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A B S T R A C T   

Reepithelialisation is fundamental to wound healing, but our current understanding largely relies on cellular and 
animal studies. The aim of the present randomised double-blind three-arm controlled trial was to correlate 
genuine epidermal wound healing with key proteins and topical zinc treatment in humans. Sixty wounds were 
produced using deroofed suction blisters in 30 healthy volunteers and randomised to topical zinc sulphate (n =
20), placebo (n = 20), or control (n = 20) treatment for 4 days. All wounds with perilesional skin were processed 
for automatic immunostaining of paraffin tissue sections with monoclonal antibodies against Ki-67, metal-
lothionein (MT) and matrix metalloproteinase (MMP)-1. Protein expression was quantified by automated digital 
image analysis. Epidermal Ki-67 and MT labelling indices were increased in keratinocytes in the neoepidermis 
(~1.1 mm) and at the wound edge (0.5 mm) compared to normal skin. Increased MMP-1 immunostaining was 
restricted to the neoepidermis. MT was robustly upregulated in the upper dermis of the wounds. Zinc treatment 
enhanced MMP-1 expression beneath the neoepidermis via paracrine mechanisms and MT under the neo-
epidermis and in the nonepithelialised wound bed via direct actions of zinc as indicated by the induction of 
MT2A mRNA but not MMP-1 mRNA in cultured normal human dermal fibroblasts by zinc sulphate. The present 
human study demonstrates that quantitative immunohistochemistry can identify proteins involved in reepithe-
lialisation and actions of external compounds. Increased dermal MT expression may contribute to the anti- 
inflammatory activities of zinc and increased MMP-1 levels to promote keratinocyte migration.   

1. Introduction 

Wound care is a major public health issue associated with high 
medical expenses (Sen, 2019). To develop new therapeutic approaches, 
an in-depth understanding of the physiology of normal epidermal repair 

in humans is needed. The early reepithelialisation process relies on 
keratinocyte proliferation and migration over the wound bed composed 
of extracellular matrix (ECM) molecules (Tomic-Canic et al., 2018). 
Growth factors promote keratinocyte proliferation and migration and 
govern reepithelialisation synergistically with ECM components (Li 

Abbreviations: CI, confidence interval; DMEM, Dulbecco’s modified Eagle’s medium; ECM, extracellular matrix; FBS, foetal bovine serum; IL, interleukin; MMP, 
matrix metalloproteinase; MT, metallothionein; NHDF, normal human dermal fibroblast; NHEK, normal human epidermal keratinocyte; PAS, periodic acid-Schiff; 
PBS, phosphate-buffered saline; PCR, polymerase chain reaction. 
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et al., 2004). 
Zinc (Zn) is essential for cell growth and is concentrated in the 

epidermis compared to the dermis (Inoue et al., 2014; Lansdown et al., 
2007). There are more than 3000 unique human Zn-containing proteins 
(Andreini et al., 2006). Metallothioneins (MTs) are ubiquitous 
cysteine-rich proteins (~6 kDa) that regulate the trafficking of intra-
cellular Zn together with membranous Zn transporters according to 
physiological demands (Kimura and Kambe, 2016). Of the 4 MT iso-
forms, MT1 and MT2 are the most prevalent in the skin and have been 
studied in wound healing (Morellini et al., 2008; van den Oord and De 
Ley, 1994). Consequently, MTs and Zn are increased in proliferating 
keratinocytes among normal human epidermal keratinocytes (NHEKs) 
and in injured murine skin (Bin et al., 2017; Iwata et al., 1999). 
Zn-dependent matrix metalloproteinase (MMP) endopeptidases, specif-
ically MMP-1, facilitate the migratory ability of cultured NHEKs (Pilcher 
et al., 1997). In superficial human wounds, MMP-1 expression and 

activities are upregulated 100-fold, with the protein localised to the 
epidermal tongue (Ågren et al., 2001; Inoue et al., 1995; Nuutila et al., 
2012). 

Zn is the major active ingredient of many novel wound biomaterials, 
but its mode of action is unclear (Hadisi et al., 2020; Lin et al., 2017; 
Wang et al., 2020; Zhang et al., 2020). Zn treatment induces MTs (Mullin 
et al., 1987; Wu et al., 2000), with profound effects on innate immunity 
(Subramanian Vignesh and Deepe, 2017). In a recent study in humans, 
we reported that topical Zn sulphate (ZnSO4) dampens inflammation 
and reduces bacterial growth in epidermal wounds (Larsen et al., 2017). 

Our aim in the present study was to elucidate the spatial distribution 
of MT and MMP-1 proteins and the cellular proliferation marker Ki-67 
(Scholzen and Gerdes, 2000) during epidermal wound healing in a 
randomised double-blind controlled trial of topical ZnSO4 in healthy 
volunteers using the standardised suction blister wound model (Larsen 
et al., 2017). NHEKs and normal human dermal fibroblasts (NHDFs) 

Fig. 1. Quantitative immunohistochemical analyses of the epidermal and dermal compartments. (A) Epidermal (in black) and dermal (in red) compartments used for 
image analyses in a cartooned tissue section. E1, normal skin; E2, wound edge; E3, neoepidermis; D1, D2 and D3, dermal compartments underneath the respective 
epidermal compartment; D4, middle of the nonepithelialised wound bed. Scale bar: 1 mm. (B) Immunohistochemical assessment procedure. First, regions of interest 
used for the analyses were demarcated manually (red lines). Then, tuning of the algorithm was performed within the rectangular frame (dashed green lines), whereby 
yellow cells are immunopositive and blue nuclei are immunonegative. The epidermal tongue stained for Ki-67 in the neoepidermal compartment (E3) is shown. Scale 
bar: 100 μm. (C) Overall results of immunohistochemical quantifications and response to ZnSO4 treatment for Ki-67 (a, d), MT (b, e) and MMP-1 (c, f) protein 
expression in epidermal (a-c) and dermal (d-f) compartments. Percentage of labelled cells are presented. Boxes represent the 25th to 75th percentile, whiskers 
represent the maximum and minimum, and horizontal bars within the boxes represent median values. * padj < 0.05, ** padj < 0.01. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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were exposed to ZnSO4 in vitro to further elucidate the mechanisms. 

2. Materials and methods 

2.1. Ethical approval and registration 

This randomised, double-blind clinical trial (ZINGEL) was conducted 
at the Department of Dermatology, Bispebjerg Hospital, University of 
Copenhagen, Copenhagen, Denmark. The project was approved by The 
Committees on Biomedical Research Ethics for the Capital Region of 
Denmark (H-6-2014-001), followed the Helsinki protocols and was 
registered at ClinicalTrials.gov (NCT02116725) 17 April 2014. 

2.2. Clinical trial design and participants 

Details on the sample size calculation, eligibility criteria, assignment, 
masking, participant flow and follow-up can be found in Larsen et al. 
(2017). Healthy volunteers were enrolled after providing written 
informed consent. 

2.3. Wounding and treatment procedures 

Suction blisters (10 mm in diameter) were raised on each buttock, 
and the blister roofs were excised. Two of the three treatments were 
randomised to the left or right wound by concealed allocation, i.e., each 
of the 3 treatments was applied to 20 wounds. The 3 treatments 
comprised a gel containing ZnSO4 (1.4 % corresponding to 50 mM 
Zn2+), the gel alone (placebo), or distilled water. Wounds were treated 
once daily, covered with a bacterial-proof and moisture-retaining dres-
sing, and biopsied on postwounding day 4 (Larsen et al., 2017). 

2.4. Biopsy procurement and processing for immunostaining and periodic 
acid-Schiff (PAS) staining 

Wounds, including uninjured skin, were excised (15 mm × 6 mm × 3 
mm) following the application of local anaesthesia. The biopsies were 
fixed in 4% phosphate-buffered paraformaldehyde (pH 7.4) overnight at 
4◦C and embedded in paraffin (Fig. S1). Tissue sections were cut at 3 μm 
and deparaffinised. 

2.5. Immunohistochemistry, automated digital analyses and cell 
identification 

Pre-treatment and incubations were performed with standard pro-
cedures and reagent kits from Agilent (Glostrup, Denmark). Tissue sec-
tions were subjected to heat-induced epitope retrieval pre-treatment at 
low pH for Ki-67 and MT and high pH for MMP-1 and then incubated for 
20 min at room temperature with mouse monoclonal anti-human anti-
bodies against Ki-67 (MIB-1, M7240 [ready-to-use]; Agilent), MT (E9 
clone, M0639; Agilent) at a 1:100 dilution, or MMP-1 (MAB901; R&D 
Systems, Abingdon, UK) at a 1:50 dilution. These dilutions produced 
optimal staining with the respective antibodies. Negative controls were 
not included because the immunostaining protocols for Ki-67 and MT 
have been validated and are used on a regular basis in routine histo-
pathology, and the MMP-1 immunostaining protocol including isotypic 
control was recently validated (Ågren et al., 2015). A Dako HRP polymer 
was used with a Dako Link 48 autostainer. Slides were counterstained 
with haematoxylin according to standard laboratory procedures. 

Whole-slide images were captured using a Leica scanner SCN400 
(Leica, Wetzlar, Germany). Quantitative immunohistochemistry was 
performed in three epidermal and four dermal compartments (Fig. 1A). 
The neoepidermal compartment (E3) comprised tissue from the tip of 
the epidermal tongue to the transition from parakeratotic and hyper-
plastic epidermis to normal epidermis. The neoepidermal area was 
quantified. The wound edge compartment (E2) comprised an epidermis 
length of 0.5 mm. Tissue sections with visible sebaceous gland ducts 

and/or hair follicles at both wound edges were excluded to ensure that 
only nascent epidermal tissue was analysed. The normal skin (E1) 
compartment (0.5 mm) was 1.5 mm distal to the wound edge 
compartment. Dermal compartments (D1, D2 and D3) were annotated 
underneath their respective epidermal compartments, and each 
comprised a rectangular cell-rich area (~0.1 mm2) devoid of append-
ages at a maximum depth of 1.5 mm into the dermis. The wound bed 
area free from epidermis in the middle of the wounds was also analysed 
(D4). Algorithms were designed for each antibody using tissue image 
analysis software (SlidePath Digital Image Hub software version 2.0, 
Leica). The region of interest was annotated, and the number of 
immunopositive cells and total number of cells were derived (Fig. 1B). 
The percentage of positive cells (labelling index) was calculated for each 
compartment and group from these values. The average readings of the 
right and left sides of each wound was used for statistical analyses. 

Various cell types were identified by morphological characteristics 
by a senior consultant pathologist (L.M.R.G.). 

2.6. PAS staining 

PAS staining was performed according to routine practice and was 
independently evaluated by two trained pathologists. 

2.7. Studies using cultured NHEKs and NHDFs 

Cells were derived from normal human abdominal skin in males. 
NHEKs were isolated from blister roofs (Larsen et al., 2017) and cultured 
in keratinocyte growth medium (KGM)-2 medium (PromoCell, Heidel-
berg, Germany) with 0.06 mM CaCl2, 100 IU/mL penicillin, 100 μg/mL 
streptomycin and 50 ng/mL amphotericin-B on type I collagen-coated 
surfaces. NHDFs were obtained from skin explants and grown in Dul-
becco’s modified Eagle’s medium (DMEM) with GlutaMAX, glucose (4.5 
g/l) and pyruvate (Gibco, Life Technologies, Grand Island, NY, USA) 
with 10 % foetal bovine serum (FBS; F7524, Sigma-Aldrich, St. Louis, 
MO, USA) and antibiotics/antimycotics (DMEM10), as outlined in Ågren 
et al. (1999). Cells were incubated in a humidified atmosphere of 5% 
CO2/air at 37 ◦C. For the experiments, NHEKs from the 3rd to 6th pas-
sages were cultured in KGM-2 with 1.80 mM CaCl2 and NHDFs from the 
3rd to 6th passages in DMEM10 unless otherwise stated. 

Cellular uptake of Zn2+ was assessed in 6-well tissue culture plates 
(Nunclon™ Delta Surface, Nunc, Roskilde, Denmark). NHEKs/NHDFs 
(2.5 × 105 in 1 mL/well) were incubated for 24 h and then treated with 
100 μM ZnSO4 (BioUltra, Sigma-Aldrich) or control (ultrapure water) in 
media supplemented with 5% FBS for 24 h. The Zn concentration of 
KGM-2 with 5% FBS medium was 0.76 μM, and that of DMEM with 5% 
FBS medium was 1.7 μM. Cells were washed three times in phosphate- 
buffered saline (PBS), scraped into 0.5 mL PBS, freeze-thawed three 
times and centrifuged (5000×g, 4 ◦C, 10 min). The pellets and super-
natants were dissolved in 2% ultrapure grade HNO3 (69 %, Sigma- 
Aldrich). Zinc content was determined using inductively coupled 
plasma-mass spectrometry (Bruker aurora M90, Bremen, Germany). For 
calibration of the instrument, samples containing 0.00, 1.00, 5.00, 
10.00, 15.00, 20.00 and 40.00 ppb free Zn2+ in 2% HNO3 were used. 
Measurements were performed at least twice. Total Zn content of the 
cells is expressed per total protein (Micro BCA™, Thermo Fisher Sci-
entific, Rockford, IL, USA) of the supernatant. Cells were enumerated in 
plates incubated in parallel. Trypsinised cells were mixed with an equal 
volume of 0.4 % trypan blue (Sigma-Aldrich). Viable and nonviable 
NHEKs/NHDFs were counted using a disposable haemocytometer (C- 
Chip, NanoEnTek, Seoul, Korea). 

MMP-1 and interleukin (IL)-1α secretion was examined in 24-well 
tissue culture plates. NHEKs (5 × 104 in 1 mL/well) were incubated 
for 2 h in wells coated with a thin layer (100 μg/mL) of Matrigel® 
(356231; Corning, Bedford, MA, USA) according to Sudbeck et al. 
(1997). NHEKs were treated with 0, 10, 32 or 100 μM ZnSO4 for 48 h. 
The conditioned media were collected and stored at –20 ◦C until analysis 
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for MMP-1 and IL-1α. NHEKs were lysed in RIPA buffer and centrifuged 
(14,000×g, 4 ◦C, 15 min), and total protein content of the supernatants 
was determined. NHDFs were mixed with neutralised rat type I collagen 
(354236; Corning) in DMEM10 and 0.4 mL of the mixture was 
dispensed, yielding 5 × 104 NHDFs in 500 μg collagen (Almqvist et al., 
2009). Plates were incubated for 2 h, and the polymerised and detached 
collagen gels with NHDFs were treated with 0, 10, 32 and 100 μM ZnSO4 
in 1 mL DMEM10 for 48 h. The conditioned media were collected and 
stored at –20 ◦C until analysis for MMP-1. To isolate NHDFs, the collagen 
gels were treated with 1 mg/mL type II collagenase (Gibco) in DMEM 
supplemented with 1.2 mM CaCl2 for 2 h at 37 ◦C, and cells were 
counted using disposable haemocytometer. Conditioned media levels of 
MMP-1 (RAB0361, Sigma-Aldrich) and IL-1α (DY200, R&D Systems) 
were determined by enzyme-linked immunosorbent assay (ELISA). 

The effect of ZnSO4 on MT2A and MMP1 mRNA levels was studied in 
NHDFs (1 × 105 in 1 mL/well) grown in 12-well tissue culture plates for 
24 h and then treated with 100 μM ZnSO or control (ultrapure water) for 
6 h or 24 h. Total RNA was extracted from the treated NHDFs with 1 mL 
TriReagent® (Molecular Research Center, Cincinnati, OH, USA). Bro-
mochloropropane (100 μL) was added to isolate the aqueous phase 
containing the RNA, which was precipitated using isopropanol. The RNA 
pellet was then washed in ethanol and subsequently dissolved in 10 μL 
RNAse-free water. Total RNA concentrations were determined with the 
RiboGreen assay (R11490; Life Technologies). Total RNA (500 ng) was 
converted into cDNA in 20 μL using OmniScript reverse transcriptase 
(Qiagen, Valencia, CA, USA) and 1 μM poly-dT (Invitrogen) according to 
the protocol of the manufacturer (Qiagen). For each target mRNA, 0.5 μL 
cDNA was amplified in 25 μL SYBR Green polymerase chain reaction 
(PCR) containing 1 × Quantitect SYBR Green Master Mix (Qiagen) and 
100 nM of each primer (Table 1). The amplification was monitored in 
real time using an MX3005 P Real-time PCR machine (Stratagene, La 
Jolla, CA, USA). Ct values were related to a standard curve made with 
known concentrations of cloned PCR products or DNA oligonucleotides 
(Ultramer™ oligos, Integrated DNA Technologies, Leuven, Belgium) 
with a DNA sequence corresponding to the sequence of the expected PCR 
product. The specificity of the PCR products was confirmed by melting 
curve analysis after amplification. GAPDH mRNA was chosen as internal 
control. 

The effect of ZnSO4 on MT protein levels was studied in NHDFs (5 ×
105 cells in 5 mL/flask) incubated in 6 T-25 flasks for 24 h; 3 T-25 flasks 
were then treated with ZnSO4 at 100 μM, and 3 T-25 flasks without 

ZnSO4 were incubated for 24 h (Baird et al., 2006). Cells were washed in 
PBS, trypsinised and isolated by centrifugation (1000×g, 4 ◦C, 10 min). 
Pooled cell lysates from the 3 flasks were prepared at 80 ◦C for 2 min in 
PBS and centrifuged (14,000×g, 4 ◦C, 15 min) as described by Kobayashi 
et al. (1994). The MT2A content in supernatants was determined by 
ELISA (MyBioSource, San Diego, CA, USA) and normalised to the total 
protein. Three independent experiments were performed. The cellular 
content of MT1A was also evaluated by ELISA (Novus Biologicals, 
Centennial, CO, USA). 

Cellular viability was studied in 96-well tissue culture plates (Kuo-
nen et al., 2013). NHDFs (5 × 103 in 0.1 mL/well) were incubated for 24 
h and thereafter treated with 0, 10, 32, 100 and 1000 μM ZnSO4 for 48 h. 
The WST-1 assay (4 h) was run according to the manufacturer’s rec-
ommendations (Roche Diagnostics, Mannheim, Germany). 

2.8. Statistical analyses 

A linear mixed model with an unstructured covariance pattern was 
applied to evaluate the difference in Ki-67 and MT between the three 
epidermal and four dermal compartments. Goodness of fit was assessed 
using residual plots. Differences in MMP-1 were evaluated using 
nonparametric sign tests because of a markedly skewed distribution 
between the compartments. A similar linear mixed model was applied to 
evaluate the effect of treatments in each of the three epidermal and each 
of the four dermal compartments. The results showed that within each 
compartment, the individual differences in treatment response were 
roughly normally distributed. 

The effect of ZnSO4 on protein, MMP-1 and IL-1α levels in NHEKs, 
MMP-1 levels and proliferation of NHDFs in collagen matrix, and NHDF 
viability was evaluated by analysis of variance (ANOVA), and Zn uptake 
by NHEKs and NHDFs by Welch t-test. 

Estimated mean differences mixed models and ANOVA and median 
differences from the sign tests are reported with 95 % confidence in-
tervals (CIs). To guard against false positives due to multiple testing, p- 
values were adjusted according to Benjamini and Hochberg (1995) and 
denoted padj. A padj-value < 0.05 was considered statistically significant. 

The effect of ZnSO4 on MMP1 and MT2A mRNA levels, and MT2A 
protein levels in NHDFs were analysed by the Student’s t-test. 

All analyses were performed with SAS 9.4 (SAS Institute Inc., Cary, 
NC, USA). 

Table 1 
Primer sequences for reverse transcription quantitative polymerase chain reaction (RT-qPCR).  

mRNA GenBank® ID Sense Antisense 

MT2A NM_005953.5 CTGCAAAGGGGCGTCGGACA CCAGGTTTGTGGAAGTCGCGTTCT 
MMP1 NM_002421.4 CGAATTTGCCGACAGAGATGAAG GGGAAGCCAAAGGAGCTGTAGATG 
GAPDH NM_002046.4 CCTCCTGCACCACCAACTGCTT GAGGGGCCATCCACAGTCTTCT 
RPLP0 NM_053275.3 GGAAACTCTGCATTCTCGCTTCCT CCAGGACTCGTTTGTACCCGTTG  

Table 2 
Comparisons between different epidermal (E1, E2 and E3) and dermal (D1, D2, D3 and D4) compartments on day 4 using Ki-67, MT and MMP-1 immunolabelling in the 
control group.  

Comparison between compartmentsa 

Ki-67 (%) MT (%) MMP-1 (%) 

Mean difference p padj
b Mean difference p padj

b Median difference p padj
b 

(95 % CI)   (95 % CI)   (95 % CI)   

E3 vs. E2 4.5 (–1.5–11) 0.13 0.39 1.7 (–3.3–6.8) 0.48 0.78 15 (7.5–25) <0.0001 <0.0001 
E3 vs. E1 37 (27–46) <0.0001 <0.0001 31 (24–38) <0.0001 <0.0001 13 (5.7–24) <0.0001 0.00060 
E2 vs. E1 32 (25–40) <0.0001 <0.0001 29 (24–34) <0.0001 <0.0001 0 (–1.3 –1.2) 1.0 1.0 
D4 vs. D3 0.26 (–4.8–5.3) 0.92 0.99 1.6 (–1.7–4.9) 0.33 0.66 0.17 (–0.74–2.1) 1.0 1.0 
D4 vs. D2 0.49 (–4.3–5.3) 0.83 0.97 9.9 (5.7–14) <0.0001 0.00060 0.81 (0–1.9) 0.10 0.32 
D4 vs. D1 –0.49 (–4.1–3.1) 0.78 0.94 18 (14–22) <0.0001 <0.0001 0.90 (0.50–2.8) 0.0010 0.0030 
D3 vs. D2 0.23 (–2.8–3.3) 0.88 0.97 8.3 (4.9–12) <0.0001 0.00060 0.41 (0–1.3) 0.10 0.32 
D3 vs. D1 –0.75 (–4.5–3.0) 0.68 0.87 16 (13–20) <0.0001 <0.0001 0.67 (0.17–1.3) 0.0010 0.0070 
D2 vs. D1 –0.98 (–4.6–2.6) 0.58 0.81 8.0 (5.6–10) <0.0001 <0.0001 0.060 (0–0.56) 0.18 0.50  

a See Fig. 1A for definition of the compartments. bAdjusted for multiple testing (Benjamini and Hochberg, 1995). 
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3. Results 

The trial included 30 remunerated healthy volunteers, comprising 15 
females and 15 males, and ran from March 30, 2014, to May 8, 2014. 
Participants were allocated to ZnSO4 (n =20), placebo (n =20), or control 
(n =20) treatment. Baseline group characteristics are published in Larsen 
et al. (2017). The epidermal wounds were treated for 4 days and biopsied 
for quantitative immunohistochemistry. In each wound, three different 
epidermal compartments and four different dermal compartments were 
investigated (Fig. 1A). We separately quantified protein expression of the 
proliferation marker Ki-67, the Zn regulating and immunomodulating 
protein MT, and the Zn-dependent interstitial collagenase MMP-1 in these 
compartments using specifically designed digital analysis algorithms 
(Fig. 1B). The results are presented as medians (interquartile ranges) and 

displayed in boxplots (Fig. 1C) accompanied by estimates (95 % CIs) and 
statistical analyses in Table 2 and Table 4. 

3.1. Ki-67 immunolocalisation and labelling index 

In the epidermal compartments, Ki-67 immunoreactivity was strong 
in the nucleus of the basal keratinocytes but weaker in suprabasal ker-
atinocyte nuclei. The superficial keratinocyte layers were Ki-67 negative 
(Fig. 2A). Prominent Ki-67 labelling was also observed in the cortex and 
papilla of hair follicles and within the proximity of the basal lamina of 
sebaceous glands. Ki-67-positive keratinocytes were observed at the tip 
of the epidermal tongue (Fig. 2B). In the dermis, occasional fibroblasts, 
endothelial cells and perivascular lymphocytes were Ki-67 positive. 

The number of Ki-67-positive keratinocytes per total cell number 

Fig. 2. Representative Ki-67, MT and MMP-1 images used for the quantitative immunohistochemical assessments. (A, B) Ki-67-immunostained control wound at low- 
power magnification (A) and the epidermal tongue (dashed line) with its tip (arrowhead) displaying Ki-67-positive keratinocytes at high-power magnification (B). (C, 
D) Prominent MT expression in basal keratinocytes of the neoepidermis and wound edge epidermis and an increased number of MT-positive stromal cells in the 
wound bed and underneath the neoepidermis with ZnSO4 treatment (C) compared to placebo (D). (E, F) Exclusive MMP-1 expression in the neoepidermal 
compartment and an increased number of MMP-1-positive dermal cells beneath the epidermal tongue with ZnSO4 treatment (E) compared to placebo (F). Scale bars: 
low power magnifications, 0.5 mm; insets, 0.05 mm. Vertical arrows indicate the original wound edge. 
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(labelling index) was higher in the neoepidermis and wound edge than 
in the normal skin epidermis, whereas the Ki-67 labelling index did not 
differ between the neoepidermis and wound edge epidermis (Table 2). 
No significant differences in Ki-67 labelling were observed among the 
four dermal compartments. 

3.2. MT immunolocalisation and labelling index 

MT was localised to the nucleus and cytoplasm of keratinocytes. The 
distribution of MT-positive keratinocytes in the epidermis was similar to 
that of Ki-67-positive cells (Fig. 2D). The outermost keratinocytes and 
papilla of hair follicles expressed the MT protein, as did the outer cell 
layers (basal) of sebaceous glands and eccrine sweat glands, as reported 
previously by van den Oord and De Ley (1994). In the dermis, the nuclei 
of fibroblasts reacted strongly to the anti-MT antibody, but vessels and 
lymphocytes were negative for MT. 

MT labelling indices were higher in the neoepidermis and wound 
edge epidermis than in adjacent normal skin. The proportion of MT- 
positive cells in the neoepidermis was not different from that in the 
wound edge (Table 2). The dermal nonepithelialised central wound bed 
area and the area underneath the neoepidermis contained proportion-
ally more MT-positive cells than the dermal area beneath the wound 
edge, which showed more MT-positive stromal cells than the dermal 
area beneath the normal skin epidermis. 

3.3. MMP-1 immunolocalisation and labelling index 

In the epidermal compartments, only the basal keratinocytes of the 
neoepidermis were MMP-1 immunopositive (Fig. 2F). Cytoplasmic 

MMP-1 staining intensity was weak or moderate. Appendages were 
MMP-1 immunonegative. Dermal fibroblasts were moderately to 
strongly positive for MMP-1, but no other stromal cells, including 
endothelial cells and inflammatory cells, reacted to the anti-MMP-1 
antibody. 

The MMP-1 labelling index in the neoepidermis was higher than in 
the epidermis of the wound edge and normal skin. MMP-1 epidermal 
labelling did not differ between the wound edge and normal skin 
(Table 2). The wound bed and dermis underneath the neoepidermis 
contained more MMP-1-positive cells than the corresponding area under 
normal skin. MMP-1 labelling in the dermal areas did not differ between 
the wound bed and neoepidermis or between the wound edge and 
normal skin. 

3.4. Effect of treatments 

There were no significant differences among the treatments 
regarding the extent of neoepidermal formation on day 4 (Table 3). 

ZnSO4 treatment tended (padj = 0.094) to decrease Ki-67 expression 
in the neoepidermis, as indicated by an absolute reduction in the 
labelling index of ~10 % compared to placebo and control. In the four 
dermal compartments, no significant effect of ZnSO4 on Ki-67 labelling 
indices was observed compared to placebo or control treatment 
(Table 4). 

ZnSO4 treatment showed no significant effects on MT labelling in the 

Table 3 
Effects of treatments on neoepidermal area (mm2) on day 4.  

Comparison Mean difference (95 % CI) p padj
a 

ZnSO4 vs. placebo –0.014 (–0.048–0.019) 0.38 0.61 
ZnSO4 vs. control –0.013 (–0.043–0.018) 0.39 0.62 
Placebo vs. control 0.0017 (–0.026–0.029) 0.90 0.95  

a Adjusted for multiple testing (Benjamini and Hochberg, 1995). 

Table 4 
Effects of treatments on Ki-67, MT and MMP-1 immunolabelling in different epidermal (E1, E2 and E3) and dermal (D1, D2, D3 and D4) compartments on day 4.   

ZnSO4 vs. placebo ZnSO4 vs. control Placebo vs. control 

Ki-67 (%) Mean difference (95 % CI) p padj
a Mean difference (95 % CI) p padj

a Mean difference (95 % CI) p padj
a 

E1 4.3 (–4.6–13) 0.31 0.66 8.4 (–1.7 –18) 0.10 0.32 4.1 (–2.6–11) 0.20 0.52 
E2 –1.1 (–8.4–6.2) 0.76 0.93 –6.4 (–14–0.76) 0.076 0.28 –5.3 (–11–0.11) 0.054 0.22 
E3 –9.5 (–17–(–1.6)) 0.021 0.094 –10 (–19–(–1.7)) 0.021 0.094 –0.77 (–9.9–8.3) 0.86 0.97 
D1 0.14 (–4.3–4.5) 0.95 1.0 –2.0 (–7.2–3.3) 0.45 0.75 –2.1 (–7.2–3.1) 0.40 0.72 
D2 0.69 (–2.8–4.2) 0.68 0.87 –0.53 (–5.2–4.1) 0.82 0.96 –1.2 (–5.5 –3.0) 0.55 0.81 
D3 –1.3 (–4.6–2.1) 0.45 0.75 –2.9 (-8.1–2.3) 0.26 0.59 –1.7 (–6.8–3.5) 0.51 0.79 
D4 1.1 (–2.0–4.1) 0.49 0.78 –2.8 (–7.7– 2.1) 0.24 0.57 –3.9 (–9.3–1.6) 0.16 0.45  

MT (%) Mean difference (95 % CI) p padj
a Mean difference (95 % CI) p padj

a Mean difference (95 % CI) p padj
a 

E1 –3.0 (–9.6–3.5) 0.35 0.67 0.010 (–6.3–6.3) 1.00 1.00 3.0 (–3.3–9.4) 0.32 0.66 
E2 –0.090 (–7.3–7.2) 0.98 1.0 –3.4 (–10–3.4) 0.31 0.66 –3.3 (–9.3–2.7) 0.27 0.60 
E3 –0.57 (–10–9.2) 0.91 0.99 –3.9 (–13–5.5) 0.41 0.72 –3.3 (–11–4.7) 0.40 0.72 
D1 0.51 (–1.9–3.0) 0.65 0.87 1.8 (–0.070–3.6) 0.058 0.21 1.2 (–1.3–3.8) 0.32 0.66 
D2 2.6 (–1.8–7.0) 0.22 0.56 2.4 (–1.3–6.2) 0.19 0.52 –0.19 (–4.0–3.6) 0.92 0.99 
D3 11 (5.8–15) 0.00020 0.0017 8.2 (3.6–13) 0.0027 0.014 –2.4 (–7.0–2.3) 0.30 0.66 
D4 12 (4.8–20) 0.0029 0.015 12 (5.8–18) 0.0010 0.0060 –0.77 (–7.4–5.9) 0.82 0.96  

MMP-1 (%) Mean difference (95 % CI) p padj
a Mean difference (95 % CI) p padj

a Mean difference (95 % CI) p padj
a 

E1 0.57 (–3.0–4.2) 0.74 0.92 0.020 (–2.8–2.8) 0.99 1.00 –0.55 (–5.2–4.1) 0.81 0.96 
E2 –3.8 (–8.4–0.86) 0.11 0.32 0.63 (–1.5–2.7) 0.54 0.80 4.4 (0.28–8.5) 0.038 0.16 
E3 4.9 (–7.4–17) 0.42 0.73 0.84 (–8.7–10) 0.85 0.97 –4.0 (–15–7.0) 0.44 0.75 
D1 0.10 (–0.22–0.41) 0.54 0.80 0.060 (–0.28–0.41) 0.70 0.87 –0.03 (–0.41–0.35) 0.86 0.97 
D2 0 (–0.44–0.43) 0.99 1.00 –0.67 (–2.2–0.83) 0.35 0.67 –0.67 (–2.2–0.83) 0.36 0.67 
D3 1.3 (0.39–2.2) 0.0070 0.033 0.64 (–0.41–1.7) 0.22 0.56 –0.64 (–1.3–0.040) 0.062 0.23 
D4 1.3 (–1.4–4.1) 0.33 0.66 0.74 (–1.8–3.3) 0.56 0.81 –0.57 (–2.1–0.93) 0.44 0.75  

a Adjusted for multiple testing (Benjamini and Hochberg, 1995). 

Fig. 3. PAS-stained control wound. Fibroblasts (F) and lymphocytes (L) are 
seen below the basement membrane (dashed lines) of the middle non-
epithelialised wound bed. 
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three epidermal compartments but increased the number of MT-positive 
cells in the dermis of the wound bed and below the neoepidermis by 
40–60 % compared to placebo and the control (Table 4). These results 
are illustrated in Fig. 2C and Fig. 2D. 

MMP-1 expression in the three epidermal compartments was not 
significantly influenced by topical ZnSO4. In the dermal area underneath 
the neoepidermis, ZnSO4 treatment increased the number of MMP-1- 
positive stromal cells to total cells by more than 4-fold compared to 
placebo treatment (Table 4). Representative microphotographs of this 
effect are shown in Fig. 2E and Fig. 2F. 

There were no significant differences in Ki-67, MT or MMP-1 protein 
expression between the placebo and control in any of the epidermal or 
dermal compartments (Table 4). 

3.5. PAS staining 

Fifty-nine of the 60 wounds had an intact basal lamina (Fig. 3). 

3.6. Cellular studies on the effect of ZnSO4 on Zn absorption, MMP-1 and 
IL-1α secretion, MMP1 and MT2A mRNA levels, and MT proteins 

The absorption of ZnSO4 was investigated in NHEKs and NHDFs 
(Fig. 4). The difference in the basal (controls) intracellular Zn content of 
NHEKs and NHDFs was − 77 ng Zn/mg protein (95 % CI: − 1300–1400 
ng Zn/mg protein; p = 0.86, padj = 0.97). After 100 μM ZnSO4 treatment, 
the intracellular Zn content of NHEKs was increased by 3700 ng Zn/mg 
protein (95 % CI: − 9000–1600 ng Zn/mg protein; p = 0.10, padj = 0.32) 
compared to control-treated NHEKs. The corresponding difference be-
tween ZnSO4 and control-treated NHDFs was 1800 ng Zn/mg protein 
(95 % CI: − 6200–2600 ng Zn/mg protein; p = 0.25, padj = 0.57). 
Richard et al. (1993) reported a similar increase in intracellular Zn after 
ZnCl2 (100 μM) treatment of NHDFs. The number of viable NHEKs 
treated with ZnSO4 was 1.9 ± 0.17 × 105 (mean ± SD) cells compared 
with 1.5 ± 0.07 × 105 cells in the control. The corresponding values for 
viable NHDFs were 2.1 ± 0.18 × 105 cells and 2.0 ± 0.20 × 105 cells. 

To study the direct effect of Zn2+ on MMP-1 secretion, the cellular 
microenvironment in the wounds was mimicked by growing NHEKs 2- 
dimensionally on basement membrane proteins (Matrigel®) and 
NHDFs 3-dimentionally surrounded by type I collagen fibrils. NHEKs 
were cultured in physiological extracellular CaCl2 to approximate 
wound conditions (Ågren, 1996; Hurwitz, 1996). In addition, mecha-
nistic studies on MMP-1 in NHEKs have been performed at 1.8 mM CaCl2 
(Sudbeck et al., 1997). For NHEKs, ZnSO4 did not increase MMP-1 levels 
but did decrease MMP-1 levels at 100 μM Zn2+. There were no signifi-
cant effects of ZnSO4 treatment on MMP-1 secretion from NHDFs 
(Fig. 5A) or MMP-1 mRNA levels in treated NHDFs (Fig. 6A). Our MMP-1 
protein levels are comparable to those reported by Fisher et al. (2009). 

Fig. 4. Zn uptake by NHEKs and NHDFs treated with ZnSO4 or ultrapure water 
(control) for 24 h. Horizontal bars indicate mean values. 

Fig. 5. Effect of ZnSO4 on (A) MMP-1 secretion 
from NHDFs in a type I collagen matrix and 
NHEKs cultured on Matrigel®, (B) NHDF viable 
counts and morphology in the type I collagen 
matrix photographed using an inverted phase- 
contrast microscope (Nikon Diaphot 200, 
Nikon, Tokyo, Japan), (C) IL-1α secretion from 
NHEKs cultured on Matrigel®, and (D) NHEKs’ 
total intracellular protein content. ** padj <

0.01, *** padj < 0.001 vs. control (0). Mean ±
95 % CI of 6 replicates in 24-well culture plates.   
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Moreover, ZnSO4 had no significant impact on the number of viable 
NHDFs in the collagen matrix compared with the control (Fig. 5B). For 
NHEKs, ZnSO4 treatment did not influence IL-1α secretion (Fig. 5C) but 
dose-dependently increased the intracellular protein content (Fig. 5D). 

We assessed whether Zn2+ was capable of inducing MT in cultured 
NHDFs. ZnSO4 treatment increased MT2A mRNA by 5.7-fold after 6 h 
and by 2.5-fold after 24 h of treatment (Fig. 6A) and intracellular MT2A 
protein content by 38 % (95 % CI: 26–51%, p = 0.025) compared to 
control-treated NHDFs. The MT2A content in NHDFs was ~15 ng/mg 
protein compared to ~0.3 ng MT1A/mg protein. 

The viability of NHDFs was unaltered by ZnSO4 at 100 μM or lower 
concentrations (Fig. 6B). The isolated primary NHDFs expressed the 
fibroblast surface marker CD90 (Saalbach et al., 1996) based on flow 
cytometry (Fig. 6C). 

4. Discussion 

The present wound-healing study in humans revealed Ki-67 and MT 
to be concomitantly upregulated in proliferating keratinocytes of the 
wound edge and in the newly formed epidermis; MMP-1 was exclusively 
upregulated in the neoepidermal compartment. ZnSO4 treatment 
increased MT and MMP-1 in the stroma beneath the neoepidermis but 
not in the examined epidermal compartments. Although Zn2+ was 
absorbed into the skin from the ZnSO4 gel formulation (Larsen et al., 
2017), this was not reflected in elevated epidermal MT levels in the skin. 
The apparent selective effect of ZnSO4 was unlikely due to the difference 

in uptake of exogenous Zn2+ between NHEKs and NHDFs. 
Keratinocyte proliferation has previously been studied in these le-

sions using autoradiography after pulse labelling with tritiated thymi-
dine (Jyväsjärvi and Hopsu-Havu, 1976). DNA synthesis was not 
detected in the migrating epithelial sheet during the 1st postwounding 
day; however, basal keratinocytes had thereafter incorporated the 
radiolabelled nucleoside, with approximately 50 % of the keratinocytes 
being in the S-phase. In the present study, the number of basal kerati-
nocytes positive for the endogenous cell proliferation marker Ki-67 in 
the neoepidermis and wound edge epidermis increased compared to 
normal skin. Furthermore, Ki-67-positive cells were observed at the tip 
of the epidermal tongue. Jyväsjärvi and Hopsu-Havu (1976) observed 
radiolabelled leading-edge keratinocytes from postwounding day 2 and 
concluded that lateral migration and proliferation were not mutually 
exclusive. In epidermal wounds (3 mm) in hamsters, keratinocyte pro-
liferation in the neoepidermis started after the wounds were 100 % 
reepithelialised at ~1.5 days (Devitt et al., 1978). Usui et al. (2005) 
found no Ki-67-positive keratinocytes at the tip of the epidermal tongue 
in small incisions (~1 mm) made in the skin of humans at postwounding 
day 1. We studied reepithelialisation at postwounding day 4 only, as 
based on previous recommendations (Koivukangas and Oikarinen, 
2003), a time point at which wounds are reepithelialised to 30 % and 
optimal to detect significant differences between treatments (Larsen 
et al., 2017). 

Remodelling of the ECM is essential for reepithelialisation (O’Toole, 
2001). Notably, the basement membrane remained intact beneath the 

Fig. 6. (A) Effect of ZnSO4 (100 μM) treatment of NHDFs for 6 
h or 24 h on MT2A and MMP1 mRNA levels normalised to 
GAPDH, expressed as fold change relative to control-treated 
NHDFs and log transformed. Geometric mean ± back- 
transformed SEM of 6 replicates. *p < 0.05, ***p < 0.001 vs. 
control. (B) NHDF viability after ZnSO4 exposure for 48 h at 
the indicated concentrations evaluated by the WST-1 assay. No 
detached cells were observed in the media through a phase- 
contrast microscope. Mean ± 95 % CI of 6 replicates. (C) 
Flow cytometry analysis of NHDFs. Cells were incubated with 
FITC-conjugated mouse monoclonal anti-human CD90 (Thy-1) 
antibody (AS02 clone; Dianova, Hamburg, Germany) diluted 
1:50 in PBS or with a FITC-conjugated IgG1 isotypic control 
(GM4992; Thermo Fisher Scientific) diluted 1:5 in PBS. Cells 
were analysed at 488 nm (excitation) and 520 nm (emission) 
with the Cell Lab Quanta SC instrument (Beckman Coulter, 
Indianapolis, IN, USA). IgG1 isotype control, red curve; CD90, 
green curve. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of 
this article.)   
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regenerating epidermis. In support of this observation, Saarialho-Kere 
et al. (1995) showed an intact lamina densa by type IV collagen im-
munostaining in suction blisters. In vitro, epidermal formation was 
considerably faster on an acellular dermal substrate with an intact 
basement membrane, mimicking the substrate in our study, than with 
the same dermal substrate without a basement membrane and composed 
primarily of type I collagen (Mirastschijski et al., 2006). Confined 
expression of MMP-1 in the neoepidermis suggests the necessity of 
MMP-1 for reepithelialisation, as indicated previously in cell cultures 
(Pilcher et al., 1997), and by the prominent MMP-1 mRNA levels in 
migrating keratinocytes in suction blisters and increased MMP-1 activity 
(Ågren et al., 2001; Saarialho-Kere et al., 1995). Finally, topical appli-
cation of the MMP inhibitor GM6001 to suction blister wounds impaired 
reepithelialisation (Ågren et al., 2001). 

The mechanism for MMP-1 induction is thought to be due to the 
interaction of keratinocyte integrins with wound-specific ECM mole-
cules, notably type I collagen (Sudbeck et al., 1997). It is therefore 
puzzling that type IV collagen and not type I collagen is the primary 
basement membrane ECM component. Collectively, these findings sug-
gest that soluble factors contribute to MMP-1 upregulation in wounds (Li 
et al., 2004). MMP-1 was unlikely to be upregulated by keratinocyte 
mitogens because it was not induced in the proliferative basal kerati-
nocytes of the wound edge. Levels of the proinflammatory cytokine 
IL-1β are increased (Kuhns et al., 1992) and may induce MMP-1 in the 
neoepidermis and wound dermis, possibly in synergy with laminin-332 
(Utani et al., 2003). Importantly, cytokines can pass through the base-
ment membrane (Kondo et al., 1997). 

ZnSO4 treatment tended to decrease keratinocyte proliferation but 
had no significant effect on net epidermal regeneration. These findings 
suggest that ZnSO4 treatment promoted keratinocyte migration. 
Furthermore, topical ZnSO4 increased MMP-1 and MT expression in the 
dermis beneath but not in the migrating neoepidermis. The increased 
MMP-1 levels juxtaposed to the migrating epidermis may facilitate cell 
movement due to reduced integrin binding. In another study, exogenous 
Zn7-MT2A but not ZnSO4 enhanced keratinocyte migration in vitro 
(Morellini et al., 2008). 

Because ZnSO4 did not induce MMP-1 in the wound bed or in 
cultured NHDFs, MMP-1 is most likely upregulated by ZnSO4 in the 
dermis by paracrine mechanisms via the release of a factor(s) from the 
overlaying keratinocytes (Dearman et al., 2004). IL-1α induces MMP-1, 
but ZnSO4 treatment did not increase IL-1α production in cultured 
NHEKs, indicating that factors other than IL-1α were responsible for the 
Zn2+-mediated increase in MMP-1 in the dermis (Karrer et al., 2004). We 
found no indications of cytotoxicity exerted by ZnSO4 at the tested 
concentrations of ≤100 μM Zn2+ (Butler et al., 2014). Interestingly, the 
Zn concentration of the normal epidermis is approximately 110 μM 
(Larsen et al., 2017). 

In contrast to MMP-1, MT was induced in the wound bed and in 
NHDFs in response to ZnSO4. The anti-MT antibody used for immuno-
histochemical quantification reacts with a conserved and shared N- 
epitope of MT1 and MT2 (Jasani and Elmes, 1991). There are 8 func-
tional human MT1 subisoforms (MT1A, MT1B, MT1E, MT1F, MT1G, 
MT1H, MT1M, and MT1X) and 1 MT2 subisoform (MT2A). Our analyses 
involving NHDFs indicate that MT2A dominates over MT1A. The amino 
acid sequences of MT2A and MT1A are 90.2 % identical (E value 2 ×
10− 23), but some functional differences have been demonstrated 
(Kimura and Kambe, 2016). ZnSO4 exposure increased the NHDF MT2A 
mRNA levels by more than 5-fold and the intracellular protein content 
by ~40 %. A similar upregulation of MT by Zn2+ in macrophages was 
protective against oxidative stress (Baird et al., 2006). In addition, 
ZnSO4 (100 μM) attenuated the release of nitric monoxide from chal-
lenged macrophages (Keil et al., 2020). In NHEKs, Zn2+ suppresses 
Toll-like receptor 2 (Jarrousse et al., 2007) and stabilise the plasma 
membrane (Larsen et al., 2017). Taken together, these effects contribute 
to the anti-inflammatory activities of Zn. 

The chemical form of Zn determines the rate of delivery of Zn2+ and 

stimulation of epithelialisation (Lansdown et al., 2007). Topical ZnO but 
not topical ZnSO4 accelerated epithelialisation of porcine 
partial-thickness wounds due to the sustained release of bioavailable 
Zn2+ from ZnO (Ågren et al., 1991a, b). Water soluble ZnSO4 was used in 
the present study for formulation reasons. 

The present human study demonstrates that quantitative immuno-
histochemistry is very useful for deciphering proteins involved in ree-
pithelialisation and the mode of action of external compounds. 
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expression is rapidly induced in wound-edge keratinocytes after acute injury in 
human skin, persists during healing, and stops at re-epithelialization. J. Invest. 
Dermatol. 104, 479–483. 

M.S. Ågren et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.ejcb.2020.151147
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0005
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0005
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0010
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0010
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0015
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0015
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0020
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0020
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0020
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0025
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0025
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0025
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0030
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0030
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0030
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0030
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0035
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0035
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0035
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0040
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0040
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0045
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0045
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0050
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0050
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0055
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0055
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0055
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0055
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0060
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0060
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0065
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0065
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0065
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0070
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0070
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0070
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0075
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0075
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0075
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0075
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0080
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0080
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0080
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0080
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0085
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0085
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0090
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0090
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0090
http://refhub.elsevier.com/S0171-9335(20)30086-8/sbref0090


European Journal of Cell Biology 100 (2021) 151147

10

Inoue, Y., Hasegawa, S., Ban, S., Yamada, T., Date, Y., Mizutani, H., Nakata, S., 
Tanaka, M., Hirashima, N., 2014. ZIP2 protein, a zinc transporter, is associated with 
keratinocyte differentiation. J. Biol. Chem. 289, 21451–21462. 

Iwata, M., Takebayashi, T., Ohta, H., Alcalde, R.E., Itano, Y., Matsumura, T., 1999. Zinc 
accumulation and metallothionein gene expression in the proliferating epidermis 
during wound healing in mouse skin. Histochem. Cell Biol. 112, 283–290. 

Jarrousse, V., Castex-Rizzi, N., Khammari, A., Charveron, M., Dreno, B., 2007. Zinc salts 
inhibit in vitro Toll-like receptor 2 surface expression by keratinocytes. Eur. J. 
Dermatol. 17, 492–496. 

Jasani, B., Elmes, M.E., 1991. Immunohistochemical detection of metallothionein. 
Methods Enzymol 205, 95–107. 
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