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Abstract

Background: Wound healing processes are influenced by macronutrient intake (protein, carbohy-

drate and fat). The most favourable diet for cutaneous wound healing is not known, although high-

protein diets are currently favoured clinically. This experimental study investigates the optimal

macronutrient balance for cutaneous wound healing using a mouse model and the Geometric

Framework, a nutrient modelling method, capable of analyzing the individual and interactive effects

of a wide spectrum of macronutrient intake.

Methods: Two adjacent and identical full-thickness skin excisions (1 cm2) were surgically created on

the dorsal area of male C57BL/6 mice. Mice were then allocated to one of 12 high-energy diets that

varied in protein, carbohydrate and fat content. In select diets, wound healing processes, cytokine

expression, energy expenditure, body composition, muscle and fat reserves were assessed.

Results: Using the Geometric Framework, we show that a low-protein intake, coupled with a

balanced intake of carbohydrate and fat is optimal for wound healing. Mice fed a low-protein

diet progressed quickly through wound healing stages with favourable wound inflammatory

cytokine expression and significantly accelerated collagen production. These local processes were

associated with an increased early systemic inflammatory response and a higher overall energy

expenditure, related to metabolic changes occurring in key macronutrient reserves in lean body

mass and fat depots.
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Conclusions: The results suggest that a low-protein diet may have a greater potential to accelerate

wound healing than the current clinically used high-protein diets.
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Highlights

• A low-protein diet paired with a balanced carbohydrate and fat intake accelerates cutaneous wound healing in mice.
• Faster wound healing is associated with enhanced collagen deposition and an early but short inflammatory response.
• Faster wound healing is found to be associated with a higher overall energy expenditure.
• Identified potential endogenous dietary pathways involved in wound healing for future investigation.

Background

Wound healing is a common surgical issue in which simple
interventions, such as nutritional support, can make a major
difference. Macronutrients (protein, carbohydrate and fat)
are energy-providing dietary components [1]. It is well known
that adequate macronutrient intake is essential for healing, as
wounds require additional energy and substrates for anabolic
processes [2]. During wound healing, protein in the form of
amino acids is essential for the formation of new tissues,
gluconeogenesis and protein synthesis [3]. Carbohydrates
are a protein-sparing energy source required by epithelial,
inflammatory and immune cells [4]. Fats are a dense energy
source and have additional roles as signalling molecules and
as components of the cell membrane [5].

High-protein diets are believed to accelerate wound heal-
ing by supporting protein-demanding healing processes, while
minimizing depletion of valuable intrinsic protein reserves,
particularly lean mass [2,6,7]. For this reason, high-protein
diets are used routinely to support healing of simple surgical
wounds, complex chronic wounds, in enhanced recovery
after surgery protocols and burns [8,9]. In previous studies,
investigating the role of macronutrients in wound healing
has been limited by a narrow methodology that involved
manipulating single nutritional components e.g. protein or
fat. In this study, this limitation is addressed by using the
Geometric Framework (GF), a complete method of analysis
that is capable of modelling the simultaneous, individual
and interactive effects of macronutrients [10]. The aim of
this study was to firstly use the GF to identify the most
favourable dietary balance of protein, carbohydrate and fat
for wound healing in a C57BL/6 mouse model. The sec-
ond aim was to identify potential local and systemic pro-
cesses influenced by macronutrient intake that may affect
wound healing. Identifying these relationships is essential to
guide future research aimed at uncovering the complex local
and systemic mechanisms by which variations in the dietary
intake of protein, carbohydrate and fat can enhance wound
healing.

Methods

Experimental models and subject details

Male C57BL/6 mice (Animal Resource Centre, Western
Australia; 4 weeks old, 19.75 ± 1.01 g, number = 336; n = 3
mice/diet/time point and n = 6 mice/diet/time point in select
diets; additional mice added for further investigation in these
groups) were housed three per cage in standard approved
cages with free access to water in a specific-pathogen-free
facility. The environment was closely controlled at 24–
26◦C and 44–46% humidity under a 12:12 h light/dark
cycle with lights on at 6 am. All protocols were approved
by the Sydney Local Health District Welfare Committee
(Protocol No. 2014/013) under Australian National Health
and Medical Research Council Guidelines for animal
experimentation. Mice were fed with standard chow for
8 weeks. After an 8-week feeding period, mice were
anaesthetized with ketamine/xylazine (0.1 mL/20 g, contains
87.5 mg/12.5 mg/kg) and two adjacent but identical full-
thickness skin excisions of 1 cm2 (representing 5% total
body surface area) were created surgically on the dorsal
area. The wound area was covered with dressings that were
replaced as needed in the first 7 days post-injury. Analgesia
(intraperitoneal carprofen 5 mg/kg) was provided daily for 2
days after skin excision. Warm resuscitative intraperitoneal
saline (1 mL) was given immediately after surgery. Mice were
monitored daily for the first 7 days for any signs of distress by
measuring changes in body weight and assessing any changes
in physical appearance and behaviour. The survival or cause-
specific mortality rate of animals was recorded and calculated
by the time interval of death.

Post-surgery, all animals were separated into individual
cages and randomly allocated to one of 12 high-energy diets
to feed ad libitum. The diets varied in protein (5–60%, casein
and methionine), carbohydrate (20–75%, sucrose, wheat-
starch and dextrinized cornstarch) and fat (20–75%, soya
bean oil) content (Table S1) (Specialty Feeds, Glen Forest,
WA). Diets were systematically designed for optimal power
in fitting surface response models and to have a high-energy
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density of 17 kJ g−1 (Figure S1, see online supplementary
material). Two additional diets based on current popular
clinical ratios, a high-protein, high-carbohydrate (HPHC) and
a high-protein, high-fat (HPHF) diet, were also tested [11].

During the healing process, body composition was
assessed weekly using an in-house Dual- Energy X-ray
Absorptiometry (DEXA) scanner. Wound healing rate was
measured using VISITRACK™ (Smith & Nephew, London,
UK). At each time point (D3, D7, D14, D21, where D is day),
mice were anaesthetized using a cocktail of ketamine/xylazine
(100 mg/kg ketamine/100 mg/kg xylazine), blood was
collected via cardiac puncture and mice were euthanized
by cervical dislocation. Wound, extensor digitorum longus
muscle (EDL), inguinal white adipose tissue (iWAT) and
brown adipose tissue (BAT) tissue were harvested, and were
either fixed in 10% formalin for histological analysis or
immediately frozen for molecular analysis.

Histological analysis

Wounds were embedded in paraffin and multiple 5 μm sec-
tions were stained with haematoxylin and eosin (H&E) for
general histological analysis and Masson’s Trichrome for
collagen deposition.

Immunohistochemistry

Wound sections were stained for proliferating cell nuclear
antigen (PCNA) (Invitrogen, Carlsbad, CA) to measure cell
proliferation. On the same slides, epidermal migration was
measured using OsteoMeasureXP. Multiple 5 μm sections of
iWAT and BAT were incubated with anti-uncoupling protein-
1 (anti-UCP-1) antibody (Abcam, Cambridge). Images were
taken with an EVOS cell imaging system (Thermo Fisher
Scientific, Waltham, MA).

Transmission electron microscopy analysis

EDL muscle was fixed in 10% formalin. The specimen
was placed in 0.1 M sodium cacodylate buffer, post-fixed
in 2% osmium tetroxide and treated with 0.5% uranyl
acetate. The specimen was dehydrated through a graded
series of ethanol, placed in acetone, infiltrated in 50:50
acetone: Spurr’s resin, then embedded in pure Spurr’s resin
and polymerized overnight at 70◦C. Semi-thin sections (0.5
μm) were stained with toluidine blue and examined by light
microscopy to select appropriate areas for ultrastructural
examination. Ultrathin sections of 90 nm were contrast-
stained with uranyl acetate and lead citrate and examined
using a Fei Tecnai Spirit Biotwin electron microscope. Images
were obtained with an Olympus-SIS veleta digital camera.

Real time-quantitative polymerase chain reaction

RNA from wound, adipose tissue (iWAT and BAT) and EDL
muscle were extracted with TRI Reagent (Sigma Aldrich,
St. Louis, MO). Total RNA (1 μg) was reverse transcribed.
Primers (Table S4) were designed using Primer-BLAST Soft-
ware. Real time-quantitative PCR (RT-qPCR) was performed

using SYBR Green Supermix (Bio-Rad, Hercules, CA). mRNA
expression was quantified using the 2-��Ct method and
normalized against ribosomal protein L19 (RPL19) and pep-
tidylprolyl isomerase A (PPIA) housekeeping genes.

Cytokine expression

The Bio-Plex Pro™ Mouse Cytokine 23-plex Assay (Bio-
Rad) was used to profile the expression of 23 inflammatory
mediators from terminal blood samples collected via cardiac
puncture. The assay was performed according to the manu-
facturer’s instructions.

Metabolism

Following injury, mice were housed individually in Prome-
thion metabolic cage systems (Sable Systems International,
Las Vegas, NV). Mice were housed in the metabolic cages
throughout the wound healing process, where gas exchange,
energy expenditure and total activity (allmeters/pedmeters)
were continuously measured. The respiratory exchange quo-
tient (RQ) was calculated as a ratio of CO2 production over
O2 consumption and was used as an indicator of substrate
utilization. An RQ of 1.0 indicates primarily carbohydrate
metabolism, 0.8 mixed carbohydrate and fat metabolism and
0.7 primarily fat metabolism. Energy expenditure was calcu-
lated using the Weir equation [12]: Kcal/h = 60 × (0.003941
× VO2 + 0.001106 × VCO2).

Statistical analysis

Generalized additive models (GAM) were constructed for
this study. Response surfaces were generated using non-
parametric thin plate splines in R (v3.4.3) and analyzed using
GAM. Statistical analyses for individual diets were performed
using IBM SPSS V25 using generalized estimating equations
(GEE). Data are presented as mean ± standard error of mean.
Mortality was displayed as a Kaplan–Meier curve with log
rank test and pairwise comparisons. Statistics for food intake
were calculated with one-way ANOVA and Tukey’s post
hoc test.

Justification of sample size: n = 6/group per time point gave
us 98% power for two-sided α (p = 0.05) to detect ≥20%
difference in wound healing rate. For GF, greater sensitivity
allows for fewer mice with 3 of each diet required to detect
differences of ≥10% in wound healing.

Results

The effect of macronutrient intake on cutaneous

wound healing

Response surfaces were generated from all surviving mice
at each time-point, and the main and interactive effects of
protein, fat and carbohydrate intake were tested statistically
using general additive modelling (Tables S2 and S3). Wound
healing was optimized with a low-protein, high carbohydrate
and/or fat intake, and delayed by a high-protein or a very
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high-fat intake. This was demonstrated on D3 and D7, with
mice consuming carbohydrate to fat in a ratio between 1:1
and 5:1 having 20% wound closure by D3 and 60% by D7
(Figure 1a and b). At D14, mice consuming a carbohydrate
to fat ratio closer to 1:1 had improved wound healing at
90%, compared to 75% with a 5:1 carbohydrate to fat ratio
(Figure 1c). This indicates that non-protein energy should
preferably come from a balanced intake of fat and carbohy-
drate. Delayed wound healing occurred in mice with high-
protein intakes, achieving only 50% wound closure on D14
when mice consumed >30 kJ/day of protein (Figure 1c). Very
high-fat intake severely delayed wound healing, with mice
consuming 50 kJ/day (80% energy intake) showing healing
of 5% on D3 and 40% on D7 (Figure 1a and b).

Individual analysis of dietary groups supported response
surface findings. Diets are named firstly according to the
amount of protein (H = high, M = moderate, L = low) and sec-
ondly by the macronutrient providing the majority of calories
(P = protein, C = carbohydrate, F = fat, CF = carbohydrate and
fat equivalent). From the 12 screened diets, healing was
similar and fastest in the low-protein diets (Table S1 and
Figure S1). The low-protein, equivalent carbohydrate and fat
(LPCF, P5:C48:F48) diet was selected as the optimal diet
because the C:F ratio was 1:1 as per the response surface
analysis for D14 wound healing (Figure 1c). In comparison
to the optimal LPCF diet, which had 94% wound closure
by D14, the clinical control, HPHC diet (P26:C57:F17) had
78% wound closure by D14 (Figure 1d). Wound healing was
poorest in the moderate-protein, low-carbohydrate, high-fat
diet (MPHF, P14:C29:F57), with 45% wound closure on
D14 (Figure 1d). These results are represented in Figure 1(e)
which demonstrates accelerated wound healing in LPCF and
HPHC mice and delayed healing in MPHF mice. Mice fed
these three diets (LPCF, HPHC and MPHF) represented the
optimal, clinical control and poorest diets, and were selected
for further analysis to identify potential local and systemic
mechanisms responsible for the observed difference in wound
healing. In the primary cohort of mice, a high mortality rate
of ∼47% (7/15 mice) was observed in the MPHF group due
to weight loss and failure to heal (Figure 1f), and 1/15 deaths
in the LPCF group. Overall there was no significant difference
in mortality between LPCF and HPHC groups.

Macronutrient intake and local healing processes

The inflammatory (D3–7), proliferative (D7–14) and remod-
elling (D14–21) phases of wound healing were assessed in
select diet groups (LPCF, HPHC, MPHF). H&E staining
showed increased inflammatory cells in the HPHC wound
sections (Figure 2a), which is supported by the significantly
higher mRNA expression of inflammatory cytokines, IL-6
and TNF-α on D3 (Figure 2b and c). MPHF sections showed
adipocyte migration into the wound bed with poor epider-
mal migration and consistently reduced expression of IL-6
and TNF-α on D3 (Figure 2a–d). In contrast, LPCF stain-
ing showed improved epidermal migration, well organized

epithelial tongues and a moderate density of inflammatory
cells (Figure 2a). On D7, the mRNA expression of IL-6, TNF-
α and TGF-β1 in LPCF mice was increased in wound tissue
(Figure 2b–d).

Epidermal tongue length showed a trend towards
enhanced migration (∼328 μm) in the LPCF sections when
compared to HPHC (∼243 μm) and MPHF (∼286 μm) on
D7 (Figure 2e and f). On D14, greater cell proliferation was
observed in diets with higher carbohydrate composition, with
∼95% in LPCF and ∼94% in HPHC sections compared to a
lesser but not significant ∼84% in MPHF (Figure 2f and g).
Masson’s trichrome staining of D14 wounds generally
showed increased deposition of collagen in LPCF wounds,
with more prominent staining of green collagen fibres
(Figure 2h). This finding is supported by the increased mRNA
expression of collagen III and collagen I in LPCF wounds
on D7, indicating early and advanced collagen deposition
(Figure 2i and j). Furthermore, collagen III and I mRNA
expression in LPCF wounds continued to decline, indicating
a resolving remodelling phase and wound maturation.
Following a similar but delayed pattern, mRNA expression
of collagen III and I in HPHC wounds peaked on D14 then
declined, while in MPHF wounds, the mRNA expression
of collagen III and I remained low throughout the healing
process (Figure 2i and j).

Systemic cytokine response to injury

Systemic cytokine levels were measured on D3 and D7 to
assess the effect of macronutrients on the systemic inflam-
matory response syndrome (SIRS) after injury. Of the 23
cytokines, 17 were elevated in LPCF mice on D3, including
key cytokines such as IL-6, IL-1, IL-12, TNF-α and INF-λ
(Figure 3). Most cytokines had returned to baseline levels by
D7 in the LPCF and MPHF groups, indicating cessation of the
SIRS response to injury. In contrast, the HPHC group contin-
ued to demonstrate increased levels, suggesting a prolonged
SIRS response to injury.

Metabolic response to injury and macronutrient intake

A RQ of >0.8 confirmed that mice consuming HPHC
derived energy primarily from carbohydrates, LPCF mice
(RQ ∼0.8) from a mixed diet and MPHF mice (RQ < 0.8)
from fat (Figure 4a and b). Energy expenditure increased
during the day and night compared to baseline (pre-injury)
in all groups after injury, and returned to baseline by D14 in
MPHF and HPHC mice. Energy expenditure in LPHC mice
was significantly greater and prolonged (Figure 4c and d).
Total movement was similar between all groups (Figure 4e
and f).

The mean intake of individual macronutrients was
significantly different between groups, with HPHC mice
consuming the most protein at ∼15 kJ/day compared to
∼8 and ∼4 kJ/day in MPHF and LPCF mice, respectively.
HPHC and LPCF mice had a greater carbohydrate intake
with ∼34 and ∼38 kJ/day, respectively compared to MPHF

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkab010#supplementary-data
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Figure 1. The effect of macronutrient intake on cutaneous wound healing. (a-c) Response surfaces showing the effect of macronutrient intake (kJ/day) on wound

healing for D3, D7 and D14 after injury. The solid red lines indicate a nutritional rail with a fixed ratio of macronutrients. Black arrow points toward optimal

intakes on D14. (d) Wound healing rate, (e) representative images of dorsal wounds healing and (f) Kaplan–Meier curve showing mortality rate in select diets

(LPCF, MPHF and HPHC). Data presented as mean ± SEM. #p ≤ 0.05 HPHC vs MPHF, ∗p ≤ 0.05 LPCF vs HPHC, ∧p ≤ 0.05 LPCF vs MPHF. n = 6 for each group. Black

dotted lines indicate the base line level. (Table S2). LPCF low protein, equivalent carbohydrate and fat diet, HPHC high-protein, high-carbohydrate diet, MPHC

moderate-protein, low-carbohydrate, high fat diet

mice at ∼17 kJ/day. Both LPCF and MPHF mice consumed
more fat, ∼33 and ∼38 kJ/day respectively, compared to
HPHC at ∼11 kJ/day (Figure 4g). Energy intake was higher

on average in LPCF mice that consumed ∼80 kJ/day over the
period of wound healing, compared to ∼60 kJ/day in HPHC
and MPHF (Figure 4g).
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Figure 2. Macronutrient intake effects on local healing processes. Analysis of wounds at different stages of wound healing, inflammatory (a–d), proliferative

(e–g) and remodelling (h–j). (a) H&E staining of D7 wounds, arrows indicate the edge of the migrating epithelial tongue (scale bar = 200 μm). (b–d) Wound mRNA

expression of inflammatory cytokines on D3 and D7. (f) Proliferating cell nuclear antigen (PCNA) immunohistochemical staining of D14 wounds, yellow dotted line

along basement membrane with positive (brown) and negative (blue) cells (scale bar = 100 μm). (g) % PCNA positive keratinocytes in D14 wounds. (h) Masson’s

trichrome staining of D21 wounds, collagen fibers staining green shown by black arrows (scale bar = 200 μm). (i) Collagen type III alpha 1 chain (Col3α1) and

(j) collagen type I alpha 1 chain (Col1α1) mRNA expression in D7, D14 and D21 wounds. ∗p ≤ 0.05, n = 6. Black dotted lines indicate mRNA levels in non-injured

control mice. LPCF low protein, equivalent carbohydrate and fat diet, HPHC high-protein, high-carbohydrate diet, MPHF moderate-protein, low-carbohydrate,

high fat diet
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Figure 3. Cytokine response to full-thickness skin excision injury of mice. Mouse cytokine 23-plex assay results showing inflammatory cytokines regulating the

systemic inflammatory response syndrome (SIRS) response (IL-1, IL-6, IL-12, TNF-α, INF-λ) and compensatory anti-inflammatory response syndrome (CARS) (IL-10,

IL-4). 17/23 cytokines elevated in LPCF mice on day 3 and 9/23 elevated in HPHC mice on day 7. Data presented as mean ± SEM, black dotted lines indicate cytokine

levels in non-injured control mice, n = 3/diet. ∗p ≤ 0.05. IL interleukin, TNF tumor necrosis factor, INF interferon, GM-CSF granulocyte-macrophage colony-

stimulating factor, MCP monocyte chemoattractant protein, G-CSF granulocye colony stimulating factor, KC keratinocytes-derived chemokine, MIP macrophage

inflammatory proteinprotein, RANTES regulated upon activation normal T cell expressed and secreted factor, LPCF low protein, equivalent carbohydrate and

fat diet, HPHC high-protein, high-carbohydrate diet, MPHF moderate-protein, low-carbohydrate, high fat diet

Systemic effect of macronutrient intake

on fat and lean mass

By D21 post-injury, HPHC mice gained ∼2.5% body weight,
while MPHF mice lost ∼2% and LPCF mice lost ∼5%
(Figure 5a). Mice fed a LPCF diet gained ∼10% fat mass
compared to MPHF who gained ∼1.5% fat mass and HPHC
with no change (Figure 5b). This was supported by a small
increase in iWAT mass and a significant increase in BAT

tissue mass in LPCF mice (Figure 5c and d). To assess ther-
mogenesis, uncoupling protein-1 (UCP-1) protein expression
in BAT and iWAT tissue was measured. On D21, UCP-1
mRNA expression was increased in iWAT (∼1060-fold) and
BAT (∼1.3-fold) tissue of LPCF mice, suggesting increased
thermogenesis when compared to MPHF (∼315 and ∼ 0.9-
fold, iWAT and BAT, respectively) and HPHC (∼550 and
1.0-fold, iWAT and BAT, respectively) (Figure 5e and f).
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Figure 4. Metabolic cage studies and food intake of mice after full-thickness skin excision injury. (a, b) Respiratory quotient during the day and night, (c, d)

energy expenditure during the day and night, (e, f) pedmeters during the day and night and (g) average macronutrient and energy intake over wound healing

period in select diets (HPHC, MPHF and LPCF). #p ≤ 0.05 HPHC vs MPHF, ∗p ≤ 0.05 LPCF vs HPHC, ∧p ≤ 0.05 LPCF vs MPHF. Data presented as mean ± SEM, n = 3

mice/metabolic cage diet, n = 6/diet for energy intake. LPCF low protein, equivalent carbohydrate and fat diet, HPHC high-protein, high-carbohydrate diet, MPHF

moderate-protein, low-carbohydrate, high fat diet

Immunohistochemical staining for UCP-1 confirmed brown-
ing of iWAT, with higher UCP-1 protein expression and
multilocular adipocytes in iWAT of LPCF mice (Figure 5g).
UCP-1 staining in brown fat showed a generally dense
expression in all diets as expected (Figure 5h).

Similarly to body weight, by D21 HPHC mice gained
∼3.5% lean mass, while MPHF and LPCF mice lost ∼5%
(Figure 5i). The EDL muscle, a sensitive marker of lean mass
catabolism, was smaller in LPCF mice at ∼9.9 mg/g compared
to ∼11.1 and ∼10.9 mg/g in MPHF and HPHC groups,
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Figure 5. The effect of macronutrient intake on body fat and lean mass after full-thickness skin excision injury of mice. (a) Changes in body weight, (b–d)

changes in fat mass, inguinal white adipose tissue (iWAT) and brown adipose tissue (BAT) mass in select diets on D21. (e, f) Uncoupling protein-1 (UCP-1) mRNA

expression in iWAT and BAT on D21. (g, h) UCP-1 immunohistochemistry in iWAT and BAT, UCP-1 stains brown in multilocular adipocytes (scale bar = 100 μm). (i, j)

Changes in lean mass and extensor digitorum longus muscle (EDL) on D21 in select diets. (k–m) p62, atrogin-1 and muscle-specific RING finger-1 (MuRF-1) mRNA

expression throughout wound healing in select diets. (n) Representative transmission electron microscopy (TEM) images for D14 EDL in select diets, yellow star

marks degenerate muscle fibres, (scale bar = 5 μm). ∗p ≤ 0.05 LPCF vs HPHC, ∧p ≤ 0.05 LPCF vs MPHF, #p ≤ 0.05 MPHF vs HPHC. Data presented as mean ±
SEM, n = 6/diet (see also Table S3). LPCF low protein, equivalent carbohydrate and fat diet, HPHC high-protein, high-carbohydrate diet, MPHF moderate-protein,

low-carbohydrate, high fat diet

respectively on D21 (Figure 5j). Autophagic processes,
whereby cellular contents are degraded, recycled and made
available for wound healing, were analyzed in EDL samples.
The expression of p62, a mitochondrial protein that links

ubiquitinated proteins to the autophagy machinery [13],
was assessed. On D3, p62 mRNA expression was increased
in both LPCF and MPHF mice but remained significantly
elevated on D7 and D14 in LPCF mice, indicating increased

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkab010#supplementary-data
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autophagy. On D21, p62 expression increased in all groups,
but a significantly smaller increase was noted in LPCF mice
(Figure 5k). Atrogin-1 and muscle-specific RING finger-1
(MuRF-1) are E3 ubiquitin ligase proteins that regulate
ubiquitin protein degradation of muscle fibres [14]. A similar
pattern to p62 expression was found with higher expression
of atrogin-1 and MuRF-1 in the EDL muscle of LPCF and
MPHF mice compared to HPHC. Interestingly, atrogin-1
mRNA expression was significantly increased in LPCF mice
on D14 and MuRF-1 expression on D21 (Figure 5l and m).
Transmission electron microscopy (TEM) analysis of EDL
muscle showed no specific markers of autophagy in all select
diets, but EDL muscle fibre degradation in LPCF mice was
identified on D14 (Figure 5n) [15].

Discussion

The primary finding from this study is that a low-protein
diet coupled with a balanced intake of carbohydrate and
fat optimizes wound healing after skin excision in a mouse
model. This finding was unexpected but significant in light
of current clinical practice which encourages routine use of
high-protein diets to support wound healing [7,8].

Locally, wound healing was accelerated in LPCF mice, and
was associated with increased mRNA expression of essen-
tial cytokines, IL-6, TNF-α and TFG-β1. These cytokines
regulate vital wound healing processes, in particular IL-6
increases leukocyte infiltration, re-epithelialization and colla-
gen accumulation [16]. TNF-α is essential for inflammatory
cell migration, fibroblast proliferation and angiogenesis [17].
TGF-β1, which was consistently higher in LPCF wounds,
plays a predominant role in accelerating epithelial migration
and promoting the progressive replacement of immature col-
lagen III with mature collagen I [18]. This favourable cytokine
expression was correlated with improved epidermal migra-
tion, cell proliferation and accelerated collagen deposition on
histological analysis of LPCF mice wound tissue.

Systemically, LPCF mice had increased body fat mass,
iWAT and BAT tissue. This result was expected as mice
on low-protein diets generally consume more calories in an
attempt to reach an essential protein intake target [19,20].
Excess energy intake can be expelled through enhanced ther-
mogenesis, a process dependent on UCP-1, a mitochondrial
protein, expressed predominantly in BAT and induced in
iWAT with low-protein intakes and adrenergic stress [21].
LPCF mice had significantly greater energy expenditure and
higher expression of UCP-1 mRNA in iWAT and BAT tissue.
Previous research has shown that mice on a low-protein, high-
carbohydrate diet with similar body fat changes observed
in this study, had increased body surface temperature [22].
This is a potential mechanism by which a low-protein intake
may improve wound healing by inducing thermogenesis, as
heat improves circulation and accelerates local enzymatic
processes [23].

Lean body mass loss was associated with low-protein
and/or high-fat intakes and preserved with a high-protein

intake. The ability of protein to preserve lean body mass
is a well-known and studied phenomenon [6]. Preventing
loss of lean body mass is important because considerable
lean body mass loss has several negative effects including
delayed wound healing, functional recovery and immuno-
suppression [24]. Interestingly, in this study, mice with a
low-protein intake, although losing a small amount of lean
body mass, had accelerated wound healing, suggesting that a
degree of metabolism of endogenous protein from lean body
mass rather than exogenous dietary protein is well tolerated
and perhaps beneficial for wound healing [25]. This finding
should be interpreted within the context of a skin excisional
mouse model, as protein requirements in a mouse model of
more severe stress, for example a burn injury, will likely be
higher and the loss of lean body mass unlikely to be well
tolerated.

LPCF mice had an early and brief systemic inflammatory
response. On D3, IL-1, TNF-α and IL-6, which are potent
cytokines for lean mass catabolism, were elevated in the
serum of LPCF mice [19,24]. Supporting this finding, the EDL
muscle in LPCF mice was lighter and the mRNA expression
of E3 ligases atrogin-1 and MuRF-1 was increased. Together,
these results suggest that low-protein intakes are associated
with an early but short-lived inflammatory response that
occurs simultaneously with optimal wound healing, suggest-
ing endogenous protein reserves may be recycled for wound
healing. One such process which is known to facilitate recy-
cling of cellular protein is autophagy.

Autophagy is a well conserved house-keeping system that
removes damaged cellular proteins for amino acid recycling
and protein synthesis [20,26]. Previous experiments have
confirmed that autophagy is inhibited by a high-protein
intake while a high-carbohydrate intake seems to increase
autophagy [13,25]. In LPCF mice, autophagy may be a pro-
cess whereby damaged muscle proteins are recycled, increas-
ing the amino acid pool available to the healing wound. This
hypothesis was supported by increased p62 gene expression
in the EDL of LPCF mice throughout the critical proliferative
period of wound healing. Interestingly, a number of studies
in critical care medicine have suggested patients receiving less
protein had better outcomes, with autophagy being consid-
ered one possible explanation for these findings [27].

Healing depends on adequate flow of nutrients to the
wound. Macronutrients may be sourced either endogenously
from body stores or exogenously from dietary sources. Litera-
ture and research regarding optimal nutrition for wound heal-
ing has focused on exogenous dietary pathways and the effect
of various macronutrient interventions, particularly high-
protein diets. Through the GF, this study has identified a new
concept, that stored body protein, mobilized from lean body
mass, may be an important or even more important source
of protein for the demanding cellular processes of wound
healing. A low-protein diet, coupled with a balanced intake
of carbohydrate and fat, triggered macronutrient-dependent
processes including brown fat thermogenesis and autophagy,
processes capable of accelerating wound healing.
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Future research will focus on explaining how macronutri-
ent intake can alter the breakdown of endogenous protein
reserves and the effect this has on the amino acid profile
available to healing tissue. Translation of this research into
clinical dietary recommendation for post-surgery patients will
require further investigation using animal models to first
confirm underlying mechanisms, prior to assessing the effec-
tiveness of high-energy, low-protein diets in human studies
and developing medications that can directly influence these
mechanisms to improve the release of endogenous stores
of amino acids for wound healing. A possible avenue for
conducting clinical trials is to assess the effectiveness of low-
protein, balanced carbohydrate and fat intake in enhanced
recovery after surgery (ERAS) protocols which commonly
include dietary interventions to optimize healing [6,28,29].

Conclusions

The study highlights that a low-protein diet paired with a
balanced carbohydrate and fat intake is the most favourable
nutritional intervention for supporting acute cutaneous
wound healing processes. Wounds healed faster in this dietary
group, with evidence of enhanced collagen deposition and an
early but short inflammatory response. UCP-1-dependent
thermogenesis in brown and white adipose tissue and
autophagy of lean body mass provide promising avenues for
future research aimed at understanding systemic mechanisms
governed by low-protein diets that accelerate local wound
healing.

Supplementary material

Supplementary material is available at Burns & Trauma Journal
online.
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