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Abstract
Introduction: Microvascular remodelling is a symptom of 
cardiovascular disease. Despite the mechanical environ-
ment being recognized as a major contributor to the re-
modelling process, it is currently only understood in a rudi-
mentary way. Objective: A morphological and mechanical 
evaluation of the resistance vasculature in health and dia-
betes mellitus. Methods: The cells and extracellular matrix 
of human subcutaneous resistance arteries from abdominal 
fat biopsies were imaged using two-photon fluorescence 
and second harmonic generation at varying transmural 
pressure. The results informed a two-layer mechanical mod-
el. Results: Diabetic resistance arteries reduced in wall area 
as pressure was increased. This was attributed to the pres-
ence of thick, straight collagen fibre bundles that braced the 
outer wall. The abnormal mechanical environment caused 
the internal elastic lamina and endothelial and vascular 
smooth muscle cell arrangements to twist. Conclusions: 
Our results suggest diabetic microvascular remodelling is 

likely to be stress-driven, comprising at least 2 stages: (1) 
Laying down of adventitial bracing fibres that limit outward 
distension, and (2) Deposition of additional collagen in the 
media, likely due to the significantly altered mechanical en-
vironment. This work represents a step towards elucidating 
the local stress environment of cells, which is crucial to build 
accurate models of mechanotransduction in disease.

© 2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Diabetes mellitus is a disease that affects 1 in 11 people 
worldwide, and its prevalence is increasing [1]. Microvas-
cular remodelling is a complication of diabetes [2], as well 
as hypertension [3] and obesity [4], which results in al-
tered arterial wall structure and a loss of vasoactive re-
sponsivity. The network of small arteries is the primary 
regulator of tissue perfusion, and compromising their va-
soactive ability can contribute to clinical problems such 
as retinopathy and cardiovascular disease.

Changes in the structure of small arteries and their 
gross mechanical properties in disease have been de-
scribed in some detail (reviewed in e.g., [5]). In general, 
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inward remodelling is associated with essential hyperten-
sion, whereby the inner and outer diameters are reduced, 
and the ratio of wall thickness to lumen diameter increas-
es, but the wall volume is conserved [6]. More advanced 
remodelling can involve cell hypertrophy and fibrosis, 
whereby additional collagen is deposited in the vessel wall 
[7]. In diabetes, small artery pathology is worsened by the 
presence of other cardiovascular pathologies, such as hy-
pertension. Normotensive individuals with diabetes or 
obesity have been reported to exhibit significant hyper-
trophy [8], but while obese individuals exhibit no change 
in homogeneous wall stiffness, chronic hyperglycaemia 
in diabetes can lead to the creation of advanced glycosyl-
ation end products, which have the effect of cross-linking 
and stiffening extracellular matrix proteins in the vascu-
lar wall [6].

What is currently lacking is an understanding of the 
microstructural bases of these changes and their associa-
tion with the micromechanics of the tissue. This level of 
understanding is important to distinguish causal from 
compensatory changes, to test hypotheses on the role of 
changes in cellular mechanotransduction (see e.g., [9]) 
and to target therapeutic approaches. However, this is a 
challenging task because of the complexity of the rela-
tionships between structure and micromechanics, which 
are only now becoming apparent in large vessels [10, 11].

Human small resistance arteries (diameter 100 μm to 
approx. 400 µm) are, like their larger counterparts, ar-
ranged in 3 layers. The intima comprises endothelial cells 
and elastic fibres, the media is highly cellularized and 
comprises vascular smooth muscle cells (VSMCs) inter-
spersed by a small quantity of thin elastic fibres, and the 
adventitia comprises fibroblasts, bundles of fibrous col-
lagen, and a network of elastic fibres. In normal vessels, 
the overall pressure-deformation characteristics have 
been described in terms of serial “hook-on” models [12], 
based upon the principle that elastic structures allow 
large-scale distension arrested by collagen fibres that re-
cruit [13, 14] to prevent damaging overextension [15, 16]. 
On a microscopic scale, recent micromechanical studies 
[17–20] have demonstrated complex interactions be-
tween the collagen and elastin networks within each layer 
in response to changes in luminal pressure, suggesting 
simple quantification using, for instance, histological 
techniques belies the true mechanical environment.

The aim of the present work was to investigate how the 
microstructure of small arteries and their passive re-
sponse to transmural pressure is modified by vascular re-
modelling associated with normotensive type 2 diabetes 
mellitus (T2DM). Small subcutaneous resistance arteries 

from control subjects and T2DM volunteers were inves-
tigated in the passive state using a combination of myog-
raphy and multiphoton microscopy, following protocols 
we have described recently [17]. Significant differences 
were found in the morphology of the elastic fibre and col-
lagen networks, and mechanical properties between the 2 
populations. These differences could be broadly recog-
nized as contributing to inward remodelling or fibrosis.

Materials and Methods

Biopsies were obtained from 21 volunteers in the Exeter 10,000 
cohort, of whom 13 were healthy (control group), and 8 had 
T2DM. Exclusion criteria were as follows: Blood pressure exceed-
ing 140/90 mm Hg; treatment with insulin, GLP-1 analogues, oral 
steroids, or anti-inflammatory drugs, including aspirin; pregnan-
cy; lactating women; endocrine disorders; HbA1C >75 mmol/mol; 
history of acute MI or cerebrovascular disease in the previous 6 
months; current treatment with warfarin or history of any bleeding 
disorders. The T2DM group had HbA1C values of 58.3 ± 8.7 
mmol/mol and had been living with T2DM for 11.4 ± 2.3 years 
(range 9–15 years). Two individuals with diabetes had long stand-
ing treated hypertension. There was no history of heart disease, 
including angina, peripheral vascular disease, or previous angio-
plasty within the group. The T2DM group had the following com-
plications: 2 cases of neuropathy, 1 case of retinopathy (treated 
with laser therapy), and no nephropathy. A local anaesthetic was 
applied prior to obtaining an abdominal adipose tissue biopsy by 
scalpel incision at 10 cm laterally to the right of the umbilicus. The 
excised tissue was transported immediately to the laboratory for 
imaging. Laboratory scientists and data analysts were blind to the 
state of health of the sample donors.

The experimental procedure has been described in detail previ-
ously [17] and is illustrated in Figure 1. Briefly, resistance arteries 
of outer diameter 100–400 μm were dissected from the adipose 
tissue taking care to leave the adventitia intact. Segments 3–5 mm 
in length with no side branches were transferred carefully to a cus-
tom-made myograph. Biopsies and dissected arteries were im-
mersed at all times in 3-[N-morpholino] propane sulfonic acid 
buffer adjusted to a pH of 7.40 ± 0.02, at 4°C.

The dissected resistance arteries were cannulated on the myo-
graph with glass capillaries of diameter approximately 20 μm and 
secured with 11-0 gauge suture (Ethicon). The resistance arteries 
were perfused to remove blood, taking care to prevent introducing 
bubbles, and then straightened by moving the capillary tubes apart 
slowly. The myograph was then transferred to the stage of a mul-
tiphoton microscope, which included the temperature control for 
the myograph bath and transmural pressure control (kept at 3 mm 
Hg to maintain vessel shape). With the myograph bath maintained 
at 37°C, high resolution 3-dimensional (3D) image stacks of a por-
tion of the vessel wall were acquired at 3, 10, 20, 30, and 50 mm Hg 
transmural pressures, allowing 15 min of equilibration after each 
pressure increment before imaging. The pressure increments were 
chosen for 3 reasons: (i) consistency with a previous study [17]; (ii) 
the most significant morphological changes associated with vascu-
lar remodelling occur within the extracellular matrix, which con-
tributes only to the passive mechanical response, and the majority 
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of the passive mechanical response occurs within the chosen pres-
sure range [19]; and (iii) at higher pressures, the natural myogenic 
response of vessels becomes significant. Assessment of the passive 
mechanical response would necessitate elimination or suppression 
of vasoreactivity, losing the effect of basal tone (see e.g., [21]). One 
vessel was chosen at random from each group for imaging of cell 
nuclei stained with DAPI (Sigma), which was mixed into the myo-
graph bath at a final concentration of 500 nM. For these vessels, the 
nuclear imaging replaced the final measurement at 50 mm Hg 
transmural pressure. Additional low-resolution image stacks were 
acquired for all vessels at 3 and 30 mm Hg to assess gross vessel 
morphology for fitting a mechanical model.

The multiphoton microscopy system [17] consisted of an up-
right modified confocal laser-scanning microscope (FluoView 
IX71 and F300; Olympus) and Ti:sapphire laser (Mira 900-D; Co-
herent) tuned to 816 nm and pumped by a 532 nm solid state laser 
(Verdi V10; Coherent) with a repetition rate of 76 MHz and pulse 
width of 100 fs. Two-photon fluorescence (TPF) and second har-
monic generation images were acquired simultaneously in the 
backwards direction, with signal corresponding to elastic fibres 
and collagen, respectively. Olympus UPlanSApo 20× 0.4NA and 
60× 1NA water immersion objectives were used to acquire gross 
morphological and high-resolution images of immersed vessels at 
in-plane resolutions of 1.5 and 500 nm, respectively. For high-res-
olution imaging, capture of each 512 × 512 pixel image took 22 s, 
and approximately 120 images were acquired per pressure incre-
ment, at 1-μm steps in the z-direction. The resulting 3D image 
stacks were 250 × 250 × 120 μm in x, y, and z, respectively, and took 
44 min to acquire. At the lower resolution, each 512 × 512 pixel 
image took 7 s to acquire, and approximately 100 images were ac-
quired per pressure increment, at 2-μm steps in the z-direction. 
The resulting 3D image stacks were 750 × 750 × 200 μm in x, y, and 
z, respectively, and took 11 min to acquire.

Image stacks were converted into 3D images using the Volume 
Viewer plugin for Fiji [22]. The dimensions of each layer of the ves-

sel walls were obtained by fitting circles to the layer boundaries at 
5 longitudinal positions. Where the vessel morphology was not cir-
cular, the algorithm fitted a circle with an area matching to that of 
the region of interest. Two layers were defined for each vessel where 
possible: the intima-media, extending from the luminal surface to 
the outer edge of the cellular region (which appears dark under TPF 
and second harmonic generation); and the adventitia, which com-
prises the collagenous outer layer. Orientation distributions for the 
3 fibrous protein networks (internal elastic lamina, adventitial elas-
tic fibres, and collagen) were obtained with the OrientationJ Distri-
bution plugin for Fiji [23]. Interfibrillar spacing in the internal elas-
tic lamina (IEL) of each vessel was estimated by taking circumfer-
ential profiles of the TPF signal, and calculating the distance 
between full-width half-maximum positions for each fibre.

The relative movement of each boundary after changes in intra-
mural pressure was used to inform a mechanical model that calcu-
lates the stiffness and stress in each layer. This model has been de-
scribed previously [17] and is based upon linear thick-walled cylin-
der theory [24]. The model assumes negligible axial strain and 
torsion, which was deemed to be a reasonable assumption because 
the vessel ends were attached to the myograph glass capillaries. A 
second model calculating wall stress on the assumption that the ves-
sel can be approximated as a homogeneous thick-walled tube, which 
is a generalized version of the simple “wall stress” model widely used 
to analyse myography data [25] was also utilized for comparison.

The amount of visceral and subcutaneous fat in the vicinity of 
the biopsy was measured prior to the procedure using MRI. Fat 
quantification was based on area measurements using established 
protocols [26–28].

Table 1. Statistical summary of volunteer metrics and dimensions 
of the subcutaneous resistance arteries at 30 mm Hg transmural 
pressure

Healthy Diabetic

Gender M/F 8/5 5/3
BMI† 24.5±2.5* 28.4±4.1*
Age, years† 56.2±9.5 63.1±13.7
Systolic BP, mm Hg† 122.5±10.3 128.8±12.0
Diastolic BP, mm Hg† 74.5±7.6 79.5±8.6
Subcutaneous fat area, mm2†, ‡ 19,100±6,900 24,400±11,500
Visceral fat, mm2†‡ 9,100±5,200** 21,800±7,200**
Years since T2DM diagnosis† N/A 7.9±2.2
HbA1C, mmol/mol 36±4 58±9
Inner radius, μm 111±16 138±20
Wall-lumen ratio (30 mm Hg) 0.41±0.07** 0.20±0.06**
Adventitia-media ratio§ 0.82±0.11 0.59±0.02†

Values for the wall-lumen ratio differ from those of other diabetic 
studies, as the vessels were measured at a comparatively low transmu-
ral pressure and did not undergo preconditioning prior to measure-
ment. This arrangement allows the passive mechanical behaviour of 
vessels to be probed. BMI, body mass index; BP, blood pressure; 
T2DM, type 2 diabetes mellitus. * Statistically significant difference 
between healthy and diabetic groups (* p < 0.05, ** p < 0.01). † Mean 
± SD. ‡ Fat area measurements used as indicator of fat compartment 
size. § Adventitia-media ratio only measured in subset of arteries from 
T2DM patients that exhibited distinct layers (n = 5).
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Fig. 1. Schematic of the experimental apparatus, with details of the 
myograph base and arms omitted for simplicity. The call out shows 
the approximate imaging volumes probed during the high resolu-
tion (×60) and low resolution (×20) protocols. TPF, two-photon 
fluorescence; SHG, second harmonic generation.
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Statistics
Data are presented as mean ± SEM unless otherwise stated. Sta-

tistical significance was calculated using the Mann-Whitney U test 
unless otherwise stated, with the null hypothesis rejected at the 5% 
significance interval. Ranked correlations were calculated using 
Spearman’s rho, with the null hypothesis rejected at the 5% sig-
nificance level. Data were analysed and presented using MATLAB 
(MathWorks).

Results

Resistance arteries were obtained from 13 healthy con-
trol and 8 T2DM subjects. The same number of T2DM 
subjects as controls were recruited, but the T2DM biop-
sies contained fewer blood vessels and were more friable 
than the controls, and therefore less likely to yield a suit-
able vessel, due to an absence of vasculature or damage. 
The T2DM group had a significantly higher BMI than the 
control group (p < 0.05). A summary of patient data and 
vessel dimensions is given in Table 1.

Microscopic Observations
There was considerable variation in the structure of 

vessels from the T2DM group. One vessel showed only 
minor distortion of the IEL, but the majority showed vari-
ations in wall thickness with breakdown of the layered 
structure and disorder of the fibrous protein networks, 
particularly in the adventitia as detailed below.

The control group vessels exhibited a clear 3-layered 
structure, comprising (from inside to outside) IEL, media 

and adventitia when viewed in section (Fig.  2a), but the 
boundaries in some arteries from T2DM patients (3/8) were 
not clear (Fig. 2b), largely due to the appearance of matrix 
material in the media. This may represent a more advanced 
stage of remodelling. One artery exhibited matrix material 
in the media but still retained the layered structure. The 
other arteries from T2DM patients exhibited the same lay-
ered structure as controls, although overall the adventitia 
occupied a proportionally smaller proportion of the total 
wall volume in arteries from T2DM patients than controls. 
The presence of matrix material in the media did not cor-
relate with any measures of abdominal fat content.

As vascular remodelling is commonly described in 
terms of increased collagen deposition leading to me-
chanical recruitment at lower transmural pressure, initial 
analysis examined the fibrous collagen of the adventitia. 
In normal vessels, the adventitia comprises helical fibre 
bundles of varying straightness that recruit under in-
creases in pressure (Fig. 3a), but all except one of the ar-
teries from T2DM patients showed significant quantities 
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Fig. 2. Comparison of healthy and diabetic morphologies in sec-
tion at 30 mm Hg transmural pressure. False colours represent 
elastic fibres and intracellular proteins (green), and fibrous colla-
gen (blue). a The healthy artery exhibits a distinct IEL, media and 
adventitia, and the wall thickness is relatively uniform. b The dia-
betic artery exhibits an IEL, but the adventitia and media overlap 
and are of uneven thickness. Bars 50 μm. T2DM, type 2 diabetes 
mellitus; IEL, internal elastic layer.

Fig. 3. Comparison of adventitial collagen morphology in health 
and diabetes mellitus, at 30 mm Hg transmural pressure. a Healthy 
adventitia, comprising tortuous collagen fibre bundles of varying 
diameter and at varying stages of recruitment. b Diabetic adventi-
tia, comprising straight, bracing collagen fibre bundles surround-
ing an interior layer of tightly wound tortuous collagen fibre bun-
dles.  c  The number of bracing fibre bundles present within the 
imaged volume of healthy arteries and arteries from individuals 
with T2DM. There were significantly more in arteries from indi-
viduals with T2DM (p  < 0.01, Mann-Whitney U test). Bars 
50 μm. T2DM, type 2 diabetes mellitus
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of thick, straight, bracing fibre bundles forming what 
might constitute a constraining sheath around the outer 
edge (Fig. 3b). Underneath these fibre bundles, the col-
lagen network was morphologically similar to normal. 
The bracing fibre bundles were sparse and did not form 

continuous layers. The arteries from T2DM patients were 
more variable in diameter along their length than those 
from healthy volunteers (see online suppl. material for 
full details on diameter variability; for all online suppl. 
material, see www.karger.com/doi/10.1159/000517856), 
and more constricted regions often contained larger 
numbers of the bracing fibre bundles. Three of 8 arteries 
from T2DM patients exhibited additional bundles of nor-
mal collagen fibres outside the bracing fibres, which were 
unevenly distributed around the vessel circumference. 
This loose, peripheral collagen did not change in organi-
zation at any pressure increment and therefore did not 
appear to have any mechanical function, despite being 
clearly distinct from the neighbouring matrix. The net-
work of adventitial elastic fibres was more disordered in 
arteries from T2DM patients than controls, but the fibres 
themselves were morphologically similar.

Bracing fibre bundles were found in 3 arteries from the 
control group, with 0.8 ± 0.4 bundles per imaged region 
(area 0.061 mm2) of each vessel. All but 1 artery from the 
diabetic cohort showed bracing fibre bundles, with 3.7 ± 
1.0 bundles within the imaged regions of each vessel. This 
difference was significant at the p < 0.01 level (Fig. 3c). A 
Spearman’s ranked correlation test showed that the num-
ber of fibre bundles were close to correlating with sys-
tolic blood pressure (p = 0.06) in the healthy cohort, but 
there was no correlation in the diabetic cohort, or when 
the 2 cohorts were merged (see online suppl. material for 
a full comparison of BP to number of bundles). The pres-
ence of bracing fibre bundles did not correlate with any 
measures of fat content for either cohort.

The IEL in healthy vessels comprises longitudinal elas-
tic fibres that are interconnected by periodic, thinner 
branching fibres, which move apart to form a honeycomb 
network under pressure (Fig. 4a, b). The control IEL dis-
tended by 45 ± 9% as transmural pressure was ramped 
from 3 to 30 mm Hg. In arteries from T2DM patients, the 
IEL appeared to twist about the vessel axis, and the longi-
tudinal fibres undulated and clumped together rather 
than forming a uniform network as in the control tissues. 
Increasing luminal pressure caused less reorganization of 
the network than in controls, with the majority of longi-
tudinal fibres remaining contorted and closely associated, 
despite the diabetic lumen distending by 33 ± 5% (Fig. 4c, 
d). The average change in spacing between discrete lon-
gitudinal elastic fibres (Fig. 4e) in control vessels was 0.97 
± 0.49 μm, while in arteries from T2DM patients it was 
0.03 ± 0.02 μm (p < 0.01). This behaviour indicates that 
the IEL is compressed in T2DM, which may reflect the 
lack of distensibility of the outer layers.
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Fig. 4. Comparison of IEL morphology in health and diabetes mel-
litus.  a The healthy IEL at 3-mm Hg transmural pressure com-
prises longitudinal elastic fibres, braced periodically by thinner fi-
bres. b At 30-mm Hg transmural pressure the IEL distends con-
siderably and deforms into a honeycomb structure. c The diabetic 
IEL at 3-mm Hg transmural pressure also comprises longitudinal 
fibres, but they appear kinked and uneven. d At 30-mm Hg trans-
mural pressure, the IEL has distended, but not to the same degree 
as the healthy artery, and looks morphologically similar to the low-
pressure case, except for in discrete positions where some fibres 
have moved apart. e Change in longitudinal elastic fibre spacing. 
The change in spacing in healthy arteries is significantly greater 
than in arteries from individuals with T2DM (*p < 0.05), Mann 
Whitney U test. Bars 50 μm. IEL, internal elastic layer; T2DM, type 
2 diabetes mellitus.
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We hypothesized that the infiltration of fibrous pro-
tein into the media would have a significant effect upon 
the morphology and vasoactive ability of VSMCs in the 
media, so we applied DAPI nuclear stain to the bath of 1 
healthy and 1 T2DM vessel in order to visualize the cell 
nuclei. Figure 5 shows the fluorescence from 3 cell types 
(red – endothelial cells; blue – VSMCs; yellow – fibro-
blasts, cell phenotype predicted by morphology and posi-
tion in the vessel wall) overlaid upon TPF sections through 
the vessel wall (section position shown in inset) in health 
(Fig. 5a) and disease (Fig. 5b). The distribution of cell nu-
clei orientations are shown in Figure 5c. In healthy resis-
tance arteries, the endothelial cell nuclei were arranged 
close to longitudinal (standard deviation 16°), but in dis-
ease the orientation was much more random (standard 
deviation 32°). Given the association between endothelial 
cell morphology and fluid mechanics, this may indicate a 
change in haemodynamics in the diseased vessels. How-
ever, there was a similar loss of organization in the 
VSMCs. VSMC nuclei in health were arranged mostly 
parallel to one another (SD 9°), and in a single or double 
layer. In diseased arteries, the VSMCs varied in orienta-
tion considerably along the length of the vessel (SD 20°).

Mechanical Analysis
In the following analysis, mechanical calculations are 

based upon the differences in vessel layer boundary posi-
tions at transmural pressures 3 and 30 mm Hg. The con-
trol group includes data from the study by authors in ref-
erence [17]. The layer boundaries were defined as the lu-
men, the transition from cellular media to fibrous 
adventitia, and the outer edge of the vessel wall (not in-
cluding clumps of loose, unrecruited collagen that were 
found on the outer edge of some arteries from T2DM pa-
tients).

Changes in wall volume associated with increased 
transmural pressure are shown in Figure 6a. The small 
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Fig. 5. Two-photon fluorescence optical sections through healthy 
vessel walls and vessel walls from individuals with T2DM (optical 
plane depicted in inset), with DAPI-stained cell nuclei overlaid in 
false colour. a In health, endothelial cell nuclei (red) are arranged 
longitudinally, while VSMC nuclei (blue) are arranged circumfer-
entially. Fibroblast nuclei (yellow) exhibit no preferential shape.  
b In the diabetic artery, the endothelial cell nuclei (red) appear 
more irregular in shape and orientation, while the VSMC nuclei 
(blue) retain a characteristic slender morphology but are arranged 
more randomly. c Distributions of endothelial cell and VSMC nu-
clei orientations, measured as an angle relative to the longitudinal 
vessel axis. Bars 50 μm. T2DM, type 2 diabetes mellitus; EC, endo-
thelial cell; VSMC, vascular smooth muscle cell.
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average volume change in control vessels was confined to 
the adventitia, while in arteries from T2DM patients the 
volumes of both media and adventitia reduced signifi-
cantly. The relative thickness of each layer at 30 mm Hg 
transmural pressure is shown in Figure 6b, where both 
the media and adventitia are significantly thinner in 
T2DM than in health (p < 0.05). The large medial volume 
reduction in diabetes is due to a lower medial stiffness 
(Fig. 6c) than that of healthy arteries (3.8 ± 0.6 vs. 16.5 ± 
5.2 kPa, p < 0.05). The adventitia stiffness was lower in 
arteries from T2DM patients, but not significantly so (101 

± 14 vs. 114 ± 46 kPa). It should be noted that the model 
does not discriminate between the pathological and nor-
mal collagen, and so averages the contributions of both 
recruited and unrecruited fibres. The alternative homo-
geneous model found the arteries from T2DM patients to 
be less stiff (24 ± 3 vs. 71 ± 19 kPa, p < 0.05).

Subcutaneous fat area was found to correlate with wall 
strain and adventitial layer strain in both cohorts sepa-
rately (p < 0.05), but not when combined. It was also 
found to correlate inversely with adventitial stiffness in 
both cohorts separately (p < 0.05), but not when com-
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mations (*p < 0.05, **p < 0.01). T2DM, type 2 diabetes mellitus.

Fig. 7. Distribution of fibrous protein orientations in health and arteries from individuals with T2DM, at varying 
transmural pressure. T2DM, type 2 diabetes mellitus; Adv, adventitial.
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bined. No correlations were found with visceral fat or the 
ratio of subcutaneous to visceral fat.

Analysis of fibre organization confirmed the qualitative 
observations made above that the fibrous proteins in ves-
sels from individuals with T2DM are less ordered than 
those in control vessels (Fig. 7). As luminal pressure in-
creased, the shift in adventitial collagen and IEL elastin or-
ganization from a longitudinal to a more isotropic arrange-
ment was similar in control and arteries from T2DM pa-
tients. The adventitial elastin network became more 
isotropic and developed a slight helical bias as pressure in-
creased in control vessels, but in T2DM vessels, there was 
barely any change with pressure. The collagen network ex-
hibited a shoulder at 135° at the higher pressure, suggesting 
a potentially helical trend in the fibre recruitment.

Discussion

The microstructure of small human resistance arteries 
in control subjects and individuals with type 2 diabetes 
mellitus, and its passive response to changes in transmural 
pressure, has been investigated using multiphoton mi-
croscopy. The extent of vascular remodelling varied be-
tween subjects in the diabetic cohort, as would be expect-
ed in a chronic disease, and the arteries from individuals 
with T2DM appeared to exhibit 2 stages of remodelling. 
The sample size in this study was limited by the difficulties 
of subject recruitment and vessel isolation from biopsies; 
however, a number of structural features were consistent-
ly observed and the structural bases of previously reported 
changes in mechanical characteristics were revealed.

The most common feature in diabetic remodelled ar-
teries was the presence of bracing collagen fibre bundles 
in the outer adventitia. These bundles were also found in 
2 of the 11 control arteries, although significantly fewer in 
number, suggesting they may be a feature of vascular re-
modelling in general. The presence of bracing fibre bun-
dles is indicative of inward remodelling, as each of the 
layers underneath appeared compressed and distorted, 
and the ability to distend passively was significantly hin-
dered in comparison to control arteries. Increasing trans-
mural pressure had the effect of reducing wall volume sig-
nificantly in T2DM, while in contrast healthy arteries did 
not change in wall volume. The bracing fibre bundles ap-
pear to form a stiff outer sheath that limits distensibility, 
and that the underlying layers press and deform against in 
order to accommodate pressure-induced changes in lu-
men diameter. Underneath the bracing fibre bundles, the 
adventitial collagen appeared morphologically normal; 

however, it did not recruit at any pressure increment, 
whereas in health, a significant portion of the adventitial 
collagen has been shown to recruit at 20 mm Hg [18]. This 
would suggest that normal adventitial collagen in arteries 
from T2DM patients does not contribute to arterial me-
chanics in the same way as in healthy arteries.

While healthy resistance arteries exhibit a distinct lay-
ered structure of fibrous adventitia, cellular media and a 
single lamella intima, some arteries from T2DM patients 
exhibited infiltration of collagen fibres into the media, 
leading to blurring of the layer boundaries. In 3 of the 8 
arteries from T2DM patients, sufficient collagen had been 
deposited to lose the layered structure altogether. All ves-
sels that exhibited medial fibrosis also presented bracing 
fibre bundles, but conversely there were several arteries 
exhibiting bracing fibre bundles without medial fibrosis. 
It would appear, therefore, that the formation of bracing 
fibre bundles precedes medial fibrosis. Increased 
collagen:elastin ratio is a commonly reported feature of 
microvascular remodelling in both hypertension [29, 30] 
and diabetes [31], and the deposition of medial collagen 
could be associated with fibroblast migration, as has been 
reported in large arteries [32]. Quantification of collagen 
and elastin absolute volume is not possible to perform ac-
curately using multiphoton microscopy due to many of 
the fibrous structures being significantly below the dif-
fraction limit, leading to large errors (the morphological 
and structural observations in this study, on the other 
hand, are accurate to an error of approximately 1 μm). Re-
modelling in large arteries is suggested to be driven by 
mechanosensing in adventitial fibroblasts [33] and smooth 
muscle cells, for the purpose of reducing circumferential 
and shear stresses [34]. It is possible therefore that the col-
lagen deposition observed in this study is a result of a pre-
viously altered local mechanical environment associated 
with the formation of bracing fibre bundles.

It has been shown previously that small arteries from 
T2DM patients have reduced wall stiffness compared to 
those from healthy volunteers [25]. The homogeneous 
model used in this study mimics those used elsewhere in 
the literature, and it too concludes that the wall stiffness, 
taken as a whole, reduces in T2DM. However, this result 
belies the significant redistribution of stress and strain 
within the vascular wall in T2DM, which can only be elu-
cidated by adopting a more sophisticated model, as used 
in this study. While the bracing fibre bundles appear to 
constrain the outer edge of T2DM (and some healthy) 
arteries, reducing their ability to distend, the significant 
mechanical difference is found in the media, which in 
T2DM is less than a quarter as stiff as in healthy controls.
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Our previous work has shown that in health, the ad-
ventitia bears between 50 and 90% of the circumferential 
stress, with the exact amount scaling with vessel radius 
and transmural pressure [17]. The rest is borne by the IEL 
and basal tone in the media. This study has shown that in 
arteries from individuals with T2DM, who exhibit brac-
ing fibre bundles but with an intact layered structure, the 
adventitia bears between 90 and 95% of the circumferen-
tial stress (most of it likely taken up by the bracing fibre 
bundles). The IEL and media bear on average less than a 
third of the stress of the same regions in healthy vessels of 
comparable geometry, likely due to a decrease in basal 
tone [25]. In the more remodelled arteries from T2DM 
patients, which exhibit both bracing fibres and significant 
quantities of medial collagen, if the additional collagen is 
load bearing then it will have a homogenizing effect on 
the mechanical properties. A homogeneous, thick-walled 
pipe under luminal pressure experiences highest stress in 
the lumen and so as more load-bearing collagen is depos-
ited in the media; the distribution of stress becomes more 
uniform. It is possible, then, that fibrosis is a passive com-
pensating mechanism for a reduction in basal tone; how-
ever, the presence of collagen in the media is likely to ex-
acerbate this reduction, by restricting the range over 

which VSMCs can deform. The distribution of stress in 
vessels at the different stages of remodelling observed in 
this study is described diagrammatically in Figure 8.

It was noted qualitatively during the sample prepara-
tion that diabetic adipose tissue samples were much more 
friable than the healthy samples. Given that the adventitia 
serves in part as an anchor to surrounding tissue, it can 
be reasonably expected that the reduction in support 
from the surrounding tissue will necessitate a structural 
response. A follow-up study that compares the mechani-
cal properties of arteries with their surrounding tissue 
could yield intriguing results. The most significant struc-
tural change in T2DM, the formation of bracing fibre 
bundles, did not correlate with any fat area metrics. How-
ever, the correlations between adventitial stiffness and 
strain with subcutaneous fat area suggest a mechanical 
coupling of some form.

Disorder of extracellular matrix fibres and cell nuclei 
were most severe in the heavily remodelled arteries. The 
extent of disorder was not completely random; however, 
with both measurements of collagen fibre and cell nucleus 
orientation, exhibiting a helical preference. In pressurized 
large arteries there is a tendency for adventitial collagen to 
reorientate towards ±45° to the longitudinal vessel axis 
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  stiffens inner wall

� Passive media
  stiffness likely to limit
  myogenic range

Remodelled 2
30 mm Hg
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3 mm Hg
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� Stiff outer layer
  limits distension

� Transmural pressure
  squeezes inner layers
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a
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� Adventitia stiffens as
  pressure increases

� Wall volume is mostly
  conservedb

■ Normal media ■ Normal adventita ■ Bracing fibre bundles ■ Collagenous media

Fig. 8. Illustrations of vessel cross-sections, 
showing undeformed geometry (left) and 
deformed geometry (right). Arrows indi-
cate predicted direction of local stress as-
sociated with transmural pressure. a, b In 
the healthy resistance artery the adventitia 
allows outward distension whilst gradually 
stiffening due to collagen recruitment. The 
significantly more compliant media dis-
tends with the adventitia, thins as the ad-
ventitia stiffens, and resists a small portion 
of the circumferential stress. c, d Vessels 
exhibiting the first stage of remodelling 
(constraining fibre bundles only) are less 
able to distend their outer edge, and so the 
underlying normal adventitia does not re-
cruit. Circumferential stress is therefore 
limited to the pathological fibre bundles in 
the periphery, and the rest of the vessel wall 
is squeezed up against the stiff outer edge 
by the transmural pressure. e, f Vessels ex-
hibiting the second stage of remodelling 
(constraining fibre bundles and media fi-
brosis) are assumed to behave more like 
homogeneous pipes. The presence of col-
lagen in the inner layers shifts the distribu-
tion of circumferential stress away from the 
periphery and into a more uniform state.
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[35], reflecting the local force distribution [36], and while 
the diabetic adventitial collagen in this study exhibits sim-
ilar behaviour, it is biased towards a particular helical 
handedness. Similarly, the VSMC nuclei also exhibit a 
preferential helical orientation following remodelling. 
This breakdown of symmetry in both passive and active 
components of the vessel wall will cause torsion. Increased 
tortuosity of microvessels is commonly reported with vas-
cular remodelling, such as in diabetic retinopathy [9] and 
pulmonary hypertension [37], and the images acquired in 
this study indicate a potential microstructural basis.

We noted above the difference in intramural strain 
fields in healthy arteries and arteries from T2DM patients 
and this has important implications for VSMC function. 
The constraint of the adventitial collagen in the arteries 
from T2DM patients forces the VSMCs to accommodate 
a much greater proportion of lumen distension due to 
changes in transmural pressure – they essentially get 
compressed against the adventitia. Furthermore, given 
that most adventitial collagen is not recruited in diseased 
vessels during inflation, the VSMCs may not have a stable 
foundation to pull against to generate changes in vascular 
tone. This may explain at least in part the reduction in 
response to acetylcholine and bradykinin reported in dia-
betic resistance arteries [31], and their impaired myogen-
ic response to transmural pressure [25]. The distorted 
alignment of VSMCs in diabetes is likely to further re-
strict their ability to regulate vascular tone. That the EC 
arrangement is also distorted in diabetes would suggest 
that the aligning effect of blood flow shear is dominated 
by the compressive disordering associated with inward 
remodelling. Deviation from parallel alignment is likely 
to have a negative effect on shear sensing. The disorder 
measured in the cellular networks in diabetes is poten-
tially of great importance and warrants further study.

There are several ways this study could be taken fur-
ther in the future. Firstly, to isolate the mechanical effect 
of changes in the extracellular matrix caused by T2DM, 
such as the increase in abundance of bracing collagen fi-
bre bundles, vasodilating agents could be used to remove 
contributions from vascular tone. Conversely, while we 
note above that medial fibrosis likely impinges on VSMC 
ability to regulate tone, the use of vasoconstrictors, like 
noradrenaline, in conjunction with the imaging tech-
niques presented here could provide a direct and accurate 
measure of the myogenic capabilities of vessels with and 
without medial fibrosis. The lack of statistical correlation 
between health metrics, such as duration and severity of 
T2DM and the experimental metrics obtained in this 
study may simply be due to insufficient statistical power. 

Specifically, the Spearman’s rank correlation with p = 
0.06 between systolic blood pressure and number of brac-
ing fibre bundles in healthy individuals would be worthy 
of further investigation in studies focussed more on hy-
pertension. Raw data for these measurements are includ-
ed as online suppl. material for this purpose. Lastly, while 
the ambition had been for this study to age match the 
healthy and T2DM groups, difficulty with recruitment 
and sample preparation meant this was not feasible.

In conclusion, we have found 2 distinct microstruc-
tural changes that occur in vascular remodelling associ-
ated with diabetes mellitus. The first is the formation of 
thick, straight collagen fibre bundles, which brace the 
outer adventitia, providing increased resistance to disten-
sion. The second is fibrosis of the media, which is likely 
to have the effect of rebalancing the stress distribution 
across the vessel wall. The stiffness of arteries from indi-
viduals with T2DM was lower than controls, suggesting 
the increased quantity of collagen does not fully compen-
sate for reduced basal tone. The techniques reported in 
this study could be used in conjunction with vasoactive 
species to elucidate the relationship between vascular re-
modelling and myogenic dysfunction in diabetes, as well 
as the therapeutic effects of antihypertensive treatment.
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