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Summary

Background Diabetic foot ulcers (DFUs) are a common complication of diabetes, associated with important morbidity.
Appropriate animal models of DFUs may improve drug development, and subsequently the success rate of clinical
trials. However, while many models have been proposed, they are extremely heterogeneous, and no standard has
emerged. We thus propose a systematic review with a network meta-analysis (NMA) to gather direct and indirect
evidence, and compare the different mouse models of diabetes-related ulcers.

Methods The systematic search was performed in Pubmed and Embase. The main outcomes were wound size
measurement at days 3, 7, 11 and 15 (+1 day). The risk of bias and methodological quality of all included studies was
assessed by using the Systematic Review Center for Laboratory animal Experimentation (SYRCLE) risk of bias tool.
Meta-regressions were done on prespecified variables, including mouse strain, type of ulcer, sex, age, and use of a
splint.

Findings We included 295 studies. Among all models, only db/db, ob/ob, streptozotocin (STZ), and STZ + high fat
diet mice showed a significantly delayed wound healing, compared with controls, at each time point. Age, sex and
ulcer type had influence on wound healing, although not at all time points.

Interpretation In conclusion, the db/db model is associated with the largest delay in wound healing The STZ model
also exhibits significantly decreased wound healing. STZ + high fat diet and ob/ob mice may also be relevant models
of diabetes-related ulcers, although the results rely on a more limited number of studies.
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To date, there is no specific pharmacological treat-
ment with demonstrated efficacy to enhance wound
healing. The heterogeneity of the disease and its com-
plex pathophysiology have made drug development
particularly challenging in this field, with many failures
at the clinical stage. Appropriate preclinical models may
improve our understanding of the disease and help

Introduction

Diabetes is a chronic disease affecting nearly 537
million adults worldwide.! Among its complications,
diabetic foot ulcers (DFU) are associated with significant
morbidity and represent a public health burden, dia-
betes being the leading cause of nontraumatic lower
extremity amputations. Indeed, DFU are responsible for

a lower limb loss every 30 s worldwide." Finally, long-
term survival is poor in patients who have undergone
major surgery: a recent, prevalent cohort study shows
that more than 11% of patients who had major ampu-
tation died within 30 days.”

establishing the proof-of-concept for new drug candi-
dates, and subsequently the success rate of clinical trials.
Preclinical research on DFUs has mostly relied on
murine models. Yet, a variety of models have been
proposed, combining several features: first, the model of
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Research in context

Evidence before this study

There is an extensive amount of experimental studies using
animal models of diabetes-related ulcers, but few have
compared the different models. We searched PubMed and
Embase, with the terms “models, animal” OR “disease models,
animal” AND “diabetes mellitus” AND “wound healing” AND
“mice” from their inception until February 18th, 2021. In
addition, we searched for systematic reviews on the topic
(Pubmed with the search terms “models, animal” OR “disease
models, animal” AND “diabetes mellitus” AND “wound
healing”, applying the “systematic review” filter). We found
39 original articles including direct comparisons between a
wide variety of different models, and only one meta-analysis
providing estimates of the impact of different models on
wound healing but without comparison between these
models. Therefore, the amount of available articles (direct
comparisons) but the lack of evidence for each comparison
between models of diabetes-related ulcers justified this work.

diabetes, based on specific genetic strains or the use of
toxic agents or diabetogenic diet*!; second, the type
wound and the ulceration protocol’; finally, other vari-
ables like age, sex, duration of diabetes, use of splinting
or wound covering also vary across the models.**

The multiplicity of combinations makes the com-
parisons between existing models difficult, and most
direct comparisons rely on small sample sizes. This
prevents from establishing standards. The objective of
this study is to gather direct and indirect evidence
through a systematic review with a network meta-
analysis (NMA), in order to compare the different
mouse models of diabetes-related ulcers.

Methods

The protocol for this systematic review and NMA was
registered on PROSPERO (CRD42021286873, available
at https://www.crd.york.ac.uk/PROSPERO) and was
conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMA)
statement.’

Search methods and study selection

The systematic search was performed in Pubmed and
Embase databases from their inception until February
18th, 2021. Search key words are available in Table S1.
We also screened all references of included articles.
After the initial search, one investigator screened the
titles and the abstracts to identify duplicates. Then, two
investigators (A.C. and C.C.) independently screened
eligible articles, based on the abstract and title, or the
full manuscript when needed. Any discrepancy was

Added value of this study

To address this question, we conducted a network meta-
analysis combining direct and indirect comparisons. Based on
267 studies, this work compares the different mouse models
of diabetes-related ulcers and provides new information on
the relevance of these models. More specifically, this study
suggests that only the db/db mice and STZ models were
consistently associated with impaired wound healing. Finally,
the use of splinting to inhibit early contraction reduces the
impact of diabetes on wound healing, and may only be used
on db/db mice.

Implications of all the available evidence

By providing comparisons of the effect of many experimental
models on wound healing, this study may help researchers to
use adequate preclinical models of diabetes-related ulcers.
This may further contribute to standardizing practices, and
make comparisons between interventions tested on different
models easier.

discussed with a third investigator (M.R.) to homoge-
nize our search strategy and study selection.

Eligibility criteria were: english language; in vivo ex-
periments in a mouse model of diabetes-related ulcers;
with at least one model and its non-diabetic control, or
two different models of diabetes-related ulcer; without
any active pharmacological treatment (placebo or vehicle
were not considered as treatments and were then
eligible). We also excluded any combination of >1 model
in the same group of animals (e.g., diabetes-related
ulcer + model for another disease/condition).

Data extraction

The main outcomes were wound size measurement (or
wound healing) at days 3, 7, 11 and 15 (+1 day). When
possible, the data were initially transformed to be
expressed as the percentage of the ulcer size at day 0.
Pre-specified variables were also extracted: model of
diabetes, mouse strain, weight, sex, age of the animals,
type of ulcer (excisional vs pressure), wound location,
wound size at day 0, method to measure the wound size,
use of a splint, wound covered or not, and ulcer treated
with a placebo/vehicle or not.

During a first extraction stage, data were extracted by
two investigators (A.C. and C.C.), independently, and
compared to make sure that data extraction was
consistent between the two investigators. Any discrep-
ancy was discussed with a third investigator (M.R.), until
data extraction was deemed homogenous between the
two investigators, which was reached after approxi-
mately ten percent of all articles were extracted. Data
extraction for the rest of the articles was completed by
one of these two investigators.
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Assessment of methodological quality
The risk of bias and methodological quality of all
included studies was assessed by using the Systematic
Review Center for Laboratory animal Experimentation
(SYRCLE) risk of bias tool." We scored the selection,
performance, detection, attrition, and reporting biases
as “Yes”, “No”, or “Unclear”.

The same approach than for data extraction was used
to homogenize risk of bias and quality assessment, i.e.,
review by two investigators, independently, and dis-
crepancies discussed with a third investigator until rat-
ing was deemed homogenous.

Statistical analysis

Since the data were expressed differently between
studies (e.g., percentage of wound closure or wound
healing, wound area in c¢m” or in mm?’ or wound
diameter), they were all expressed as standardized mean
differences (SMD), with their 95% confidence interval.
In case of missing standard deviations (SD), they were
calculated from the standard error of the mean, when
available, or imputed using mean SD from studies
expressing wound healing using the same units. Studies
with extreme values (SMD <-10 or >10) were first
checked for data accuracy and excluded from the anal-
ysis if there were no data extraction error. Normality and
absence of skewness of SMD were checked by calcu-
lating the highest possible value minus the observed
mean, divided by the SD. No ratio was inferior to two,
suggesting no skewness."

For each time point, we performed a frequentist
network meta-analysis to assess the impact of the model
on wound healing using the netmeta package. Given the
heterogeneity in included studies in the meta-analyses,
we used random-effects models. Convergence of the
model was examined through trace plots and Gelman-
Rubin shrink factor. We assessed network heterogene-
ity using © and I” statistics. To assess the transitivity
assumption we examined the distribution of possible
effect modifiers between mouse models including sex,
age, weight and wound size. To assess the consistency
of the network meta-analyses we compared the model
fitting statistics between consistent and inconsistent
models. We assessed the presence of network consis-
tency using a global (design-by-treatment inconsistency
model) and a local method (back-calculation method).
P-scores based on the point estimates and standard er-
rors of the frequentist NMA were used to rank the
different models. The small study effect was assessed
through visually inspecting comparison-adjusted funnel
plots and Egger regression tests.

Additional analyses were conducted. First, to assess
whether the background mouse strain had an impact on
wound healing, we divided the wild-type group accord-
ing to the strain and re-ran the NMA. We also per-
formed several prespecified subgroup meta-regressions
on animal age at wounding, sex, ulcer type, splint,
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wound size at baseline, wound covering, or use of topic
moisture over the wound. Meta-regressions were per-
formed using a Bayesian approach with Markov Chain
Monte Carlo simulation (models with 4 chains and
100,000 iterated simulations, with an initial 10,000
iteration burn-in) with noninformative prior distribu-
tions, a normal likelihood, an identity link function and
a shared treatment-interaction model.

The analyses were performed using R (version.3.6.0)
and netmeta, meta, gemtc and BUGSnet packages.

Role of funders

The funder was not involved in study design, data
collection, data analyses, interpretation, or writing of
report.

Results

Our literature review yielded 1151 references from
which we finally selected 295 studies (Fig. 1; Table S2)
and 798 study arms. Among them, 661 arms (247
studies) reported data at day 3, 743 arms (276 studies) at
day 7, 563 arms (207 studies) at day 11, and 446 arms
(163 studies) at day 15. We identified 10 models of
diabetic mice (Table 1), among which streptozotocin
(STZ) and db/db were the most widely used.

Comparison of the different models on wound
healing

Graphical representations of the networks of direct
comparisons between the different models at each time
points are presented in Fig. 2. As expected, most models
have direct comparisons with wild-type mice used as
controls. The heterogeneity statistics (v and 1%), global Q
scores for inconsistency and back calculation methods
(local inconsistency) at each time point are presented in
Tables S3 and S4.

The results of the frequentist NMA are presented as
forest plots representing the SMD of ulcer size between
each model and wild-type mice (Fig. 3). Full results are
also presented as league tables (Tables S4 and S5). Four
models showed statistically delayed wound healing,
compared with the wild-type, throughout follow-up: db/
db, ob/ob, STZ and STZ + high fat diet (Fig. 4). Db/db
mice show the most important delay in wound healing
at every time point (based on the lower bound of the
confidence interval and on P-scores, Table S6), and this
difference reaches significance when compared to STZ
mice at day 3, 7, 11, and 15 (Figs. 3 and 4). The ranking
of the different models at each time point using P-scores
shows that db/db, ob/ob, and STZ + high fat diet
models show the greatest impairment in wound healing
(Table S6).

Meta-regressions and subgroup analyses
The results of meta-regressions and subgroup analyses
are presented in Table 2. Among predefined covariates,
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Search results in Pubmed Search results in EMBASE References from retrieved
(n=916) (n=886) articles (n=77)
4
> Potentially relevant publications <
(n=1879)

. | 728 publications excluded based upon double

A 4

occurrence

Potentially relevant publications
after removal of duplicates
(n=1151)

264 publications excluded
based on the title/abstract

93 no wound closure measurement
> 87 other organs than skin

A 4

35 wounds on rat only
19 not in English

Potentially eligible publications
(n=2887)

30 for other reasons

592 publications excluded
based on the full text

263 included only one mice group
> 138 reported no wound closure measurement

v

89 in one model
19 wounds on rats only

Included publications
(n =295)

11 no data at days 3,7,11 or 15 (+/- 1 day)
72 for other reasons

Fig. 1: Flow diagram.

none was significantly and consistently associated with
wound healing over time. However, we observed a
slower healing rate for excisional ulcers compared with
pressure ulcers, which reached statistical significance at
day 7 and 11. Similarly, male exhibited slower healing
rate than female mice, the difference being statistically
significant at day 7 and 11. Post hoc analysis on db/db
mice shows consistent results, although the difference
only reaches statistical significance at day 7. Meta-
regressions also show a significant, negative relation-
ship between age and wound healing, which reach

statistical significance at day 11 and day 15 (Table 2).
Finally, there was a trend towards a negative relation-
ship between splinting and wound healing at day 3,
suggesting that the difference in early wound healing
between diabetic mice and controls is lower with a
splint.

Comparisons of mouse strains

To assess whether the strain influenced wound healing
among non-diabetic controls, we split the latter accord-
ing to mouse strain (Balb_c, CD1, FVB_N, ICR mice,

Diabetes model Number of Proportion of studies Age at wound  Weight at wound Glycemia at wound Wound size (mm?) Number of
arms including males only (%) creation (weeks) creation (g) creation (mg/dL) animals per arm
Akita 1 100 11 19.6 35
Alloxan 8 87.5 9 (8.5, 9.5) 26.9 (23.3;30.4) 464 (433; 495) 78.5 (45.6; 78.5) 8 (6; 8.5)
NONCNZ010/Ltj (NON/NZ) 5 75 13 = 31.0 (31.0; 34.0) 12 (8; 12)
Leprdb or db/db (-/-) 165 64.2 0 (9; 12) 41.0 (36.1; 46.8) 398 (345; 438) 28.3 (28.3; 50.3) 6 (5; 10)
Db/db heterozygous (+/-) 42 66.7 1 (10; 12) 25.4 (21.4; 28.9) 162 (153; 171) 283 (283;503) 6.5 (5; 10)
High Fat Diet (HFD) 7 80 23 (15; 27.5) 45 (40; 47.1) 216 (185; 265) 283 (19.6; 28.3) 5 (5; 5.8)
Lep® or ob/ob (-/-) 9 85.7 10 (7.5; 11.5) 45 (35; 48.5) 423 (423; 423) 19.6 (19.6; 28.3) 12 (6; 14)
Other diabetic model 8 57.1 2 (8.8; 13.5) 389 (35.8; 41.9) - 20.4 (11.9; 33.8) 7 (6; 14.5)
Streptozotocin (STZ) 208 84 1 (9.5; 15) 235 (22.5; 27.1) 391 (346; 455) 283 (19.6; 502) 6.5 (5; 10)
Streptozotocin and High Fat Diet 17 93.8 2 (10; 19) 291 (25.7;30.6) 403 (354; 427) 283 (28.3; 44.4) 6 (5; 6)
(STZ + HFD)
Wild type (+/+) 348 757 10 (8; 12.8) 26 (24; 27.5) 126 (125; 170) 283 (19.6; 50.3) 6 (5; 10)

Data are expressed as median (with 1st and 3rd quartiles) for continuous variables. —: Missing data.

Table 1: Baseline characteristics of animals by diabetic mouse model.
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diabetic model

STZ + HFD

STZ + HFD

Fig. 2: Networks of included models of diabetes at day 3, 7, 11 and 15 (+1 day). Node size is proportional to the number of arms using the
model. Lines between the nodes indicate direct comparisons between two models. The thickness of the lines and the number on it indicate the
number of direct comparisons. HFD: high fat diet; NON/NZ: NONcNZO10/LtJ; STZ: streptozotocin.

NODSCID, NODShilt, SCID, SV129, SWR_], or
C57Bl6_]) in a sensitivity analysis. Networks are avail-
able as Figure S1. Overall, there was no significant dif-
ference among the different strains, except a lower
healing rate for NODSCID mice vs C57 at days 7 and 11,
and for Balb_c and CD1 at day 15. The full results of this
NMA are available as Tables S7 and S8.

Small study effect and risk of bias

Small study effect was investigated through comparison-
adjusted funnel plots (Figure S2). Visual inspection of
forest plots and Egger regression tests highlighted sys-
tematic deviations in the funnel plot asymmetry for all
time points. Moreover, a non-negligeable number of
small studies displayed very large effect size (SMD >5),
notably for later timepoints. Thus, this small study effect
is probably due to a combination of publication bias and
methodological flaws in small studies. Fig. 5 shows the
results of the SYRCLE RoB and an additional indicator.

www.thelancet.com Vol 98 December, 2023

Many items present a risk of bias. In addition, some
items are missing for all articles.

Discussion
This systematic review with a network meta-analysis
combines direct and indirect evidence to compare
different mouse models of diabetes-related ulcers. The
results show that db/db mice, ob/ob mice, and the
STZ + high fat diet model exhibit the most important
delay in wound healing. The STZ model also exhibits
delayed wound healing, although to a lesser extent.
Unlike the db/db model, the ob/ob model does not
show a significantly greater impairment in wound
healing than STZ mice. Interestingly, this model targets
the same metabolic pathway than the db/db model.
While the latter presents leptin receptor deficiency, ob/
ob mice are leptin deficient.* However, despite these
similarities, the two phenotypes are different regarding
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Streptozotocin and HFD
Ob/ob (-/-)

Db/db (-/-)
Streptozotocin
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High Fat Diet

Other diabetic model
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— == @
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Compared with wild type

SMD (95% Cl)

0-03 (-1-86 to 1:92
Db/db heterozygous (+/-) —_.—‘ -0-77 (-1-60 to 0-06
-4 -2 0 2 4
Compared with wild type

Db/db (-/-) - 2775 (23310 3-16)
Streptozotocin and HFD — 277 (1-56to 3-98)
Ob/ob (-/-) ——— 259 (043t04-75)
Alloxan — 212 (0-591t0 3:64)
Streptozotocin = 1-79 (1461t02-12)
Akita — 1-45 (-1-12 t0 4-02)
NONCNZO10/Ltj —_— 043 (-2-77 to 3-64)
Other diabetic model —_— )

)

SMD (95% Cl)
Streptozotocin and HFD —=— 292 (203to03-81)
Ob/ob (-/-) —8— 265 (1511t03-79)
Db/db (-/-) : 4 2:52 (2161t02:87)
Alloxan —+—— 216 (0-79t03:53)
High Fat Diet —_— 1-83 (059 to 3-08)
Other diabetic model —— 1-67 (0-53 to 2-80)
Streptozotocin = 170 (1431t01-:97)
Akita —F——+— 133 (-1-19t0 3-85)
NONcNZO10/Ltj —_—— 0-35 (-1-52 to 2-21)
Db/db heterozygous (+/-) ——— -0-57 (=126 t0 0-12)
-3-2-10 1 2 3

Compared with wild type

SMD (95% Cl)
Db/db (-/-) S 321 (2731t03-69)
Ob/ob (-/-) ———— 267 (0-73t0460)
Streptozotocin and HFD e 2:43 (091 to 3-96)
Alloxan —— 1-79 (-0-12 to 3-69)
Streptozotocin - 1569 (1-23to 1-96)
Akita —1—— 145 (-112104:02)
NONCNZO10/Ltj —_—T 0-86 (-1-44 to 3-15)
High Fat Diet — 0-00 (-3-34 t0 3-34)
Other diabetic model — 0-19 (-1-37 to 1-75)
Db/db heterozygous (+/-) [ —— 0-09 (-0-77 to 0-94)

T f T l
-4 -2 0 2 4
Compared with wild type

Fig. 3: Forest plots of ulcer size between each diabetes model and wild-type at day 3, 7, 11 and 15 (+1 day). Data are expressed as standardized

mean differences (SMD) with their 95% confidence intervals (95% Cl).

glucose metabolism. In addition, db/db mice show a
higher inflammatory tone in the subcutaneous adipose
tissue.' Yet, the results for ob/ob mice rely on a limited
number of studies, with little statistical power.
Another model of obesity associated with diabetes,
i.e., the high fat diet model, did not show significantly
delayed wound healing compared to wild-type mice.

—e— db/db —e— ob/ob

Ulcer size
(standardized mean difference)

When combined to STZ however, the results show a
significant impairment in healing. Nonetheless, these
results should be interpreted with caution considering
the limited number of studies.

Among non-obese mouse-models, the STZ model,
typically considered as a model of type 1 diabetes, has
been widely used over the past decades. It is the only

STZ + HFD - STZ

11 15

Time (days)

Fig. 4: Wound healing over time expressed as the standardized mean differences (with their 95% confidence intervals) of ulcer size between
wild-type mice and the four main diabetic models. HFD: high fat diet; STZ: streptozotocin.
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difference in wound healing. Statistically significant results appear in bold.

Covariate D3 D7 D11 D15
Estimate (95% Crl) N Estimate (95% Crl) N Estimate (95% Crl) N Estimate (95% Crl) N

Sex (female vs male) 0.61 (-0.11, 1.33) 210 1.00 (0.20, 1.80) 231 1.26 (0.32, 2.22) 163 1.14 (-0.32, 2.60) 132
Ulcer type (pressure vs excisional) 1.63 (-0.03, 3.29) 280 3.15 (1.60, 4.70) 308 2.59 (0.95, 4.27) 214 1.66 (-0.61, 3.99) 178
Wound size at baseline (mm?) 0.06 (-0.38, 0.50) 266 0.20 (-0.28, 0.69) 289 0.44 (-0.24, 1.12) 201 0.46 (-0.48, 1.40) 157
Covering (not covered vs covered) -0.19 (-0.63, 0.24) 288 -0.00 (-0.53, 0.53) 318 0.10 (-0.59, 0.78) 220 0.20 (-0.65, 1.07) 183
Topic moisture (no topic vs topic) -0.28 (-0.69, 0.14) 284 -0.09 (-0.60, 0.41) 314 -0.00 (-0.66, 0.65) 217 0.24 (-0.58, 1.07) 180
Age at wounding (weeks) -0.08 (-0.49, 0.32) 204 -0.44 (-0.94, 0.06) 230 -0.92 (-1.54, -0.30) 152 -1.04 (-1.77, -0.31) 130
splint (no splint vs splint) -0.44 (-1.01, 0.13) 288 -0.38 (-0.26, 1.02) 317 -0.03 (-0.93, 0.88) 220 111 (0.17, 2.06) 183

Data are expressed as the standardized mean difference of the percentage of wound area at baseline, with their 95% credibility interval. The further from zero the estimate, the higher the between-group

Table 2: Results of meta-regressions and subgroup analyses for each time point.

one showing impaired wound healing at all time points,
despite heterogeneity in the protocol to induce of
hyperglycaemia. The main two protocols are either
repeated, low doses, or a single high dose. However,

these protocols are not standardized and we observed
many differences in STZ dose regimens.

Pre-specified meta-regressions included the explora-
tion of the effect of splinting. Indeed, this splinting is

A n studies
0 50 100 150 200 250 300
L 1 1 1 1 1 J
Sequence generation I w0 risk
Baseline characteristics ] unclear
Allocation concealment  JEIEE ™ high risk
Random housing |
Blinding of personnel | |
Random outcome assessment 1
Blinding of outcome assessment ]
Incomplete outcome data ]
Selective outcome reporting ||
Others |
B n studies
0 50 100 150 200 250 300
Any randomization M reported

Any blinding

Sample size calculation

Conflict of interest statement

Temperature regulation

M not reported

Fig. 5: Risk of bias assessment using the SYRCLE tool (A) and additional indicators (B).
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commonly performed to reduce the contraction of the
wound. This contraction phenomenon is mediated by
the panniculus carnosus, which consists of a thin layer of
muscle present in the subcutaneous tissue of rodents."
This phenomenon is much more pronounced in rodent
than in human skin. Indeed, mainly because of
morphological differences, older studies suggested that
the contraction was responsible for approximately eighty
percent of initial wound closure in excisional wounds."
Even if more robust techniques for studying this
mechanism have emerged, this phenomenon still plays
an important part in the scarring process.” By reducing
contraction, mostly using a silicone donut,® splinting
enhances wound closure mostly through re-
epithelialization (and not contraction), a mechanism
that mimics what is observed in humans. However,
despite the considerable number of studies included in
this meta-analysis, our results only show that splint use
is associated with a non-significant trend towards a
decrease in the wound healing difference between dia-
betic and control mice at day 3, Although the reduced
contraction in db/db mice compared to wild-type has
been reported,'>” our results suggest that this effect
might be smaller than expected.

We did not observe a consistent association between
the difference in wound healing vs controls and the age
of animals, but the association was significant at days 11
and 15. This decreased between-group difference at the
later stages of healing might be due to the fact that older
wild-type mice exhibit impaired wound healing
compared to younger ones,”® and that this difference
might be smaller in diabetic mice. Yet, this finding is
not consistent with previous reports showing a wors-
ening of neuropathies with age in different models of
diabetes.””*' A major limitation to the interpretation of
this finding is that we mixed genetic models with
chemically-induced models, and for the latter the age of
mice at diabetes induction might be a confounder.
While the duration of diabetes would be more useful, it
is inconsistently reported in studies. Indeed, the delay
between induction of diabetes hyperglycaemia and ul-
ceration is often reported for STZ or high fat models,
but scarcely for genetic models, because there is no
induction. Although the literature provides approxima-
tions on the onset of hyperglycaemia in these models
(e.g., between 4 and 8 months of life in db/db mice’),
this was not accurate enough to be used in our meta-
regressions. Similarly, glycaemia at baseline was re-
ported in only 64 out of 295 studies (i.e., 78% of missing
data), which we have considered to be insufficient to
conduct a meta-regression. Other covariates of interest
are frequently missing in studies, such as the quantifi-
cation of neuropathy, skin microvascular function,
arterial pressure, or insulin resistance. The use of in-
sulin in STZ or alloxan-induced diabetes models, which

limits weight loss, was also scarcely reported (in only 20
out of 216 study arms). This underlines the need for
more systematic reporting of covariates of interest in
experimental study articles. There was a strong effect of
the wound model although it only reached statistical
significance at day 7 and day 11, suggesting that exci-
sional lesions induce more severe wounds than pressure
ulcers. This is consistent with previous findings sug-
gesting that pressure wounds are more superficial, and
usually graded as stage I (nonblanchable redness of a
localized area) or II (partial thickness loss of dermis).?*?*
Similarly, there was an inconsistent effect of sex, with a
greater impairment in males from day 7. This difference
could be due to a protective role of female hormones. A
beneficial effect of oestrogen on skin healing has already
been described in humans and rats.***

The question of the control group is another key
point to consider when designing an experimental
study. Our sensitivity analysis separating the wild type
group by strain did not reveal any major difference in
wound healing duration, suggesting that any wild-type
strain can be used as a control. However, wound heal-
ing was impaired for NODSCID mice vs C57, which is
consistent with the characteristic of this strain,
described as a model of prediabetes® and immunode-
ficiency.” In addition, we tested wound healing in
db+ mice, which is often used as a control for db/db
(db—/-) mice. Although db + mice have metabolic
impairment, there is no significant difference in wound
healing vs other control strains (i.e., wild-type).

A previous systematic review and meta-analysis has
assessed the effect of diabetes on wound healing in
mice.” It suggests that wound healing is impaired for
hardly all models and at all time points, while we
observe a significant effect only for two models. This
discrepancy might be explained by the fact that this
meta-analysis only included direct comparisons, and
thus relies on fewer studies (77 vs 295 in this report). A
strength of our work is to gather direct and indirect
evidence to rank the different models.

Yet, our meta-analysis also shows several limitations.
First, the network approach involves several assumptions
such as the transitivity hypothesis, which is difficult to
verify considering the large heterogeneity in methods. In
addition, experimental studies usually include a limited
number of animals, thus leading to a small study effect.
Local and global inconsistency were important in the
meta-analysis due to the large variability of pre-clinical
results in the field, and possible unmeasured con-
founding factors impacting wound healing in mouse
models. Such effect is visible on funnel plots, which
show asymmetry, suggesting a possible publication bias.
In addition, meta-regressions rely on assumptions
(including linearity for quantitative predictors) that are
difficult to assess considering the multiplicity of direct
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and indirect comparisons. We thus only checked line-
arity of predictors by visually inspecting the meta-
regression plots in pairwise meta-analyses. Finally,
SYRCLE quality assessment revealed that in most cases,
there is a lack of quality and/or insufficient reporting in
study design. Although this is common in meta-analyses
of preclinical studies, it stresses the need for standard-
ized reporting and more robust approaches such as
randomization and blinding.”

More generally, although mouse models have been
extensively used due to low cost, their tendency to pro-
duce reproducible models of chronic hyperglycaemia,
large use of gene-editing technologies (such as the db/
db model), and availability of detection methods (i.e.,
antibody kits),” their relevance to human pathophysi-
ology remains a key issue. For instance, mice usually
heal faster that humans, and through different mecha-
nisms, with wound contraction predominating over re-
epithelialization.”’ A unique model cannot capture all
underlying causes of healing defects in patients, but
models might be useful to better understand specific
pathways underlying the disease (e.g., the relationship
between hyperglycaemia, microvascular dysfunction
and neuropathy, and eventually healing defect). Also,
they have been successfully used to screen drugs or
devices, such as dressings, stem cell therapy, or growth
factors.” Yet, these are isolated examples and the posi-
tive predictive value of animal models (i.e., the proba-
bility that a positive result in animals will also be
positive in humans) is virtually impossible to establish.?

In conclusion, this systematic review and network
meta-analysis compares different murine models of ul-
cers related to diabetes. We show that db/db mice is the
model associated with the largest delay in wound heal-
ing compared to wild-type mice. The STZ model also
exhibits  significantly decreased wound healing.
STZ + high fat diet and ob/ob mice may also be relevant
models of diabetes-related ulcers, although the results
rely on a more limited number of studies.
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