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ABSTRACT

Mouse models are frequently used to study diabetes-
associated ulcers, however, whether these models
accurately simulate impaired wound healing has not been
thoroughly investigated. This systematic review aimed to
determine whether wound healing is impaired in mouse
models of diabetes and assess the quality of the past
research. A systematic literature search was performed

of publicly available databases to identify original articles
examining wound healing in mouse models of diabetes.

A meta-analysis was performed to examine the effect

of diabetes on wound healing rate using random effect
models. A meta-regression was performed to examine the
effect of diabetes duration on wound healing impairment.
The quality of the included studies was also assessed
using two newly developed tools. 77 studies using eight
different models of diabetes within 678 non-diabetic

and 720 diabetic mice were included. Meta-analysis
showed that wound healing was impaired in all eight
models. Meta-regression suggested that longer duration
of diabetes prior to wound induction was correlated with
greater degree of wound healing impairment. Pairwise
comparisons suggested that non-obese diabetic mice
exhibited more severe wound healing impairment
compared with db/db mice, streptozotocin-induced
diabetic mice or high-fat fed mice at an intermediate stage
of wound healing (p<0.01). Quality assessment suggested
that the prior research frequently lacked incorporation

of key clinically relevant characteristics. This systematic
review suggested that impaired wound healing can be
simulated in many different mouse models of diabetes but
these require further refinement to become more clinically
relevant.

INTRODUCTION

Diabetes-related foot disease (DFD) is a
leading cause of impaired health-related
quality of life, amputation, hospitalization
and healthcare costs."® The most common
presentation of DFD is a foot ulcer which is
estimated to develop in 10-20 million people
worldwide annually." The lifetime incidence
of foot ulceration in people with diabetes has
been estimated as up to 30%." * The mortality
of patients with diabetes-related foot ulcers
has been estimated to be 50% over 5 years and
more than double that of people with diabetes
but no foot ulcer.' ”® The development of
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improved understanding of diabetes-related
ulcer pathogenesis and the discovery of novel
treatments are therefore global priorities.

Animal models of human disease are
commonly used to identify new treatments.
There are many methods of inducing
diabetes that have been used to study athero-
sclerosis, nephropathy and neuropathy in
mice.”"! There has, however, been limited
focus on modeling DFD in mice. There is
no current consensus on the most appro-
priate mouse model of diabetes-associated
ulceration. A key requirement of a model
of diabetes-associated ulceration is impaired
wound healing. This has been attributed to
several pathological processes stimulated by
chronic hyperglycemia, including atheroscle-
rosis and microvascular disease that lead to
leg ischemia and peripheral neuropathy.'? '®
It is not currently clear which of the different
methods of inducing diabetes in mice are
associated with wound healing impairment.
In order to inform the appropriate choice of
animal model, this review aimed to systemat-
ically examine the healing rates of wounds in
mouse models of diabetes. The review also
examined the quality and clinical relevance
of this past research.

METHODS

Search strategy, inclusion and exclusion criteria
This review was performed according to the
2015 Preferred Reporting Items for System-
atic Review and Meta-Analysis Protocols
statement (online supplementary table 1)."*
The protocol was registered in the PROS-
PERO database (Registration Number:
CRD42018116224). Searches of the litera-
ture were conducted between 16 August 2018
and 24 January 2019 by one author (PH)
on three separate occasions. The databases
Medline, PubMed, Scopus, ScienceDirect
and Web of Science were searched to iden-
tify preclinical studies examining the effects
of diabetes on wound healing in mice. The
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full search strategy consisted of the terms (‘diabetic
wound’ OR ‘diabetic foot ulcer’) AND (mouse OR
mice OR murine) AND (nondiabetic OR non-diabetic
OR normoglycemi* OR normoglycaemi*) using both
Medical Subject Headings and keyword searches. The
resultant articles were filtered in two stages, automat-
ically using the database filters and manually by one
author (PH) to only include original journal articles
written in English. For inclusion, studies had to examine
wound healing in mouse models of diabetes compared
with age-matched controls and report wound area as a
ratio or percentage of the initial wound area monitored
over time for both groups.

Data extraction and quality assessment of included studies
Full-text publications of included studies were inde-
pendently assessed by two investigators (PH and JP). Data
extracted included sex, age and strain of mice, model
of diabetes, diagnostic criteria for diabetes, whether
diabetes was confirmed prior to wound generation, the
size and location of the initial wound, method and period
of monitoring, and wound closure percentage defined
as detailed below. Image] V.1.48 (National Institutes of
Health, USA) was used to extrapolate data from figures
if required. Extracted data were discussed in a consensus
meeting.

The quality of the included studies was assessed using
two tools specifically developed for this systematic
review (online supplementary tables 2 and 3). One tool
assessed the study design and reporting quality of the
studies and was based on a prior tool,"® and the Animal
Research: Reporting of In Vivo Experiments guide-
lines (online supplementary table 2). The second tool
assessed the design of the mouse model experiment
in relation to recognized characteristic features of
human diabetes-associated ulcers (online supplemen-
tary table 3). Each checklist item was weighted equally
and graded 0, 0.5 or 1 for no, unclear or yes, respec-
tively. Each study was scored as a percentage of the total
possible score for each tool.

Data analysis

The primary outcome of this systematic review and
meta-analysis was percentage (%) wound closure which
was calculated from extracted data using the following
formula:

% Wound Closure= (1 — %) x 100%

To gauge the effect of diabetes on wound closure over
time, extracted data were sorted for analysis to early (2-5
days), intermediate (6-10 days) and late stages (11-20
days) of wound healing. In the event that a single article
contained multiple independent animal studies, wound
closure data were extracted from each of these studies
and treated as independent data. If an article appeared to
have multiple animal studies using the same mice in their
experimental groups, sample sizes were evenly divided
among them for meta-analysis to minimize duplication of
data. For example, if primary outcome data were available

for two different sets of diabetic mice but the authors
used the same mice as controls for both, the sample size
of the control group was evenly divided between the
two diabetic groups for analysis. Corresponding authors
of studies were contacted for key missing data. When
necessary, SEMs were converted to SDs using GraphPad
Prism V.7 (San Diego, California, USA). Meta-analyses
were performed to assess the effect of diabetes on wound
closure using Review Manager V.5.3.5 (Copenhagen: The
Nordic Cochrane Centre, The Cochrane Collaboration,
2014), while meta-regression analyses were performed
using Open Meta-Analyst.'® Since heterogeneity between
studies was expected, random effects models were used.
Data were reported as standardized mean difference
(SMD) with 95% CIs. Subgroup analyses were performed
to examine whether the extent of wound healing impair-
ment was different between the models of diabetes
included. These pairwise comparisons were corrected
for multiple testing using Bonferroni’s correction. Leave-
one-out sensitivity analyses were also performed. The
I* index was used to assess the degree of heterogeneity
between studies, with 1>50% accepted to denote statis-
tical heterogeneity. Funnel plots of the effect size versus
the SEM of the log-transformed effect were constructed
to assess potential publication bias. A p value <0.05 was
considered to be statistically significant.

RESULTS

Study selection

After a systematic search, a total of 77 studies were
included in this systematic review and meta-analysis
(online supplementary figure 1).'7

Characteristics of the included studies

The characteristics of the 77 included studies are
shown in online supplementary table 4. There were a
total of eight different mouse models of diabetes used
(with three studies using multiple models).”” *** These
included streptozotocin (STZ) injection (n=41; 20 single
dose; 21 multiple doses), leptin receptor defective db/
db mice (n=27), alloxan injection (n=4; 3 single dose; 1
multiple doses), high-fat fed mice (n=4), leptin-deficient
ob/ob mice (n=2) and non-obese diabetic (NOD)
mice (n=2). The majority of studies reported including
male mice only (49/77). Eleven investigations included
female mice only, two included mice of both sexes and
the remaining studies did not report the sex of the mice
included (15/77).

Only three studies examined wounds created in the
hindlimb.*”” * ®" The other studies investigated wounds
created on the torso of mice (74 in total; 71 on the back,
3 on the flank). The initial wound size differed greatly
between studies (online supplementary table 4). Ten
studies used splints to prevent the closure of wounds via
contraction and promote wound healing through re-ep-
ithelialization since this has been suggested to be more
typical of humans.”* %
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Quality of design and reporting of the included studies
The mean study design quality assessment score was
55.1% (range 19.2%-80.8%) (online supplementary
table 5). Most studies (n=73) provided an ethics state-
ment.”> Only nine studies reported that examination of
wound closure was performed by an assessor blinded to
group allocation. Only two studies indicated that inves-
tigators were blinded to the experimental groups of
mice."” ™ Only three studies reported that power calcu-
lations were performed to determine appropriate sample
sizes,” %" *" while an additional two justified their sample
sizes based on previous experiments.” ™

Forty-one studies did not report full information
about the strain of mice used. Twelve studies did not
indicate the start date of their studies,go 40-44 48 5455 5780 84
with an additional 27 only reporting the age of mice as
ranges. 719 21 23 24 26 28 29 36 30 4953 60 6273 78 79 81 87-90 93 gy
teen studies which investigated STZ-induced diabetes did
not indicate whether non-diabetic mice were injected
with vehicle 25 273088 515455 58 6062 68 71 73 74 T8 70 83 1 ) qie
which used genetic models of diabetes, 14 used homo-
zygote mice of the background strain or non-diabetic
littermates, as controls mice, %21 23 2429 45 46 50 52 70 81 82 89
while two studies did not indicate the use of littermate
controls.*” ** Two studies described the wound closure
measurements in the methods but represented their data
in another way.”’ ¥

Relevance of the reported mouse models to human diabetes-
associated ulceration

The mean clinical relevance quality assessment score
was 44.9% (range 26.9%-65.4%) (online supplemen-
tary table 6). Most studies (n=46) reported a clear diag-
nostic criterion for diabetes. This was mainly based on
blood glucose concentrations. One study reported the
confirmation of diabetes by the presence of glycos-
uria.*’ Despite the Diabetic Complications Consortium
recommendations for the appropriate confirmation
of diabetes in animal models, only 15 of the 46 studies
reported blood glucose measurements were performed
in fasted mice!® 25 33 35 38 65-69 72 76 77 81 91 _ 4 only three
reported monitoring additional diabetes-associated
metabolic parameters, with glycosuria being the
common parameter measured.” *®°' Furthermore, only
16 studies extensively reported blood glucose levels of
included mice,? 35 38 42 49 59 60 63-65 60 74 77 81 87 91 Only nine
studies reported the time required for complete wound
healing.18 I8 40526265808391 pour studies reported measures
of wound blood supply,* * 187 with an additional study
only reporting perfusion in a subset of mice.”” No investi-
gation reported signs of neuropathy.

The effect of diabetes on wound closure

Meta-analyses included data extracted to assess the effect
of diabetes on wound closure at early (n=1346), interme-
diate (n=1398) and late (n=870) stages of wound healing.
Diabetes led to impairment of wound closure at all stages
(SMD 1.25 (95% CI 1.01 to 1.48, p<0.001), 2.28 (95%

CI 1.94 to 2.62, p<0.001) and 3.12 (95% CI 2.66 to 3.59,
p<0.001) at early, intermediate and late stages, respec-
tively (figures 1-3 and online supplementary tables
7-9)). There was substantial statistical heterogeneity
between studies (1°=70%-80%, figures 1-3 and online
supplementary tables 7-9).

Subgroup analyses suggested that wound closure was
significantly impaired when compared with non-diabetic
mice at all stages of wound healing in all models of
diabetes (figures 1-3 and online supplementary tables
7-9) except in the high-fat fed mice and ob/ob mice at
the early stage of wound healing (SMD -0.17 (95% CI
-0.89 to 1.23), and SMD 3.55 (95% CI -0.07 to 7.18),
respectively) (figure 1 and online supplementary table
7). Pairwise comparisons suggested significant differ-
ences in the degree of wound healing impairment in the
different diabetes models (online supplementary table
10). db/db mice had greater wound healing impair-
ment than found in the multiple-dose STZ-induced and
high-fat fed models at intermediate and late stages of
wound healing (online supplementary table 10). The
single-dose STZ-induced diabetes model had more severe
wound healing impairment than the multiple-dose STZ-
induced diabetes model at late stages of wound healing
(online supplementary table 10).

Meta-regression suggested that a longer duration of
diabetes prior to wound generation was associated with
greater impairment of wound healing (online supple-
mentary figure 2c, p=0.021 at late stages after removal
of statistical outliers). Leave-one-out sensitivity analyses
suggested that all studies contributed towards the main
findings in the meta-analysis (online supplementary
figure 3). Funnel plots suggested potential publication
bias (online supplementary figure 4).

DISCUSSION

This systematic review suggests that mouse models of
diabetes consistently have impaired wound healing.
The wound healing impairment was clearer as the time
after wound induction increased. The severity of wound
healing impairment varied between the different mouse
models. The meta-regression suggested a tendency
towards greater wound healing impairment with longer
duration of hyperglycemia. There was substantial statis-
tical heterogeneity and limited reporting of important
information in the included studies. Furthermore, very
few studies modeled some of the common characteris-
tics of human diabetes-associated ulcers, such as location
in the periphery of the limb and concurrent ischemia
and neuropathy (online supplementary table 11). These
findings highlight the need for more clinically relevant
models of diabetes-associated ulceration.

Eight different methods of modeling diabetes were
used in the studies included in this systematic review
(summarized in table 1, sorted from most to least severe
wound healing impairment). Meta-analysis of data
reported early after wound induction suggested that the
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Non.diabetic Control Diabetic Animals Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD__Total Mean SD _Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Single dose streptozotocin-induced diabetic mice
Moura, LIF. etal 2014 [54] -14.33 8387032 7 -14 1280544 7 14% -0.03[-1.08,1.02) & 7
Heagde, VN. etal 2011 [38] 6.64 4497777 7 1.73 1.005385 7 13% 1.41[0.19, 2.63] e
Hozzein, WN. et al 2015 [59] 19.36 10.53038 10 3.03 1053038 10 1.4% 1.49[0.47, 2.50] —
Badr, G. etal 2016 [64] 20 1087824 10 13.02 9.803061 10 15% 0.65[-0.26, 1.55] I
Tan, JT. etal 2016 [71] 3326 6673049 11 3588 9.863642 1 1.6% -0.03[-0.87,0.81] b 3
Cianfarani, F. et al 2006 (27] 3879 7.785 9 7616 15924 8 1.5% -0.28[1.21,0.65) ki
Lim, YC. etal 2015 [61] 64.951 6121 10 26.426 7651 10 0.8% 5.33[3.29,7.37] s
Dong, M. et al 2016 [66] 329 8230286 6 1065 6.417663 6 09% 2.78[1.01,4.55] S
Yuan, Y. etal 2018 [91] 24.451 1.472 15 16139 1.956 15 11% 467[3.22,6.13] o
Albiero, M. etal 2011 [37] 71.68 4.497199 8 5611 1753625 8 14% 1.15[0.07,2.23]
Fadini, GP. etal 2014 [51] 726 9.486833 10 53 1581139 10 1.5% 1.44[0.43,2.45] =
Avitabile, S. et al 2015 (58] 32,999 6.023 12 0376 2387 12 0.7% 6.88(4.60,8.15] —
Straino, S. et al 2008 [30] 2519 2182384 12 14.44 1413353 12 1.6% 056 [-0.25,1.38] i
Rebalka, IA. etal 2015 [62] 23252 1543508 10 15284 21.08923 10 1.5% 0.41 [-0.48,1.30] =
Loyd, CM. etal 2012 [43] 28.782 12.40202 23 19543 10.95368 23 1.7% 0.78[0.17,1.38] r
Fang, Y. etal 2010 [34] 80.442 1.028 5 5559 25 5 01% 11.74[5.02,18.47]
Badr, G. 2012 [41] 26.77 19.98559 10 241 19.03691 10 1.5% 1.20[0.23,2.16] =
Badr, G. etal 2012 [42) 33994 202449 10 6.86 2313839 10 1.5% 1.20(0.23,2.16) [~
Mohany, M. etal 2012 [44] 33819 1245621 10 5977 17.05733 10 1.4% 1.79[0.71,2.86) .
Badr, G. 2013 [48] 3053 11.57394 10 1343 16.41222 10 1.5% 1.15[0.19,2.12) I
Subtotal (95% CI) 205 205 26.1% 1.53[0.96, 2.10] +

Heterogeneity: Tau®= 1.28; Chi*= 106.14, df= 19 (P < 0.00001), F= 82%
Test for overall effect: Z= 5.25 (P < 0.00001)

2.1.2 Multiple dose streptozotocin-induced diabetic mice

Moura, LIF. et al 2014 [55] 822 6.708204 5 -076 8429976 5 12%  -0.88[2.22,045 =1

Tie, L. etal 2013 [49) 26.298 1559401 13 7.268 9378033 13 15% 1.43[0.55,2.31] =
Shi, Y. et al 2018 [87) 2066 11.9568 7 694 1240857 7 14% 1.05-0.09, 2.20) —
Wu, Y. etal 2016 (73] 37.897 16.30312 7 18196 7246713 7 1.3% 1.460.23, 2.69) —
Wu, Y. etal 2016 (73] 37.933 14.10979 7 18,669 7.839361 713% 1.580.33, 2.83) —
W, Y. etal 2016 73] 49539 11.72568 12 -6771 2611933 12 1.3% 2.69[1.53,3.84) =
W, Y. etal 2016 73] 47411 16473 9 8171 26317 9 14% 1.75 [0.62, 2.89] ==
Singla, R. etal 2017 (78] 19.36 624 3 1591 323 3 1.0% 056 1.13,2.24] & il
Hozzein, WN. et al 2018 [85] 23427 1204828 10 10102 8810106 10 15% 1.21[0.24,218) E
Li, X, etal. 2019 [92] 35656 10.99698 5 19947 2199396 5 1.2% 0.82[0.51,2.14] o=
Katagiri, 5. et al 2016 [68] 20871 1285963 5 20447 1785947 5 1.3% 055 [-0.73,1.82) it
Wang, Y. etal 2017 [79] 58.78 596 9 3817 a.01 9 12% 257 [1.24,3.89) =
Botusan, IR. etal 2018 [83] 20377 12465 9 -3962 15324 9 14% 1.66 [0.55, 2.77) ==
Graiani, G. et al 2004 [25] 46.97 5281004 10 34.42 564 9 13% 2.20[1.00,3.39) =
Long, M., etal 2016 (6] 14.48 7.714435 5 897 494171 5 12% 0.77 [0.54, 2.08) 7=
Yu, JW. etal 2016 74] 51.33 12.00321 5 28068 8237674 5 1.0% 2.05[0.35,3.74] o
Agostinho Hunt, AM. et al 2017 [75] 0 0 0 0 00 Not estimable

Nishikai-Yan Shen, T. etal 2017 [76] ~ 12.55 572 4 313 468 4 09% 1.57 10.19,3.32) ==
Desposito, D. et al 2016 [65] 56.164 2214758 7 35960 8.098645 7 1.3% 1.13[0.03,2.29) =
Rebalka, 1A, et al 2015 [62] 30523 13084 4 20058 10466 4 11% 077 [0.72,2.25) =
Jacobsen, JN. et al 2010 [35] 68.807  6.408 9 60609 1127361 14 16% 0.81 [-0.06, 1.69) [=
Leal, EC. etal 2015 [60] 14093 1719118 8 -10.043 1241962 8 15%  -0.26(1.24,0.73 5
Leal, EC. etal 2015 [60] -2516 13.10978 8 15816 1014557 8  1.4% 1.07 [0.00, 2.14] =
Wong, SL. etal 2015 [63] 20712 1310705 7 469 13305 9 14% 1.15[0.06, 2.23] =
Tellechea, A etal 2016 [72] 17.092 13.06021 10 1002 1553311 10 15% 0.47 [0.42,1.3) =
Subtotal (95% CI) 178 184 31.2% 1.16[0.84,1.47] ‘

Heterogeneity: Tau®= 0.26; Chi*= 40.18, df = 23 (P = 0.01); F= 43%
Testfor overall effect: Z= 7.12 (P < 0.00001)

2.1.3 Single dose alloxan-induced diabetic mice

Shin, J. etal [77] 43 9.797959 6 27 9797958 6 1.2% 1.51[0.16,2.86] —
Cardoso, SH. etal 2018 [84) 552 469 5 373 084 5 13% 0.48[-0.79,1.75] F i
Eo, H. etal 2016 [67] 47.503 11.85798 6 28744 7.049631 6 12% 1.78[0.35, 3.20] g
Subtotal (95% CI) 17 17 36% 1.20 [0.42,1.99] 0
Heterageneity: Tau®= 0.01; Chi*= 2.06, df = 2 (P = 0.36); F= 3%

Test for overall effect: Z= 3.00 (P = 0.003)

2.1.4 Multiple dose alloxan-induced diabetic mice

Abu-Al-Basal, MA. 2010 [33] 22,66 1.959592 6 1158 1.861612 6 0.5% 5 (2.50, 8.20] -_—
Subtotal (95% CI) 6 6 0.5% 5.35[2.50, 8.20] -
Heterogeneity: Not applicable

Testfor overall effect: Z= 3.68 (P = 0.0002)

2.1.5 Non-obese diabetic mice

Chen, J. et al 2005 [26] 5063 8887 18 39061 5642 14 16% 1.47[068,2.27) =
Darby, IA. et al 1997 [20] o o 0 0 o 0 Not estimable

Subtotal (95% CI) 18 14 1.6% 1.47[0.68,2.27] *
Heterogeneity: Not applicable

Test for overall effect: Z= 3.62 (P = 0.0003)

2.1.6 High fat fed mice

Wagner, |J. etal 2012 [47] o 0 0 0 o 0 Not estimable

Yan, J. etal 2018 [89] 37 15142 4 11.471 1940867 8 12% 1.33[-0.04, 2.69] N
Wang, XQ. etal 2014 [57] 36322 13.0855 10 35632 11.27352 10 16% 0.05[-0.82,0.93] W=
Katagiri, S. et al 2016 [68] 21.32 1891714 5 25718 6.820007 5 12% -0.79[-2.11,0.52)

Subtotal (95% CI) 19 23 40% 0.17 [-0.89, 1.23]

Heterogeneity: Tau®= 0.51; Chi*= 4.88, df= 2 (P = 0.09); F=59%
Testfor overall effect: Z= 0.31 (P = 0.75)

2.1.7 oblob mice

Zhao, H. etal 2017 [32] 85 5196152 3 21 8B60254 3 04%  747[0.06,14.27)
Zhao, H. etal 2017 (1] 83 4472136 5 32 2450675 5 0.9% 2,61 [0.69, 4.53]
Subtotal (95% Cl) 8 8 10%  355[007,7.18 .

Heterogeneity: Tau®= 3.36; Chi*=1.48, df=1 (P =
Testfor overall effect: Z=1.92 (P = 0.05)

2.1.8 db/db diabetic mice

Steinstraesser, L. etal 2012 [46] 3.37 3085774 5 9.22 7.334303 5 12% -0.94[-2.29,0.41] =
Gooyit, M. et al 2014 [52] 16.58 rikial 28 1368 16.71 28 18% 0.15[-0.38, 0.67] T
Steinstraesser, L. et al 2014 [56] 13.148 4.389401 5 4073 3740371 6 1.0% 2.05[0.45, 3.65] ook
Pietramaggiori, G. et al 2009 [31] 43.058 18.147 12 442 18.492 12 1.4% 2.04[1.02,3.05] i
Shin, L. and Peterson, DA. 2012 [45] 3.291 1.201666 10 2914 1.201666 10 1.5% 0.30[0.58,1.18] i o
Jiménez-Jiménez, C. etal 2018 [36] 0 0 0 0 o 0 Not estimable

Wall, SJ. etal 2002 (23] 16,695 1279774 10 -3377 8547637 10 1.4% 1.77[0.70,2.83]

Yang, C-T.etal 2018 (93] 13.039 9.456 6 -6.998 18.688 6 12% 1.25[-0.04,2.53] i
Brown, RL. etal 1994 [17] 2079 4525 8 -13.119 6.101 8 11% 268[1.23,4.12) .
Matuszewska, B. et al 1994 [18] -8.347  6.33683 6 -15168 1422416 8 14% 0.47 [-0.61,1.55] i
Brown, DL. etal 1997 [19] -16 6172714 6 -538 7519934 6 13% 0.51 [-0.65,1.67) il
Crowe, MJ. etal 1999 [21] 9.386 5601983 6 2939 1.998784 6 1.2% 1.41[0.09,2.74] e
Kirchner, LM. et al 2003 [24] 23.067 1079731 7 0 4836433 7 11% 258(1.04,412] —
Liu, F. etal 2014 [53] 10.78 17.99338 10 -843 19.41 8 1.5% 0.98(0.02,1.85] [~
Yu, B. etal 2018 [30] 7812 4872 4 6018 6.664 4 12% 0.27 [-1.13,1.67] i
Mace, KA. et al 2007 [28] 32275 8.291 6 -4234 388 6 05% 5.21[2.42,7.99] T
Mace, KA. et al 2007 [28] 31.22 16.94 6 -617 8.47 6 1.0% 258(0.89,4.27) ol
Hart, J., etal 2002 [22] 60.22 13.81 10 -452 31.57 8 12% 2.65(1.30, 3.99] -
Callaghan, MJ. et al 2008 [29] 863 1234543 [ 281 1224745 6 1.3% 0.44[0.71,1.59) i1
Wang, F. etal 2018 [38] 5926  10.668 10 -2863  12.742 12 1.6% 0.72[-0.15,1.59] i
Marrotte, EJ. etal 2010 [36] 40131 2264823 10 6419 9534267 10 1.4% 1.86(0.77,2.95]

Soares, MA. et al 2016 [70] 0 0 0 o 0 Not estimable

Yan, J. etal 2018 [89] 377 15142 4 6261 1193879 8 1.0% 2.24[0.61, 3.86] N
Mirza, R. and Koh, TJ. 2011 [39] 4277 9503515 8 1431 1320875 8 12% 2.34[0.99, 3.69] o
Trousdale, RK. et al 2008 [32] 31.93 14.01606 11 18639 11.73128 3 1.7% 1.06[0.33,1.78] E#
Dhall, 8. et al 2014 [50] 6.37 6.688 7 18143 13.081 7 13% -1.06[-2.21,0.08 et |
Wetterau, M. etal 2011 [40] 0 0 0 0 0 Not estimable

Xu, C. etal 2017 [80] 5.054 1279254 5 1963 355882 5 1.3% 0.10[1.14,1.35] 74
Subtotal (95% CI) 206 232 32.0% 1.18[0.76, 1.60] L
Heterogeneity: Tau®= 0.77; Chi*= 82.22, df= 24 (P < 0.00001); F= 71%

Test for overall effect: Z= 5.46 (P < 0.00001)

Total (95% CI) 657 689 100.0% 1.25[1.01,1.48] ]

Heterogeneity: Tau*= 0.75; Chi*= 260.03, df= 78 (P < 0.00001); F= 70%

Test for overall effect: Z=10.25 (P < 0.00001)

Testfor subaroup differences: Chi*=15.17. df=7 (P = 0.03). F= 53.9%
Figure 1 Forest plots showing the effect of diabetes on the early stages of wound closure in different mouse models of
diabetes. Forest plots were generated from Review Manager V.5.3 to represent early (2-5 days) stages of wound closure.

Comparisons were made using standard mean differences and random effects models.
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Pathophysiology/Complications

Non-diabetic Control Diabetic Animals Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD__ Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.2.1 Single dose streptozotocin-induced diabetic mice
Moura, LIF. et al 2014 [54] 39 11.4561 7 3867 11.4561 7 15% 0.03[-1.02,1.07] g %
Hegde, VN. etal 2011 [38] 2014 521213 7 8.81 1.852026 712% 271[113,429 oo
Hozzein, WN. et al 2015 [59] 55.21 15.30542 10 22.08 13.40806 10 1.4% 2.21[1.04,337) B
Badr, G. etal 2016 [64) 60.31 10.87824 10 26.2 8.348413 10 13% 3.37[1.91,483) b
Tan, JT. etal 2016 [71] 17179 11.46557 11 14802 10.03942 1 15% 0.21[-0.63,1.05) 1%
Cianfarani, F. et al 2006 [27] 4827 24912 9 34834 20913 9 15% 0.55[-0.39,1.50] It
Lim, YC. etal 2015 [61] 49.555 6.816 10 51.321 10.709 10 15% -0.18[-1.07,069] T
Dong, MW. et al 2016 [66] 66.36 5486857 6 2598 9626495 6 08% 4.76(217,734) ——
Yuan, Y. etal 2018 [91] 60.147 1.834 15 25184 1.838 15 03% 18.53[13.45 2361]
Albiero, M. etal 2011 [37] 100 4.016367 8 8389 5996266 8 12% 2.98(1.44,453) o
Fadini, GP. et al 2014 [51] 94.7 1264911 10 80 9.486833 10 15% 1.26(0.28,2.24) i
Avitabile, S. et al 2015 (58] 55.709 6.77 12 15934 3388 12 09% 717[4.81,853] e
Straino, 8. et al 2008 [30] 83.89 11.11977 12 73.89 2258504 12 15% 0.54 [-0.28,1.36] &
Rebalka, IA. etal 2015 [62] 56.006 13.37011 10 45691 23857 10 15% 052(-0.38,1.41] I
Loyd, CM. et al 2012 [43] 62.606 12.42604 14 59771 10.164 16 16% 0.24[-0.48,0.97] &
Fang, Y. etal 2010 [34] 96.55 1511 5 64479 2.808 5 02% 12.85(5.51,20.19]
Badr, G. 2012 [41] 52.03 18.05661 10 14.44 2472901 10 15% 1.66(061,271] i
Badr, G. etal 2012 [42) 58.232 16.88024 10 1651 2651254 10 1.4% 1.80(0.72,287) i~
Mohany, M. et al 2012 [44] 58017 17.05733 10 15889 1429033 10  1.4% 256(1.32,3.81) =
Badr, G. 2013 [48] 58.01 17.42415 10 2214 1255424 10 1.4% 2.26[1.09, 3.44) —
Subtotal (95% CI) 196 198 25.2% 2.09[1.35,2.84] +
Heterogeneity: Tau?= 2.27; Chi*= 148.95, df= 19 (P < 0.00001); F= 87%
Test for overall effect: Z= 5.43 (P < 0.00001)
2.2.2 Muttiple dose streptozotocin-induced diabetic mice
Moura, LIF. etal 2014 [55] 3252 11.29214 5 3094 9279682 5 14% 0.14[1.10,1.38) T
Tie, L. etal 2013 [49] 67.993 6.861364 13 39.966 18.33657 13 15% 1.87(0.82,282] i
Shi, Y. etal 2018 [87) 52.43 11.48256 7 17.88 13.33459 712% 260([1.05414] oo
Wu, Y. etal 2016 [73] 82079 7.246713 7 65118 8686002 713% 1.99[0.62,3.35) B
Wu, Y. etal 2016 [73] 82371 7.037698 7 6533 9.8078 713% 1.87(0.54,3.20 i
Wu, Y. etal 2016 [73] 67.73 132174 5 35623 1893055 5 12% 1.78(0.18,337) =
Wu, Y. etal 2016 [73] 81.86 6.948988 2 32929 2292196 12 1.4% 2.79[1.61,397) D3
Singla, R. etal 2017 [78] 51.4 13.98 3 415 7.32 3 12% 0.71[1.03,2.45) i (o
Hozzein, WN. et al 2018 [85] 46.124 14.84373 10 19.18 9259148 10 1.4% 209(085,322] e
Li, X, etal. 2019 [82] §3.142 7.949222 5 35931 1191824 5 13% 153(0.02,3.08] =
Katagiri, S. et al 2016 [68] 81.295 6.039 9 40179 15.669 9 13% 3.30([1.77,483) oM
Wang, Y. etal 2017 [79] 9236 352 9 7817 519 9 13% 3.05 [1.59, 4.50] —_—
Botusan, IR. et al 2018 [83] 63.396 6.225 9 47169 18.687 9 15% 1.11[010,212) o
Graiani, G. et al 2004 [25] 72.88 3734234 5 6429 4648548 10 13% 1.84(0.52,316) il
Long, M., etal 2016 [69] 5435 7.401385 5 44 8.653583 5 13% 1.16 (-0.24, 2.56] il
Yu, JW. etal 2016 [74] 74847 7553438 5 54756 4.114365 5 1.0% 298(0.80,5.07] e
Agostinho Hunt, AM. et al 2017 [75] 90.306 3827 10 56123 4981 10 08% 7.37[4.68,10.07 -0
Nishikai-Yan Shen, T. et al 2017 [76] 63.12 9.36 4 2156 13 4 08% 3.19(0.60,5.79) e
Desposito, D. et al 2016 [65] 76.86 9.262775 7 B7.346 5074551 7 14% 1.19(0.02,2.36) Do
Rebalka, |4 etal 2015 [62] 57.703 10.76 4 51599 9.03 4 13% 0.53[-0.90,1.97] g %
Jacobsen, JN. et al 2010 (35) 95.853 5.841 9 93226 4.2243%1 14 15% 0.52[-0.34,1.37) 3
Leal, EC. etal 2015 [60] 32752 122584 8 9588 1817547 8 14% 1.41[0.28,254] =
Leal, EC. etal 2015 [60] 23207 1528199 8 21181 1385081 8 15% . 85,1.11] g |
Wong, SL. etal 2015 [63] 50325 1345365 7 33371 16.818 9 14% 1.04[-0.03,2.11] I
Tellechea, A. etal 2016 [72] 64.44 18.0155 0 34381 2058643 10 15% 1.49(0.47,250] [
Subtotal (95% CI) 183 195  32.6% 1.69[1.27,2.11] ¢+
Heterogeneity: Tau?= 0.67; Chi*= 62.28, df= 24 (P < 0.0001); F= 61%
Testfor overall effect Z= 7.86 (P < 0.00001)
2.2.3 Single dose alloxan-induced diabetic mice
Shin, J. etal [77] 79 4.898979 ] 52 9.797959 8 11% 322[1.28,515] T
Cardoso, SH. etal 2018 [84] 27.86 511 5 1352 209 5 1.0% 3.32[1.08,5.56] O
Eo, H. etal 2016 [67] 81.241 11.48811 6 42511 5039825 6 1.4% 0.98[-0.25,2.21] =
Subtotal (95% CI) 1 17 3.4% 2.32[0.63,4.01] >
Heterogeneity: Tau®= 1.41; Chi*= 5.48, df= 2 (P = 0.06); F= 63%
Test for overall effect: Z= 2.68 (P = 0.007)
2.2.4 Multiple dose alloxan-induced diabetic mice
Abu-Al-Basal, MA. 2010 [33] 3813 2.547469 6 21 2.816913 6 07% 5.89(2.80,8.99] —_—
Subtotal (95% ClI) 6 6 07% 5.89 [2.80, 8.98] -
Heterogeneity: Not applicable
Testfor overall effect Z= 3.74 (P = 0.0002)
2.2.5 Non-obese diabetic mice
Chen, J. et al 2005 (26] 79.407 4516 18 54584 3385 14 12% 5.85(4.25,7.66] =
Darby, |A. et al 1997 [20] 7857 5.03 4 223 78 4 03% 7.46(214,12.77]
Subtotal (95% CI) 22 18 1.5% 6.09[4.47,7.72) L 4
Heterogeneity: Tau?= 0.00; Chi*= 0.28, df= 1 (P = 0.60); F= 0%
Test for overall effect: Z= 7.35 (P < 0.00001)
2.2.6 High fat fed mice
Waaner, lJ. etal 2012 [47] 50 14.33004 15 41 16.65383 15 186% 0.56(-0.17,1.30) iE
Yan,J. etal 2018 [89] 69.433 24164 44227 2541342 8 14% 1.00-0.29, 2.30) o
Wang, XQ. et al 2014 [57] 94.711 7.643225 10 74597 9.088386 10 14% 2.29[1.11,348) =
Katagiri, S. et al 2016 [68] 69.71 6.442112 5 56.345 1466637 5 1.3% 1.07 [0.31,2.44]
Subtotal (95% CI) 34 38 56% 1.16 [0.38, 1.95] (d
Heterogeneity: Tau®= 0.31; Chi®*= 5.96, df= 3 (P = 0.11), F= 50%
Test for overall effect Z=2.91 (P = 0.004)
2.2.7 oblob mice
Zhao, H. etal 2017 [82] 92 5196152 3 47 6.928203 3 03% 5.88[-0.02,11.78]
Zhao, H. etal 2017 [81] 91 2236068 5 60 8.944272 5 08% 4.30[1.58,7.01]
Subtotal (95% CI) 8 8 1% 4.57[2.10,7.04] -
Heterogeneity: Tau®= 0.00; Chi*= 0.23,df=1 (P = 0.63), F=0%
Testfor overall efiect: Z= 3.63 (P = 0.0003)
2.2.8 db/db diabetic mice
Steinstraesser, L. et al 2012 [46] 2546 9502732 5 1719 6.998893 5 13% 0.89[-0.45,2.23] [
Gooyit, M. etal 2014 [52] 64.21 1513 il 35 217 7 16% 1.53(0.84,223) 3
Steinstraesser, L. et al 2014 [56] 40.699 6.880381 5 22519 11.21866 6 1.3% 1.74[0.25,324) i
Pietramaggiori, G. et al 2009 [31] 70.272 8.742 12 23234 16.463 12 13% 345(211,478) i
Shin, L. and Peterson, DA. 2012 [45]  14.557 5217758 10  9.873 3690378 10 15% 0.99(0.05,1.83] =
Jiménez-Jiménez, C. etal 2018(86]  55.081 10.96392 6 21139 14.44709 6 12% 2.44(0.80,4.09] o=
Wall, SJ. etal 2002 23] 56.998 13.34165 10 22,092 9613324 10 13% 2.88(1.55,4.20] ==y
Yang, C-T. etal 2019 (93] 45234 10.591 6 -28.286 16.666 6 08% 4.93(2.27,758) St
Brown, RL. etal 1994 [17] 61.2 1211698 8 3139 1919088 8 12% 3.42[1.74,510 o
Matuszewska, B. et al 1994 [18] 38.927 14.42994 6 12923 8533365 8 1.3% 2.14[0.73,355) T
Brown, DL. etal 1997 [19] 83.877 21.16359 6 145 3968173 6 08% 5.00(2.31,7.69) =
Crowe, MJ. etal 1999 [21] 20099 8759375 ] 456 3.625245 8 12% 214(0.60,368] R
Kirchner, LM. et al 2003 [24] 65.825 10.79202 7 27.289 3.000282 710% 455(2.31,6.80] —
Liu, F. etal 2014 [53] 52.75 22.32568 10 9.61 153 9 14% 213[0.85,331] o
Yu, B. etal 2018 [90] 41.997 5.378 4 26.888 8978 4 11% 1.78[-0.07, 3.62] =
Mace, KA. et al 2007 [28] 67.195 2827 6 14108 2646 6 01% 17.90(9.08, 26.71] —_"
Mace, KA. et al 2007 [28] o o o 0 o 0 Not estimable
Han, J., etal 2002 [22] 85.96 938 o 139 2116 8 11% 4.38(251,6.25) =
Callaghan, MJ. et al 2008 [29] 4417 16.21562 6 1641 2028178 6 13% 1.40(0.07,2.72) B
Wang, F. etal 2018 [38] 4237 13778 10 13332 9.782 12 1.4% 238(1.23,352] i
Marrotte, EJ. etal 2010 [36] 87.817 8.838566 10 36.289 9.942201 10 11% 5.25(3.23,7.26] e
Soares, MA. etal 2016 [70] 67.35 3 4744 372 3 04% 456(-0.12,9.25]
Yan, J. etal 2018 [89] 69.433 24164 4 13544 1318047 8 11% 2.99[1.10,4.89) RN
Mirza, R. and Koh, TJ. 2011 [38] 88.18 4.129504 8 4248 1032376 8 09% 5.50(3.09,7.90] =0
Trousdale, RK. et al 2009 (32] 48622 1562462 1 24313 9.025346 N 15% 2.16(1.32,3.00 g
Dhall, 8. etal 2014 [50] 86.302 7.968 7 208695 16.56 7 09% 4.73(241,7.04) o
Wetterau, M. et al 2011 [40] 25587 0.442719 10 5895 0.966484 12 02% 24.42[16.41,3242) -
Xu, C. etal 2017 [80] 46.784 18.67564 5 28629 1797128 5 1.3% 0.85(-0.48,2.17] [
Subtotal (95% ClI) 12 240 29.8% 2.90[2.29,3.52] L]
Heterogeneity: Tau?= 1.75; Chi*= 107.44, df= 26 (P < 0.00001); F= 76%
Testfor overall effect: 9.23 (P < 0.00001)
Total (95% CI) 678 720 100.0% 2.28[1.94,2.62] )
Heterogeneity: Tau®= 1.74; Chi*= 412.53, df= 83 (P < 0.00001); F= 80% B BT T 20

Test for overall effect: Z= 13.29 (P < 0.00001)
Testfor subaroun differences: Chi*= 48.48. df= 7 (P < 0.00001). F=85.6%

Figure 2 Forest plots showing the effect of diabetes on the intermediate stages of wound closure in different mouse models
of diabetes. Forest plots were generated from Review Manager V.5.3 to represent intermediate (6-10 days) stages of wound
closure. Comparisons were made using standard mean differences and random effects models.
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Pathophysiology/Complications

Non-diabetic Control Diabetic Animals Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD__ Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.3.1 Single dose streptozotocin-induced diabetic mice
Moura, LIF. et al 2014 [54] 0 0 o 0 o 0 Not estimable
Hegde, VN. etal 2011 [38] 51.69 7.064156 7 2041 1.772653 7 14% 5.69(2.99,838) =
Hozzein, WN. et al 2015 [59] 94.39 16.25411 10 5082 22.48379 10 24% 213(0.98,327) B
Badr, G. etal 2016 [64) 84.94 2223081 10 4558 156849 10 24% 1.96(0.85,3.07) =
Tan, JT. etal 2016 [71] 0 0 o 0 0 o Not estimable
Cianfarani, F. et al 2006 [27] 89.791 13.506 9 61257 15903 9 24% 1.84(0.69,2.99] il
Lim, YC. etal 2015 [61] 0 0 o 0 0 o Not estimable
Dong, MW. et al 2016 [66] 98.51 5045949 6 5327 1552976 6 18% 362[152,571]
Yuan, Y. etal 2018 [91] 95.477 1.589 15 65403 2078 15 08% 15.82(11.47,2017)
Albiero, M. etal 2011 [37] o o o 0 o 0 Not estimable
Fadini, GP. et al 2014 [51] o o o o 0 Not estimable
Avitabile, S. et al 2015 (58] 92471 4524 12 57591 8.784 12 20% 482(313,651] i
Straino, 8. et al 2008 [30] 0 0 o 0 o Not estimable
Rebalka, IA. etal 2015 [62] 0 0 o 0 0 o Not estimable
Loyd, CM. et al 2012 [43] 1] 0 o 0 o 0 Not estimable
Fang, Y. etal 2010 [34] 100 174 5 9018 173 5 12% 5.11(1.98,8.25] —
Badr, G. 2012 [41] 95.49 3826356 10 67.37 1521056 10 23% 243[(1.21,364) e
Badr, G. etal 2012 [42) 97.409 12.08939 10 68291 1254159 10 23% 2.26(1.09,3.44) P
Mohany, M. et al 2012 [44] 97.958 647002 10 60787 1429033 10  22% 321180, 4.62) =
Badr, G. 2013 [48] 98.015 6277121 10 6122 1157384 10 21% 379(2.21,5.36) —
Subtotal (95% CI) 14 114 23.3% 3.62[2.60, 4.65] *
Heterogeneity: Tau?= 2.40; Chi*= 56.05, df= 11 (P < 0.00001); = 80%
Test for overall effect: Z= 6.94 (P < 0.00001)
2.3.2 Multiple dose streptozotocin-induced diabetic mice
Moura, LIF. etal 2014 [55] 90.426 5565573 5 79113 5380036 5 21% 1.80(0.20,3.40] =
Tie, L. etal 2013 [49] 96.367 5.029744 3 87.197 6.890208 13 25% 1.47(0.59,2.36] =
Shi, Y. etal 2018 [87) 9252 5714823 7 7396 1066238 7T22% 2.03[066,3.40] =
Wu, Y. etal 2016 [73] 1] 0 0 o 0 Not estimable
Wu, Y. etal 2016 [73] o 0 0 0 o 0 Not estimable
Wu, Y. etal 2016 [73] o o o 0 o o Not estimable
Wu, Y. etal 2016 [73] o o o 0 o 0 Not estimable
Singla, R. etal 2017 [78] 97.85 0.65 3 8688 237 3 06% 5.05[-0.08,10.18]
Hozzein, WN. et al 2018 [85] 91.215 2453927 10 36164 1667468 10 23% 251[1.28,375) inad
Li, X, etal. 2019 [82] 87.568 10.08467 5 B5164 174145 5 22% 1.42[-0.05,2.90) =
Katagiri, S. et al 2016 [68] 1] 0 0 0 o 0 Not estimable
Wang, Y. etal 2017 [79] 0 0 0 0 0 0 Not estimable
Botusan, IR. et al 2018 [83] 97.54 7.359 9 89444 6.816 9 24% 1.09(0.08,2.09) I
Graiani, G. et al 2004 [25] 78.79 5.769055 5 7768 3.383637 10 24% 0.25[-0.83,1.32) & |
Long, M., etal 2016 [69] 97.41 4671146 5 87.04 5567809 5 21% 182(0.21,3.43] B
Yu, JW. etal 2016 [74] 0 0 o 0 0 o Not estimahle
Agostinho Hunt, AM. et al 2017 [75] 0 0 o 0 0 o Not estimable
Nishikai-Yan Shen, T. et al 2017 [76] 1] 0 0 0 o 0 Not estimable
Desposito, D. et al 2016 [65] 0 0 0 0 0 0 Not estimable
Rebalka, |4 etal 2015 [62] o o o 0 o 0 Not estimable
Jacobsen, JN. et al 2010 (35) o o o 0 o 0 Not estimable
Leal, EC. etal 2015 [60] 0 0 0 0 0 0 Not estimable
Leal, EC. etal 2015 [60] 0 0 o 0 0 o Not estimahle
Wong, SL. etal 2015 [63] 91.391 6.564109 7 7317 12,54 9 23% 1.82(0.60,3.05] =i
Tellechea, A. etal 2016 [72] 1] 0 0 0 1] 0 Not estimable
Subtotal (95% CI) 69 76 21.1% 1.53 [1.06, 1.99] +
Heterogeneity: Tau®= 0.12; Chi*= 11.42, df = 8 (P = 0.25), F= 21%
Testfor overall effect Z= 6.46 (P < 0.00001)
2.3.3 Single dose alloxan-induced diabetic mice
Shin, J. etal [77] 97  2.44949 ] 87 4.898979 8 21% 238(0.76,4.01] e
Cardoso, SH. etal 2018 [84] 96.41 124 5 76.14 6.76 5 16% 37711.31,622) i
Eo, H. etal 2016 [67] 98.605 0.742195 6 68532 5262239 6 23% 0.75[-0.44,1.93] =
Subtotal (95% CI) 17 17 6.0% 2.05[0.38,3.72] L 4
Heterogeneity: Tau®= 1.40; Chi*= 5.86, df= 2 (P = 0.05); F= 66%
Test for overall effect: Z= 2.41 (P = 0.02)
2.3.4 Multiple dose alloxan-induced diabetic mice
Abu-Al-Basal, MA. 2010 [33] 84.83 3.037367 6 6425 3453781 5 13% 584(2.77,8.91) —_
Subtotal (95% ClI) 6 6 13% 5.84[2.77,8.91] -
Heterogeneity: Not applicable
Testfor overall effect Z= 3.73 (P = 0.0002)
2.3.5 Non-obese diabetic mice
Chen, J. et al 2005 (26] 0 0 o 0 0 o Not estimable
Darby, 1A etal 1997 [20] 9535 035 4 701 21 4 02%  1459(4.46,24.71) _—
Subtotal (95% CI) 4 4 0.2%  14.59[4.46,24.71] e ——
Heterogeneity: Not applicable
Test for overall effect: Z= 2.82 (P = 0.005)
2.3.6 High fat fed mice
Waaner, J. etal 2012 [47] 93 7.358668 15 79 11.61895 15 25% 1.40(059,2.21] =
Yan,J. etal 2018 [89] 96.361 6.696 4 7843 16.238 8 22% 1.18[-0.15,2.51] i
Wang, XQ. etal 2014 [57] 0 0 0 0 0 0 Not estimable
Katagiri, S. et al 2016 [68] o 0 0 0 o 0 Not estimable
Subtotal (95% CI) 19 23 48% 1.34[0.65, 2.03] +
Heterogeneity: Tau®= 0.00; Chi*= 0.08, df=1 (P = 0.78), F=0%
Testfor overall efiect: Z= 3.79 (P = 0.0001)
2.3.7 oblob mice
Zhao, H. etal 2017 [82] 1] 0 0 0 o 0 Not estimable
Zhao, H. etal 2017 [81] o 0 0 0 o 0 Not estimable
Subtotal (95% CI) 0 0 Not estimable
Heterageneity: Not applicable
Test for overall effect: Not applicable
2.3.8 db/db diabetic mice
Steinstraesser, L. et al 2012 [46] 954 3421184 5 5188 6.641122 5 08% 7.44[3.07,11.81]
Gooyit, M. et al 2014 [52) a7.1 1.98 7 7381 1263 722% 2.41(0.93,3.90] —
Steinstraesser, L. et al 2014 [56] 63.497 6.887089 5 42239 8438492 6 20% 250(0.73,4.26) =
Pietramaggiori, G. et al 2009 [31] 86.394 6.048 12 62881 7.056 12 22% 3.45(212,479) 55
Shin, L. and Peterson, DA. 2012 [45] 73 1011929 10 40 9.803061 10 22% 317[1.77,458) =
Jiménez-Jiménez, C. etal 2018 [86] ~ 92.073 7.468434 6 45732 9.957176 6 15% 4.86(2.23,7.49) .
Wall, SJ. etal 2002 23] 0 0 o 0 0 o Not estimable
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Mace, KA. et al 2007 [28] 90.96 226 6 2041 7.91 6 07% 9.77[4.87,14.67]
Han, J., etal 2002 [22] 99.78 031 9 5048 18.82 8  20% 3.64[1.95,533) o
Callaghan, MJ. et al 2008 [29] 85.75 1516234 6 4484 1646057 8 21% 239(0.76,4.01] ==
Wang, F. etal 2018 [38] 81.324 5187 10 30962  17.926 12 22% 353(210,4.85) fis
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Test for overall effect: Z=13.12 (P < 0.00001)
Testfor subaroun differences: Chi*= §1.27. df= 6 (P < 0.00001). F=88.3%

Figure 3 Forest plots showing the effect of diabetes on the late stages of wound closure in different mouse models of
diabetes. Forest plots were generated from Review Manager V.5.3 to represent late (11-20 days) stages of wound closure.
Comparisons were made using standard mean differences and random effects models.

Enhanced wound healing Impaired wound healing
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Table 1

Mouse models of diabetes-associated ulceration ordered in relation to the severity of wound healing impairment

No Early stage (2-5 days)

Intermediate stage (6-10
days)

Late stage (11-20 days)

1 Multiple-dose alloxan NOD NOD
SMD 5.35 (95% CI 2.50 to 8.20) SMD 6.09 (95% Cl 4.47 to 7.72) SMD 14.59 (95% CI 4.46 to
n=6Con, 6 Dia n=22Con, 18 Dia 24.71)
n=4Con, 4 Dia
2 ob/ob Multiple-dose alloxan Multiple-dose alloxan
SMD 3.55 (95% CI -0.07 to SMD 5.89 (95% CI 2.80 to 8.98) SMD 5.84 (95% Cl 2.77 to 8.91)
7.18) K — n=6Con, 6 Dia n=6Con, 6 Dia
n=8Con, 8 Dia
3 Single-dose STZ ob/ob db/db
SMD 1.53 (95% CI 0.96 to 2.10) SMD 4.57 (95% CI 2.1 to 7.04) SMD 3.87 (95% CI 3.11 to 4.63)
n=205Con, 205 Dia n=8Con, 8 Dia n=186Con, 215 Dia
4 NOD db/db

SMD 1.47 (95% CI1 0.68 to 2.27)
n=18Con, 14 Dia

5 Single-dose alloxan
SMD 1.20 (95% CI 0.42 to 1.99)
n=17Con, 17 Dia

6 db/db
SMD 1.18 (95% CI1 0.76 to 1.6)
n=206 Con, 232 Dia

7 Multiple-dose STZ
SMD 1.16 (95% CI 0.84 to 1.47)
n=178Con, 184 Dia

8 High-fat fed
SMD 0.17 (95% CI -0.89 to
1.23)

SMD 2.9 (95% CI 2.29 to 3.52)
n=212 Con, 240 Dia

Single-dose alloxan
SMD 2.32 (95% CI 0.63 to 4.01)
n=17Con, 17 Dia

Single-dose STZ
SMD 2.09 (95% CI 1.35 to 2.84)
n=196 Con, 198 Dia

Multiple-dose STZ
SMD 1.69 (95% Cl 1.27 to 2.11)
n=183Con, 195 Dia

High-fat fed
SMD 1.16 (95% CI 0.38 to 1.95)
n=34Con, 38 Dia

Single-dose STZ
SMD 3.58 (95% Cl 2.57 to 4.59)
n=114Con, 114 Dia

Single-dose alloxan
SMD 2.05 (95% CI 0.38 to 3.72)
n=17Con, 17 Dia

Multiple-dose STZ
SMD 1.53 (95% CI 1.06 to 1.99)
n=69Con, 76 Dia

High-fat fed
SMD 1.34 (95% CI 0.65 to 2.03)
n=19Con, 23 Dia

ob/ob
No data

n=19Con, 23 Dia

*P<0.01, significant differences as determined by pairwise comparison using Bonferroni’s correction (online supplementary table 10).
Con, non-diabetic control; Dia, diabetic; NOD, non-obese diabetic; SMD, standardized mean difference; STZ, streptozotocin.

multiple-dose alloxan-induced diabetes model had the
most severe wound healing impairment. Meta-analyses
of data reported at intermediate and late stages after
wound induction suggested that NOD mice had the
most severe impairment of wound healing. These find-
ings, however, should be interpreted cautiously given the
small and uneven number of studies which reported the
use of these models. Indeed, only a total of three studies
reported the use of the multiple-dose alloxan-induced
diabetes and NOD models. The infrequent use of these
models is likely due to a number of factors. First, both
models simulate type 1 rather than type 2 diabetes,
which is the less common form of diabetes in people.”
Second, these models have disadvantages compared with
the more commonly used mouse models of diabetes.
For example, alloxan is generally considered less favor-
able as a diabetogenic agent to STZ due to greater organ
toxicity and lower effectiveness,”” while NOD mice have
variable onset of diabetes.” Nonetheless, these models
do appear to simulate diabetes-associated wound healing
impairment. High-fat feeding is an approach used to
simulate type 2 diabetes. This review suggested that this
model had the least severe wound healing impairment
of all the models examined, possibly due to its milder
metabolic derangement. Meta-analyses of data obtained
late after wound induction also suggested that impair-
ment of wound healing was more severe in the single-
dose STZ-induced diabetes model compared with the
multiple-dose STZ-induced diabetes model. It should be

noted though that there were substantial methodological
differences between the included studies. These compar-
isons between models should therefore be interpreted
very cautiously.

It was surprising to find limited reporting of relevant
metabolic parameters and data to confirm the diag-
nosis of diabetes within the included studies. Suscepti-
bility towards diabetes-associated complications in mice
is dependent on a number of different factors, such as
age, strain and sex.”" Furthermore, studies focusing
on other diabetic complications, such as atherosclerosis
and neuropathy, typically require an extended duration
of diabetes, as well as genetic manipulation, to simulate
these complications.”" ' ' In the meta-regression,
there was a trend towards greater wound healing impair-
ment with longer duration of hyperglycemia before
wound induction (online supplementary figure 2). Many
of the studies with a relatively long duration of diabetes
(>6 weeks) used genetic models which may have influ-
enced the findings of the meta-regression. Nonetheless,
investigators should take into consideration the severity
and duration of diabetes required to simulate the clinical
presentation.

While limbs are the main site of diabetes-associated
ulcers in patients, all but three studies included in this
systematic review examined wounds generated on the
torso of mice. The greater area on the torso allows
multiple wounds to be studied butitis unlikely such ulcers
simulate the clinical situation. Peripheral artery disease
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Table 2 Proposed reporting standards for mouse models of diabetes-associated ulceration

Elevated and sustained glycemia

Diabetes should be validated by more than one method, as per recommendations

by DiaComp, and, ideally, performed multiple times.

Suggested criteria:

» Fasting blood glucose >8.33 mmol/L (highly recommended) or otherwise
random blood glucose >15mmol/L.

» Validation via intraperitoneal glucose tolerance test, or euglycemic clamp on
awake and conscious animals.

Presence of ischemia » May be examined using laser Doppler or similar techniques.
» May be artificially induced via ligation/obstruction/excision of local major artery.

Presence of neuropathy » May be examined by electrophysiology, behavioral tests and/or histology.

Location of wound on periphery
Possible infection could be considered

Ideally on the foot/paw.
May be artificially induced.

DiaComp, Diabetic Complications Consortium.

and neuropathy are key causes of ulcers in people. Only
four of the included studies examined blood flow within
the mice.” * %7 None of the included studies artificially
induced artery disease or neuropathy within the mice.
Artificial generation of peripheral ischemia or neurop-
athy is likely required to simulate the clinical presen-
tation since mice are very resistant to development of
diabetes-associated microvascular complications.'” Use
of genetically modified mice may also be used to simulate
other clinically relevant risk factors, such as dyslipidemia
which accelerates diabetes-associated atherosclerosis and
neuropathy.'” 17 Table 2 presents suggested criteria for
future diabetes-associated ulcer studies in rodents aimed
to improve the clinical relevance of the research.

Limitations and strengths

To the best of our knowledge, this is the first system-
atic review and meta-analysis examining wound healing
impairment in different mouse models of diabetes. The
current study used a range of analysis methods and quality
assessment methods in order to rigorously assess past
research. The included studies had many quality weak-
nesses such as small sample sizes. There was also absence
of key study design and reporting features, like blinding
of outcome assessors and inclusion of sample size calcula-
tions. Many of the included studies did not report param-
eters relevant to diabetes or determined the severity of
diabetes. Therefore, it was not possible to systematically
assess the correlation between glucose control and wound
healing impairment. There was also statistical and meth-
odological heterogeneity between studies. Due to the
heterogeneous and intermittent reporting of outcomes,
it was not possible to systematically examine the molec-
ular mechanisms involved in wound healing impair-
ment. Nonetheless, the findings from this study provide
important insight into the strengths and weaknesses of
current mice models of diabetes-associated ulcers.

CONCLUSION
In conclusion, this systematic review suggests that, regard-
less of diabetes induction method, hyperglycemia impairs

wound healing in mice. Incorporation of clinically rele-
vant aspects, such as limb ischemia and prolonged
diabetes duration, may improve the translation of find-
ings from the mouse models.
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