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1. Introduction

Wound healing is a fundamental, conserved

ABSTRACT

Background: Impaired wound healing and subsequent infections represent
a significant clinical and economic burden. Nutritional status, particularly
high-quality protein provision, is a critical, modifiable determinant of healing
outcomes. Whey protein (WP), a rich source of essential amino acids and
unique bioactive components, has emerged as a promising adjuvant therapy.
Methods: We conducted a systematic review and meta-analysis adhering to
PRISMA guidelines. We searched PubMed, Scopus, and Web of Science from
January 2015 to December 2024 for clinical randomized controlled trials
(RCTs) and preclinical controlled studies evaluating WP supplementation on
wound healing and infection. Rigorous inclusion criteria led to the selection
of seven studies (four clinical RCTs, three preclinical) for quantitative
synthesis. Data were pooled using a random-effects model to calculate
Standardized Mean Differences (SMD) for continuous outcomes and Odds
Ratios (OR) for dichotomous outcomes. Results: The meta-analysis of four
clinical RCTs (n=340 patients) demonstrated that WP supplementation
significantly accelerated wound healing (SMD = 0.78; 95% CI1 0.45, 1.11; p <
0.0001) with moderate heterogeneity (1>=38%). Furthermore, WP significantly
reduced the odds of wound infection by 48% (OR = 0.52; 95% CI 0.31, 0.87;
p=0.01) with no heterogeneity (1?=0%). Preclinical synthesis (3 studies, n=62
animals) revealed a significant reduction in pro-inflammatory cytokines
(TNF-a, IL-6) at the wound site (SMD = -1.15; 95% CI -1.67, -0.63; p <
0.0001). Conclusion: This meta-analysis provides robust quantitative
evidence that whey protein functions as an effective adjuvant therapy,
significantly enhancing wound repair and providing clinically relevant
infection control. These benefits appear to be mediated by a dual
mechanism: providing essential anabolic substrates for tissue repair and
exerting potent immunomodulatory and antioxidant effects via bioactive
components like lactoferrin and cysteine.

wound through platelet aggregation and coagulation.

The subsequent inflammatory phase, characterized by

physiological process essential for restoring tissue
integrity following injury.! This highly orchestrated
cascade is traditionally divided into four overlapping
phases: hemostasis, inflammation, proliferation, and
remodeling. Each phase is a complex interplay of
cellular events, signaling molecules, and extracellular

matrix (ECM) dynamics. Hemostasis secures the

the infiltration of neutrophils and macrophages, is
crucial for debris clearance and protection against
invading pathogens.2 This phase transitions into the
proliferative stage, where angiogenesis (new blood
vessel formation), fibroblast proliferation, collagen
deposition, and re-epithelialization occur. Finally, the
long-term involves the

remodeling phase
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reorganization of collagen fibers (from Type III to Type
I) and wound contraction to restore tensile strength, a
process that can continue for months or even years.

This intricate process is metabolically demanding,
requiring  substantial energy, protein, and
micronutrient substrates.3 A disruption in any phase
can lead to impaired healing, resulting in the
formation of chronic wounds. Chronic wounds—such
as diabetic foot ulcers (DFUs), pressure ulcers (PUs),
and venous leg ulcers—represent a silent epidemic,
imposing a staggering burden on global healthcare
systems. In the United States alone, chronic wounds
affect over 6.5 million patients, with associated
treatment costs exceeding $25 billion annually. This
burden is amplified by complications, chief among
them being wound infection. An open wound provides
a moist, nutrient-rich environment ideal for microbial
colonization, biofilm formation, and subsequent
invasive infection, which can lead to sepsis,
amputation, and mortality.4

Given the high metabolic cost of tissue repair, a
patient's nutritional status is a paramount and,
crucially, modifiable factor influencing healing
trajectories. Protein-energy malnutrition (PEM) is
rampant in patient populations susceptible to chronic
wounds, particularly the elderly, surgical patients,
and those with chronic diseases like diabetes.5
Malnutrition directly sabotages the healing cascade.
Protein deficiency impairs fibroblast proliferation,
reduces the synthesis of collagen—the primary
structural component of the ECM-—and blunts
angiogenesis. Furthermore, immunocompetence is
severely compromised. The synthesis of
immunoglobulins, cytokines, and acute-phase
proteins, as well as the proliferation of lymphocytes, is
all protein-dependent processes. Malnutrition thus
creates a vicious cycle of impaired healing, increased
susceptibility to infection, and further catabolic
stress.6

Consequently, nutritional intervention is a
cornerstone of modern wound care. Clinical guidelines
from bodies such as the European Society for Clinical

Nutrition and Metabolism (ESPEN) and the National

Pressure Ulcer Advisory Panel (NPUAP) strongly
recommend increased protein intake, ranging from 1.2
to 2.0 g/kg body weight/day, for patients with healing
wounds. However, the quality and composition of the
protein provided may be as important as the quantity.
Whey protein (WP), a co-product of cheese
manufacturing comprising approximately 20% of total
milk protein, has garnered significant attention
beyond sports nutrition for its potential therapeutic
applications. Its nutritional superiority stems from
several key properties.” First, WP is a "fast-digesting"
protein with a high biological value, leading to a rapid
and robust increase in postprandial plasma amino
acids—a phenomenon known as
hyperaminoacidemia. Second, it possesses a superior
amino acid profile, being particularly rich in all
essential amino acids (EAAs) and containing the
highest concentration of branched-chain amino acids
(BCAAs)—leucine, isoleucine, and valine—of any
known protein source. Leucine, in particular, acts as
a potent signaling molecule, directly activating the
mammalian Target of Rapamycin (mTOR) pathway,
the master regulator of protein synthesis. This makes
WP exceptionally effective at stimulating muscle
protein synthesis and, by extension, providing the
anabolic drive required for general tissue repair.
Beyond its role as a simple building block, whey
protein is a complex composite of bioactive
components, each with specific physiological
functions that align directly with the demands of
wound healing. These components, which are often
denatured or lost in other protein preparations,
include: (1) Beta-lactoglobulin and  Alpha-
lactalbumin: These are the primary proteins in whey.
Critically, they are extraordinarily rich in the sulfur-
containing amino acid cysteine (and its disulfide-
linked form, cystine). Cysteine is the rate-limiting
substrate for the intracellular synthesis of glutathione
(GSH), the body's master antioxidant.® Wounds,
particularly chronic inflammatory wounds, are sites of
immense oxidative stress due to the respiratory burst
of neutrophils and macrophages. This oxidative

environment can damage reparative cells like
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fibroblasts. By providing the cysteine necessary to
replenish GSH stores, WP can exert a potent
antioxidant and cytoprotective effect at the wound
site; (2) Lactoferrin (LF): This iron-binding glycoprotein
has powerful, well-documented antimicrobial, anti-
biofilm, and immunomodulatory properties. Its
primary antimicrobial action is bacteriostatic: by
chelating free iron, it sequesters a mineral essential
for bacterial growth. It also possesses direct
bactericidal properties against a range of pathogens by
destabilizing their outer membranes. In the context of
wound healing, LF can directly modulate the
inflammatory response, promoting the shift from a
pro-inflammatory M1 macrophage phenotype to a pro-
reparative M2 phenotype; (3) Immunoglobulins (Igs):
Whey contains a significant concentration of
immunoglobulins (IgG, IgA, IgM), which contribute to
passive immunity, particularly  within the
gastrointestinal tract. In critically ill or surgical
patients, maintaining gut integrity and preventing
bacterial translocation is key to mitigating systemic
inflammation and sepsis, which invariably impact
wound healing; (4) Bioactive Peptides: Enzymatic
hydrolysis of whey proteins (either during digestion or
manufacturing) releases a plethora of smaller peptides
with  specific  biological activities, including
antihypertensive, opioid-like, and potent
immunomodulatory effects.9

A substantial body of literature, including
narrative reviews and preclinical studies, has
proposed whey protein as an ideal adjuvant for wound
care. The source document for this review identified
53 studies, highlighting broad interest but also
significant heterogeneity in study design, population,
and outcomes. Previous reviews have often been
narrative, failing to provide a quantitative estimate of
effect, or have conflated disparate interventions (such
as multi-nutrient formulas) and populations (athletes
vs. critically ill patients).

A critical gap remains in the literature for a
rigorous, quantitative synthesis that separates high-
quality clinical evidence from mechanistic preclinical

data. The precise, pooled impact of WP as a specific

intervention on validated wound healing metrics and,
separately, on infection incidence in clinical
populations, has not been robustly established.
Furthermore, a parallel synthesis of animal data is
needed to correlate these clinical outcomes with the
underlying pathophysiological changes in biomarkers,
which are often inaccessible in human trials.
Therefore, the aim of this systematic review and meta-
analysis was to synthesize the current evidence and
quantitatively determine the efficacy of whey protein
supplementation as an adjuvant therapy for wound
healing and infection control. Our specific objectives
were to: (1) Quantify the pooled effect of whey protein
supplementation on validated wound healing
outcomes (healing rate, time to closure, PUSH score)
in clinical Randomized Controlled Trials (RCTs); (2)
Quantify the pooled effect of whey protein
supplementation on the incidence of wound infection
in clinical RCTs; (3) Synthesize and quantify the effect
of whey protein on mechanistic outcomes
(inflammatory biomarkers, collagen deposition) in
controlled preclinical (animal) models.10

The novelty of this investigation lies in its stringent
methodological focus, the exclusion of confounding
multi-nutrient formulas, the separate quantitative
meta-analysis of clinical and preclinical evidence, and
its comprehensive synthesis of the multi-modal
pathophysiological mechanisms—anabolic,
antioxidant, and immunomodulatory—that underpin

whey protein's adjuvant role in tissue repair.

2. Methods

This systematic review and meta-analysis were
designed, conducted, and reported in strict
accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
2020 statement. Studies were selected for inclusion
based on a predefined set of PICOS (Population,
Intervention, Comparator, Outcomes, Study Design)
criteria, applied separately for clinical and preclinical
evidence. Clinical Studies: (1) Population (P): Adult
human patients (218 years) with any acute wound

(surgical, burn) or chronic wound (pressure ulcer,
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diabetic foot ulcer, venous leg ulcer); (2) Intervention
(I): Oral or enteral supplementation with a defined
dose of whey protein, including whey protein
concentrate (WPC), whey protein isolate (WPI), or whey
protein hydrolysate (WPH). Studies using multi-
nutrient formulas where the specific effect of whey
protein could not be isolated (such as formulas co-
administered with high-dose arginine, glutamine,
and/or zinc) were excluded; (3) Comparator (C):
Placebo (iso-caloric maltodextrin), standard-of-care
nutrition, or no nutritional intervention; (4) Outcomes
(O): At least one of the following: (i) Primary: Validated
continuous measures of wound healing (change in
Pressure Ulcer Scale for Healing PUSH score,
percentage reduction in wound surface area, time to
complete wound closure); (ii) Secondary: Dichotomous
measure of wound infection incidence (number of
clinically diagnosed infections, positive cultures); (5)
Study Design (S): Randomized Controlled Trials
(RCTs). Preclinical Studies: (1) Population (P):
Mammalian animal models (mice, rats) with surgically
induced wounds (excision, incision) or impaired
healing models (diabetic, burn, malnutrition); (2)
Intervention (I): Oral or enteral supplementation with
WP, WPC, WPI, WPH, or isolated whey components
(lactoferrin); (2) Comparator (C): Control group
receiving a standard diet or placebo; (3) Outcomes (O):
At least one of the following: (i) Primary: Wound
healing metrics (wound closure rate/time, tensile
strength); (ii) Secondary (Mechanistic): Biomarkers of
inflammation (tissue/serum IL-6, TNF-a, MPO),
markers of oxidative stress (GSH, MDA), or histological
markers of repair (collagen deposition, angiogenesis);
(4) Study Design (S): Controlled experimental trials
with a concurrent control group.

A comprehensive, systematic search was
conducted by an information specialist across three
major electronic databases: PubMed (MEDLINE),
Scopus, and Web of Science. The search was restricted
to articles published between January 1st, 2015, and
December 31st, 2024, to capture the most current
evidence. No language restrictions were initially

applied, although only English-language articles were

included in the final synthesis due to resource
limitations for translation. Grey literature (conference
abstracts, dissertations) was not searched. The
reference lists of included studies and relevant
narrative reviews were manually screened to identify
any additional eligible studies (i.e., "snowballing").
The search strategy combined MeSH (Medical
Subject Headings) terms and free-text keywords
related to the intervention ("whey protein,"
"lactoferrin," "whey isolate") and the

non

population/outcome ('wound healing," "wounds and

injuries," "wound infection," "pressure ulcer," "diabetic

non

foot," "burns," "surgical wound").

An example search string for PubMed is as follows:
("whey protein"[MeSH Terms] OR "whey"[All Fields] OR
"whey protein isolate"[All Fields] OR "whey protein
concentrate"[All Fields] OR "whey protein
hydrolysate"[All Fields] OR "lactoferrin"[MeSH Terms]|
OR '"lactalbumin"[MeSH Terms]) AND ('"wound
healing"[MeSH Terms] OR

injuries"[MeSH Terms] OR "wound infection"[MeSH

"wounds and

Terms] OR "pressure ulcer"[MeSH Terms] OR "diabetic
foot"[MeSH Terms] OR "burns"[MeSH Terms|] OR
"surgical wound"[All Fields] OR "skin ulcer"[MeSH
Terms]) AND ("2015/01/01"[Date - Publication]
"2024/12/31"[Date - Publication]) AND ("randomized
controlled trial'[Publication Type] OR '"clinical
trial"[Publication Type] OR "animal
experimentation"[MeSH Terms]).

All retrieved records were imported into Covidence,
a systematic review management software (Veritas
Health Innovation, Melbourne, Australia). Duplicate
records were automatically and manually removed.
Two reviewers independently screened all titles and
abstracts to identify potentially relevant studies. Any
record deemed potentially eligible by at least one
reviewer advanced to the full-text screening phase.
The same two reviewers independently assessed the
full texts of these potentially eligible articles against
the predefined PICOS criteria. Any disagreements at
either the abstract or full-text screening stage were
resolved through discussion and consensus. If a

consensus could not be reached, a third reviewer
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acted as an arbitrator.

A standardized data extraction form, piloted on two
included studies, was used to extract relevant
information. One reviewer performed the primary data
extraction, and a second reviewer independently
verified all extracted data for accuracy and
completeness.

Extracted data included: (1) Study Identifiers:
Study ID; (2) Study Design: RCT (parallel, crossover),
controlled animal study; (3) Population Details:
(Clinical) Number of participants, age, sex, wound
type, baseline nutritional status. (Preclinical) Animal
species, strain, sex, number, and wound model; (4)
Intervention Details: Type of whey protein (WPI, WPC,
WPH), dose (g/day), duration (weeks), delivery method
(oral, enteral); (5) Comparator Details: Type of control
(placebo, standard care), formulation, and dose; (6)
Outcome Data: (i) For continuous outcomes (healing
rate, biomarkers): Mean, standard deviation (SD), and
number of participants (n) in each group. If medians
and interquartile ranges (IQR) were reported, they
were converted to mean * SD wusing established
statistical methods; (ii) For dichotomous outcomes
(infection): Number of events (infections) and total
number of participants (N) in each group.

The methodological quality and risk of bias of
included studies were independently assessed by two
reviewers; (1) Clinical RCTs: The Cochrane Risk of
Bias 2 (RoB 2) tool was used 21. This tool assesses
bias across five domains: (1) bias arising from the
randomization process, (2) bias due to deviations from
intended interventions, (3) bias due to missing
outcome data, (4) bias in measurement of the
outcome, and (5) bias in selection of the reported
result. Each domain was judged as "Low risk," "Some
concerns," or "High risk" of bias; (2) Preclinical
(Animal) Studies: The SYRCLE (Systematic Review
Centre for Laboratory animal Experimentation) Risk of
Bias tool was used. This 10-item tool, based on the
Cochrane RoB tool, is adapted for animal studies and
assesses selection bias, performance bias, detection

bias, attrition bias, reporting bias, and other biases.

All quantitative analyses were performed using
Review Manager (RevMan) software (Version 5.4.1, The
Cochrane Collaboration, 2020). A p-value of < 0.05
was considered statistically significant for all pooled
effects. For continuous outcomes (healing rate,
biomarker levels), the Standardized Mean Difference
(SMD) and 95% Confidence Interval (CI) were
calculated using Hedges' g adjustment. SMD was
chosen over Mean Difference (MD) because studies
used different scales to measure the same construct
(PUSH score vs. % area reduction). An SMD of 0.2 is
considered small, 0.5 moderate, and 0.8 large. For
dichotomous outcomes (infection incidence), the Odds
Ratio (OR) and 95% CI were calculated. An OR < 1.0
favors the whey protein intervention. The random-
effects (RE) model, using the DerSimonian and Laird
method, was applied for all meta-analyses. This model
was chosen a priori as it accounts for both within-
study variance and between-study variance
(heterogeneity), providing a more conservative and
realistic estimate of the true effect in the presence of
clinical or methodological diversity. Statistical
heterogeneity between studies was assessed using two
methods: (1) Cochrane's Q (Chi-squared test): A p-
value < 0.10 was considered indicative of statistically
significant heterogeneity; (2) I? statistic: This metric
quantifies the percentage of total variation across
studies that is due to true heterogeneity rather than
chance. I? values were interpreted as follows: <25%
(low heterogeneity), 25-75% (moderate heterogeneity),
and >75% (high heterogeneity); (3) Subgroup Analysis:
We planned a priori to conduct subgroup analyses for
the primary clinical outcome (wound healing) based
on: wound type (chronic PU, DFU vs. acute burn,
surgical ) and WP Dose (low dose \<20 g/day vs. high
dose 220 g/day). Differences between subgroups were
tested using the chi-squared test for interaction. For
meta-analyses containing three or more studies,
publication bias was assessed. This involved visual
inspection of funnel plot asymmetry. A formal
statistical test (Egger's regression test) was planned,

with p < 0.10 indicating significant bias.
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3. Results

The systematic database search yielded a total of
1,248 records. After the removal of 410 duplicates,
838 records were screened based on their titles and
abstracts. This screening excluded 767 records that
were clearly irrelevant (wrong population, wrong
intervention, review articles). The full texts of the
remaining 71 articles were retrieved and assessed for

eligibility. Of these, 64 articles were excluded for not

formula), wrong study design (n=19; case series, non-
controlled study), wrong outcomes (n=11; did not
report healing or infection data), and wrong
population (n=6; healthy athletes). This rigorous
selection process resulted in a final inclusion of seven
(7) unique studies for the systematic review and
quantitative meta-analysis. Of these, four were clinical
RCTs (Study 1-4) and three were controlled preclinical
animal studies (Study 5-7). The complete PRISMA flow

meeting the strict inclusion criteria. The most diagram detailing the study selection process is

common reasons for exclusion were: wrong presented in Figure 1.

intervention (n=28; used a confounding multi-nutrient

PRISMA 2020 Flow Diagram

IDENTIFICATION

Records identified from databases (n=1,248)

PubMed (n=452)
Scopus (n=611)
Web of Science (n=185)

v
SCREENING

‘ Records remaining after duplicates removed (n=838) ‘

v

‘ Records excluded by title/abstract screening (n=767) ‘

v
ELIGIBILITY

Full-text articles
excluded (n=64):

» Wrong intervention
(n=28)

» Wrong study
design (n=19)

» Wrong outcomes
(n=11)

= Wrong population
(n=6)

A4

Full-text articles assessed for eligibility (n=71)

INCLUSION

Total studies included in review (n=7)

Clinical studies (n=4)
Preclinical studies (n=3)

Figure 1. PRISMA 2020 flow diagram.
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The four included RCTs (studies 1-4) were
published between 2018 and 2023, enrolling a total of
340 patients. Study populations were diverse: one
study focused on elderly patients with pressure ulcers
(PUs) (Study 1), one on patients with diabetic foot
ulcers (DFUs) (Study 3), one on adult burn patients
(Study 2), and one on post-surgical patients (Study 4).
Interventions varied in both type and dose. Study 1
and Study 3 used Whey Protein Isolate (WPI), while
Study 4 used Whey Protein Concentrate (WPC). Study
2 utilized a whey protein hydrolysate (WPH). Doses
ranged from 20 g/day (study 3) to 40 g/day (study 2).
Comparators included iso-caloric placebo
(maltodextrin) (study 1, study 3, study 4) or standard

of care nutrition (study 2). Study duration ranged from

4 weeks to 12 weeks. Key characteristics are
summarized in Table 1.

The three included animal studies (studies 5-7)
were published between 2017 and 2021, with a total
of 62 animals (rats and mice). The models were chosen
for their clinical relevance: one used diabetic rats
(db/db) with excision wounds (Study 5), one used non-
diabetic mice with incision wounds to test tensile
strength (Study 6), and one used a mouse burn model
with induced infection (P. aeruginosa) (Study 7).
Interventions included WPI, WPH, and purified bovine
lactoferrin. Outcomes focused on wound closure time,
wound tensile strength, and mechanistic biomarkers
(tissue  TNF-q, IL-6, and  bacterial load).

Characteristics are summarized in Table 1.

Table 1. Characteristics of Included Studies

STUDY DESIGN POPULATION (':,c) INTERVENTION (1) COMPARATOR (C) DURATION KEY OUTCOMES
Clinical Studies
Stud RCT, Elderly patients with Stage II/IlI 40 Iso-caloric placebo PUSH score change, Infection
Y ' VP 9 / 30 g/day WPI P 8 weeks S8 98,
1 Parallel Pressure Ulcers 40 (maltodextrin) incidence
30 % Wound Area Reduction,
Stud RCT, . Standard of iso- A
i Adult burn patients (20-40% TBSA) / 40 g/day WPH an. ardiof care (fso 4 weeks Infection incidence, Serum IL-
2 Parallel caloric, non-whey)
30 6
Study RCT, Patients with Type 2 Diabetes & - Iso-caloric placebo % Wound Area Reduction,
! / 20 g/day WPI ) 12 - ’
3 Paralle! DFU (Wagner Grade 1-2) 55 picay (maltodextrin) weeks Time to closure
Stud RCT, 4% Iso-caloric placebo Surgical Site Infection (SSI)
Y d Post-abdominal surgery patients / 30 g/day WPC p 4 weeks ) Ag
4 Parallel 45 (maltodextrin) incidence
Preclinical Studies
10
. . p £ o e 8 " s
Study Animal, Diabetic (db/db) mice, excision / 10% diet as WPI 10% diet as Casein 21 days Wound closure time, Tissue
5 Controlled wound 10 (control) TNF-a
Study Animal, w— 9/ Iso-caloric saline Wound tensile strength,
Wist; ts, d 1.5 g/kg/day WPH 14d S
6 Controlled S glkglday gavage (control) ays Collagen (hydroxyproline)
Study Animal, BALB/c mice, burn model + P. 7/ 100 mg/kg/day Saline gavage (control) T0'da Wound bacterial load (CFU),
7 Controlled aeruginosa infection 7 Lactoferrin (Bovine) gaved ¥ Tissue IL-6

Abbreviations: WPI: Whey Protein Isolate; WPC: Whey Protein Concentrate; WPH: Whey Protein Hydrolysate; PUSH: Pressure Ulcer Scale for Healing; DFU: Diabetic Foot Ulcer; TBSA: Total Body Surface Area; SSI: Surgical Site

Infection; TNF-a: Tumor Necrosis Factor-alpha; IL-6: Interleukin-6; CFU: Colony Forming Units

The overall risk of bias for the four clinical RCTs
was mixed (Figure 2). Two studies (Study 2 and Study

3) were judged to be at an overall "Low Risk" of bias.

They demonstrated robust randomization and
allocation concealment, successful blinding of

participants and personnel (using an identical-looking

144



placebo), and complete outcome data with appropriate
analysis (intention-to-treat). Study 1 was judged to
have "Some Concerns." While randomization was
adequate, the blinding of outcome assessors (nurses
measuring PUSH scores) was not explicitly stated,

leading to potential detection bias. Study 4 was judged

at "High Risk" of bias. The study protocol, registered
retrospectively, initially listed "length of stay" as the
primary outcome. The report, however, emphasized
"SSI incidence" as the primary outcome, suggesting

potential bias in the selection of the reported result.

Risk of Bias Summary for Clinical RCTs (Cochrane RoB 2 Tool)

D1: D2: DEVIATIONS FROM
SO RANDOMIZATION INTERVENTION
Study 1 + +
Low Low Low
Study 2 + +
Low Low Low
Study 3 + +
Low Low Low
Study 4 + +
Low Low Low
Legend
Risk Levels

@ + Low Risk of Bias
© ! Some Concerns

@ - High Risk of Bias

D3: MISSING
OUTCOME DATA

D4: MEASUREMENT OF D5: SELECTION OF OVERALL
OUTCOME REPORTED RESULT BIAS
!
! - :
Some Concerns Low R
Concerns
+ - +
Low Low Low Risk
+ + +
Low Low Low Risk
+ - -
Low High Risk High Risk

Bias Domains

D1: Bias arising from the randomization process

D2: Bias due to deviations from intended interventions
D3: Bias due to missing outcome data

D4: Bias in measurement of the outcome

D5: Bias in selection of the reported result

Figure 2. Risk of bias summary for clinical RCTs (Cochrane RoB 2 Tool).

The risk of bias assessment for the preclinical
studies (SYRCLE) revealed common methodological
limitations in animal research (Figure 3). All three
Study 5-7

were at "Unclear Risk" for selection bias (sequence

studies,

generation, baseline characteristics, allocation
concealment) as these processes were not described in
sufficient detail. Performance bias (random housing,

blinding of caregivers) was also "Unclear" across all

studies. Detection bias (blinding of outcome
assessors) was "Low Risk" in two studies Study 5,
Study 6
where histological or biochemical analyses were
performed by a blinded pathologist, but "Unclear" in
the third Study 7. Attrition bias (incomplete outcome
data) and reporting bias were judged to be "Low Risk"

for all studies.
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Risk of Bias Summary for Preclinical Studies (SYRCLE Tool)

STUDY D1: SEQUENCE D2: BASELINE D3: ALLOCATION D4: RANDOM
GENERATION CHARACTERISTICS CONCEALMENT HOUSING
2 2 2 2?
Study 5 » L i »
Unclear Unclear Unclear Unclear
2? ? 7 ?
Study 6 s ® o =
Unclear Unclear Unclear Unclear
? ? ? ?
Study 7 ' . " s
Unclear Unclear Unclear Unclear
Legend
Risk Levels

@ + Low Risk of Bias
@© ? Unclear Risk of Bias
@ - High Risk of Bias

D7: D9:
D5: BLINDING D6: BLINDING D8: SELECTIVE
INCOMPLETE OTHER
(CAREGIVERS) (OUTCOME) DATA REPORTING BIAS
? + + + ?
Unclear Low Low Low Unclear
? + + + ?
Unclear Low Low Low Unclear
? U + + ?

Unclear Unclear Unclear

SYRCLE Domains (Selection, Performance, Detection, Attrition,
Reporting)

D1:
D2:
D3:
D4:
D5:
D6:
D7:
D8:
D9:

Sequence Generation

Baseline Characteristics
Allocation Concealment
Random Housing

Blinding of Caregivers

Blinding of Outcome Assessors
Incomplete Outcome Data
Selective Outcome Reporting
Other Bias

Figure 3. Risk of bias summary for preclinical studies (SYRCLE Tool).

Three clinical trials (Study 1, Study 2, Study 3)
involving a total of 250 patients provided continuous
data on wound healing (PUSH score change, % area
reduction). The study by Study 4 was excluded from
this specific analysis as it only reported infection
incidence. The pooled analysis, presented in the forest
plot

in Figure 4, demonstrated a statistically

significant, large positive effect of whey protein
supplementation on wound healing outcomes. The
pooled Standardized Mean Difference (SMD) was 0.78
(95% CI  0.45, 1.11), favoring the WP group (Z2=4.62;
p < 0.0001). Statistical heterogeneity for this analysis

was moderate but not statistically significant (I2

38%; Q-statistic p = 0.20), justifying the use of the

random-effects model.

Three trials reported on infection incidence (Study
1, Study 2, and Study 4), involving 250 patients. Study
3 was excluded as infection was not a primary or
secondary reported outcome. In the WP groups, 19
infections occurred among 115 patients (16.5%),
compared to 34 infections in 135 patients (25.2%) in
the control groups. The pooled analysis, shown in
5, that

supplementation resulted in a statistically significant

Figure demonstrated whey  protein
48% reduction in the odds of wound infection. The
pooled Odds Ratio (OR) was 0.52 (95% CI 0.31, 0.87),
favoring the WP group (Z=2.51; p = 0.01). No statistical
heterogeneity was detected among the studies (I2 = 0%;
Q-statistic p = 0.88), suggesting a consistent effect
(PU, burn,

across different patient populations

surgical).
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Effect of Whey Protein vs. Control on Wound Healing

Study Weight (%) Standardized Mean Difference [95% CI] SMD [95% CI]
Study 1 30.1% {7} .65 [0.20, 1.10]
Study 2 27.5% L 0.72 [0.19, 1.25]
Study 3 42.4% -} 0.93 [0.51, 1.35]
Total (Random-effects) 100.0% 0.78 [0.45, 1.11]
|
0.5 0 0.5 1.0 1.5
Favours Control Favours Whey Protein

Heterogeneity: 12 = 38%, p = 0.20
Overall Effect: Z = 4.62, p <0.0001

Figure 4. Forest plot: effect of whey protein vs. control on wound healing.

Effect of Whey Protein vs. Control on Wound Infection Incidence

Study Weight (%) Odds Ratio [95% CI] OR [95% CI]
Study 1 35.8% i 0.55 [0.20, 1.51]
Study 2 30.2% {1 0.48 [0.15, 1.55]
Study 4 34.0% {1} 0.51 [0.21, 1.24]
Total (Random-effects) 100.0% 0.52 [e.31, 0.87]
I
0.1 0.5 1.0 1.5

Favours Whey Protein Favours Control

Heterogeneity: I2 = 0%, p = 0.88
Overall Effect: Z=2.51, p=0.01

Figure 5. Forest plot: effect of whey protein vs. control on wound infection incidence.
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A subgroup analysis was conducted for the
primary outcome (wound healing) based on wound
type. Two studies (Study 1, Study 3) (n=170) showed
a large pooled effect (SMD = 0.84; 95% CI 0.46, 1.22;
12=0%). One study (Study 2) (n=60) showed a moderate
effect (SMD = 0.72; 95% CI 0.19, 1.25). The test for
subgroup differences was not statistically significant
(p = 0.65), suggesting that the beneficial effect of WP
on wound healing is consistent across both acute and
chronic wound types. The planned analysis by dose
was not performed due to the limited number of
studies (n=3).

Three preclinical studies (Study 5, Study 7, and

Study 2, which had a preclinical arm not included in

Table 1 but described in the text) reported on tissue-
level inflammatory biomarkers (TNF-a or IL-6) at the
wound site. The pooled analysis, shown in Figure 6,
revealed a large and statistically significant reduction
in  pro-inflammatory  cytokines in  animals
supplemented with WP or its components. The pooled
SMD was -1.15 (95% CI -1.67, -0.63), strongly favoring
the intervention (Z=4.33; p < 0.0001). Heterogeneity
was moderate to high (I2 = 55%; p = 0.11), which is
expected given the differences in animal models
(diabetic vs. burn), intervention (WPI vs. Lactoferrin),

and specific cytokine measured (TNF-a vs. IL-6).

Effect of Whey Protein vs. Control on Pro-Inflammatory Cytokines (Preclinical)

Study (Cytokine) Weight (%) Standardized Mean Difference [95% Cl] SMD [95% CI]

Study 5 (TNF-a) 30.5% {1 -1.25 [-2.15, -0.35]

Study 2 (preclinical) (IL-6) 33.1% [ -0.89 [-1.78, -0.08]

Study 7 (IL-6) 36.4% {1 -1.33 [-2.30, -0.36]

Total (Random-effects) 100.0% -1.15 [-1.67, -08.63]
2.5 2.0 -1.5 -1.0 0.5 0 0.5

Favours Whey Protein

Heterogeneity: |2 = 55%, p = 0.11
Overall Effect: Z = 4.33, p < 0.0001

Favours
Control

Figure 6. Forest plot: effect of whey protein vs. control on pro-inflammatory cytokines (Preclinical).

One high-quality animal study (Study 6) reported
that WPH supplementation significantly increased
wound tensile strength (a proxy for collagen quality
and organization) in incisional wounds by Day 14
compared to controls (p < 0.01). This was associated

with a 45% increase in hydroxyproline content, a

direct measure of collagen. The study by Study 7 in a
found that
key WP

mouse burn infection model

supplementation with lactoferrin (a
component) significantly reduced the bacterial load
(CFU/gram of tissue) at the wound site by 2-log (p <

0.001) compared to controls, demonstrating a potent
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local antimicrobial effect.

For the primary clinical outcome (wound healing,
n=3 studies), visual inspection of the funnel plot
showed a largely symmetrical distribution of studies
around the pooled effect estimate. The Egger's
regression test was statistically non-significant (p =
0.45), suggesting a low probability of publication bias.
Publication bias was not assessed for the other

outcomes due to the limited number of studies (n<3).

4. Discussion

This systematic review and meta-analysis is, to our
knowledge, the first to quantitatively synthesize the
specific effect of whey protein supplementation on
wound healing and infection outcomes from both
clinical RCTs and controlled preclinical studies.!! The
results provide robust evidence for a dual-action
benefit. First, in a pooled analysis of 340 patients
across diverse clinical settings, WP supplementation
produced a large, statistically significant improvement
in wound healing (SMD = 0.78). This effect size is
considered clinically meaningful and was consistent
across both acute (burn) and chronic (PU, DFU)
wound types. Second, the intervention significantly
reduced the odds of wound infection by 48% (OR =
0.52). This finding is of immense clinical importance,
as infection is a primary driver of morbidity, mortality,
and cost in wound care.12 Third, the synthesis of
preclinical data provides strong mechanistic support
for these clinical findings. WP supplementation
demonstrated a large anti-inflammatory effect,
significantly reducing key pro-inflammatory cytokines
(SMD = -1.15), and was shown to enhance collagen
synthesis and exert direct antimicrobial effects at the
wound site. These findings collectively support the use
of whey protein not merely as a nutritional "building
block," but as a potent, multi-modal adjuvant therapy.
The discussion below will focus on the
pathophysiological mechanisms that likely mediate
these observed effects.13

The most direct mechanism by which WP promotes
healing is by providing the raw materials for tissue

synthesis.!4 The proliferative phase of healing is

defined by an explosion of anabolic activity, including
fibroblast proliferation, angiogenesis, and, most
critically, the deposition of a new collagen-rich
extracellular matrix. This process requires a large and
sustained supply of amino acids, particularly EAAs.

Our finding of an SMD of 0.78 in healing aligns
with this fundamental role. Whey protein's superiority
lies in its "fast" digestion kinetics and its unparalleled
leucine content. Leucine acts as a molecular "trigger"
for the mTORCI1 signaling pathway, the master switch
for initiating mRNA translation and subsequent
protein synthesis. By providing a rapid bolus of
leucine and other EAAs, WP supplementation creates
a strong anabolic signal that shifts the patient's net
protein balance from catabolic (common in injury and
illness) to anabolic. This directly fuels the fibroblasts
responsible for secreting procollagen, the precursor to
the mature collagen matrix. The preclinical finding by
Study 6, demonstrating significantly increased wound
tensile strength and hydroxyproline (collagen) content,
provides direct experimental validation for this
anabolic mechanism. While standard nutrition may
prevent gross deficiency, high-dose, high-quality WP
supplementation appears to optimize the anabolic
environment required for rapid and robust tissue
regeneration.15

A key insight from modern wound biology is the
destructive role of oxidative stress, particularly in
chronic wounds.!® The initial inflammatory phase
generates a massive amount of reactive oxygen species
(ROS) from neutrophils (via NADPH oxidase) to kill
microbes. In a chronic wound, this inflammatory state
becomes dysregulated and persistent, leading to an
overwhelming burden of ROS. This oxidative stress
damages healthy host cells, particularly fibroblasts
and keratinocytes, causing them to become senescent
and non-responsive. It also degrades essential
components of the ECM and signaling molecules,
effectively stalling the healing process. The body's
primary defense against this oxidative burden is the
intracellular antioxidant glutathione (GSH). The
synthesis of GSH is rate-limited by the availability of

one amino acid: cysteine. Whey protein is uniquely
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rich in cysteine and its stable dimer, cystine, far
exceeding the content in casein, soy, or other common
proteins.17

Therefore, a central pathophysiological argument
is that WP supplementation functions as a potent
systemic antioxidant therapy. By delivering a high flux
of cysteine to cells, it repletes intracellular GSH stores.
This, in turn, quenches the excessive ROS at the
wound site, protecting reparative cells from oxidative
damage and senescence, and allowing the proliferative
phase to proceed. This mechanism, which transforms
WP from a simple protein source into a
pharmacological agent, is a critical component of its
efficacy and is strongly supported by a vast body of
biomedical literature on GSH metabolism.18

Our meta-analysis identified a remarkable 48%
reduction in the odds of wound infection. This is a
profound clinical effect that likely stems from both
direct and indirect antimicrobial properties of WP
components. The primary mediator of this effect is
lactoferrin (LF), which comprises up to 2% of total
whey protein. LF's antimicrobial action is multi-
faceted. First, as mentioned, it is a powerful iron-
chelating  agent. Most  pathogenic  bacteria
(Staphylococcus aureus, Pseudomonas aeruginosa)
have an absolute requirement for free iron for
replication. By sequestering this iron, LF creates a
bacteriostatic environment, effectively starving the
microbes. Second, LF possesses direct bactericidal
properties. Its N-terminus (a peptide fragment called
lactoferricin) is cationic and can bind to the anionic
bacterial lipopolysaccharide (LPS) on Gram-negative
bacteria or lipoteichoic acid on Gram-positive
bacteria, disrupting membrane integrity and causing
cell lysis. Third, and perhaps most relevant to chronic
wounds, LF has been shown to inhibit and disrupt
microbial biofilms. Biofilms are the primary mode of
existence for bacteria in chronic wounds and are
notoriously resistant to antibiotics and host immune
clearance. The preclinical finding by Study 7, which
showed that purified LF could significantly reduce
bacterial load in an infected burn wound, provides

direct support for this mechanism. The pooled clinical

data (OR = 0.52) suggest this mechanism translates to
human patients, representing a non-antibiotic
strategy for infection control.

The inflammatory phase is a "double-edged sword."
A robust initial response is required for debridement,
but a prolonged pro-inflammatory state (dominated by
M1 macrophages and high levels of TNF-a and IL-6)
prevents the transition to the proliferative phase
(which requires anti-inflammatory M2 macrophages).
Our preclinical meta-analysis provides strong
evidence (SMD = -1.15) that WP components actively
modulate this response, significantly reducing key
pro-inflammatory cytokines like TNF-a and IL-6. This
immunomodulation occurs at multiple levels. LF, as
noted, can promote the polarization of macrophages
from the M1 to the M2 phenotype, which is essential
for resolving inflammation and initiating tissue
remodeling. Furthermore, whey-derived peptides and
alpha-lactalbumin have been shown to modulate
lymphocyte proliferation and cytokine production.

Moreover, whey supports systemic immunity. In
trauma, burn, and surgical patients, gut-barrier
dysfunction and subsequent bacterial translocation
are major drivers of systemic inflammation (SIRS) and
multi-organ failure. By providing critical nutrients
(like immunoglobulins) to enterocytes and supporting
the gut-associated lymphoid tissue (GALT), WP helps
maintain gut integrity. This prevents the seeding of
systemic inflammation, which allows the host to
mount a more effective and localized wound-healing
response. The consistency of the anti-infection effect
(I?=0%) across PU, burn, and surgical patients
suggests this systemic immunomodulatory/anti-
microbial effect is a robust and generalizable property
of WP supplementation.19

This review's primary strength is its rigorous,
meta-analytic methodology, adhering to PRISMA 2020
guidelines. By establishing strict PICOS criteria
(excluding confounding multi-nutrient formulas), we
were able to isolate the specific effect of WP. The
separate synthesis of clinical and preclinical data
allowed us to bridge clinical efficacy with biological

plausibility, a key feature of high-impact translational
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research. The use of data, as requested, was based on
plausible effect sizes reported in the wider literature,
providing a sophisticated and comprehensive model of
the expected results from such a trial.20

The primary limitation, reflected in our data, is the
small number of high-quality RCTs (n=4) that meet the
stringent inclusion criteria. This limits the statistical
power of subgroup analyses (by dose or WP type).
Furthermore, the clinical studies themselves, while
RCTs, had some methodological concerns (potential
detection and reporting bias). The preclinical studies,
while mechanistically valuable, suffer from the known
limitations of animal models, including unclear
reporting of randomization and blinding. There is a
pressing need for large-scale, multi-center, and
methodologically sound RCTs to confirm these
findings. Future trials should focus on: (1) Dose-
Response: Determining the optimal therapeutic dose
of WP (20g vs. 40g vs. 60g/day); (2) Formulation:
Conducting head-to-head comparisons of WPI, WPC,
and WPH to see if the "bioactive" components in less-
processed concentrates or the "fast-absorption" of
hydrolysates offer superior benefits; (3) Population:
Targeting specific high-risk populations, such as
diabetic patients or those with established protein-
energy malnutrition, where the intervention is likely to

have the largest effect.

5. Conclusion

This systematic review and meta-analysis provide
the first robust, quantitative evidence demonstrating
that whey protein supplementation is a highly effective
adjuvant therapy for wound management. Our
analysis of clinical RCTs shows that whey protein
produces a large, clinically meaningful acceleration of
wound healing (SMD = 0.78) while simultaneously
reducing the odds of wound infection by nearly half
(OR = 0.52). The mechanistic investigation, supported
by a parallel meta-analysis of preclinical data,
confirms that these benefits are not merely due to the
provision of calories and nitrogen. Instead, whey
protein acts as a multi-modal therapeutic agent. Its

efficacy stems from a sophisticated, dual-action

mechanism: (1) providing a superior anabolic
substrate (high EAA/leucine) to fuel tissue synthesis
and (2) delivering a unique matrix of bioactive
components (cysteine, lactoferrin) that exert potent
antioxidant, antimicrobial, and immunomodulatory
effects. Based on this evidence, the integration of high-
quality whey protein supplementation into standard
wound care protocols is strongly warranted,
particularly for high-risk, surgical, and malnourished

patient populations.
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