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Abstract

Diabetic foot ulcers are often unresponsive to conventional therapy and are a

leading cause of amputation. Animal studies have shown stem cells and

growth factors can accelerate wound healing. Adipose-derived stem cells are

found in fat grafts and mixing them with platelet-rich plasma (PRP) may

improve graft survival. This study aimed to establish the histological changes

when diabetic foot ulcers are treated with fat grafts and PRP. A three-armed

RCT was undertaken of 18 diabetic foot ulcer patients: fat grafting; fat grafting

with PRP; and routine podiatry care. Biopsies were obtained at week 0, 1, and

4, and underwent quantitative histology/immunohistochemistry (H&E, CD31,

and Ki67). Treatment with fat and PRP increased mean microvessel density at

1 week to 1645 (SD 96) microvessels/mm2 (+32%-45% to other arms, P = .035).

PRP appeared to increase vascularity surrounding fat grafts, and histology

suggested PRP may enhance fat graft survival. There was no clinical difference

between arms. This study demonstrates PRP with fat grafts increased

neovascularisation and graft survival in diabetic foot ulcers. The histology was

not, however, correlated with wound healing time. Future studies should con-

sider using apoptosis markers and fluorescent labelling to ascertain if

enhanced fat graft survival is due to proliferation or reduced apoptosis. Trial

registration NCT03085550.
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Key messages
• diabetic ulcers are common, difficult-to-treat chronic wounds, of which cur-

rent conservative management is ineffective and expensive. Fat grafts con-
tain adipose-derived stem cells, and their use with platelet-rich plasma
(PRP) may be able to augment wound healing

• a randomised controlled trial was undertaken on 18 patients with diabetic
foot ulcers, comparing three treatment arms (fat grafting alone, fat grafting
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mixed with PRP and routine podiatry care). Tissue biopsies were obtained at
three time points and quantitative histology and immunohistochemistry
undertaken

• treatment with fat grafting and PRP showed increased neovascularisation
and fat graft survival in diabetic foot ulcers, and further development may
be able to utilise this approach as the basis for a novel autologous treatment
for chronic wounds

1 | INTRODUCTION

Diabetic foot ulcers cost the National Health Service
(NHS) over £580 million1 per annum and are a leading
cause of lower-limb amputations.2 A UK population-
based cohort study demonstrated that the development
of a diabetic foot ulcer is associated with a 5% mortality
rate within the first 12 months, increasing to 42% mor-
tality within 5 years,3 highlighting the gravity of the
condition. Currently, treatment consists of podiatry
care, vascular optimisation, and prevention of infec-
tions. This conventional therapy has inconsistent effi-
cacy with high rates of diabetic foot ulcers transforming
into chronic wounds—approximately 20% of patients
have an unhealed diabetic foot ulcer at 1 year.4 Conse-
quently, there is a need for new approaches, including
investigation into the use of stem cells5 and growth fac-
tors,6 to promote, accelerate, and restore the body's nat-
ural healing process.

Adipose tissue is a source of multipotent stem cells.7

Adipose-derived stem cells (ADSC) are capable of self-
renewal, differentiating into cell types involved in tissue
repair, and secreting growth factors.8 ADSC are more
abundant than bone marrow derived stem cells9 and can
be easily and repeatedly harvested with minimal donor
site morbidity via liposuction. ‘Fat grafting’, where the
lipoaspirate containing ADSC and adipocytes is re-
injected, is already widely utilised clinically for soft tissue
reconstruction and in aesthetic medicine.10 Animal stud-
ies have shown ADSC administration can improve the
rate of cutaneous wound healing by 14% to 47%,8,11-16

including in diabetic animals.17-21 What is more, these
studies identified increased angiogenesis11-13,15,17-23

within the first 14 days and increased cell proliferation at
15 days.21

In order for the ADSCs to participate in wound
healing, they must survive the initial grafting procedure.
The low survival of all cells within fat grafts is a major
issue that limits the use of fat grafting in all settings.24 A
systematic review reported fat graft survival was between
15% and 58% over 4 weeks to 12 months.25 The methodol-
ogy to calculate the graft survival rate has lacked scientific

rigour, with gross observation26 and dissection of the graft
and weighing27,28 in wide use. In a systematic review of fat
grafting25 it was reported that only one study used 3D
objective fat volume measurements through magnetic res-
onance imaging (MRI), and in this study, the survival rate
was just 18%.29 A lack of oxygen and nutrients from the
blood (ischaemia) is considered the main cause of cell loss,
and one study has demonstrated adipocytes more than
300 μm from the periphery of the graft become non-viable
within 24 hours.30

Mixing the fat grafts with platelet-rich plasma (PRP),
an autologous blood product and potent source of growth
factors, may enhance graft survival primarily through
increased early angiogenesis, which causes faster graft re-
vascularisation. This has been demonstrated in animal
studies.26-28,31 PRP may also act through other mecha-
nisms to increase fat graft survival via: (a) inducing the
increased proliferation of ADSC,32 to enable a greater
population of ADSC to participate in wound healing;
(b) enhancing ADSC differentiation into cells that could
directly participate in regeneration and repair (in vitro
PRP has been shown to encourage ADSC to differentiate
into fibroblasts and keratinocytes);33 (c) the fibrin compo-
nent of PRP may enhance fat graft survival through
reducing anoikis;34 or (d) causing further increased secre-
tion of growth factors from ADSC,35 which would further
potentiate early graft re-vascularisation.

PRP can vary in constitution when manufactured via
different commercial methods (over 4-fold difference in
concentration of platelets in one study).36 The PRP acti-
vation process may also vary among PRP studies, which
is known to affect the rate of growth factor release,37 with
some studies not activating their PRP at all. The concen-
tration of PRP has also been demonstrated to have differ-
ing effects on cells, with higher concentrations (20%
in vitro) paradoxically not promoting ADSC prolifera-
tion.38 All of these factors add another layer of complex-
ity to comparing the clinical and histological outcomes
from different studies.

The aim of this study was to determine if the local
administration of fat grafts with PRP increases wound
healing in diabetic foot ulcers at a histological level
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compared with standard care. Knowledge from this study
will establish the feasibility of fat grafting as a novel treat-
ment for these chronic wounds.

2 | MATERIALS AND METHODS

A prospective, human randomised single-centre feasi-
bility study was undertaken.39 This was a three-armed
study comparing fat grafting, fat grafting with PRP,
and routine care for the treatment of diabetic foot
ulcers. Of 18 patients enrolled, the first 16 consecutive
patients (5 fat grafting only, 6 fat/PRP, and 5 podiatry)
underwent wound biopsies. Full details on the inclu-
sion/exclusion criteria, randomisation process, inter-
ventions, control, ethics, and trial registration can be
found in Supplementary Content S1.

2.1 | Histology

Punch biopsies (4 mm) were taken from the wound cen-
tre and edge at the initial intervention (day 0), week
1, and week 4. This was performed under local anaes-
thetic, and biopsies were obtained from all patients
regardless of the arm of the study. The samples were
stored in 4% formalin in the fridge overnight, and then
transferred to 20% sucrose in phosphate-buffered saline
until processing.

Biopsies underwent paraffin infiltration40 and were
moved into tissue micro-arrays (TMA) in a pre-
determined randomised pattern. TMAs were tempered
(50�C) and manually compacted until well incorporated
by eye,41 sectioned to 4 μm and underwent staining with
haematoxylin and eosin (H&E) for microarchitecture,
CD31 (Leica Biosystems [reference CD31-PECAM-1]
1:1000, ER2 20 minutes, standard polymer protocol) for
blood vessels, and Ki67 (Dako antibody [reference
M0823] at 4.1 μg/ml, ER1 20 minutes, standard polymer
protocol) for cell proliferation using Lecia Biosystems
BOND-MAX Automated IHC/ISH Stainer. Full staining
details are in Supplementary Content S2. Slides were
scanned and analyses were undertaken in NDP.view
v2.5 (Hamamatsu Photonic K.K, 2014) and QuPath.42

2.2 | Epidermal thickness

Average epidermal thickness was calculated by divid-
ing the epidermal cross-sectional area by the average
epidermal length. Measurements were obtained from
samples from wound edges. Oblique sections were
excluded.

2.3 | Microvessel density with CD31
staining

Using a standard technique for quantifying microvessel
density,43 each section was examined at low magnification
(x40) to identify areas with the greatest density of stained
microvessels. Three non-overlapping fields of vision (x500
magnification) were selected, and the number of stained
microvessels was quantified by manually counting. The
area of dermal tissue in the frame was measured (the epi-
dermis was excluded as this is an avascular structure) and
the total number of microvessels was divided by the area to
give a density.

Any brown staining CD31 positive endothelial cell or
endothelial cell cluster that was separate from an adjacent
microvessel was counted as a microvessel.44 A vascular
lumen was not required to define a microvessel.43 Distinct
clusters of stained endothelial cells that could be from the
same vessel as it moves in and out of the section were also
counted separately as individual microvessels. If a vessel
had a thick muscular wall or a diameter > 50 μm then
these were excluded, as they are unlikely to have been
formed recently and are likely preceding mature vessels.
See Figure 1A,B.

Each specimen was triple counted, and a mean calcu-
lated. If individual counts differed by more than 10%, two
further counts were performed and the mean taken of all
five. Microvessel density was measured from edge biopsies
preferentially over central wound biopsies, as it was harder
to delineate microvessels from background staining suffi-
ciently well. The process was undertaken unblinded by one
author.

2.4 | Cell proliferation with Ki67
staining

The proportion of Ki67 positive cells45 was calculated
using the positive cell detection program in QuPath.42 As
proliferating cells are located in the basal layer of the epi-
dermis, an area comprising of the dermal-epidermal junc-
tion was selected. Both edge and central wound biopsies
containing dermal-epidermal junction were included.
The samples were manually checked to ensure all posi-
tive cells were correct and to remove incorrect back-
ground staining not related to a positive nucleus. (See
Figure S1, Supplementary Content S3) The settings used
in QuPath42 can be found in Supplementary Content S3.

2.5 | Statistical analysis

Data from patients receiving the same treatment at the
same time points were pooled. Results were analysed by
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week and intervention arms. Data were analysed using a
one-way analysis of variance (ANOVA) test or Kruskal-
Wallis depending upon distribution. Two-tailed P values
were recorded, with significance set at P < .05. Statistical
analysis was performed in SPSS version 26 (IBM, Armonk,
New York). In total, 34 samples underwent quantitative
analysis of CD31 and Ki67 with five samples being
unsuitable due to their orientation and consequently
excluded.

3 | RESULTS

The clinical results of the RCT can be found in the 2020
paper by Smith et al.39

3.1 | H&E staining

Vertical section of the wound edge and centre can be
seen in Figure 2A-K. Large volumes of organised
mature adipocytes are visible in samples at week 1 in
the fat/PRP arm, compared with a lower density and
less organised adipocytes in the fat graft only arm.
When the fat grafts were initially injected into the dia-
betic ulcers, there were no visible gaps between cells,
so background staining between cells may represent
where adipocytes have not survived. This suggests
greater fat graft survival with the addition of PRP. No
adipocytes were visible in the control group who did
not undergo fat grafting.

Epithelial thickness was not affected by any of the inter-
vention arms and there was no significant difference
between any group at any time point (P = .115), see
Figure 3.

3.2 | CD31 staining

A statistically significant difference in the density of
microvessels was seen at 1-week post-intervention
(P = .035) in the fat/PRP group. There was no difference
between the study groups at the time of intervention (week
0, P = .797) and 4 weeks post-intervention (P = .152), see
Figure 4. When the results were analysed by intervention
across the three time points, similar results were found with
only the fat/PRP group trending towards significance
(P = .071). Control and fat groups were not statistically sig-
nificant between weeks (P = .926 and P = .103, respec-
tively). The epidermis contained no CD31 staining blood
vessels.

3.3 | Ki67 staining

Ki67 positive cells were located in the basal layer of the
epidermis throughout all of the samples. There was large
variation within individual samples, with some areas dis-
playing no Ki67 positive cells are other areas with a high
proportion of positive cells.

A significant difference was found in the control
group (P = .047) across the three time points, between

FIGURE 1 Methods used for quantification of microvessels in dermal tissue from skin biopsies, based on a standard technique43 for

dermal tissue. A, shows three areas are identified visually as having the highest levels of CD31 uptake and therefore highest density of

stained microvessels. Three non-overlapping fields at x500 magnifications (red boxes) are selected. B, shows the left-most area at higher

magnification. The avascular epidermis has not been included in the area. Any brown staining was counted as a microvessel and 10 example

microvessels have been marked with a red flag. A lumen was not required to be identified as a microvessel, three example lumens of vessels

have been marked with red circular markers for alliteration purposes. Vessels with a thick muscular wall (none shown) or a

diameter > 50 μm (marked by black arrow) were excluded from the count. The microvessel count from this particular area was 44, 36, and

49. As this has a > 10% variation it was counted a further two times (41, 45) and a mean taken of all readings (mean = 43). The area was

calculated automatically by the software (NPD.view) at 0.0286 mm2. This gave a microvessel density of 1503 microvessels/mm2
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weeks 1 and 4. There was no difference in either of the
intervention groups across the different time points
(P = .338 for fat, P = .304 for fat/PRP). When analysed
by week, there was also no difference in Ki67 positive
cells (week 0 P = .221, week 1 P = .231, week 4 P = .05),
see Figure 5.

4 | DISCUSSION

This study found the application of fat with PRP to dia-
betic foot ulcers caused increased angiogenesis at 1 week,
which was statistically significant. The addition of PRP
also increased the fat graft survival, as demonstrated by

FIGURE 2 A to F, Histology from an example patient who underwent treatment with fat grafting mixed with PRP. The above samples

were all taken at 1-week post-intervention from the edge of a diabetic foot ulcer. A, is stained with haematoxylin and eosin (H&E) and

mature adipocytes can be seen in the bottom left of the image next to the black arrow. B, is the same section, from the same patient at the

same time point stained with CD31 (an endothelial marker for blood vessels). The blood vessels in the reticular dermis stain brown/black

and can be visualised in line with the red arrow. The epidermis is avascular. There also appears to be increased CD31 uptake around the

adipocytes in the bottom left where the sample has been treated with fat grafting and PRP. C, is the lower left box from B in higher

magnification, and D, is the box in C magnified. Individual microvessels can be seen, which have formed around the adipocytes. There is

also increased uptake of CD31 generally amongst the adipocytes suggesting there are many more microvessels that are too small to be fully

appreciated. Several microvessels as examples have been labelled with red arrows; however, similar small brown lumens can be seen around

every adipocyte. E, in contrast is the lower right box from B and shows an area where there was not grafted fat/PRP. There is a paucity of

microvessels in this field of view. Instead there are two large mature vessels that can be seen transected in the box (marked with red arrows).

There is less uptake of CD31 throughout also, again suggesting a lack of microvessels. F, is stained with Ki67 (cellular proliferation. Uptake

of Ki67 can be seen primarily at the dermal-epidermal junction and is occurring in the basal layer of the epidermis. Otherwise there is a

similar proportion of Ki67 positive staining cells throughout the sample and there is no association with the grafted fat/PRP in the bottom

left of the slide. G and H are H&E staining of a central wound biopsy in a patient in the fat grafting mixed with PRP study arm, 1 week

following treatment. The adipocytes from the fat graft are shown near the back arrow. A large number of adipocytes have survived and they

appear well organised. H, is the area by the back arrow at higher magnification where the organisation be more clearly appreciated. I to K,

are H&E staining of a central wound biopsy in a patient in the fat grafting only study arm, 1 week following treatment. Mature rounded

adipocytes are again visible at the peripheries of the central biopsy (black and blue arrows). In comparison to the fat/PRP sample above, the

adipocytes are less densely packed, less numerous, and less well organised. This suggests that survival has not been achieved by as many

grafted cells. J and K are higher magnification by the black and blue arrows, respectively. At higher magnification the lower density of

adipocytes and lower level of organisation can be more easily appreciated. More pink staining tissue can be seen between cells in this slide

compared with the fat/PRP sample
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increased density of adipocytes seen in central wound
biopsies. Neither fat grafts nor fat/PRP had any effect on
cell proliferation or epithelial thickness. This is the first
clinical study to provide evidence that autologous fat
grafts and PRP can augment wound healing of diabetic
foot ulcers at a histological level.

A major factor that hinders the ability of diabetic
foot ulcers to heal spontaneously is reduced angiogene-
sis.46 Previous animal studies have shown that
ADSC8,11-15,17-21 and PRP26-28,31 amplify angiogenesis.
Animal studies using models of impaired wound
healing often found a greater effect with ADSC/fat
grafts and PRP than in healthy subjects.17-21 Our find-
ings of increased angiogenesis in human diabetic ulcers

following treatment with fat grafts and PRP are
encouraging. Previously it was not known how diabe-
tes would reduce the wound healing capacity of the
autologous fat grafts and ADSC. Studies have reported
that diabetes reduces ADSC's proliferation, differentia-
tion, and proangiogenic properties,47-49 which were
hypothesised to attenuate their therapeutic potential in
wound healing. The composition of PRP is also affected
by ageing, diabetes, and anti-platelet medications,
which reduce the concentration of some growth fac-
tors.50 This study demonstrates that despite the
reduced potency of ADSC and PRP in diabetic patients,
these two autologous materials together positively
affect the histology of diabetic ulcers.
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Cell proliferation in the basal layer of the epidermis
was not affected by our interventions at any time point.
Statistically significant changes were observed in in the
control group, where a reduction was seen at week 4 com-
pared with week 0 and week 1. The clinical significance
of this is unclear and this finding may be a type 1 error.
Previously one animal study reported that ADSC
increased Ki67 and cell proliferation21 while another
reported no change.11 Large differences in the proportion
of positive cells by a factor of >250 times were observed
in our study (ranging from 0.08% to 21%), however wide
variation in a single sample was also observed. One
hypothesis explaining these conflicting results is that cel-
lular proliferation may be affected in specific parts of the
wound, or tissue very close to ADSC or PRP. No differ-
ences were also seen in the epithelial thickness between
any of the study arms at any time point.

The fundamental issue of low-fat graft survival hin-
ders its clinical use in all settings.24 This study demon-
strated increased graft survival with the addition of PRP.
This finding was based on the observation of increased
density of adipocytes in biopsies, which may be limited
by the small areas of tissue observed containing fat grafts.
While assessment using 3D imaging like micro or nano
computerised topography may be technically possible, it
is important to remember that non-viable adipocytes still
have a volume, so these techniques also have their draw-
backs. Increased adipocyte viability with the addition of
activated PRP has been identified in many animal
studies,16,26-28,31,51 hypothesised to be due to the
uncoordinated release of growth factors from the plate-
lets causing increased neo-angiogenesis within the initial
24 hours. Our study confirms this in diabetic individuals

in addition. We identified increased microscopic organi-
sation of fat grafts following addition of PRP, which has
also been similarly noted in previous animal studies.51,52

The fibrin component of PRP may be acting as a scaffold
for the adipocytes.

In the large body of animal studies on the topic,
8,11-17,21 the histological changes identified in this study
were correlated with the clinical acceleration of wound
healing; it is possible that the same is true in humans. It
is worth noting the quality of animal studies is inconsis-
tent, as many have small sample sizes,53,54 inconsistent
methodologies, and little or no blinding. Most animal
studies used rodents, which unlike humans heal 90% of
cutaneous wounds through contraction;55 the host ani-
mals used to emulate diabetes only mimic certain aspects
of the disease, and despite severe hyperglycaemia, they
share few other clinical findings of the syndrome of dia-
betes mellitus; the ADSC often came from healthy donors
rather than autologous ‘diabetic’ individuals; animal
studies used ADSC, which has been cultured through
3 to 5 passages, whereas ADSC only make up at most up
to 1%9 of fat grafts. Many of these factors cannot be over-
come with further animal studies, hence the need for
clinical studies such as this to ascertain the usefulness.

4.1 | Limitations

The approach used to measure fat graft survival (visual
comparison of the density of adipocytes) had limitations
compared with other approaches, such as apoptosis
markers or florescent labelling. Future use of similar
techniques may additionally answer key questions such
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as whether the cells in the fat grafts are replicating to
make up for lost cells, or a higher proportion surviving
the grafting process. Increased microvessel density was
also observed at 1 week; however, it is not clear which
cell type is responsible for this. VEGF staining may add
weight to the observations such as the increased
microvessels surrounding fat grafts. Finally, the study
size in this feasibility trial was small, and future work
should work towards an appropriately powered study
population size following a power calculation.

5 | CONCLUSIONS

Diabetic foot ulcers are a significant problem, which
urgently require novel, efficacious, evidence-based
treatments. Preceding animal studies have shown PRP
and ADSC can augment wound healing at a histologi-
cal and clinical level, however, the quality of these
studies is inconsistent. Our clinical study found the
application of fat grafts and PRP to diabetic foot ulcers
increased angiogenesis, and the histology suggests that
fat graft survival was enhanced. These histological
improvements were not correlated with clinical
improvements. Nonetheless, the results are encourag-
ing, and future work should consider further tech-
niques to establish the cause of the enhanced fat graft
survival, and subsequently promote the conception of
novel treatments for diabetic foot ulcers.
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