweat secretion [58,59], however, the molecular 
mechanisms remain to be addressed.  

Evidence supports that diabetes is associated with a deceased levels of HSPs in insulin-sensitive 
tissue [36,52,60]. Recently, clinical studies have shown the effectiveness of heat exposure as a 
therapeutic solution for diabetes, thus patients with T2D are recommended to have several series of 
heat exposure per week [19]. Data indicate that heat activates heat shock proteins, which 
consequently improve insulin resistance, glycemic control, and inflammation in T2D patients [19–
21,24,38,61]. Similarly, in healthy keratinocytes, HSP-70 expression levels were elevated following 
multiple heat pulses [38]. Our results agree with the literature demonstrating, for the first time, that 
repetitive heat exposures increase HSP-70 protein levels, which correlate with an increase of NO 
levels in high glucose-maintained keratinocytes. Based on the literature and our results, we 
hypothesize that the interplay between HSP-70 and NO pathways may be proposed as the first 
molecular mechanism via which heat exposure can influence sweat production and composition. 

The second hypothesis is that sweating rate might be controlled by the relationship between 
calcium and mitochondrial signaling, which, in turn, can impact the NO pathway. Diabetes is 
associated with decreased sweating ability caused by a series of events, including the cardiovascular 
complications, irregular insulin distribution and chronic glycemia, a decreased skin blood flow and 
dehydration, and dysfunction of nerves connected to sweat glands [7,62]. Moreover, studies report 
the association between the high serum calcium levels and the risk of T2D [63–65], which may trigger 
alteration of sweating rate, which is commonly seen in T2D patients. Multiple clinical studies, 
therefore, were conducted to explore whether exercise tests in the heat may ameliorate the capacity 
of sweat glands for producing sweat in healthy and diabetic patients. The data showed contradictory 
outcomes indicating that human sweating rate may or not be correlated with the altered calcium 
signaling caused by the internal body-heat [58,66,67]. One study, however, performed by 
Shamsuddin et al., showed that the cultured sweat gland cells, in vitro, are dependently secreting 
sweat in association with the external calcium present in the medium [68]. The interlink between 
cellular calcium levels and mitochondrial pathways for controlling cell homeostasis is well 
documented [69–72]. Recently, we reported that high blood glucose increases the intracellular calcium 
concentrations and consequently results on mitochondrial morphology changes in primary 
keratinocytes and murine skin. Our data highlight Trisk95 as main player in this mechanism [73]. 
High glucose condition increases oxidative stress and the production of cellular ROS [74–76]. 
Furthermore, being an oxidant, NO play a central role in regulating oxidative stress [33]. Given the 
literature and our herein results showing the alterations in morphological appearance of 
mitochondria, upon heat exposure, we thus propose that calcium may modulate NO pathway via 
mitochondria as an intermediate player. Further investigations using sweat gland cells with gain or 
loss of function of Trisk95 for assessing the calcium and NO relationship under heat exposure will be 
performed. 

Our current study supports a vital role for skin in physiological responses to heat exposure via 
sweat production, in which the metabolic composition is influenced by the action of keratinocytes. 
Moreover, we advance the understanding of this intricate interplay by establishing a correlation 
between specific glucose environments and cellular physiology via identification of new players. 
Finaly, we propose NO as a novel biomarker when monitoring the therapeutic effect of heat 
treatment, such as for diabetes.  
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4. Materials and Methods 

Cell Culture and Glucose Treatment 

HaCat cell lines were maintained in low glucose (5mM D-Glucose) DMEM, and high glucose 
(25mM D-Glucose) DMEM to mimic healthy and diabetic skin cells environment, respectively. HaCat 
cells were cultured in 5mM and 25mM D-glucose DMEM media (Thermo Fisher) supplemented with 
1% Penicillin/Streptomycin (Sigma), 10% FBS (Gibco) and maintained at 37°C in a humidified 
incubator under 5% CO2. The media was replaced every 48 hours after the seeding of the cells. When 
needed the cells were maintained in different passages after detachment with Trypsin-EDTA (Gibco 
Life Technology). 

Heat Exposure 

Acute and chronic heat exposures 
On the day of treatment, HaCat cell cultures were rinsed with growth media to eliminate dead 

cells. Following this, fresh growth media was added to all control and treatment plates. Control cell 
plates were incubated for 90 minutes and 48 hours at 37°C in a humidified incubator with 5% CO2, 
while treatment plates were incubated at 40°C under the same conditions. 

After heat exposure, cells were rinsed with 1x PBS and subsequently collected for protein, 
metabolomics, and electron microscopy analyses, in which each conducted according to their 
respective protocols. This protocol was repeated twice to have biological replicates and subsequent 
analyses were performed as explained below. 

Repetitive heat exposure 
On the day of the treatment, HaCat cells maintained at 5mM and 25mM glucose levels were 

subjected to repeated heat exposure. In this experimental setup, the cells were exposed to 40°C in a 
humidified incubator under 5% CO2 for 90 minutes every 24 hours, repeated three times, (following 
each heat exposure the cells were returned to an incubator at 37°C under the same incubation 
condition) and cell collection occurred after the third heat exposure. The cells to study heat recovery 
were collected 24 hours after the third heat exposure. 

Following the repeated heat exposure (and recovery in the case of recovery cells) the cells were 
washed with 1x PBS and subsequently collected for protein, RNA, Metabolomics, and Electron 
microscopy, each conducted according to their respective protocols. The protocol was repeated twice 
to have biological replicates and further analysis was proceeded as explained below. 

Protein Extraction and Isolation 

The cell lysis was carried out by using radioimmunoprecipitation assay (RIPA) buffer (Cell 
Signaling Technology) supplemented with protease (Roche) and phosphatase inhibitor cocktail 
(Sigma-Aldrich). The samples were incubated with the lysis buffer for 30 minutes on ice and lysates 
were cleared by centrifugation at 16,000 x g for 15 minutes at 4°C. The protein concentration in the 
supernatant was measured using Pierce BCA Protein Assay Kit (Thermo Fisher), according to the 
manufacturer’s protocol. The absorption was detected by Perkin Elmer Victor3 multilabel reader and 
concentration was calculated by using BSA standard curve equation. 

Western Blotting Analysis  

The quantity of protein in the samples was calculated using BCA assay (PierceTM BCA Protein 
Assay Kit) according to the manufacturer’s recommendations. Equal amounts of total protein (30 µg) 
were separated by SDS-PAGE and electrophoretically transferred to nitrocellulose membranes 
(741280, BioTop, Germany). The membranes were then incubated overnight at 4°C with the following 
primary antibodies Anti-HSP70 (sc-373867, Santa Cruz Biotechnology), Anti-b-Actin and then with 
the secondary antibody (P0260, Aligent Tech, Glostrup, Denmark). The blots were then developed 
using PierceTM ECL plus western blotting substrate (32132, Thermo Fisher Scientific, USA). 
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Targeted LC-MS Metabolomics Analysis 

For Targeted metabolomics profiling, the metabolites were extracted from cells using 400µl of 
cold LC-MS grade extraction solvent (Acetonitrile:Methanol:MQ; 40:40:20) and subsequently, 
samples were vortexed for 2 min and sonicated for 1 min followed by centrifugation at 14000rpm at 
4°C for 5 minutes. After centrifugation supernatants were transferred into polypropylene tubes and 
placed into Nitrogen gas evaporator and dried samples were suspended with 40µl of extraction 
solvent (ACN:MeOH:MQ; 40:40:20) and vortexed for 2 min and transfered into HPLC glass auto 
sampler vials. 2µl of samples were injected with Thermo Vanquish UHPLC coupled with Q-Exactive 
Orbitrap quadrupole mass spectrometer equipped with a heated electrospray ionization (H-ESI) 
source probe (Thermo Fischer Scientific). A SeQuant ZIC-pHILIC (2.1×100 mm, 5-μm particle) 
column (Merck) was used for chromatographic separation. The gradient elution was carried out with 
a flow rate of 0.100 ml/minutes with using 20mM ammonium hydrogen carbonate, adjusted to pH 
9.4 with ammonium solution (25%) as mobile phase A and acetonitrile as mobile phase B. The 
gradient elution was initiated from 20% Mobile phase A and 80% of mobile phase B and maintain till 
2min., followed by 20% Mobile phase A gradually increasing up to 80% till 17 min., then 80% to 20% 
Mobile phase A decrease in 17.1 min. and maintained up to 24 minutes. The column oven and auto-
sampler temperatures were set to 40 ± 3 °C and 5 ± 3 °C, respectively. MS was equipped with a heated 
electrospray ionization (HESI) source using polarity switching and following setting: resolution of 
35,000, the spray voltages: 4250 V for positive and 3250 V for negative mode, the sheath gas: 25 
arbitrary units (AU), and the auxiliary gas: 15 AU, sweep gas flow 0, Capillary temperature: 275°C, 
S-lens RF level: 50.0. Instrument control operated with the Xcalibur 4.1.31.9 software (Thermo Fischer 
Scientific). The peak integration was done with the TraceFinder 4.1 software (Thermo Fischer 
Scientific) using confirmed retention times for 450 metabolites standardized with library kit MSMLS-
1EA (Merck). Peak smoothening was adjusted to 7 and sample peak threshold set to 50 000 m/z. The 
data quality was monitored throughout the run using pooled QC sample prepared by pooling 5µl 
from each suspended samples and interspersed throughout the run as every 10th sample. The 
metabolite data was checked for peak quality (poor chromatograph), % RSD (20% cutoff) and 
carryover (20% cutoff).  

Metabolomics Data Analysis 

Identified metabolites were normalized to cell number prior to analyzing data using 
Metaboanalyst 5.0 (www.metaboanalyst.ca). Missing values were replaced by the limit of detection, 
set as 20 % of the minimum positive value of each metabolite and normalization of all samples was 
made by using log transformation. Metabolites with a fold change of 1.5 and a p-value of 0.1 using 
unpaired non-parametric t-test were considered significant. 

Isolation of Extracellular Vesicles from Keratinocytes 

After long-term heat exposure of 48 h, medium was collected and filtered through 40 μm Sterile 
Cell Strainers (CLS431750, Corning™) to remove dead cells. The supernatant was cleared from 
cellular components by centrifugation twice at 2500 x g for 15 min at 4°C. The filtrate was then re-
filtered through 0.8 µm vacuum filter units (Thermo Fisher Scientific, Waltham, MA, USA). The 
filtrate was centrifuged in a Sorvall AH-629 rotor at 100,000× g for 12 h, in a Sorvall Ultracentrifuge 
Machine WX ultra 90 (VWR, Thermo Electron Corporation, Radnor, PA, USA). The supernatant was 
collected, the pellets were washed using 1× PBS followed by centrifugation at 100,000× g for 2 h, and 
then were resuspended in 1× PBS.  

Nanoparticle Tracking Analysis 

To measure the EV number and concentration, nanoparticle tracking analysis (NTA) was 
performed using a NanoSight NS300 (NanoSight Ltd., Amesbury, UK) equipped with a 405 nm laser. 
At least four 60 s videos were recorded for each sample, with a camera level of 14 and the detection 
threshold set at 5. Temperature was monitored throughout the measurements. Videos recorded for 
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each sample were analyzed with NTA software version 3 to determine the concentration and size of 
measured particles, with the corresponding standard error. For analysis, automatic settings were 
used for blur, minimum track length and minimum expected particle size. Double-distilled H2O was 
used to dilute the sample. 

Electron Microscopy_ Negative Staining  

HaCat cells were fixed in 1 % glutaraldehyde and 4 % formaldehyde mixture in 0.1 M phosphate 
buffer (pH 7.2) for 10 min. Cells were detached and fixation was continued for 1 hour and stored at 
+4° C in the fixative. After fixation cells were centrifuged to a pellet, immersed in 2% Agarose in 
distilled water, and postfixed in 1% osmium tetroxide, dehydrated in acetone, and embedded in Epon 
LX 112 (Ladd Research Industries, Vermont, USA). Thin sections (70 nm) were cut with Leica Ultracut 
UCT ultramicrotome, stained using uranyl acetate and lead citrate, and examined in Tecnai G2 Spirit 
transmission electron microscope (FEI Europe, Eindhoven, The Netherlands) operated at 100 kV.  
Images were captured with a Quemesa bottom-mounted CCD camera (Olympus Soft Imaging 
Solutions GMBH, Münster Germany) using Radius software (EMSIS GmbH, Münster, Germany). 

Nitrite Concentration Determination 

HaCat cells were exposed to heat as explained earlier in the experimental design. Cell lysate was 
prepared using RIPA buffer (Cell Signaling Technology. Nitrite concentration was determined using 
a Greiss reagent kit (G7921, Thermo Scientific). The standard nitrite concentration solutions were 
prepared up to 100 mg. Cell lysate samples and standards were combined with Greiss reagent 
following the protocol provided with the kit, and incubated for 30 min. After incubation, the 
absorbance at 544 nm was measured with a spectroscope (Victor V3, Perkin Elmers, Massachusetts, 
USA). The standard curve was plotted by using nitrite standards and respective absorbance at 544nm. 
Nitrite concentration in cell lysate was calculated by the corresponding standard curve equation.  

Statistical Analysis 

All analyses were performed with GraphPad Prism software, version (9.3.1), which was used for 
the statistical analyses. The two-tailed Student t-test was employed and * P-values less than 0.05 were 
considered significant. 

5. Conclusions 

In conclusion, our study focused on the significant impact of heat exposure on cellular dynamics, 
particularly in the context of high-glucose environments. The concentration of glucose emerged as a 
critical factor shaping the skin cell reaction to heat exposure, highlighting the metabolites as potential 
indicators in the cellular responses.  

In a broader context, our research highlights a crucial link between specific glucose 
environments and the skin's adaptive response to heat stress. Emphasizing the role of keratinocytes, 
our study suggests that cellular responses may trigger preventive mechanisms such as sweat 
production, aiding in adapting to elevated temperatures under varying glucose conditions. This 
insight might help in understanding the implications of heat as a therapeutic solution for diabetes 
via monitoring NO as a novel indicator in skin and sweat.  
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