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Chronic stress induces fur color change from dark to brown by decreasing 
follicle melanocytes and tyrosinase activity in female C57BL/6 mice
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Abstract: Increasing evidence suggests that stress may induce changes in hair color, with the underlying mechanism incompletely 
understood. In this study, female C57BL/6 mice subjected to electric foot shock combined with restraint stress were used to build 
chronic stress mouse model. The melanin contents and tyrosinase activity were measured in mouse skin and B16F10 melanoma 
cells. The enzyme-linked immunosorbent assay (ELISA) was used to determine the content of tumor necrosis factor α (TNF-α), inter-
leukin-1β (IL-1β) and interleukin-6 (IL-6) in the mouse skin. The content of nuclear factor κB (NFκB)/p65 subunit in mouse skins 
was valued by immunofluorescence staining. The results demonstrated that under chronic stress, the fur color turned from dark to 
brown in C57BL/6 mice due to the decrease of follicle melanocytes and tyrosinase activity in C57BL/6 mouse skin. Simultaneously, 
inflammatory responses in skins were detected as shown by increased NFκB activity and TNF-α expression in stressed mouse skin. In 
cultured B16F10 melanoma cells, TNF-α reduced the melanogenesis and tyrosinase activity in a dose-dependent manner. These findings 
indicate that chronic stress induces fur color change by decreasing follicle melanocytes and tyrosinase activity in female C57BL/6 
mice, and TNF-α may play an important role in stress-induced hair color change.
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慢性应激通过减少毛囊黑色素细胞和酪氨酸酶活性导致雌性C57小鼠毛发颜色
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摘  要：越来越多的证据表明压力可能会导致头发颜色发生变化，但其潜在机制尚不完全清楚。本研究采用雌性C57BL/6小
鼠脚底电刺激结合束缚来建立慢性应激小鼠模型，并用比色法检测小鼠皮肤和B16F10黑色素瘤细胞中黑色素含量和酪氨酸

酶活性；通过酶联免疫吸附实验(ELISA)测定小鼠皮肤中肿瘤坏死因子α (tumor necrosis factor α, TNF-α)、白细胞介素1β 
(interleukin-1β, IL-1β)和白细胞介素6 (interleukin-6, IL-6)含量；通过免疫荧光染色评估小鼠皮肤中核因子κB (nuclear factor 
κB, NFκB)/p65亚基的含量。结果显示：C57BL/6小鼠在慢性应激下由于皮肤中的毛囊黑色素细胞和酪氨酸酶活性降低，其

毛皮颜色从暗色变为棕色。同时，慢性应激小鼠皮肤炎症反应增加，表现为皮肤中NFκB活性和TNF-α表达增加。在体外，

TNF-α以剂量依赖性方式降低B16F10黑色素瘤细胞中黑色素生成和酪氨酸酶活性。以上结果表明，慢性应激通过降低雌性

C57BL/6小鼠的毛囊黑色素细胞和酪氨酸酶活性来诱导皮毛颜色改变，而TNF-α可能在应激诱导的毛色改变中起重要作用。
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Stress is inevitable in the daily life. As a shock organ, 
skin can response to stress. In mice, ultraviolet type B 
(UVB) irradiation and wounding can induce direct 
migration from follicular melanocyte stem cells 
(McSC) to epidermis in a melanocortin 1 receptor 
(Mc1r) signaling dependent manner [1]. So far, several 
literatures have reported the phenomenon of rapidly 
graying after stress [2, 3]. However, there is no experi-
mental evidence so far.

Hair cycle contains three dynamic phases: anagen, 
catagen and telogen, periodically [2–4]. Anagen is the 
main phase of hair shaft formation and pigmentation. 
Melanin components (eumelanin or/and phenomelanin) 
are synthesized in melanosomes of melanocytes under 
catalysis of tyrosinase. The primary distinguishing fea-
ture of follicular melanogenesis is the tight coupling of 
hair follicle melanogenesis to the hair growth cycle [5]. 
Normal hair pigmentation results from a fine tuned 
concerted interactions between the cells of the entire 
dermal papilla in the anagen hair follicle [6, 7]. Dysfunc-
tion of any component that essential for pigmentation 
may induce fading hair, such as down-regulation of 
tyrosinase activity, reduction of melanosomes and 
melanocytes [5, 7].

In response to stressors from environment or within 
the body, hypothalamic-pituitary-adrenal (HPA) axis 
and sympathetic-adrenomedullary system play the most 
important roles [8, 9]. In addition, chronic stress is usually 
associated with inflammation [9]. Although appropriate 
neuroendocrine responses can help the body fight with 
outside changes, hypercorrections can cause endocrine 
disorders or even diseases. It has been proved that 
stress can induce many kinds of diseases, such as 
depression, non-alcohol fatty steatohepatitis and car-
diovascular diseases [10–13]. Recent studies have found 
that there is also a corticotropin releasing hormone/
proopiomelanocortin (CRH/POMC) system in skin that 
plays the similar role as HPA axis [14, 15]. Here we investigate 
the relationship between chronic stress and fur color change, 
and explore the mechanisms behind this phenomenon.

1  MAteriALs And MethOds

1.1  Animals    
In our experiments, twenty-two female C57BL/6 wild 

type mice (8 weeks old; Sino-British SIPPR/BK Lab 
Animal Ltd., Shanghai, China) were used. After 7 days 
of adaptation to aquaculture environment, mice were 
randomly assigned into two groups (control and stress; 
n = 11, respectively). All animals were maintained on 
a 12-hour light/12-hour dark cycle, with food and 
water freely available. The temperature of the colony 
room was maintained at 22–23 °C. Animal protocols 
were approved by the Animal Care and Use Committee 
of the Naval Medical University.
1.2  Stress protocol    
Mice in stress group suffered electric foot shock and 
restraint stress every day for 90 days. For electric foot 
shock, mouse in stress group was placed into a box 
with a floor composed of stainless grids, and a scram-
bled electric shock was delivered through the floor 
grids by a PST-001 AC stimulator (StarMedical, Tokyo, 
Japan). An interval timer was connected to the stimulator 
to allow shocks for 7.5-second periods every 2 min, the 
intensity of which was 25 V. Electric foot shock was 
applied at 10:00 am and lasted for 15 min [16, 17]. For 
restraint stress, mouse was individually put into a 50 
mL, conical centrifugal tube with multiple punctures 
that allowed for a close fit to mouse. Restraint stress 
was applied at 19:00 pm and lasted for 2 h [18]. During 
the same period, mice in control (placed in the electric 
shock box for 15 min without any stimulation) and 
stress groups were kept isolated from each other to 
avoid any acoustic or olfactory communication 
between two groups.
1.3  Sample harvest    
After 90 days, all mice were fasted overnight, and then 
anaesthetized using 10% chloral hydrate. Depilatory 
paste was used for skin depilation. After being cleaned 
thoroughly with phosphate-buffered saline (PBS), 
dorsal total skin was harvested from the body. Subcuta-
neous fat was scrapped off with scalpels. Skins excised 
from mice were fixed overnight in 4% paraformalde-
hyde for paraffin embedding or kept in −80 °C for 
biochemical analysis. 
1.4  Immunohistochemistry    
After being deparaffinized in increasing concentrations 
of ethanol and xylene, tissue slides were pretreated 
with 3% H2O2 (Sinopharm, China) for 10 min, followed 
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by antigen retrieval for 3 min through high pressure. 
Then slides were blocked by 10% goat serum (Maixin, 
Fuzhou, Fujian, China) at 37 °C for 30 min. Next, 
mouse HMB45 antibody [19] (1:100; Abcam, USA) was 
applied overnight at 4 °C followed by anti-rabbit horse-
radish peroxidase-conjugated antibody (Gene Create, 
Wuhan, Hubei, China) at 37 °C for 30 min. Immunop-
eroxidase staining was developed by using a DAB 
chromagen (Gene Create, Wuhan, Hubei, China) and 
counterstained with hematoxylin (Gene Create, Wuhan, 
Hubei, China).

For analysis, secondary scoring method was used. 
Chiefly, the percentage of positive cells (PPC) was 
measured by Image Pro Plus 6.0 software. The standard 
for scoring was: for PPC < 25%, scores were marked as 
1; 25%–50%, 2; 50%–75%, 3; > 75%, 4. Then pig-
menting intensity was evaluated. The standard for scor-
ing was: for negative, scores were marked as 0; canary, 
1; claybank, 2; sepia, 3. The multiplication of the two 
items was confirmed as the secondary scoring. For 
measurement, three random hair follicles in each 
section were selected.
1.5  Immunofluorescence    
After being deparaffinized in increasing concentrations 
of ethanol and xylene, tissue slides were pretreated with 
3% H2O2 (Sinopharm, China) for 10 min, followed by 
antigen retrieval for 3 min through high pressure. Then 
slides were blocked by 10% goat serum (Maixin, Fu-
zhou, Fujian, China) at 37 °C for 30 min. Next, tissue 
sections were incubated with anti-nuclear factor κB 
(NFκB)/p65 rabbit polyclonal IgG antibody (1:100; 
Abcam, USA) overnight at 4 °C, followed by bioti-
nylated goat anti-rabbit IgG antibody (Gene Create, 
Wuhan, Hubei, China) at 37 °C for 60 min away from 
light. Sections were counterstained with DAPI (Beyotime, 
Nanjing, Jiangsu, China) for 20 min away from light.
1.6  Measurement of cytokines    
50 mg skin samples stored in −80 °C were homogenized 
in RIPA lysis buffer with 1% phenylmethylsulfonyl flu-
oride (PMSF; Beyotime, Nanjing, Jiangsu, China) using 
a Tissue-Tearor (Jingxin, Shanghai, China) for 2 min 
at 4 °C. The concentration of protein was determined 
by BCA (Beyotime, Nanjing, Jiangsu, China) method, 
and absorbance was detected at 562 nm. The measure-
ments of cytokines and melanocytes were conducted 
using an enzyme-linked immunosorbent assay (ELISA) 
kit (ExCell, Shanghai, China). All those assays were 
performed according to the manufacturer’s instructions. 

Absorbance was measured at 450 nm. All values were 
normalized to protein concentrations.
1.7  Cell culture    
B16F10 mouse melanoma cells (ATCC, USA) were 
cultured in 1640 medium (Gibco, USA) containing 
10% fetal calf serum (Gibco, USA) and 1% penicillin/
streptomycin (Beyotime, Nanjing, Jiangsu, China) at 
37 °C under 5% CO2. Depending on different require-
ments, 1.0 × 104 or 2.0 × 103 cells/well were seeded 
into 6-well or 96-well culture plates (For measurements 
of melanin content and tyrosinase activity, 6-well plates 
were used; For cell proliferation assay, 96-well plates 
were used) for 12 h of pre-incubation. Then, original 
medium was changed by medium with different con-
centrations of tumor necrosis factor-α (TNF-α) (Details 
were described in Fig. 4; PEPROTECH, USA) and 
incubated for 48 h, with a medium changing after 24 h.
1.8  Measurement of melanin contents    
A method reported previously was used for melanin mea-
surement [20]. For skins’ melanin assay, 200 mg skin sam-
ples stored in −80 °C were homogenized in 200 µL 
extraction buffer (0.1 mol/L sodium phosphate buffer, 
pH 6.8, 1% Triton X-100, 1 mmol/L PMSF, 10 μg/mL 
aprotinin and 10 μg/mL leupeptin) using a Tissue-Tearor 
(Jingxin, Shanghai, China) for 2 min at 4 °C. While for 
B16F10 cells, after 48 h of incubation, culture medium 
was removed and cells were washed twice with 1 mL 
of PBS followed by digestion with 0.25% trypsin for 3 
min. Then cells were removed into a 1.5 mL centrifuge 
tube and centrifuged at 1 000 r/min for 5 min at 37 °C. 
After being washed by PBS, 200 µL extraction buffer 
described above was added into the tube. After vortex 
shock for 30 s, all tubes were incubated on ice for 30 
min. Then, samples from both skin and B16F10 mela-
noma cells were centrifuged at 16 000 g for 5 min at 4 °C. 
Supernatants were saved for protein quantification and 
tyrosinase activity determination. For precipitates, after 
being washed by 200 µL ethanol/ether (1:1), 200 µL 
NaOH (1 mol/L) dissolved in dimethyl sulfoxide 
(DMSO) were added and incubated at 60 °C for 30 
min. Melanin content in extract was determined by 
absorption at 490 nm with a micro plate spectropho-
tometer. The value was normalized to protein concen-
tration in the supernatant. Standard was provided by 
GenMed (Shanghai, China).
1.9  Measurement of tyrosinase activity    
For proteins harvested form melanin measurement, the 
concentrations were determined by Bradford (Beyo-
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time, Nanjing, Jiangsu, China) method and then adjust-
ed to 50 µg/100 µL with extraction buffer. 100 µL pro-
teins were added to a 96-well micro plate with 100 µL 
1% L-3, 4-dihydroxyphenylalanine (L-DOPA; Sigma, 
USA), a substrate of tyrosinase, and incubated for 1 h 
at 37 °C. Tyrosinase activity was determined by absor-
bance changes at 460 nm, which are associated with 
dopachrome formation [21].
1.10  Toxicity test    
After 48 h of incubation, 10 µL CCK8 reagents (Dojindo, 
Japan) per well was added into the 96-wells plates. 
Cells were incubated for another 3 h, and then absor-
bance at 450 nm was detected. Results were expressed as 
fold-change of control.
1.11  Statistical analysis    
Statistical analysis was performed with SPSS 17.0 
(SPSS Science, Chicago, IL, USA). For statistical anal-
ysis between two experimental groups, Student’s t-test 
was used. For statistical analysis among multi-experi-
mental groups, one-way analysis of variance was used, 
followed by post hoc Student-Newman-Keuls test. Sta-
tistical difference was defined at P < 0.05 for all com-
parisons.

2  resULts

2.1  Chronic stress induces fur color change and 
decreases melanin synthesis in mouse skin
To investigate whether chronic stress is linked to fur 
color change, a 90-day stress protocol for C57BL/6 
mice was made in order to lead to chronic stress status. 
At the end of the time, fur color of mice suffering 
chronic stress turned from dark to brown, from head to 
buttock, while fur color in control group still remained 
dark (Fig. 1A).

As hair color reflects the quantity of melanin in hair 
shaft, melanin content in mouse skins were then detected. 
Stress mice exhibited remarkable reduction of melanin 
content compared to control ones (P = 0.043) (Fig. 1B). 
2.2 Chronic stress decreases follicle melanocytes and 
tyrosinase activity in mouse skin
To investigate causes of melanin reduction, firstly, 
melanocytes in hair follicles were labeled through 
immunohistochemistry method using anti-melanoma 
antibody (HMB45). Analysis results showed that mela-
nocytes in stressed mouse hair follicles decreased 
remarkably compared to melanocytes in control ones 
(P < 0.01) (Fig. 2B, C). In addition, after depilation, it 

Fig. 1. Chronic stress induces fur color change and decreases melanin synthesis in mouse skin. A: The left photo was taken before 
mice in stress group suffering 90 days of chronic stress, while the right one was after mice in stress group suffering the treatment. In 
both pictures, the middle two mice are from stress group, while the ambilaterals are from control group. B: Melanin quantity in mouse 
skins decreased after 90 days of chronic stress. Error bars represent the SD from independent samples (n = 11). *P < 0.05.
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Fig. 2. Chronic stress decreases follicle melanocytes quantity and tyrosinase activity in mouse skin. A: In stressed mice, epidermis 
turned from white to dark after 90 days of treatment. B: The labeling of melanocytes in hair follicles by using immunohistochemistry 
method with HMB45 antibody. Both photos were taken after mice in stress group suffering 90 days of treatment. C: The statistical 
analysis of immunohistochemistry result. Error bars represent the SD from independent samples (n = 11). **P < 0.01. D: Tyrosinase 
activity in mouse skin decreased after chronic stress. OD reflects the quantity of dopachrome, the production under catalysis of tyrosinase. 
Error bars represent the SD from independent samples (n = 11). **P < 0.01. Scale bar, 100 μm.

could be found that stressed mouse skin showed staccato 
dark in an irregular shape (Fig. 2A), a region where is 
white in normal mice. These results indicate that chronic 
stress can induce melanocytes reduction in fur follicles.

As the key enzyme, tyrosinase activity can affect 
melanogenesis in melanocytes. Thus, tyrosinase activity 

in mouse skin was then detected. The result showed 
that tyrosinase activity decreased significantly in chronic 
stress mice compared with that in control ones (P < 
0.01) (Fig. 2D). These facts showed that descendent 
tyrosinase activity is also a causative factor for melano-
genesis reduction.
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Fig. 3. Chronic stress induces inflammatory responses in mouse skin. A: Representative photomicrographs of mouse skin by HE staining. 
Arrows indicate neutrophils. Scale bar, 100 µm. B: Intracellular location of NFκB/p65 subunit in mouse skins using immunofluores-
cence method. The overlaps of DAPI and NFκB/p65 reflect the activation of NFκB signal pathway. Scale bar, 200 µm. C–E: In skins 
of stressed mice, TNF-α quantity increased significantly with an increase tendency of IL-1β and IL-6. Error bars represent the SD 
from independent samples (n = 11). **P < 0.01.
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2.3 Chronic stress induces inflammatory responses 
in mouse skin
In previous studies, literatures have reported the mech-
anism of UVB-induced McSCs migration. This partially 
clarified the melanocytes diminution induced by chronic 
stress (Details are stated in discussion). Here, we inves-
tigated the mechanism of chronic stress-induced tyrosi-
nase activity decrease. Based on the connections 
between chronic stress and inflammation, we detected 
inflammatory responses in mouse skin. Hematoxy-Eosin 
(HE) staining showed there were a few inflammatory 
cells in stress group, but no inflammatory cell was 
found in control group (Fig. 3A). Then, immunofluores-
cence method labeled by NFκB/p65 primary antibody 
was used for measurement of NFκB signaling pathway 
state (activated or not). The results showed that NFκB 
signaling pathway was activated in skins of stressed 
mice (Fig. 3B).

Then, pro-inflammatory cytokines in mouse skins 
including interleukin (IL)-1β, IL-6 and TNF-α, which 
have been proved playing important roles in the patho-
genic process of chronic stress-related diseases [22–24], 
were detected. IL-1β and IL-6 showed increasing ten-
dency but without statistical significance, however, 
TNF-α increased significantly in stressed mice com-
pared with that in control ones (P = 0.367, 0.064 and < 
0.002, respectively) (Fig. 3C–E). These results suggested 
that TNF-α existing in mouse skin may play an important 
role in chronic stress-induced tyrosinase activity decrease.
2.4 TNF-α decreases melanogenesis and tyrosinase 
activity in B16F10 melanoma cells
In order to identify the effects of TNF-α on melanogen-
esis and tyrosinase, B16F10 melanoma cells, which 
originate from C57BL/6 mice, were used for study. 
Firstly, cytotoxicity of TNF-α on B16F10 melanoma 
cells were detected. Data showed that different 
concentrations of TNF-α (10−12 to 10−8 mol/L) had no 
significant cytotoxicity on B16F10 melanoma cells 
(P = 0.847, 0.909 0.971, 0.956, and 0.128, compared 
with control, respectively) (Fig. 4A).

Next, the effects of TNF-α on the melanogenesis and 
tyrosinase activity were detected. Results showed that 
melanin quantity and tyrosinase activity descended 
significantly in TNF-α treated groups compared with 
those in control ones in a dose dependent manner (for  
tyrosinase, P value of melanin was 0.041, 0.001, and < 
0.000 1, respectively; for melanin, P value was 0.866, < 
0.001, and < 0.000 1, respectively) (Fig. 4B, C). 

Fig. 4. TNF-α decreases melanogenesis and tyrosinase activity 
in B16F10 melanoma cells. A: TNF-α has no significant toxicity 
on B16F10 melanoma cells. Cells were treated for 48 h with 
different doses of TNF-α ranging from 10−12 to 10−8 mol/L. OD 
represents the absorbance at 450 nm, which can reflect the activ-
ity of cells. The results are expressed as fold-change of control. 
Error bars represent the SD from independent samples (n = 6). B–
C: Dose-dependent inhibitions of TNF-α on tyrosinase activity 
(B) and melanogenesis (C) in B16F10 melanoma cells. Cells 
were treated for 48 h with different doses of TNF-α ranging 
from 10−10 to 10−8 mol/L. Error bars represent the SD from three 
independent samples (n = 6). *P < 0.05, **P < 0.01.
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These findings demonstrated the connection between 
inflammation and decreased melanogenesis and tyrosinase 
activity.

3  disCUssiOn

Though almost all people don’t deny stress can induce 
hair color change, based on their life experience or per-
sonal feeling, there is no experimental evidence so far. 
The key findings of this present study showed that 
chronic stress can induce fur color change in female 
C57BL/6 mice by decreasing melanocytes in hair folli-
cles and tyrosinase activity mediated by TNF-α (Fig. 5). 
There are many studies on stress-related diseases and 
mechanisms, but to our knowledge, this is the first 
report proposing that chronic stress is a contributing 
factor to fur color change.

Recent report showed wounding and UVB irradiation 
can induce direct migration of follicular McSCs to the 
epidermis before their initial cell division [1]. On the 
one hand, this can potentially deplete the follicular pool 
of these cells; On the other hand, these immigrant 
McSCs can differentiate into melanocytes in epidermis 
and synthesize melanin, and results in the pigmentation 
of epidermis [1]. This study showed after chronic stress, 
melanocytes in hair follicles decreased significantly 
accompanied with the darkening of mouse skin. Based 
on the theory mentioned above, we presume the decrease 
of follicle melanocytes may be induced by the migra-
tion of follicular McSCs to epidermis, which should 

have differentiated into melanocytes in hair follicles in 
appropriate moment. 

Previous studies have demonstrated that TNF-α can 
suppress melanogenesis in human melanocytes [25]. 
Here, we proved that TNF-α had the similar effect on 
mouse cells, which is accordant with the result in 
human study. Thus, the present study, from a certain 
extent, has a reference meaning for understanding the 
relationship between chronic stress and hair color in 
human beings. In this study, just a few inflammatory 
cells were found in brown hair mouse skin, which isn’t 
enough to cause serious skin inflammatory response. 
Abundant inflammatory factors in the skin may trans-
port through blood from other part of the body [9]. In 
summary, these findings indicate that inflammation 
may play an important role in stress-induced hair color 
change and infer the potential insight into the preven-
tion and treatment of this disease. 

Previous studies have shown that female rats secrete 
more stress hormones, including arginine vasopressin 
(AVP), adreno-corticotropin hormone (ACTH), prolactin 
and corticosterone in response to stress [26]. The protein 
composition of hair shafts also have been modified in 
response to stress-induced perifollicular neurogenic 
inflammation [27]. One of the major stress-associated 
neurohormones in man, prolactin, differentially regulates 
a subset of hair follicle associated keratins and keratin- 
associated proteins in human scalp hair follicles [28]. 
Therefore, it is conceivable that the fur color change 
visible in response to stress may also have been brought 
about by neuroendocrine stress mediators, such as prolactin.

However, other mechanisms may also be involved in 
mouse fur color change, such as the transport barriers 
of melanin and melanosomes, McSCs decrease and 
hormone levels. These provide us directions for the fol-
lowing research.
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