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Abstract
Zinc homeostasis is vital to immune and other organ system functions, yet over a quarter of the world’s
population are zinc de�cient. Abnormal zinc transport or storage protein expression has been linked to
diseases, such as cancer and chronic obstructive pulmonary disorder. Although recent studies indicate a
role for zinc regulation in vascular functions and diseases, detailed knowledge of the mechanisms
involved remain unknown. This study aimed to assess protein expression and localization of zinc
transporters of the SLC39A/ZIP family (ZIPs) and metallothioneins (MTs) in human subcutaneous
microvessels, and to relate them to morphologic features and expression of function-related molecules in
the microvasculature. Microvessels in para�n biopsies of subcutaneous adipose tissues from 14
patients undergoing hernia reconstruction surgery were analysed for 9 ZIPs and 3 MT proteins by MQCM
(multi�uorescence quantitative confocal microscopy). Zinc regulation proteins detected in human
microvasculature included ZIP1, ZIP2, ZIP8, ZIP10, ZIP12, ZIP14, and MT1-3, which showed differential
localization among endothelial and smooth muscle cells. ZIP1, ZIP2, ZIP12 and MT3 showed
signi�cantly (p < 0.05) increased immunoreactivities, in association with increased microvascular
muscularization, and upregulated ET-1, α-SMA and the active form of p38 MAPK (Thr180/Tyr182
phosphorylated, p38 MAPK-P). These �ndings support roles of the zinc regulation system in
microvascular physiology and diseases.

Introduction
The complex system of small blood vessels, namely arterioles, capillaries and venules, collectively called
microvessels, is central in life-threatening conditions such as pulmonary arterial hypertension (PAH),
coronary microvascular disease and microvascular brain disease. The microvascular wall consists of a
few cell types, of which endothelial cells and smooth muscle cells are the two major populations in
arterioles (diameter 10–100 µm), and venules (12–400 µm). In adult healthy microvessels, both these cell
types are relatively quiescent, not proliferating, but sensitive to chemical or mechanical stimuli for
activation (Ricard et al. 2021; Ourne et al. 2021). This activation may lead to increased cell proliferation
and even switching the smooth muscle cell phenotype (Ourne et al. 2021; Bkaily et al. 2021), resulting in a
broad range of morphological and physiological changes known as “vascular remodelling” (Mulvany
1999). In animal models of diabetes and metabolic syndrome, hypertrophic remodelling of microvessels
was identi�ed in early stages, when coronary arteries remained normal by angiography, indicating a key
role for remodelling of micro- rather than macrovessels in initiation of hemodynamic disorders in these
disease (Lambazi & Trask 2017). Multiple cellular and molecular events are ascribed to mechanisms of
microvascular remodelling in pulmonary arterial hypertension, including proliferation and hypertrophy of
smooth muscle cells, instigated in particular by signalling cascades with calcium (Mandegar et al. 2004),
hypoxia-induced factor (Liu et al. 2019), sphingosine-1-phosphate (Ranasinghe et al. 2020) etc.

Zinc homeostasis is vital for functioning of the immune and other organs and systems. Cellular zinc
homeostasis is regulated by three major families of proteins: (i) Solute Carrier 39 family/Zrt- and Irt-like
proteins (SLC39A/ZIPs) which import zinc ions into the cytosolic compartment from the extracellular
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space or intracellular vesicles; (ii) Solute Carrier 30 family/ Zinc transporters (SLC30/ZnTs) which export
zinc ions from the cytosolic compartment to the extracellular space, or intracellular vesicles; and (iii)
metallothioneins (MTs) which have a high zinc binding capacity, thus playing key roles in intracellular
zinc storage and buffering. To-date, 14 ZIPs, 10 ZnTs, and 4 isoforms of MTs with multiple
subtypes/variants have been described in mammals (Kambe et al. 2021).

ZIPs have been identi�ed as playing major roles in a broad array of vital functions and diseases
(Takagishi et al. 2017). Their expression and functional roles in vascular physiology and diseases have
been paid diminutive attention (Zalewski et al. 2019) until the recent ground-breaking �nding that ZIP12
is at least partly responsible for hypoxia-induced PAH in both human and rats (Zhao et al. 2015), inspiring
other studies into this �eld (Tran et al. 2021; Xiao et al. 2021; Zhu et al. 2022). Data on vascular
expression and functions of other members of the zinc regulation system remains scant. ZIP14 was
shown to mediate in�ux of Zn2+ in sheep pulmonary artery endothelial cells, which may act together with
MT to protect from LPS-induced apoptosis (Thambiayya et al., 2012). MT expression and anti-oxidative
stress functions in vasculature have been implicated in a number of studies using models of cultured
endothelial cells (Kaji et al. 1993; Conway et al. 2010; Thambiayya et al. 2012; Fujie et al. 2020). Thus,
despite a growing interest into the zinc regulation system in vascular health and diseases, the
understanding of vascular expression and functions of ZIPs, ZnTs and MTs in vivo remain a large gap in
our knowledge. A systematic, background analysis of the zinc regulation system in human vasculature
would bene�t further investigations in this �eld.

Following on from our previous study (Abdo et al. 2021) aiming to characterize the zinc regulation
system in human vasculature, in this study we employed multi�uorescence quantitative confocal
microscopy (MQCM) to investigate immunoreactivities of human microvessels in para�n tissue sections
for multiple ZIPs and MTs. Their detailed distribution among the major cell types of microvessels and
association with microvascular morphology and expression of vascular function-related molecules were
investigated.

Materials And Methods

Antibodies
A homemade ZIP1 polyclonal antibody (pAb) raised in sheep against the N-terminal sequence was used
at 1:100 (immunoblots and antigen/antibody competition data to con�rm the antibody speci�city were
published in Michalczyk and Ackland, 2013). All the remaining antibodies were commercial. A Santa Cruz
goat pAb to ZIP1 (a�nity puri�ed, immunogen was a cytoplasmic sequence of mouse ZIP1) was used at
1:50. Rabbit pAbs included Abcam ZIP2 (1:50, a�nity puri�ed with immunogen which was an
intracellular sequence, immunoblot shown by the manufacturer); Novus ZIP2 (1:20, intracellular
sequence, immunogen a�nity puri�ed); Sigma-Aldrich ZIP8 (1:50, immunogen undisclosed, a�nity
isolated), Abcam ZIP9 (1:30, internal sequence, immunogen a�nity puri�ed); Abcam ZIP10 (1:100,
internal sequence, immunogen a�nity puri�ed); Abcam ZIP12 (1:50, N-terminal sequence, immunogen
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a�nity puri�ed, immunoblots published previously in Tran et al. 2021), Abcam ZIP14 (1:50, synthetic 15
amino acid peptide from the internal region; immunogen a�nity puri�ed, immunoblot not tested); and
Sigma-Aldrich MT3 (1:50, immunogen undisclosed, a�nity puri�ed). Monoclonal antibodies (mAbs) used
in this study included Abcam ZIP6 (1:25, rabbit recombinant mAb, immunogen undisclosed); Abcam MT1
(1:100, mouse mAb, immunogen was a full length protein, immunoblot shown by the manufacturer), and
Dako MT1/2 (1:40, mouse mAb, immunogen undisclosed).

Endothelin-1 (ET-1) goat pAb was from Santa Cruz (1:50, internal sequence, immunoblot shown by the
manufacturer). Endothelial nitric oxide synthase (eNOS) mouse mAb from BD (1:50, aa. 1025–1203
sequence, immunoblot shown by the manufacturer). p38 MAPK and its active form p38 MAPK-P
(phosphorylated at Threonin 180/Tyrosine 182) rabbit pAbs were obtained from Cell Signalling (both at
1:50, immunoblots published previously in Harper et al 2016). Hypoxia-inducible factor-1α (HIF-1α)
mouse mAb clone 54/HIF-1a from BD (1:20, knockout validated). Bone morphogenic protein receptor type
2 (BMPR2) goat polyclonal antibody was from Santa Cruz (1:50, immunoblots published previously in
Harper et al. 2019).

Secondary antibodies (all donkey IgG F(ab’)2 fragments, absorbed against cross-species reactivities)
were from Jackson ImmunoResearch, including anti-rabbit IgG-AF594; anti-goat IgG-AF488; anti-mouse
IgG-AF647, used at 1:200. For alternative combinations of primary antibodies in some experiments
conjugates were switched colours (anti-rabbit IgG-AF488, anti-goat IgG-AF594, anti-goat IgG-AF647, and
anti-mouse IgG-AF488).

Human tissue samples
Subcutaneous tissue biopsies were collected from 14 patients undergoing hernia reconstructive surgeries
at The Queen Elizabeth Hospital in Adelaide, Australia. Informed consent was obtained from each donor,
utilising protocols approved by the Central Adelaide Local Health Network Human Research Ethics
Committee at The Queen Elizabeth Hospital (approval number 2009012). By the ethic approval, individual
patient demographic data and their disease status were known only to three authors, RJ, JB and PZ.

Tissue processing and histology
Tissue samples were kept in RPMI medium on ice for less than 2 hours, before the tissue was �xed with
10% formalin in phosphate saline-buffered for 24 hours before processing into para�n blocks. For
quantitative analysis, sections from multiple para�n blocks were cut to 5 µm thickness and mounted
onto tissue arrays for batch analysis of all samples.

Tissue sections were stained with H&E in a standard protocol at the Histopathology service at Adelaide
Health and Medical Sciences, then scanned at a 40x objective with a Nanozoomer digital slide scanner
(Hamamatsu Photonics, Hamamatsu, Shizuoka, Japan).

Multi�uorescence quantitative confocal microscopy
(MQCM)
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Immuno�uorescence of human para�n tissue sections was performed following a protocol described in
our previous study (Tran et al. 2021). MQCM was carried out using an Olympus confocal microscopy
system (Olympus FV3000, Tokyo, Japan) and the ImageJ morphometric software (NIH, MA, USA) as
previously described (Tran et al. 2021). Brie�y, 10 optical �elds containing microvessels were serially
captured from each biopsy under a 60x silicone-immersed objective, simultaneously in four �uorescence
channels set for AF488, AF594, AF647 and DAPI. All microvessels of diameters 20–100 µm in each frame
were then selected, their areas in monochromatic images measured for mean �uorescence intensities
(MFI) by ImageJ. The �uorescence intensities were quanti�ed with correction for background
�uorescence measured by ImageJ in the same experiment for each channel. For punctate
immuno�uorescence of ET-1, particle counting function was carried out in a predetermined threshold
band (70, while maximum intensities varying between 44–154 in the AF488 channel) to uniformly gate in
only bright particles sizing of > 10 square pixels (> 3.13 µm2). Numbers of particles counted in a vascular
area were then normalized by numbers of nuclei counted in the DAPI channel in the same area.
Microvessels were subdivided into two subpopulations, ‘muscularized’ when having walls consisting of at
least two cell layers in the whole perimeter, and ‘non-muscularized’ for walls consisting of less than two
layers. The percentage of ‘muscularized’ microvessels varied between zero and ~ 60%.

Statistical analysis
Statistical analysis was undertaken using the Prism 9 software (GraphPad Software, CA, USA). For
difference between subgroups of microvessels, a paired two-tailed Wilcoxon test was used. Changes were
considered statistically signi�cant at p < 0.05.

Results

Patient Characteristics
Tissues donated from 14 patients (10 males, age range: 23–91 years) undergoing hernia reconstructive
surgeries were analysed. Their demographic characteristics, body/mass index, usage of vitamin or zinc
supplements, cigarette smoking status, and history of pathologic conditions known at the time of
surgeries are summarized in Supporting Information Table S1. Cardiovascular diseases were reported in
4 cases (infarct, 1; deep thrombosis of lower extremity, 1). Conditions that may be risk factors to
cardiovascular diseases included hypertension (2), diabetes (3), asthmas (2) and COPD (1). Nil history
was reported for 4.

Morphology of human subcutaneous microvessels
In H&E staining subcutaneous biopsies consisted of mostly adipocytes, scattered with islands of dense
irregular connective tissue, nerve �bres and microvessels. By applying the inclusion criteria of diameters
between 20 to 100 µm, the selected microvessels included both venules and arterioles but excluded much
smaller capillaries (< 10 µm by de�nition). The microvessels varied in their wall thickness and relative
degree of muscularization (Fig. 1). Muscularized microvessels showed increased wall-to-lumen
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projection, often having rough endothelial surfaces, increased nuclear density and �brotic staining in the
tunica intima (Fig. 1a, b).

At high resolution confocal microscopy, microvascular cell layers of tunica intima (endothelium) and
tunica media (smooth muscle) could clearly be demarcated, allowing for sub-classi�cation by degree of
muscularization (Fig. 1c).

Localization of multiple ZIPs and MTs in human
microvasculature
Preliminary experiments were carried out to titrate primary antibodies and de�ne optimal dilutions, as
described in the Methods. In the conditions of our protocols, similar patterns of ZIP1
immuno�uorescence in the endothelium and smooth muscle were detected by a homemade sheep
antibody (Michalczyk and Ackland 2013) and a commercial goat antibody (Fig. 2a). For ZIP2, similar
patterns of endothelium and smooth muscle staining were detected using the two rabbit polyclonal
antibodies (Abcam and Novus, Fig. 2a). Other ZIPs detected in microvessels were ZIP8, ZIP10, ZIP12 and
ZIP14 (Figs. 1b, 2b). The Abcam antibodies to ZIP6 and ZIP9 did not stain the vasculature in the
described protocol even at the highest tested concentration.

Next, all the three tested antibodies to MTs revealed moderate to bright immunoreactivities in human
microvessels (Fig. 3).

High resolution by confocal microscopy allowed detail localization of ZIPs and MTs, roughly equally in
both endothelium and smooth muscle (ZIP10, ZIP14, MT1, MT1/2), or relatively more abundantly in
endothelium (ZIP1, ZIP2, ZIP8, ZIP12), or smooth muscle (MT3) (Figs. 1b, 2, 3). Immuno�uorescence of
ZIPs showed both cytoplasmic and membrane-like patterns, the latter was particularly distinctive for ZIP1
and ZIP12. While all tested MTs revealed cytoplasmic patterns, the mAb to MT1 also detected bright
nucleolar staining while the MT1/2 mAb detected a lesser level of nucleolar staining (Fig. 3).

Changes of ZIP and MT immunoreactivities associated with
microvascular muscularization
The limited number of patients and heterogeneity of their history would not allow for a quantitative
analysis of potential changes of ZIP/MT immunoreactivities by disease, or by age/gender subgroups.
However, a distinctive variation of ZIP1, ZIP2, ZIP12 and MT3 among microvessels of the same donor led
us to a hypothesis that there are changes associated with microvascular morphology. For the purpose of
quantitative analysis, the relatively “muscularized” were discerned from “non-muscularized” microvessels,
arbitrarily based on whether their wall contained at least two muscle cell layers throughout their
perimeters. The microvascular immunoreactivities of ZIP1, ZIP2, ZIP12 and MT3 quanti�ed by their mean
�uorescence intensities con�rmed statistically signi�cant increases in muscularized vs. non-
muscularized microvessels (Figs. 4, 5). Of note, while upregulated ZIP1, ZIP2 and ZIP12 were recorded
mostly in the endothelium, increased MT3 was mostly seen in the smooth muscle compartment.
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Change in microvascular muscularization was associated
with vascular function-related molecules
Next, we tested if muscularized and non-muscularized subpopulations of microvessels would display any
difference in regard to expression and localization of molecules that have previously recognized roles in
vascular functions. A panel of function-related markers was investigated including eNOS, ET-1, HIF-1α, α-
SMA, and p38 MAPK. As expected, while the α-SMA immunoreactivity was localized speci�cally to the
smooth muscle (Fig. 5a), most of ET-1 (Fig. 4b) and eNOS (Fig. 6a) were localized to the endothelium.
Notably, punctate ET-1 immuno�uorescence could be visualized in endothelial-smooth muscle junctions,
on the endothelial side (Fig. 4b). HIF-1α was mostly localized to the endothelium (Fig. 6a). Interestingly,
while staining with an antibody to the total p38 MAPK detected bright immunoreactivity in both smooth
muscle and endothelium, the active form p38 MAPK-P was mostly localized to the latter (Supporting
Information Figure S1).

Importantly, ET-1, MT3 and p38 MAPK-P in quantitative analysis revealed signi�cant increases in
muscularized microvessels. Although eNOS and HIF-α also showed a strong variation among
microvessels of the same donor, their overall change among all donors was not statistically signi�cant,
increasing with muscularization in some donors but decreasing in others (Fig. 6b).

Discussion
To our best knowledge this work is the �rst in vivo description of protein expression of multiple ZIPs and
MTs in human microvasculature. A complete list analysis of the ZIPs and MTs, and the third family of
zinc regulation proteins, SLC30As/ZnTs remains however a task for future investigations. Despite a
limitation that expression at the gene level was not analysed, protein expression of multiple members of
ZIPs and MTs supports a hypothesis that there is a redundancy in zinc regulation system which may be
required for a tight control of zinc homeostasis in vascular functions. As another limitation,
immuno�uorescence results should be interpreted with caution on antibodies’ speci�city; to minimize
this, most of the primary antibodies used in this study were tested independently by Western blots or
immunogen/antibody competition in our previous publications, or published by the manufacturers.

Results of this study are mostly in line with our previous data on gene expression in primary cell culture
(Abdo et al. 2021), with exceptions as discussed below. Thus, while abundant mRNA expression was
found in primary cell cultures for ZIP6 and ZIP9, their protein expression in this study could not be
detected in microvessels from subcutaneous biopsies. Furthermore, while the relative abundance of gene
expression in cell cultures was low for ZIP2, ZIP12 and MT3, protein immunoreactivities in microvascular
tissues were varying, brighter in subpopulation(s) of microvessels. Apart from a potential sensitivity issue
that could not be ruled out, one possible cause was that while mRNA data was obtained from primary
cells of aorta and pulmonary artery, protein expression data was from in vivo sampling of microvessels.
Furthermore, while primary cell culture data re�ected a normal state in which vascular cells expressed
minimal levels of ZIP2, ZIP12 and MT3, biopsies included pathological conditions that could induce
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these proteins. In accordance with this, previous data provides multiple evidence that ZIP12 could be
induced in vivo in vasculature in human patients and rat models of PAH (Zhao et al. 2015; Tran et al.
2021; Xiao et al. 2021). In vitro, both ZIP2 and ZIP12 were shown induced at mRNA and protein levels in
vascular cells by depletion of zinc (Abdo et al. 2021). The tissue localization data in this study was in line
with previous studies (Zhao et al. 2015; Abdo et al. 2021; Tran et al. 2021); ZIP12 was localized to both
the endothelial and smooth muscle cell types of the vascular wall. Microvascular expression of ZIP14
was consistent with previous data, that in�ux of labile zinc in cultured sheep pulmonary artery endothelial
cells was sensitive to ZIP14 siRNA indicating the presence of functional ZIP14 in this cell type
(Thambiayya et al. 2012). Our �ndings of highly expressed ZIP1 in microvessels was in line with a notion
that ZIP1 is expressed ubiquitously across cell types (Schweigel-Röntgen 2014). Regarding other ZIPs, to
our knowledge ours is the �rst study to examine their localization in vascular walls.

Known as free radical scavengers, MTs are surrogate markers of oxidative stress and indicators of labile
intracellular zinc levels (Mareiro et al. 2017). MTs have been studied in various cell culture models of
vascular endothelial cells in oxidative stress associated with exposure to heavy metals, or other stress
stimuli (Kaji et al. 1993; Conway et al. 2010; Thambiayya et al. 2012; Fujie et al. 2020; Rubiolo et al.
2021). Metallothioneins have also been commonly reported to be elevated in PAH patients as well as in
experimental models of PAH (Maarman 2018). In vitro studies showed that MT can respond to nitride
oxide (free radical and vasodilator mediator) by releasing Zn2 + ions (Kroncke et al. 1994; Thambiayya et
al. 2012), which could be relevant to a mechanism of vasodilation. Surprisingly MT expression and
functions in the other vascular cell type namely smooth muscle have been paid little attention. In a rare
report, using immunohistochemical staining and immunogold electron microscopy, it was noted that
most of the MT induced in human atherosclerotic lesions was localized to the vascular smooth muscle
cells (Göbel et al. 2000). Our �nding of smooth muscle as the major harbour of MTs in the microvascular
wall further puts this cell type in the spotlight of future investigations into vascular zinc biology.

As a rationale for differential analysis of quantitative data in muscularized vs. non-muscularized
microvessels, increased proliferation (i.e. exit from the normally quiescent state) of smooth muscle is
considered a key process in vascular pathology, e.g. in atherosclerosis (Sedding et al. 2018) and diabetic
vascular restenosis (Moshapa et al. 2019). In studies of PAH, increased levels of lung microvascular
muscularization serve as an indicator of pathologic changes leading to resistance and increased
pulmonary blood pressure (Zhao et al. 2015; Harper et al. 2019; Maietta et al. 2021). In this study, the
large heterogeneity of expression of zinc regulation proteins in subcutaneous microvessels was found to
be associated with their state of muscularization, in particular for ZIP1, ZIP2, ZIP12 and MT3. The
difference in muscularization could at least partially be contributed by arteriole-vs-venule difference,
which could not be accessed without exact localization of microvessels prior or posterior to capillary
circulation. Therefore, we could not precisely ascribe the upregulated expression of the above-mentioned
proteins to arterioles vs. venules.

The differences between the two microvessels subpopulations in their expression of vascular-active
molecules, however, give a notable indication on functional differentiation, in addition to morphologic
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features. Known primarily as a potent vasoconstrictor, ET-1 has broad effects on various pathways
critical for vascular functions and diseases e.g. induction of VCAM-1 (Ishizuka 1999), pro-in�ammatory
activation of leucocytes including neutrophils (Kaszaki et al., 2008) and macrophages (Zhang et al.
2021). Relevant to the vascular pathology, ET-1 was reported to activate smooth muscle by stimulating
protein synthesis, promoting proliferation and hypertrophy of pulmonary arterial smooth muscle cells
(Chua et al. 1992; Zamora et al. 1993). In this study increased particulate immuno�uorescence of ET-1 in
muscularized microvessels was localized to endothelial-smooth muscle junctions, supporting a
hypothesis that paracrine ET-1-mediated endothelial-smooth muscle crosstalk may be required for not
only vasoconstriction, but also proliferation of vascular smooth muscle. As a marker of both endothelial-
mesenchymal transition and vascular remodelling, increased α-SMA expression is known to be
associated with exposure to mechanical stress that could also induce activation of p38 MAPK (Wang et
al. 2006). In a study of mechanisms leading to PAH, activation of p38 MAPK was found to be associated
with oxidative stress and in�ammation (Church et al. 2015). Thus, data presented here argues that
upregulation of zinc regulation proteins ZIP1, ZIP2, ZIP2 and MT3 is associated with a functionally
activated state, compared to a relatively quiescent state of microvessels.

Conclusion
In conclusion, this study provides background data of protein expression and localization of multiple
ZIPs and MTs in endothelial and smooth muscle layers of human microvascular walls. The presented
data supports a hypothesis that the zinc regulation system in the human microvasculature, in particular
the ZIP1, ZIP2, ZIP12 and MT3 proteins, plays an important role in microvascular physiology and could
be a therapeutic target for diseases that involve microvascular remodelling.
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Figure 1

Morphology of human subcutaneous microvessels. (a) and (b) Representative H&E microphotos of
microvessels in biopsies of two different donors. Boxed areas are shown to the right at a higher
magni�cation to reveal relatively non-muscularized (N) and muscularized (M) microvessels. (c) A
representative multi�uorescence confocal image of subcutaneous tissue stained for ZIP14 (red), α-SMA
(green) and nuclei (blue, DAPI). The boxed area is shown to the right at a higher magni�cation, revealing
different layers of the microvascular wall: Sm, smooth muscle; End, endothelium. Scale bars are in
micrometers    
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Figure 2

Immunolocalization of multiple ZIPs in microvessels. (a) Comparison of ZIP1 (green) and ZIP2 (red)
antibodies from different sources. (b) Immunolocalization of ZIP8, ZIP10, ZIP14 and ZIP12 (all red) in
microvessels. Blue is DAPI. Sm, smooth muscle; End, endothelium. Scale bars are in micrometers   
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Figure 3

Immunolocalization of multiple metallothioneins in microvessels. (a) MT1 (green); (b) MT1/2 (red); (c)
MT3 (red). Blue is DAPI. Sm, smooth muscle; End, endothelium. Scale bars are in micrometers  
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Figure 4

Upregulated immunoreactivities of ZIPs in muscularized vs. non-muscularized microvascular walls. (a)
Confocal image of ZIP1 (white) and ZIP2 (red); the two boxed areas shown to the right at higher
magni�cation revealing a relatively non-muscularized (top) vs. muscularized (bottom) microvessels. (b)
Confocal image of ZIP12 (red) co-labeled with ET-1 (green, arrowheads point to endothelial-smooth
muscle junctions); the two boxed areas shown to the right at higher magni�cation revealing a relatively
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muscularized (top) vs. non-muscularized (bottom) microvessels. Blue is DAPI counterstaining of nuclei.
Sm, smooth muscle; End, endothelium. Scale bars are in micrometers. (c) Quantitative measurements of
ZIP1, ZIP2 and ZIP12 in non-muscularized (N) vs. muscularized (M) microvessels. **, p=0.01; *** p<0.001

Figure 5

Upregulated immunoreactivity of MT3 in muscularized microvessels. (a) Representative confocal image
of MT3 (red) co-labeled with α-SMA (green). The boxed area is shown to the right at a higher
magni�cation to reveal a relatively non-muscularized (top) and muscularized (bottom) microvessels. Blue
is DAPI. Sm, smooth muscle; End, endothelium. Scale bars are in micrometers. (b) Quantitative
measurements of MT3 immunoreactivities in non-muscularized (N) vs. muscularized (M) microvascular
walls. ***, p<0.001
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Figure 6

Immunolocalization of function-related proteins and their variation among microvessels of the same
donors. (a) Confocal images of adjacent serial sections of microvessels from two representative donors,
stained for various function-related molecules. Blue is pseudocolor of DAPI. Scale bars are in
micrometers. (b) Quantitation of immunoreactivities in non-muscularized (N) vs muscularized (M)
microvessels. *, p<0.05; **, p<0.01; ***, p<0.001  
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