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Zinc is a mineral required by the body to support 
immune functions, protein synthesis, and hormone 
actions. It also supports more than 300 enzymatic 
functions, including carbonic anhydrase and 
carboxypeptidase, and serves a structural role in zinc 
finger transcription factors[1]. Most of the world’s 
population is deficient in zinc, but profound zinc 
deficiency in humans is quite rare. Because zinc is 
required for immune functions, zinc-deficient persons 
experience an increased susceptibility to a broad range 
of pathogens[2]. Additionally, zinc deficiency may 
prevent the body from regulating hormones, such as 
thyroid hormone[3] and testosterone[4].

In addition to the regulation of immune functions 
and hormones, many studies have investigated the 
potential link between zinc deficiency and hair loss[5-8]. 
The effects of zinc on the regulation of hair regrowth 
are not well established, although the negative effects 
of zinc deficiency on hair growth are clear. Human 

follicle dermal papilla cells (HFDPCs) are specialized 
fibroblasts expressed at the base of hair follicles that 
are crucial for the induction of hair follicle growth. In 
this study, the effects of zinc were examined on cell 
growth and the death of HFDPCs and determined the 
underlying mechanism. 

HFDPCs were purchased from PromoCell (Heidelberg, 
Germany). The cells were maintained in follicle dermal 
papilla cell basal medium (PromoCell) supplemented 
with 4 % fetal calf serum, 0.4 % bovine pituitary 
extract, 1 ng/ml basic fibroblast growth factor, and  
5 μg/ml recombinant human insulin (PromoCell) at 37° 
in 5 % CO2.
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The 4th through the 10th HFDPC population doublings 
were seeded at 1×104 cells/well in triplicate in  
24-well plates. HFDPCs were then cultured in serum-
free basal medium with various concentrations of ZnCl2 
(Sigma-Aldrich, St. Louis, USA) for 24-48 h. A WST-1 
assay and the release of lactate dehydrogenase (LDH) 
were used to analyze cell viability and cell death, 
respectively. Briefly, 100 μl of WST-1 reagent (Roche 
Diagnostics, Mannheim, Germany) was added, and 
HFDPCs were further incubated at 37° for 4 h. Cells 
treated with WST-1 were then transferred to a 96-well 
plate, and the absorbance of each sample was measured 
at a wavelength of 450 and 650 nm. The percentage of 
cell viability relative to the vehicle-treated cells was 
defined as [(A450–A650) of the drug-treated cells/
(A450–A650) of the control cells]×100. Measurement 
of the release of LDH using a cytotoxicity detection kit 
(Roche Diagnostics) was used to evaluate cell death. 
The percent LDH release was defined as [(A450–
A650) of the drug-treated cells /(A450–A650) of the 
control cells]×100.

Cell proliferation was assessed with a 
bromodeoxyuridine (BrdU) incorporation kit from 
Roche Diagnostics. Briefly, the 4th through the 10th 
HFDPC population doublings were seeded at 1×104 
cells/well in triplicate in 24-well plates. HFDPCs were 
then cultured in serum-free basal medium with various 
concentrations of ZnCl2 for 24-48 h. Next, 10 μM 
BrdU labeling solution was added, and the mixture was 
incubated for 12 h. After removing the BrdU labeling 
solution, the cells were fixed and denatured with 
FixDenat solution for 30 min at 25°. After the samples 
were fixed, they were incubated for 90 min at 25° 
with a peroxidase-labeled antiBrdU antibody and then 
incubated with a tetramethyl-benzidine substrate. The 
color reaction was developed, and the optical densities 
of the samples were measured in a multifunctional 
microplate reader (Infinite F200, Tecon, Durham, NC, 
USA), where the absorbance measurements of each 
well at wavelengths of 370 and 492 nm were recorded.

The cells were lysed in radioimmunoprecipitation 
assay buffer (50 mM Tris (pH 8.0), 150 mM NaCl, 
1 % NP-40, 0.5 % sodium deoxycholate, 0.1 % 
SDS) containing a protease inhibitor cocktail (Roche 
Diagnostics, Germany) and phosphatase inhibitors. 
Proteins (15-60 μg) were separated on 12 % 
polyacrylamide gels and transferred to polyvinylidene 
fluoride membranes. After the membranes were 
blocked, they were incubated with anticyclin D1 (Cell 
Signaling Technology, Beverly, MA, USA), anticyclin 

E1 (Cell Signaling Technology), anticyclin A (Cell 
Signaling Technology), anticdk2, anticdk4, andicdc2 
(Cell Signaling Technology), antiBcl-2, antiBax (Santa 
Cruz Biotechnology), antipAKT, antiAKT, antip-p44/
p42 ERK, antip44/p42 ERK, anticaspase-3 (Cell 
Signaling Technology), or antiactin (Sigma-Aldrich) 
antibody at 4° for 12 h. They were then incubated 
with corresponding horseradish peroxidase-conjugated 
secondary antibodies (Calbiochem, Darmstadt, 
Germany) at room temperature for 1 h. Specific protein 
bands were developed using an Amersham ECL 
(Amersham, Bucks, UK). Relative protein expression 
was quantified following normalization to the levels of 
actin protein. 

Data are expressed as the mean±SD of at least three 
replicates. Statistical analysis was performed using 
one-way ANOVA with the Dunnett's post hoc test. A 
p-value <0.05 was considered statistically significant.

To examine the effect of zinc chloride on the viability 
of HFDPCs, HFDPCs were treated with various doses 
of zinc chloride for 24-48 h. A reduction of cell viability 
was observed when HFDPCs were treated with a high 
dose of zinc chloride (100-1000 nM; fig. 1A). Since 
zinc chloride can reduce the viability of HFDPCs, next 
examined whether 2+ charged ions play an important 
role in zinc-mediated cell death. No significant change 
was observed in cell viability when HFDPCs treated 
with all doses of magnesium chloride (0-1000 nM) 
in this study, suggesting that 2+ charged ions did not 
affect the viability of HFDPCs.

Then, the effects of zinc chloride on cell proliferation 
and cell death in HFDPCs were examined. The 
proliferative activity in HFDPCs treated with 100- 
1000 nM zinc chloride was significantly enhanced, 
ranging from 20 to 175.6 % compared with the control 
cells (fig. 1B). In addition to the induction of cell 
proliferation, zinc chloride significantly increased the 
cell death of HFDPCs by 2.2- to 5.8-fold (fig. 1C). 

Since zinc chloride can induce cell proliferation of 
HPDPCs, the production of cell cycle regulatory 
proteins in zinc chloride-treated HFDPCs was 
determined. Increased cyclin D1, cyclin E1, and cyclin A 
expression were observed in HFDPCs treated with 
a higher dose of zinc chloride (200-500 nM; fig. 2). 
In addition, increases in cdk4, cdk2, and cdc2 in zinc 
chloride-treated HFDPCs (200-500 nM; fig. 2) was 
observed. However, the production of cell cycle-
associated proteins decreased when cells were treated 
with 1000 nM zinc chloride. These results suggest that 
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zinc chloride at concentrations of 200-500 nM induces 
HFDPC proliferation by enhancing the progression of 
the cell cycle phases. 

Activation of the epidermal growth factor receptor 
signaling pathway has been reported as necessary for 
the proliferation of papilla cells. The effects of zinc 
chloride were examined on the activation of AKT and 
ERK in HFDPCs. It was observed that a higher dose of 
zinc chloride (200-500 nM) increased the expression 
of phosphorylated AKT and phosphorylated p44/p42 
ERK in HFDPCs (fig. 3). In contrast, these increased 
levels of phosphorylated AKT and phosphorylated 
p44/p42 ERK decreased when HFDPCs were treated 

with 1000 nM zinc chloride. No differences in the total 
expression levels of AKT or ERK were observed for 
cells treated with different doses of zinc chloride.

Since zinc chloride can induce cell death in HFDPCs, 
in this investigation the ability of zinc chloride to affect 
the levels of proteins associated with apoptosis (Bcl-2 
and Bax) were examined. A dose-dependent decrease 
in antiapoptotic Bcl-2 production was observed in 
HFDPCs treated with zinc chloride (fig. 4). In contrast, 
the levels of apoptotic Bax expression increased when 
cells were treated with a high dose of ebastine (200-
1000 nM). To identify the caspases associated with zinc 
chloride-induced cell death, the activation of effector 
caspase-3 was analysed. The cleaved (activated) form 
of caspase-3 fragments were detected in HFDPCs 
treated with a higher dose of zinc chloride (500- 
1000 nM). These observations indicate that zinc 
chloride can induce cell death of HFDPCs through 
caspase activation. 

According to previous results, the plasma zinc level 
in the normal control is approximately 1.19 μM[9]. 
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Fig. 1: Zinc chloride decreased HFDPC cell viability
Cell viability (A), cell proliferation (B), and cell death (C) were 
measured by the WST-1, BrdU, and LDH assays, respectively. 
Representative results from three triplicate samples are 
shown, and the data are expressed as the means and standard 
deviations of the means after being normalized to the control 
group. *P<0.05 when cells were treated with zinc chloride 
compared to cells that were treated with vehicle control; ■ 24 
h, ■ 48 h
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Fig. 2: Zinc chloride enhanced the expression of cell cycle 
regulatory proteins in HFDPCs
HFDPCs were supplied with fresh medium without serum and 
treated with the indicated concentrations of zinc chloride for  
24 h. Cell lysates were prepared, and the levels of cyclin 
D1, cyclin E1, cyclin A, Cdk4, Cdk2, Cdc2, and actin were 
determined by immunoblotting
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Fig. 3: Zinc chloride increased p-AKT and p-p44/p42 ERK in 
HFDPCs
Cell lysates from HFDPCs were prepared, and the levels of 
p-AKT, total AKT, p- p44/p42 ERK, total p44/42 ERK, and 
actin were determined by immunoblotting
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Whether the concentrations of zinc used in this study 
were similar to the concentrations of zinc found in 
the hair follicles of subjects without hair loss requires 
further investigation. This study revealed that zinc 
chloride at concentrations ranging from 100-1000 nM 
significantly increased HFDPC proliferation. Present 
results demonstrated that zinc chloride increased the 
levels of cell cycle-associated proteins, which are 
essential for cell proliferation. In addition, increased 
AKT and ERK activities were observed in zinc 
chloride-treated HFDPCs. However, increased levels 
of cell cycle regulators as well as the activated AKT 
and ERK decreased when HFDPCs were treated with 
a higher dose of zinc chloride (1 μM) suggesting that 
zinc can induce cell proliferation in a narrow dose 
range.

In contrast, treatment with a higher dose of zinc 
chloride induced HFDPC death. Both the apoptotic 
Bax protein and caspase-3 increased in zinc chloride-
treated HFDPCs. Moreover, the cell viability of 
HFDPCs decreased with higher doses of zinc chloride 
even though cell proliferation increased with an 
equivalent concentration of zinc chloride. Numerous 
clinical observations have noted the inconsistent 
effects of zinc on patients who were diagnosed with 
hair loss. In all hair loss patients, a lower concentration 
of serum zinc was observed in the alopecia areata and 
telogen effluvium groups[5]. This result suggested that 
disturbances in zinc metabolism might play a key role 
in hair loss.

It is still not clear whether excess zinc induces hair loss. 
In addition to regulating hair growth, zinc is important 
for many physiological processes. Excess levels of zinc 
in muscles may reduce their strength[10], which is linked 
to a reduced tolerance to cancer therapies. Additionally, 
chronic levels of excess zinc pose a relative risk for 
advanced prostate cancer, suggesting that zinc may play 
a role in prostate carcinogenesis[11]. In contrast, dietary 
zinc has not been shown to be associated with prostate 

cancer risk, and the risk of advanced prostate cancer 
decreased with greater intake of supplemental zinc[12]. 
The available evidence for cancer development caused 
by zinc is quite inconsistent. Regardless of the benefits 
or harmful effects of zinc on cancer development, an 
imbalance of zinc metabolism could lead to defects 
in the immune system that could facilitate tumor 
progression.

Some studies have attempted to explain the possible 
effects of zinc deficiency on hair loss. Although zinc 
has a low toxicity, the results from the present study 
suggested that the regulation of HFDPC proliferation 
and death caused by zinc might be directly involved in 
hair regrowth.
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Fig. 4: Zinc chloride enhanced the expression of apoptotic 
proteins in HFDPCs
Cell lysates from HFDPCs were prepared, and the levels of Bcl-2, 
Bax, caspase-3, and actin were determined by immunoblotting
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