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Abstract Obesity is a risk factor for several cardiovascular and metabolic diseases. Its influence on the skin is
less obvious, yet certain negative effects of adipose tissue
inflammation on the dermis have been suggested. Excess
weight is closely associated with sedentary behavior, so any
increase in physical activity is considered beneficial against
obesity. To investigate the effects of obesity and physical exercise on the skin, we established a mouse model in
which mice were kept either on a high-fat diet or received
standard chow. After the two groups achieved a significant
weight difference, physical exercise was introduced to both.
Animals were given the opportunity to perform voluntary
exercise for 40 min daily in a hamster wheel for a period
of 8 weeks. We evaluated the status of the dermis at the
beginning and at the end of the exercise period by in vivo
nonlinear microscopy. Obese mice kept on high-fat diet lost
weight steadily after they started to exercise. In the high-fat
diet group, we could detect significantly larger adipocytes
and a thicker layer of subcutaneous tissue; both changes
started to normalize after exercise. Nonlinear microscopy
revealed an impaired collagen structure in obese mice that
improved considerably after physical activity was introduced. With the ability to detect damage on collagen structure, we set out to address the question whether this process
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is reversible. With the use of a novel imaging method, we
were able to show the reversibility of connective tissue
deterioration as a benefit of physical exercise.
Keywords Obesity · Adipose tissue inflammation ·
Matrix degradation · Physical exercise · In vivo nonlinear
microscopy

Introduction
Sedentary lifestyle accompanied by the consumption of
food rich in saturated fat and carbohydrates is increasingly
more common that leads to the “obesity epidemic”. The
fat tissue is now considered a complex network of cells; a
much more complicated tissue than a great amount of adipocytes that simply store the excess fat [23]. The matrix of
the adipose layer contains additional types of cells such as
preadipocytes, fibroblasts, endothelial, and immune cells.
It is known that an excess in fat tissue leads to a systemic
inflammation. The subcutaneous fat layer is infiltrated with
neutrophils, regulatory T-cells, and macrophages, where a
shift from M2 to M1 subset is seen [14]. Through release of
inflammatory cytokines and reactive oxygen species along
with proteases and matrix degrading enzymes, adipose tissue inflammation leads to a remodeling of the surrounding
connective tissue, a process needed for the local expansion
of fat tissue [14, 23].
A clinical sign of the systemic inflammation in obesity is
that it is strongly associated with an increased rate of metabolic diseases, such as insulin resistance, type 2 diabetes,
dyslipidemia, and hypertension [9]. Obesity and diabetesrelated dermatological complications are now commonly
seen with the increased incidence of metabolic syndrome.
The most severe consequences on the skin include impaired
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wound healing and formation of ulcers [18, 25, 26]. Additionally, neuropathy, macro- and microangiopathy, and
disturbed immune functions are also key elements of the
pathophysiological events. It has been shown recently in
mice that high-fat diet and an increased subcutaneous fat
content contribute to ulcerative skin lesions that implicate
the role of inflammation in subcutaneous adipose tissue
(SAT) [27]. The role of subcutaneous fat has been underestimated; it became obvious that its accumulation is more
than just a cosmetic issue [6, 7]. Sedentary lifestyle is a significant factor that leads to obesity. Numerous studies have
shown that physical exercise (PE) can attenuate the adipose
tissue inflammation that will then improve the patients’
metabolic status, can lower the serum glucose level and
blood pressure. Besides, regular exercise has other benefits,
among other improved cognitive functions and prevention
of cancer [3, 8, 16, 19]. Strong evidence exists that PE
improves wound healing in different experimental setups
[21, 22, 24, 28].
In our previous experiments, we demonstrated that obesity-related skin changes can be visualized by nonlinear
microscopy. We have shown that weight gain is accompanied with substantial changes in the skin: thinning of the
dermis, a reduction in collagen content, and adipose tissue accumulation that can be detected with various techniques [11, 12]. We hypothesized that these changes may
be reversed with the introduction of PE. For this reason,
we set out to visualize the improvement in the status of the
dermis after PE in high-fat diet mice. We utilized in vivo
laser scanning nonlinear microscopy for monitoring skin
changes, a novel method with proven potential in research
and clinical diagnostics [1].

Materials and methods
Experimental animals, diet, and physical exercise
6-week-old C57BL/6N female mice (Charles River, Germany) were kept under standardized conditions in a 12h
light–dark cycle. They were divided into two groups. Mice
in the High-fat group (HF, n = 5) were kept on a diet that
contained 30% fat (SSNIFF, Germany) and the animals in
the Control group (CO, n = 4) received ordinary chow with
only 10% fat (SSNIFF).
High-fat diet was introduced when mice became 8-weekold, then voluntary exercise was initiated when the mice
reached the age of 40 weeks. Mice in both groups spent
40 min daily in a hamster wheel during the light phase for
8 weeks. Weight measurements were taken weekly. After
each exercise, distances covered by the mice have been
recorded by a calibrated bicycle computer (Rolson Tools
Ltd, UK).
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In vivo nonlinear microscopy
The condition of the dermis was assessed on each mouse
before the start of the PE period (Week 0) and at the
end of the experiment (Week 8) by in vivo second harmonic generation (SHG) imaging. Images were taken in
the same sessions under i.p. anesthesia with the use of
1.2% Avertin (Sigma Aldrich, Hungary). Before measurements, hair was removed from the dorsal areas. During
evaluation, mice were placed into a restrainer to prevent
movement. 6 × 6 mm large regions of interest (ROI) were
marked on both sides on the back of the mice, 5 mm away
from the spine. Images captured at Week 0 from one ROI
were used as baseline; then at Week 8, images with an
identical microscopic setup were taken from the opposite side as described above (Fig. 2c). A Ti-sapphire laser
operating at 796 nm was utilized for SHG imaging and
images were captured by an LSM 7-MP (Carl Zeiss, Germany) laser-scanning microscope. Computer-controlled
positioning of the objective along the z-axis was utilized
to record SHG images (“z-stack images”) to achieve tissue imaging in various depths. For each mouse, five
z-stack images were recorded. The quantification of collagen damages was carried out by measuring the intensity of SHG signal converted to integrated optical density
(IOD) by ImageJ software (NIH, USA). The amount of
unimpaired collagen in the skin correlates with the proportion of IOD. Further details can be found in references
[11, 12].
Histopathological analysis
After SHG imaging of each ROI, 6 mm large skin samples were obtained by punch biopsy under general anesthesia. 4-μm sections of formalin-fixed and paraffinembedded samples were stained with collagen-specific
Weigert van Gieson’s (WvG) staining. The thickness of
dermis, subcutaneous adipose tissue, and the size of adipocytes were examined in 5 fields of view along with the
analysis of the collagen structure.
Thickness of the dermis was assessed by measuring
the distance between the epidermal–dermal junction and
the dermal–subcutaneous–fat junction. SAT thickness
was evaluated similarly, based on the distances between
subcutaneous fat junction and panniculus carnosus. The
physical dimensions of adipocytes were assessed by
measuring their longest diameters [5, 11]. Damage in the
collagen structure was quantified by measuring the collagen density using a color deconvolution technique [2],
adapted for WvG staining. All measurements were carried out using ImageJ software.
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Statistical analysis
Normal distribution was confirmed by Shapiro-Wilks test.
Two-way repeated measures ANOVA and Tukey post hoc
test was used to analyze the data. Graphs display arithmetic means and error bars represent standard deviations
(SD). Statistical analysis was performed by Prism software
(GraphPad, USA).

Results
Weight change and physical activity
The weight of obese mice was significantly higher than
controls at the beginning of the exercise period. A significant weight loss during the PE from week 5 on in the HF
group has been noted. This significant weight difference
between the two groups disappeared by Week 8, despite the
significantly lower activity of obese mice compared to controls. The shorter distance covered by the obese mice was
due to their lower speed, since we did not observe any obvious rest during the 40 min exercise. In addition, there was
no increase in the activity of the HF group over the 8-week
experiment. On the contrary, the activity of control mice
increased gradually (Fig. 1).

difference disappeared and the SHG intensity increased
significantly in HF mice compared to baseline. The structure of the dermis and SHG intensities did not change in
CO mice (Fig. 2).
Histopathology
We found a significantly lower collagen fiber density in the
HF group compared to CO, which showed a remarkable
improvement after the PE period. In line with that finding,
the dermis became significantly thicker in the HF group.
Furthermore, SAT became thinner and adipocytes shrunk
significantly in the HF group as a result of exercise. In the
HF group, all parameters examined changed to be similar to
the control group after the 8-week exercise (Fig. 3).

Discussion

Before PE, a significant difference in SHG intensities was
seen between the two groups. SHG images revealed a
decreased collagen density in the HF group. After PE, this

An alarming rate of increase in the incidence of obesity
is witnessed worldwide. It has become a major health
concern as it leads to cardiovascular and metabolic diseases. These together pose a vast economic burden on
healthcare systems that could be prevented with lifestyle
changes. Complications and effects of obesity that manifest on the skin have received little attention so far even
though skin is a great model to study consequences of
altered tissue microenvironment, such as extracellular
matrix and connective tissue damages. Lately, the central
role of adipose tissue inflammation, due to the increased
amount of fat, has been proposed as a key element of
connective tissue destruction. Neutrophil granulocytes

Fig. 1  a Change of body weights during 8 weeks of exercise in
CO (n = 4) and HF (n = 5) groups. #P < 0.05 compared to controls;
*
P < 0.05 compared to week 1 in the same group. b Average distance

covered by CO (n = 4) and HF (n = 5) groups each week. #P < 0.05
compared to controls; *P < 0.05 compared to week 1 in the same
group

Changes in the status of the dermal connective tissue
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Fig. 2  a The first column displays SHG images of one representative
animal of the HF group before (BE) and after exercise (AE). The second column shows images of a CO mouse. In each column, the left
panel is a horizontal section of the Z stack, while panels on the right
represent the Z stacks converted to 3D images. b Average SHG inten-

sity expressed in arbitrary units based on integrated optical densities.
Statistical comparison was made between HF (n = 5) and CO (n = 4)
groups before (BE) and after exercise (AE). c Schematic mouse illustration displaying ROI’s before (week 0, BE) and after exercise (week
8, AE)

are crucial components in AT inflammation through the
production of neutrophil elastase that stimulates M1 macrophage accumulation in visceral adipose tissue. Kawanishi et al. demonstrated that 60 min of treadmill exercise
daily for 16 weeks reduced the elevated counts of neutrophil granulocytes and macrophages in HF mice. Similarly,
increased levels of cytokines MCP-1, TNF-a, IL-6, and
IL-8 became significantly lower after PE [14]. This was
demonstrated in the visceral adipose tissue, where inflammation is strongly related to metabolic consequences
such as insulin resistance, dyslipidemia, and hypertension [10, 13, 17, 20]. Indeed, beside metabolic issues,
the AT inflammation and connective tissue alterations

Fig. 3  a First column of WvG-stained sections displays images of ▸
a representative HF mouse before (BE) and after exercise (AE). The
second column shows the images of a CO mouse. On WvG-stained
sections, damage in the collagen structure was apparent in HF mice
indicated by black arrowheads. On the right upper corner of each
picture, a magnified image of the dermis is shown to demonstrate collagen structure. b–e Bar graphs display dermal thickness (b), collagen density (c), SAT thickness, (d) and adipocyte diameter (e). Statistical comparison was made between HF (n = 5) and CO (n = 4) groups
before (BE) and after exercise (AE)
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in dermatologic complications are highly significant.
Recently, Zhang et al. reported the occurrence of ulcerative skin lesions in obese C57BL/6 mice on HF diet. They
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have shown that increased consumption of fat stimulates
CD11c+ macrophages to migrate into the skin and produce IL-1β and IL-18 pro-inflammatory cytokines [27]. In
our experiments, although we used the same mouse strain,
we did not observe formation of any ulcers. The apparent lack of these lesions might indicate the role of PE to
reduce skin inflammation. Previous experiments proved
that 18-month-old BALB/cByJ mice who spent 30 min
daily on a motorized treadmill for nine consecutive days
showed accelerated wound healing [15]. Also, the same
exercise resulted in faster wound healing in 22-week-old
HF diet-fed obese mice [21]. Therefore, the anti-inflammatory effect of physical activity may prevent early
changes that may lead to formation of ulcers and improve
wound healing capabilities. Taken together, results from
different experiments indicate that less than one hour
daily PE can significantly ameliorate AT inflammation,
which is in line with our findings. In fact, PE has remarkable effects not only on metabolism and wound healing,
but skin aging as well. 22-month-old C57/BL6 mice after
1 h of daily treadmill exercise for 33 consecutive days not
only showed decreased levels of inflammatory cytokines
MCP-1 and IL-6, but also had features of young skin:
higher dermal collagen content and thicker stratum spinosum. Production of IL-15, an AMP-activated protein
kinase (AMPK)-dependent factor, by skeletal muscle after
PE is hypothesized to be responsible for the slower rate of
degeneration of dermal fibroblasts which ameliorate skin
aging [4].
Thus, one can see that there is a growing body of evidence that high-fat intake and adipose tissue inflammation
are important factors in the initiation of skin diseases and
disturbances in wound healing. Additionally, beneficial
effects of PE to ameliorate AT inflammation and aging and
to improve skin metabolism have also been shown. In line
with the literature, we saw similar results that confirmed
the damage of collagen structure in obese mice. We demonstrated a decrease in collagen fiber density in obese mice
by quantitative histological analysis and in vivo SHG imaging. By introducing PE, we were able to show a significant
improvement in the quality of connective tissue along with
the decrease in the amount of fat tissue and size of adipocytes. The novelty in this study was that favorable effects
of daily physical exercise on collagen fibers of the dermis
could be demonstrated in vivo by SHG imaging.
We think that our findings further support results from
previous studies to underline the importance of proper
nutritional habits and exercise in connective tissue homeostasis. In conclusion, it appears that skin bears with great
potential to return to its original state once positive changes
take place. It also shows that from the skin’s point of view
it is never too late to start to exercise.
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