
Academic Editor: Darryn

S. Willoughby

Received: 15 October 2025

Revised: 4 November 2025

Accepted: 7 November 2025

Published: 11 November 2025

Citation: Jahan-Mihan, A.; El Khoury,

D.; Brewer, G.J.; Chapleau, A. Current

Perspectives on Protein

Supplementation in Athletes: General

Guidance and Special Considerations

for Diabetes—A Narrative Review.

Nutrients 2025, 17, 3528. https://

doi.org/10.3390/nu17223528

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Current Perspectives on Protein Supplementation in Athletes:
General Guidance and Special Considerations for
Diabetes—A Narrative Review
Alireza Jahan-Mihan 1,* , Dalia El Khoury 2 , Gabrielle J. Brewer 3 and Alyssa Chapleau 2

1 Department of Nutrition and Dietetics, University of North Florida, 1 UNF Dr., Jacksonville, FL 32224, USA
2 Department of Family Relations & Applied Nutrition, University of Guelph, 50 Stone Road East,

Guelph, ON N1G 2W1, Canada; delkhour@uoguelph.ca (D.E.K.); achaplea@uoguelph.ca (A.C.)
3 Brooks College of Health Dean’s Office (BCH), University of North Florida, 1 UNF Dr., Jacksonville, FL 32224,

USA; gabrielle.brewer@unf.edu
* Correspondence: alireza.jahan-mihan@unf.edu

Abstract

Proteins elicit various metabolic and physiological functions that are related to physical
performance. Due to increased need in athletes, protein supplementation has been widely
used to support recovery and performance. However, the extent to which acute gains in
muscle protein synthesis translate into measurable performance remains debated. This
narrative review synthesizes evidence from trials on supplemental proteins across resis-
tance, endurance, and mixed-modality training, comparing sources (whey, casein, soy, pea,
and blends). Moreover, this review summarizes dosing and timing strategies, with notes
for master, diabetic, and female athletes. It is well-established that supplemental protein
enhances fat-free mass and, to a lesser extent, strength when baseline dietary protein is
suboptimal. However, the effects are smaller when habitual intake already meets athletic
targets. Whey, as a rapid protein and rich in leucine, reliably elicits an acute anabolic
response, while casein provides prolonged elevated aminoacidemia. When total intake and
leucine thresholds are matched, plant proteins and blends can yield comparable long-term
adaptations. In addition, studies showed that the distribution and strategic timing around
exercise (post-exercise first, with optional pre-sleep casein or blends) support recovery
during high-frequency training or energy deficit. Protein co-ingested with carbohydrate in
endurance and high-intensity functional training (HIFT) can also help glycogen restoration
and attenuate muscle-damage markers, though effects on sport outcomes are inconsistent.
The evidence in diabetic athletes is limited; guidance extrapolates from diabetes and athlete
studies, with benefits apparent when intake, quality, or distribution are limited. Further-
more, evidence indicates that anabolic resistance in master athletes requires higher per-meal
doses and distribution, with post-exercise and pre-sleep feedings valuable. Consistently,
female athletes partaking in aerobic and resistance training while supplementing with pro-
tein demonstrate desired body composition adaptations. Overall, although supplemental
protein helps close gaps between intake and physiological demand, various factors may
influence its regimen. Protein source may help the kinetics balance, amino-acid profile,
and dietary preferences. Alternatively, timing may influence the protein effects on training
and recovery.
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1. Introduction
Proteins exhibit various physiological and metabolic functions that are fundamental

to athletic performance and recovery, such as serving as a structural substrate for muscle
tissue and a regulator of metabolic pathways that drive adaptation to training. Exercise,
whether resistance- or endurance-based, generally increases amino acid oxidation and
accelerates protein turnover, creating a transient negative balance that must be corrected
through increased dietary intake. The general Recommended Dietary Allowance (RDA)
for protein is 0.8 g/kg/day for healthy adults, a level adequate to prevent deficiency but
inadequate to support the demands of athletic training [1]. In contrast, current sports
nutrition guidelines recommend considerably higher intakes, typically 1.2–2.0 g/kg/day,
with resistance-trained athletes often requiring the upper end of this range, particularly
during caloric restriction status periods of heavy training, to maximize hypertrophy and
strength [2,3].

Beyond total daily intake, recent research has stressed the importance of protein
distribution, quality, digestion kinetics, and timing. Studies suggest that spreading protein
across three to six meals, each providing ~0.25–0.4 g/kg, optimizes stimulation of muscle
protein synthesis [4,5]. Other strategies, such as co-ingesting protein and carbohydrates
around exercise or consuming casein before sleep, may further enhance recovery and
extend anabolic signaling. However, findings are not always consistent, with variability
across study design, training modality, energy balance, and individual characteristics such
as sex, age, and habitual protein intake [6,7].

For athletes with diabetes, protein nutrition presents additional complexities. Type 1
diabetes, marked by profound insulin deficiency, increases skeletal muscle protein
catabolism [8]. Type 2 diabetes exerts subtler but still important effects, contributing
to sarcopenia and blunted anabolic signaling [9]. In these populations, protein intake must
address dual priorities: supporting athletic recovery and adaptation while also contributing
to glycemic stability. Practical approaches, including small pre-meal whey doses, postex-
ercise protein–carbohydrate combinations, and bedtime snacks containing protein with
complex carbohydrates, have shown promise for improving glycemic control while pre-
serving lean tissue [10,11]. However, the interaction between protein distribution, timing,
and diabetes-specific metabolic challenges remains poorly characterized.

This narrative review aims to (1) synthesize evidence on whether and when protein
supplementation improves recovery, body composition, and sport-relevant performance
outcomes across resistance, endurance, and mixed-modality training; (2) compare protein
sources (e.g., whey, casein, soy, pea, and blends), doses, and timing/distribution strategies,
including co-ingestion with carbohydrate and pre-sleep intake; (3) examine modifiers
of efficacy such as baseline protein intake, energy availability, training status, age (with
attention to master athletes), and sex; and (4) review existing diabetes-specific guidance
for athletes with type 1 or type 2 diabetes, integrating performance goals with glycemic
management, hypoglycemia risk, and medication considerations. Priority is given to
randomized trials, meta-analyses, and controlled studies in trained populations, with
mechanistic data used to contextualize performance findings. The goal is to distill practical,
sport-specific recommendations, identify areas of consensus and uncertainty, and outline
research priorities needed to translate protein supplementation into meaningful, sustainable
performance benefits for both general athletes and athletes with diabetes.

2. Methodology
This narrative review collected current evidence on the effects of protein supplemen-

tation on athletic performance, with a specific focus on athletes with type 1 and type 2
diabetes.
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2.1. Search Strategy

A systematic search was performed across PubMed/MEDLINE, Embase, Web of
Science, Scopus, SPORTDiscus, Cochrane CENTRAL, and UNF OneSearch up to August
2025. Search terms combined keywords and controlled vocabulary related to protein
supplementation, athletes, exercise modalities (resistance, endurance, mixed-modality,
team sports), and diabetes (type 1 and type 2). Boolean operators and truncation were
applied (e.g., “protein supplement* AND “athlete*” OR “exercise” AND “diabetes” OR
“glycemic control”). Reference lists of included studies and relevant reviews were also
screened to capture additional eligible studies.

2.2. Study Selection and Flowchart

Two reviewers independently screened titles, abstracts, and full texts against inclusion
criteria. Eligible studies met the following criteria: Population included trained or physi-
cally active individuals ≥16 years old undergoing resistance, endurance, mixed-modality, or
team-based training. Interventions involved isolated or blended protein supplementation,
with or without carbohydrate, and outcomes of interest included performance, recovery,
body composition, and mechanistic endpoints such as muscle protein synthesis. For dia-
betes, glycemic outcomes (e.g., postprandial excursions, insulin use, hypoglycemia, HbA1c)
were also considered. Animal studies, case reports, and non-peer-reviewed materials were
excluded. Comparators were placebo, carbohydrate, or different protein types/doses. Out-
comes were performance, recovery, body composition, mechanistic endpoints (e.g., muscle
protein synthesis), and, for diabetic athletes, glycemic measures (HbA1c, postprandial
glucose, insulin, hypoglycemia). Animal studies, case reports, and non-peer-reviewed
materials were excluded.

A PRISMA-style flow diagram was generated to illustrate the screening process. From
1237 records identified, duplicates were removed, leaving 1004 titles/abstracts screened.
Of these, 451 full texts were assessed for eligibility, with 129 excluded (reasons: non-athlete
populations, insufficient protein intervention details, or non-relevant outcomes). Finally,
322 studies were included in the narrative synthesis (Figure 1).

Figure 1. PRISMA flow diagram for paper selection process.
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2.3. Quality Appraisal

The methodological rigor of included studies was assessed using Cochrane RoB 2
for randomized trials, ROBINS-I for non-randomized interventions, and AMSTAR-2 for
systematic reviews and meta-analyses.

Findings showed that most RCTs had low to moderate risk of bias, with common
issues in allocation concealment and blinding; non-randomized trials often had serious risk
of bias due to confounding and small sample sizes; and systematic reviews were generally
of moderate quality, though some lacked protocol registration.

Overall, evidence was judged as moderate-quality, supporting cautious but meaning-
ful conclusions for both general and diabetic athlete populations.

3. Protein Supplements: A General Perspective
Protein supplementation remains one of the most frequently studied and widely ap-

plied nutritional strategies in sport. A review of the current literature suggests that protein
supplementation can induce significant gains in muscle mass [12]. Beyond convenience,
supplements offer practical advantages such as rapid digestion, precise dosing, and porta-
bility, features that make them especially useful in post-exercise periods when access to
complete meals may be limited [13–15]. Moreover, high-intensity exercise suppresses food
intake in the post-exercise phase [16], which may contribute to this limitation. Evidence
supports proteins’ ability to increase lean body mass and, in some cases, strength; however,
outcomes are strongly influenced by baseline protein intake, exercise modality, training
status, age, and protein source [12].

Dose–response studies reveal mixed results. Morton et al. reported that supple-
mentation enhances muscle mass and strength when baseline intake is inadequate, but
benefits plateau beyond ~1.6 g/kg/day [3]. In contrast, Antonio et al. showed that intakes
exceeding 3 g/kg/day were tolerated and associated with favorable body composition
changes in resistance-trained athletes, suggesting some individuals may adapt to very high
intakes [17]. A meta-analysis by Cintineo et al., however, found only marginal gains in
lean mass at higher intakes, reinforcing the concept of diminishing returns [18]. These
inconsistencies may reflect differences in study design, training status, energy balance, and
habitual intake, underscoring the challenge of defining a single “optimal” protein dose [19].
Importantly, when dietary intake already meets athlete guidelines, the incremental benefit
of supplementation appears limited [20].

Exercise type may also influence the response to supplementation. In endurance ath-
letes, protein co-ingestion with carbohydrate has been shown to aid glycogen resynthesis
and reduce markers of muscle damage [15,21]. However, performance outcomes such as
time-trial results remain inconsistent [22]. This suggests that in endurance contexts, the
primary benefits of protein are indirect, supporting recovery, attenuating muscle break-
down, and preserving lean mass during heavy training, rather than directly improving
aerobic capacity. In resistance-trained athletes, protein supplementation plays a more direct
role in stimulating muscle protein synthesis (MPS) and promoting hypertrophy, though
again with diminishing returns once intakes exceed ~1.6 g/kg/day [3]. Functional and
mixed-modality training, such as CrossFit® (Bentonville, AR, USA), presents additional
complexity: while supplementation supports recovery and lean mass maintenance, per-
formance benefits are less consistent. For example, Slater reported reduced fatigue and
soreness with supplementation [23], whereas Karpouzi et al. found no Improvement in
exercise capacity or muscular endurance despite training-induced adaptations [24].

Age and anabolic resistance represent another layer of complexity. Master athletes
often exhibit a blunted MPS response, requiring higher per-meal protein doses and strate-
gic distribution to achieve adaptations equivalent to younger athletes. Saracino et al.
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showed that older athletes benefited from higher-quality proteins consumed around exer-
cise [12], while Fernández-Landa et al. reported significant improvements in lean mass and 
strength when whey protein was provided post-exercise [25]. In contrast, MielgoAyuso 
et al. observed more modest effects, suggesting that baseline intake, protein type, and 
training status modify outcomes [19]. Collectively, these findings emphasize the need for 
individualized strategies in older populations.

Protein source also influences supplementation outcomes, although results are incon-
clusive. Animal proteins, particularly whey, consistently elicit robust anabolic responses 
due to their rapid digestion and high leucine content, which activates mTOR signaling [26]. 
Casein, by contrast, digests more slowly and better supports prolonged protein balance by 
reducing breakdown, though it produces a less noticeable acute rise in MPS.

Plant proteins, while often lower in leucine and digestibility, can produce comparable 
long-term adaptations when consumed in sufficient doses or as blends that balance amino 
acid profiles [12].

The role of protein–carbohydrate co-ingestion is similarly nuanced. Naderi et al. sug-
gested that co-ingesting protein and carbohydrate during recovery between two bouts of 
endurance exercise had small to moderate effects on the following performance compared 
with carbohydrate alone [27]. In addition, Trigueros et al. and Howarth et al. reported 
synergistic increases in MPS with co-ingestion after aerobic exercise [14,21]. In contrast, 
Koopman et al. and Staples et al. found no additional benefit compared with protein alone 
when adequate protein was consumed [28,29]. Similarly, Margolis et al. reported that 
glycogen resynthesis may occur only when protein is added to a suboptimal amount of 
carbohydrate (e.g., 0.3 g·kg−1·h−1 protein and 0.9 g·kg−1·h−1 carbohydrate) [30]. These 
discrepancies align with the “muscle-full” concept, in which MPS is maximized at sufficient 
essential amino acid availability, and further insulin elevation from carbohydrate does 
not augment the anabolic response. Importantly, however, when protein intake is insuffi-
cient, either in total amount or in leucine content, carbohydrate co-ingestion may play a 
more pronounced synergistic role by stimulating greater insulin release, improving amino 
acid delivery, and partially compensating for the limited anabolic stimulus. This may be 
particularly relevant for athletes consuming plant-based proteins with lower leucine con-
centrations or for those who cannot achieve the recommended protein dose post-exercise. 
Therefore, co-ingestion may still be beneficial when protein intake is suboptimal, when 
leucine availability is limited, or when rapid glycogen restoration is necessary for repeated 
exercise sessions [29].

For athletes with diabetes, a protein supplementation regimen is more complex. In 
type 1 diabetes, high-protein meals may delay glycemic rise but increase the risk of late 
hyperglycemia, creating challenges for insulin dosing [31,32]. In type 2 diabetes, smaller 
doses of whey (~15 g) consumed with or before meals improve postprandial glycemia and 
satiety, with preload strategies lowering HbA1c over weeks to months [33,34]. Moreover, 
Patel et al. reported that whey supplementation reduced systolic elixir pressure, while soy 
protein supplementation reduced serum low-density lipoprotein (LDL) [35]. Lower post-
prandial glucose levels have been reported in diabetic subjects consuming either protein. 
In contrast, Giglio et al. reported that the effects of whey protein supplementation on atten-
uating muscle loss and reducing body fat in overweight individuals are inconclusive [36]. 
Nevertheless, evidence directly linking supplementation to sport performance in diabetic 
athletes remains scarce, and current guidance largely extrapolates from general athlete 
populations [37,38]. What is clear is that diabetic athletes face dual priorities, supporting 
training adaptation while stabilizing glycemic responses, making timing, protein type, and 
dose especially important considerations (Table 1).
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Table 1. Protein supplements: summary of findings.

Theme Collective Findings Representative Studies

Dose–Response and Optimal
Intake

Supplementation improves muscle mass/strength
when baseline intake is inadequate. Benefits plateau
around ~1.6 g/kg/day. Very high intakes
(>3 g/kg/day) tolerated but show diminishing
returns. Extra supplementation limited if athlete
already meets guidelines.

[3,18,19]

Exercise Modality

Endurance: Protein + carbs aid glycogen resynthesis
and reduce damage, but performance effects
inconsistent. Resistance: Strong evidence for MPS,
hypertrophy, and strength up to ~1.6 g/kg/day.
Mixed/Functional: Helps recovery, soreness
reduction, but performance outcomes inconsistent.

[3,21–24]

Age and Anabolic Resistance

Master athletes have blunted MPS, need higher
per-meal doses and high-quality proteins. Whey
post-exercise supports lean mass/strength. Effects
variable, depending on baseline intake
and training.

[12,19]

Protein Source

Whey: Fast digestion, leucine-rich → robust acute
MPS. Casein: Slow digestion → supports prolonged
protein balance. Plant proteins: Lower
leucine/digestibility but effective if consumed in
higher doses or blends.

[12,26]

Protein–Carbohydrate
Co-Ingestion

Positive effects: Synergistic increases in MPS,
glycogen resynthesis, performance benefits
under suboptimal protein or glycogen intake. No
added benefit: When protein intake is already
adequate, co-ingestion adds little. Best use: During
multiple daily sessions or when
protein/leucine limited.

[14,21,27–30]

Diabetic Athletes

Type 1: High-protein meals delay glycemia but risk
late hyperglycemia. Type 2: Small whey doses (~15 g)
improve glycemia, satiety, and HbA1c; soy lowers
LDL; whey lowers BP. Effects on lean mass
preservation mixed. Consensus: Tailored strategies
needed considering protein type, timing, renal health,
and glycemic control.

[31–33,36–39]

Female athletes

High-quality soy protein supplementation improves
body composition and anthropometrics in aerobic
training. BCAAs improve BMI in resistance training
across protein sources.

[40,41]

BCAAs and vegan proteins reduce body weight; meat protein increases BMI. Abbreviations: MPS, muscle protein
synthesis; g, gram; kg, kilogram; BMI, body mass index; BCAAs, branched-chain amino acids; HbA1c, glycated
hemoglobin; LDL, low-density lipoprotein; BP, blood pressure. Findings summarize collective evidence across
endurance, resistance, and mixed modalities, with special considerations for age, sex, and metabolic conditions.

4. Protein Requirements in Athletes
4.1. General Recommendations for Daily Requirements

Athletes require substantially higher protein intakes than sedentary individuals due
to greater amino acid oxidation, accelerated protein turnover, and the demands of muscle
repair and adaptation to training. While the adult RDA of 0.8 g/kg/day is adequate to
prevent deficiency, it is insufficient for supporting performance adaptations [1,5]. Witard
et al. reported that habitual protein intake in both male and female endurance athletes is
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around 1.5 g/kg of body weight/day [42]. Sports nutrition consensus statements, including
those from the ISSN and ACSM, recommend 1.2–2.0 g/kg/day for most athletes under
energy balance [2]. Within this range, resistance-trained athletes typically benefit from
intakes of 1.6–2.2 g/kg/day to maximize hypertrophy and strength, with requirements
reaching ~3.1 g/kg/day (based on fat-free mass) during periods of caloric restriction [3,6].
Endurance athletes generally require 1.4–1.8 g/kg/day to offset amino acid oxidation
during prolonged activity and to support mitochondrial protein synthesis.

However, during intensified training or carbohydrate restriction, protein requirements
may increase further [7]. Differences across studies often reflect variations in methodology,
training context, and participant characteristics. Morton et al., pooling resistance-trained
adults in energy balance, found that muscle hypertrophy plateaued at ~1.6 g/kg/day,
consistent with the “muscle-full” effect, where MPS is maximized once essential amino
acid thresholds are met [3]. By contrast, Helms et al. reported benefits of higher intakes
in lean athletes undergoing caloric restriction, where increased protein preserved muscle
despite energy deficits [6]. Similarly, Aagaard et al. showed that endurance athletes under
carbohydrate restriction required higher protein intakes to compensate for elevated amino
acid oxidation [7]. Collectively, these findings emphasize that optimal protein requirements
are context-dependent, shaped by training modality, energy availability, and nutritional
background.

Energy balance is a critical determining factor. During deficits, as in weight-class
sports, physique preparation, or injury recovery, protein requirements rise to protect lean
mass. Areta et al. found that caloric restriction increased protein turnover [5], while
Longland et al. showed that 2.3–3.1 g/kg fat-free mass/day best preserved lean tissue
under hypocaloric conditions [43]. In contrast, in energy surplus, additional dietary energy
supports anabolism, reducing protein needs. Roberts et al. reported that ~1.6 g/kg/day
was sufficient for optimizing muscle growth during hypercaloric feeding, with no added
benefit from higher intakes [44]. Similarly, Morton et al., in a meta-analysis of 49 studies,
concluded that supplementation enhances fat-free mass and strength, with maximal benefit
near 1.6 g/kg/day, though higher intakes may be advantageous during deficits or high
training loads [3].

Protein quality is another critical variable. Factors, including the concentrations of
amino acids, indispensable amino acids, and branched-chain amino acids (BCAAs), may
influence the anabolic efficiency of a protein source. Some other factors, such as protein
digestibility, digestion rate, and absorption kinetics, may also influence their metabolic
effect [45]. High-quality proteins such as dairy, eggs, and lean meats, with PDCAAS or
DIAAS values approaching 1.0, deliver adequate essential amino acids, especially leucine,
to effectively stimulate MPS [46]. Plant-derived proteins, often lower in digestibility or
amino acid completeness, may require higher intake or blending with complementary
sources to achieve comparable effects [47]. However, more recently, a meta-analysis of
30 RCTs by Reid-McCann showed no significant difference between plant or animal protein
for muscle strength (n = 14 RCTs) or physical performance (n = 5 RCTs) [48]. Individual
characteristics also influence protein needs. Body composition and lean mass indexing also
influence protein prescriptions. Helms et al. emphasized that recommendations relative to
fat-free mass (FFM) rather than total body weight better reflect anabolic needs, particularly
in athletes with high muscularity or elevated body fat [3]. For instance, two athletes of
equal body weight but different FFM will have distinct protein requirements [47]. Age is
also a determining factor. Required protein intake in master athletes is often at the higher
end (≥1.6 g/kg/day) to achieve similar adaptations as younger athletes [49]. Vegetarian
and vegan athletes may also need around 2.0 g/kg/day, or use strategic protein blending,
to ensure adequate leucine and essential amino acid intake [50].
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Overall, while guidelines recommend 1.2–2.0 g/kg/day, various factors may influence
the optimal intake, including training type, energy balance, body composition, protein
quality, age, and dietary background. Intakes around 1.6 g/kg/day seem adequate in
energy balance, while 2.3–3.1 g/kg/day (relative to FFM) may be necessary during caloric
deficits or in heavy training phases [3]. Balancing intake to these relative factors optimizes
adaptation and preserves lean mass across diverse athlete populations.

4.2. Protein Requirements in Diabetic Athletes

There is limited evidence comparing protein requirements between healthy and dia-
betic athletes. However, insights from clinical and exercise studies provide guidance. In
type 1 diabetes (T1D), insulin deprivation drives increased skeletal muscle catabolism,
underscoring the importance of adequate protein to offset losses [8]. In type 2 diabetes
(T2D), effects on protein metabolism are more variable. Kouw et al. observed accelerated
age-related muscle loss, while Bell et al. showed that despite elevated postabsorptive
protein turnover in poorly controlled T2D, the anabolic response to insulin and feeding was
preserved [9]. Similarly, Bassil and Gougeon reported that resistance to insulin’s anabolic
actions can be overcome with adequate amino acid intake, particularly BCAAs, or through
physical activity, highlighting the value of both nutrition and exercise interventions [51].

Nutritional strategies for diabetic athletes must balance performance goals with
metabolic consequences. Although protein is critical for recovery and adaptation, intake
must align with glycemic control and, where relevant, renal health. Hornsby and Chetlin
recommended caution with very high protein diets in diabetic athletes [52], while Raj et al.
noted that high protein intake is safe for healthy kidneys but requires monitoring in those
at risk for nephropathy [53]. Emerging approaches such as chia seed supplementation
have been utilized and preliminary results have shown potential for lessening postprandial
glucose excursions [54].

Compared with healthy athletes, where intakes of 1.4–2.0 g/kg/day generally support
optimal adaptation [2], diabetic athletes face additional complexity. Protein can influence
postprandial glucose regulation [55], delay glycemic rise at higher doses in T1D [31], and
improve satiety and glycemic control in T2D when consumed as pre-meal whey (~15 g)
or as part of preload strategies [33,34,39]. Exercise itself can enhance protein utilization
in T2D, helping to overcome insulin resistance and augment anabolic responses [51]. As
Millward emphasized, these nuances highlight the need for personalized recommendations
based on diabetes type, glycemic control, renal function, and training demands [56].

Healthy athletes generally require 1.4–2.0 g/kg/day of protein to optimize recovery
and adaptation [2]. While diabetic athletes have similar needs but with added considera-
tions, in T1D, adequate leucine-rich protein helps offset muscle catabolism, and in T2D,
combining protein intake (1.4–2.0 g/kg/day) with exercise enhances anabolic sensitivity
and supports glycemic control [8,51]. Pre-meal whey protein (10–20 g) can also reduce post-
prandial glucose in T2D [33,34]. Therefore, while overall targets are comparable, diabetic
athletes benefit from tailoring protein type, timing, and distribution to metabolic health.

In summary, while diabetic and non-diabetic athletes share broadly similar protein
needs, well above the RDA of 0.8 g/kg/day, diabetic athletes require additional tailoring.
Intakes should be personalized not only to training mode and energy balance but also
to metabolic health. High-quality protein sources rich in leucine, strategic distribution
across meals, and exercise integration can help counteract insulin resistance and preserve
lean mass. At the same time, monitoring renal function and glycemic responses remains
essential to ensure safety and maximize performance outcomes (Table 2).
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Table 2. Protein requirements in athletes: summary of findings.

Theme Collective Findings Representative Studies

Baseline Needs vs. RDA

RDA of 0.8 g/kg/day prevents deficiency but is
inadequate for athletes. Consensus:
1.2–2.0 g/kg/day for most athletes. Habitual intake
~1.5 g/kg/day in endurance athletes.

[1,2,42]

Resistance Training

Hypertrophy and strength gains plateau
~1.6 g/kg/day under energy balance. Higher
intakes (2.2–3.1 g/kg/day, relative to FFM) needed
during caloric restriction to preserve lean mass.

[3,6]

Endurance Training
Typical needs 1.4–1.8 g/kg/day; may rise under
carbohydrate restriction or intensified training due
to amino acid oxidation.

[42]

Energy Balance Effects

Deficit: Protein turnover increases, lean mass
protected at 2.3–3.1 g/kg FFM/day. Surplus:
1.6 g/kg/day sufficient for muscle gain; no added
benefit at higher intakes.

[5,43,44]

Body Composition/Lean Mass
Indexing

Prescriptions based on fat-free mass (FFM) more
precise than total body weight, especially in highly
muscular or high-fat athletes.

[6,47]

Protein Quality

High-quality (whey, dairy, eggs, lean meat) proteins,
rich in leucine and EAAs, are most effective. Plant
proteins less anabolic unless in higher doses
or blended.

[3,45,47]

Age (Master Athletes)
Blunted MPS → require higher intakes
(≥1.6 g/kg/day) and high-quality protein sources
to achieve adaptations similar to younger athletes.

[12]

Vegetarian/Vegan Athletes Higher intakes (~2.0 g/kg/day) or protein blending
needed to achieve sufficient leucine/EAA intake. [50]

Type 1 Diabetes (T1D)

Protein offsets muscle catabolism. High-protein
meals may delay glycemia but risk late
hyperglycemia. Adequate amino acid intake and
exercise help overcome insulin resistance.

[8,31,32]

Type 2 Diabetes (T2D)

Protein metabolism variable: anabolic response
preserved. Pre-meal whey (~15 g) lowers HbA1c,
improves satiety and glycemia. Soy lowers LDL,
whey lowers BP.

[9,33–35,39,57]

Diabetic Athlete Risks and
Considerations

High protein generally safe, but monitoring
required if nephropathy risk. Personalized strategies
needed based on diabetes type, glycemic control,
renal function, and training.

[51–53,56]

Innovative Approaches
Novel strategies such as chia seed supplementation
show potential for lowering postprandial
glucose excursions.

[54]

Abbreviations: RDA, Recommended Dietary Allowance; g, gram; kg, kilogram; FFM, fat-free mass; MPS, muscle
protein synthesis; EAAs, essential amino acids; HbA1c, glycated hemoglobin; LDL, low-density lipoprotein; BP,
blood pressure; T1D, type 1 diabetes; T2D, type 2 diabetes. Values are expressed relative to body weight or fat-free
mass where noted. Recommendations reflect consensus ranges and adaptations to training modality, energy
balance, age, and metabolic health.
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5. Per-Meal and Timing Strategies
5.1. General Recommendations

While meeting total daily protein targets is the foundation of training adaptation,
growing evidence shows that the distribution and timing of intake significantly influence
muscle protein synthesis (MPS) and recovery. Morton et al. showed that evenly spaced
protein feedings throughout the day promoted greater gains in muscle mass and strength
than skewed patterns, where most protein was consumed at dinner [3]. Similarly, Mamerow
et al. found that distributing ~0.3 g/kg protein across 3–4 meals enhanced 24 h MPS
compared with a single high-protein evening meal [4]. Areta et al. further reported that
repeated moderate feedings (~20 g every 3 h) produced higher cumulative MPS than fewer
large boluses or very frequent small doses, underscoring the benefits of protein pacing [5].

The timing of protein intake around exercise is also critical. Pre-exercise ingestion
(1–3 h before training) increases amino acid availability during and after activity, potentially
supporting both acute performance and recovery [58]. Esmarck et al. observed that
consuming protein within 0–2 h post-exercise maximizes the synergy between exercise-
induced sensitivity and amino acid availability [59]. While Phillips et al. argued that the
“anabolic window” may extend up to 24 h, earlier ingestion ensures overlap with peak
MPS signaling [60]. For athletes with multiple daily sessions, immediate post-exercise
intake becomes particularly important to restore recovery capacity before subsequent
bouts [61]. Kerksick et al. emphasized that nutrient timing, strategically placing both whole
foods and supplements around exercise, optimizes recovery, tissue repair, and even mood
states [62]. More recently, Stokes et al. highlighted that protein pacing (~0.3 g/kg every
3–4 h) may be more important than a single large bolus, shifting the focus away from a
narrow post-exercise window [63].

The energy balance status and protein distribution interplay with each other. Hector
et al. showed that in energy balance status, the protein requirement in adults is around
∼0.24 g protein/kg at each meal to maximize the stimulation rates of MPS [64]. Consuming
4 × 20 g/3 h protein by healthy, trained males following a bout of resistance exercise
was superior to consuming 8 × 10 g/1.5 h or 2 × 40 g/8 h on MPS during the day.
Authors suggested that a similar pattern of protein intake may be useful for athletes
during dietary energy restriction. Murphy et al. reported that in older men who were
on calorie-restricted diets, a balanced pattern of dietary protein distribution and intake
throughout the day supported superior MPS than skewed, particularly when combined
with resistance training [65].

Acute dose–response studies consistently show that MPS follows a saturable pattern
after protein ingestion. Phillips et al. showed that ~20 g of high-quality protein (~0.25 g/kg)
is sufficient to maximize MPS in young adults after resistance exercise, with larger doses
contributing primarily to oxidation [66]. Witard et al. refined this range to ~0.25–0.4 g/kg
per meal (~20–40 g depending on body size) [42]. Still, optimal doses can be varied by
context: resistance-trained athletes achieve maximal stimulation at ~0.3 g/kg when protein
quality is high, whereas endurance athletes may require ~0.4–0.5 g/kg to offset exercise-
induced amino acid oxidation [67]. In older athletes, Moore et al. found that anabolic
resistance elevates the requirement, requiring ~0.4–0.5 g/kg per meal to achieve equivalent
MPS responses [68].

Strategic timing beyond the training day can further enhance adaptations. Pre-sleep
intake of ~30–40 g casein or blended protein provides a sustained amino acid release,
supporting overnight muscle protein accretion and lessening nocturnal muscle protein
breakdown [28,69]. This approach is particularly beneficial in resistance-trained and master
athletes, who may experience higher anabolic resistance.
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Protein digestion kinetics also influence optimal t iming s trategies. Fast-digesting 
proteins, such as whey or hydrolysates, rapidly elevate plasma amino acids and are well 
suited for post-exercise recovery [70]. Casein, a slow-digesting protein, extends amino acid 
release and is advantageous before sleep or during long feeding intervals to reduce protein 
breakdown. Moderate-digesting proteins like soy and pea can be consumed throughout the 
day or blended with fast proteins to extend the anabolic response (Figure 2). Wilkinson et al. 
showed that such blends extend negative net protein balance compared with single-source 
feedings [71]. Overall, these findings suggest that aligning protein digestion kinetics with 
training and recovery windows, fast proteins for rapid repair, slow proteins for sustained 
overnight support, and blends for balanced coverage, maximizes dietary protein efficiency.

Figure 2. Protein digestion kinetics relative to exercise timing.

Collectively, the evidence highlights that while daily intake is the most important
determinant of adaptation, distributing protein evenly, timing intake strategically around
exercise and sleep, and matching digestion kinetics to recovery demands provide meaning-
ful advantages for optimizing performance and recovery.

5.2. Recommendations for Diabetic Athletes

Meeting total daily protein requirements is the foundation for all athletes. However,
distribution of protein intake across meals is equally important. Kerksick et al. and Phillips
recommend ~0.25 g/kg protein per meal (≈20–40 g of high-quality protein) consumed every
3–4 h to maximize MPS, improve body composition, and enhance performance [72,73].
Vliet similarly reported that ~30 g per meal effectively supports anabolic processes in
resistance-trained athletes [74]. For individuals with type 2 diabetes, these strategies may
provide additional benefits. Campbell and Rains showed that deriving 20–30% of total
energy from protein improved glycemic control, enhanced satiety, and preserved lean
mass during weight loss [75]. More recently, Smith et al. reported that consuming a low-
dose whey protein preload (15 g before main meals) reduced daily hyperglycemia by 8%,
increased time in euglycemia by nearly two hours, and lowered mean 24 h glucose by
0.6 mmol/L in individuals with T2D [11]. These findings suggest that diabetic athletes may
benefit from similar per-meal targets as their healthy peers, with the added advantage of
improved glycemic regulation. However, renal health must be monitored, particularly in
athletes at risk of nephropathy [37,75].
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Beyond the daily distribution, the timing of protein intake plays a crucial role in both
adaptation and metabolic control. Pre-exercise ingestion (1–3 h before training) increases
amino acid availability and supports acute performance [58]. Esmarck et al. showed that
immediate post-exercise protein enhances the synergy between exercise-induced insulin
sensitivity and amino acid delivery [59], while Cribb and Hayes emphasized its importance
in athletes with multiple daily sessions [61]. More recently, Stokes et al. and Kerksick et al.
proposed that protein pacing (~0.3 g/kg every 3–4 h) may be more influential than a single
post-exercise bolus [62,63]. Circadian factors are also influential: Guntoju and Pramod
reported greater postprandial glucose and lipid elevations in the evening compared to the
morning, suggesting that aligning protein intake with periods of optimal glycemic control
may further benefit diabetic athletes [76]. Pre-sleep protein ingestion, especially casein,
provides sustained amino acid release overnight and has been shown to improve nitrogen
balance and training adaptations [69,77].

In athletes with diabetes, timing strategies must also account for glycemic variability.
Robertson et al. recommended a balanced meal of carbohydrate, protein, and fat 3–4 h
before competition to maximize energy availability, as well as bedtime snacks to reduce
nocturnal hypoglycemia [10]. Muntis et al. reported that pre-exercise protein reduced
hypoglycemia risk in adolescents with T1D [78], while Zisser et al. suggested the inte-
gration of protein intake with an insulin regimen to minimize glycemic excursions [79].
Although co-ingestion of protein and carbohydrate supports recovery and body compo-
sition [62,80], Breen et al. found that in insulin-sensitive individuals, adding protein to
post-exercise glucose did not further enhance glycemic control, highlighting that benefits
may be more relevant for those with impaired insulin sensitivity [81]. Continuous glucose
monitoring (CGM) provides valuable insights into individual responses, particularly in
younger athletes managing T1D [79].

Overall, while diabetic athletes share similar total protein targets with their non-
diabetic counterparts (≈1.2–2.0 g/kg/day), protein strategies must also support glycemic
stability. Even per-meal distribution (~0.25–0.4 g/kg every 3–4 h), strategic pre- and
post exercise intake, and pre-sleep casein ingestion all enhance recovery and adaptation.
For diabetic athletes, these strategies carry additional benefits for glycemic regulation
but require integration with insulin therapy and careful monitoring of renal function. A
personalized approach that aligns protein intake with both exercise demands and metabolic
health is therefore essential.

In summary, meeting total daily protein needs is the basis of training adaptation; per-
meal distribution and strategic timing provide additional advantages for muscle protein
synthesis, recovery, and performance. Evidence suggests that ~0.25–0.4 g/kg of high-
quality protein every 3–4 h maximizes MPS, with endurance athletes, older athletes, and
those in heavy training often requiring the upper end of this range. Even distribution across
3–6 meals consistently outperforms skewed patterns, while aligning intake with periods of
heightened anabolic sensitivity, particularly pre- and post-exercise, further enhances adap-
tation. Complementary strategies, such as pre-sleep casein to sustain overnight accretion
and tailoring protein type to digestion kinetics, help extend the anabolic window through-
out the day. For athletes with diabetes, timing is particularly important: beyond supporting
training adaptations, it also stabilizes glycemia and reduces hypoglycemia risk. Practi-
cal approaches include small pre-meal whey doses, post-exercise protein–carbohydrate
combinations, and bedtime snacks with protein and complex carbohydrates. When com-
bined with continuous glucose monitoring and individualized protocols, these strategies
allow diabetic athletes to integrate protein timing into both performance optimization and
metabolic safety. Ultimately, a personalized approach that considers total intake, per-meal
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dosing, exercise timing, and metabolic context offers the most effective pathway to recovery,
adaptation, and long-term performance (Table 3).

Table 3. Per-meal and timing strategies: summary of findings.

Theme Collective Findings Representative Studies

Daily Distribution (General)

Even distribution (~0.25–0.4 g/kg, ≈20–40 g
high-quality protein every 3–4 h) outperforms skewed
intake. Enhances 24 h MPS, lean mass, and strength
compared to single large meals.

[3–5,63]

Per-Meal Dose Response

MPS saturates at ~0.25–0.3 g/kg (~20 g) in young adults.
Larger doses oxidized. Resistance athletes maximize
MPS ~0.3 g/kg; endurance ~0.4–0.5 g/kg. Older adults
require ~0.4–0.5 g/kg due to anabolic resistance.

[66–68]

Pre-Exercise Timing Protein 1–3 h before exercise increases amino acid
availability, supports performance and recovery. [58]

Post-Exercise Timing

Protein within 0–2 h post-training maximizes synergy
with exercise-induced sensitivity. Anabolic window
may extend up to 24 h, but earlier intake more effective,
especially in multiple daily sessions.

[59–61]

Protein Pacing

Moderate, repeated feedings (~20 g every 3 h) superior
to infrequent large boluses or very frequent small doses.
Supports recovery and adaptation even under
energy restriction.

[5,63–65]

Pre-Sleep Intake

~30–40 g casein or blended protein before sleep sustains
amino acid release, supports overnight accretion,
reduces breakdown. Especially beneficial in resistance
and master athletes.

[28,69]

Protein Digestion Kinetics

Fast proteins (whey, hydrolysates): rapid MPS, best
postexercise. Slow proteins (casein): prolong balance,
ideal before sleep or long fasting. Blends
(soy + whey/pea): extend anabolic response.

[70,71]

Distribution in Energy
Deficit

Balanced intake across meals superior for MPS during
caloric restriction, especially when combined with
resistance training.

[64,65]

Diabetic Athletes—Per-Meal
Targets

Similar per-meal dose (~0.25–0.4 g/kg). Even pacing
improves MPS, body composition, and glycemic
control. Low-dose whey preload (≈15 g) before meals
reduces hyperglycemia and improves satiety.

[11,72]

Diabetic Athletes—Timing

Pre- and post-exercise protein enhances adaptation and
metabolic control. Circadian effects: evening intake
linked to higher postprandial glucose/lipids →
morning protein preferable.

[59,61,76]

Diabetic Athletes—
Hypoglycemia/Glycemic
Variability

Pre-exercise protein reduces hypoglycemia in T1D;
bedtime snacks stabilize overnight glycemia. Protein
must be integrated with insulin regimen;
CGM recommended.

[10,78,79]

Co-Ingestion with CHO
Protein + CHO after exercise supports recovery and
body composition. In T2D, preload or co-ingestion
strategies improve glycemic regulation.

[72,80,81]

Abbreviations: MPS, muscle protein synthesis; g, gram; kg, kilogram; CHO, carbohydrate; T1D, type 1 diabetes;
T2D, type 2 diabetes; CGM, continuous glucose monitoring. Protein intakes are expressed relative to body weight.
Strategies reflect evidence-based approaches to optimize distribution, dose, timing, and digestion kinetics for
enhancing adaptation, recovery, and metabolic regulation.
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6. Influence of Training Status and Energy Balance on Protein Needs
6.1. General Athletes

Protein requirements vary not only across sports but also with training status, macro-
cycle phase, and energy balance. Novice athletes often exhibit robust gains in muscle size
and strength from training alone, while additional protein above the RDA provides only
modest benefits unless baseline protein intake is inadequate [82,83]. This shows greater
untrained potential for hypertrophy, heightened muscle sensitivity to training-induced
MPS, and relatively lower training stress [18]. In contrast, experienced or elite athletes face
adaptation plateaus, higher training volumes, and elevated amino acid oxidation, which in-
crease their dependency on dietary protein. MacInnis et al. reported that advanced athletes
benefit from more precise nutrient timing and recovery strategies [84], while Morton et al.
found that protein supplementation significantly improved lean mass and strength in this
group when daily intake was below ~1.6 g/kg/day [3]. Collectively, these findings suggest
that novices may progress with minimal supplementation, whereas elite athletes derive
more consistent performance benefits from targeted protein intake strategies.

Protein requirements also fluctuate across a training macrocycle. During hypertrophy
and strength phases, maximize growth is achievable when the protein intake is at the higher
end of the range (1.8–2.2 g/kg/day) [85]. Maintenance intakes (~1.6 g/kg/day) may suit in
competition phases when energy balance is neutral, while in taper or deload periods, lower
turnover reduces needs [44]. However, adequate protein remains important to support
recovery and mitigate muscle loss [86].

Energy balance is another major determinant. Energy deficits, as in weight-class
sports, physique preparation, or injury recovery, reduce anabolic signaling and increase
protein breakdown, elevating reliance on dietary protein. Hector et al. confirmed that
restriction heightens protein needs [64]. Longland et al. demonstrated that 2.3–3.1 g/kg
FFM/day combined with resistance training best preserved lean tissue in hypocaloric
states. In contrast, energy surpluses naturally support anabolism, lowering relative protein
needs [43]. Pasiakos et al. noted that protein still contributes to recovery and accretion under
surplus conditions [67], though Roberts et al. found that ~1.6 g/kg/day was sufficient for
hypertrophy, with little added benefit from higher intakes [44]. These findings suggest that
protein requirements peak during deficits and are moderate during surpluses.

Athletes training multiple times per day or with minimal recovery between ses-
sions also have elevated turnover rates. Moore et al. reported that higher daily intakes
( ~2.0–2.4 g/kg/day) better support repair and adaptation under such conditions [87],
while Cribb and Hayes suggested the importance of precise timing between sessions to
maximize limited recovery windows [61]. Individual variability may also influence needs.
Aagaard et al. found that although female athletes oxidize less protein during exercise than
males, their per-meal requirements for MPS are similar when adjusted for body mass [7].
Helms et al. reported that athletes habitually consuming >2.0 g/kg/day gain little addi-
tional performance benefit from further supplementation, though higher intakes may aid
satiety and lean mass preservation during energy deficits [6].

Overall, protein requirements are dynamic, elevating with training advancement,
high-volume or multi-session training, and energy deficits, while moderating during
maintenance or surplus phases. Personalizing recommendations based on training phase,
energy balance, and individual characteristics such as sex, body composition, and habitual
intake ensures that protein strategies are both effective and specific.

6.2. Diabetic Athletes

There is limited evidence on protein requirements in diabetic athletes. However,
available evidence suggests their needs to be broadly like non-diabetic athletes, with ad-
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ditional considerations for glycemic regulation and catabolism. For endurance-trained
athletes with diabetes, protein targets approximate 1.5 g/kg/day, rising further dur-
ing carbohydrate-restricted training or rest days when amino acids contribute more
heavily to energy metabolism [42]. Strength-trained diabetic athletes similarly require
1.4–2.0 g/kg/day, consistent with ISSN recommendations. However, higher intakes may
be justified during caloric restriction to preserve lean tissue [2].

Energy balance strongly modifies requirements. In energy-deficient states, diabetic
athletes face a heightened risk of muscle loss due to the combined stress of caloric re-
striction and glycemic fluctuations. Catabolic pressures may be greater in type 1 diabetes
or poorly controlled type 2 diabetes, where insulin dosing variability and appetite dis-
turbances destabilize energy availability [88]. Under such conditions, protein intakes of
2.0–2.4 g/kg/day might be necessary to preserve lean mass [89,90]. In contrast, adequate
energy availability not only supports protein utilization but also enhances insulin sensitiv-
ity and contributes to improved glucose regulation, a key factor in diabetes management.
Therefore, guidelines for diabetic athletes must remain highly individualized. Monitoring
training load, glycemic control, and energy intake enables adjustment of protein targets
to balance performance and metabolic safety. Kerksick and Kulovitz emphasized that
prioritizing energy balance enhances protein utilization and adaptation [91]. Campbell and
Rains and Riddell et al. further noted that, while broad protein targets for athletes apply,
diabetic athletes require more precise timing strategies and, in some cases, higher intakes
to counteract greater catabolic risk [37,75]

Chronotype, or an individual’s preference for morningness or eveningness, also in-
fluences circadian regulation of glucose and protein metabolism. Morning types typically
have higher insulin sensitivity earlier in the day, while evening types show impaired glu-
cose handling and greater risk of type 2 diabetes [92,93]. Muscle protein synthesis is also
more efficient earlier in the day [94], suggesting that protein supplementation may be most
beneficial when timed with periods of optimal insulin action. In diabetes, evening chrono-
types often consume more energy and protein late at night, which can worsen glycemic
control [95]. Whey supplementation improves postprandial glucose through insulin and
incretin release [96], and these effects appear stronger when consumed in the morning or
midday. Aligning protein supplementation with chronotype may therefore optimize both
glycemic control and anabolic outcomes in individuals with diabetes.

In summary, the same principles that determine protein requirements in athletes,
training status, cycle phase, and energy balance, apply equally to those with diabetes.
However, the added challenges of glycemic variability, insulin management, and risk of
catabolism demand modified approaches. Intakes of 1.4–2.0 g/kg/day generally support
training adaptation, but during energy deficits or intensive training, requirements may rise
to 2.3–3.1 g/kg FFM/day. For diabetic athletes, aligning intake with exercise demands,
insulin regimens, and energy availability is essential to preserve lean mass, maintain
glycemic stability, and optimize performance.

7. Comparative Effects of Different Protein Sources on
Athletic Performance

The source of protein is a determining factor in its metabolic and physiological impact
through differences in amino acid composition, digestion and absorption rates, bioavail-
ability, and the presence of bioactive compounds [2]. These characteristics affect acute
MPS responses and, in the long term, training adaptations such as hypertrophy, strength,
endurance capacity, and recovery [2].
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7.1. Whey Protein
7.1.1. General Characteristics

Whey protein, derived from the water-soluble fraction of milk protein during cheese
production, is widely recognized for its high biological value and rich amino acid pro-
file [97,98]. It contains all essential amino acids and is particularly high in branched-chain
amino acids (BCAAs).

Beyond general health and performance benefits, whey-derived bioactive peptides
demonstrate antioxidant, anti-diabetic, immune-enhancing, and particularly anti-cancer
properties, including the inhibition of breast cancer cell growth through pathways like p38
MAPK and p53 [99]. Moreover, Gamma-aminobutyric acid (GABA)-enriched fermented
whey protein shows anti-fatigue, anti-inflammatory, and gut microbiota-modulating effects,
supporting its role as a functional ingredient for performance and health [100].

Whey protein provides one of the highest leucine concentrations (~10–12% of total
amino acids) among dietary proteins [2,101,102]. Leucine is a key activator of the mechanis-
tic target of rapamycin (mTOR) pathway, which drives muscle protein synthesis (MPS) [82].

As a fast-digesting protein, whey is rapidly absorbed, producing a sharp rise in plasma
amino acids within 30–60 min post-ingestion [103,104]. This hyperaminoacidemia, domi-
nated by leucine, strongly stimulates mTORC1 signaling and MPS. It may explain whey’s
superior anabolic effect compared to slower proteins such as casein [105], as evidenced by
Kim et al. report that MPS after whey ingestion was 122% higher than casein following
exercise and 93% higher at rest [106].

Beyond amino acid composition, whey also contains bioactive peptides with an-
tioxidant and immunomodulatory properties, including β-lactoglobulin, α-lactalbumin,
immunoglobulins, and lactoferrin [102,107]. These components may also indirectly support
recovery by enhancing immune function and reducing oxidative stress. Glycomacropeptide
(GMP), which makes up ~15% of whey protein, is of particular interest. GMP is rich in
isoleucine and valine but lacks phenylalanine and has been shown in animal models to
reduce fat accumulation and improve fatty acid oxidation [69,108]. GMP has also demon-
strated anti-inflammatory effects, suggesting therapeutic potential for metabolic disorders
and muscle atrophy. However, it needs further human clinical studies [107].

7.1.2. Whey Protein and Physical Performance

The performance benefits of whey protein are most evident when paired with re-
sistance training. Multiple meta-analyses confirm that whey supplementation enhances
hypertrophy and maximal strength, particularly in individuals with inadequate baseline
protein intake (<1.6 g/kg/day) [3,82]. Similarly, Pasiakos et al. reported that whey’s
leucine-rich profile makes it especially effective for stimulating myofibrillar protein synthe-
sis during training phases, emphasizing muscle accretion [67].

For endurance athletes, whey cannot serve as a direct fuel source, but post-exercise
ingestion can enhance glycogen resynthesis when co-ingested with carbohydrate and may
reduce soreness and markers of muscle damage [98,109,110]. Its rapid absorption profile
makes it particularly useful in scenarios with minimal recovery time, such as tournaments
or multi-session training days [111].

7.1.3. Whey Protein and Diabetic Athletes

Whey protein has also been investigated in the context of diabetes, where its
dual effects on muscle metabolism and glycemic regulation are especially valuable. In
type 2 diabetes, whey stimulates insulin and incretin hormones (GLP-1, GIP), slows gastric
emptying, and reduces postprandial glucose excursions [112]. A meta-analysis showed
that pre-meal whey reduced postprandial blood glucose by ~2.7 mmol/L at 60 min and



Nutrients 2025, 17, 3528 17 of 53

~1.6 mmol/L at 120 min, while enhancing insulin responses [96]. Longer-term trials report
modest reductions in HbA1c, fasting insulin, HOMA-IR, and triglycerides, along with
improvements in blood pressure and lipid profiles [113,114].

For diabetic athletes, whey protein may serve a dual function: blunting glycemic
spikes while providing an anabolic stimulus to counteract the catabolic risk associated with
insulin fluctuations and energy variability [35,37]. Timing of ingestion is crucial.

Pre-exercise or pre-meal ingestion has potential benefits for both glycemic control
and performance recovery. However, trials directly assessing athletic outcomes in this
population are limited [115]. Emerging evidence also suggests that GMP, a whey fraction,
may lower postprandial glycemia and improve insulin sensitivity [108]. However, more
research in athletes is needed.

Overall, whey protein stands out among dietary proteins due to its rapid digestibility,
high leucine content, and potent ability to stimulate MPS. There is consistent evidence
supporting its role in enhancing muscle hypertrophy and strength in resistance athletes,
with additional benefits for glycogen restoration and recovery in endurance contexts. In dia-
betic populations, whey’s insulinotropic and glycemia-modulating effects provides unique
advantages, though more athlete-specific studies are needed. Bioactive components such
as GMP may provide added benefits in body composition and metabolic health, but human
data is still in infancy. Overall, whey protein represents a highly effective supplement for
supporting both performance and health outcomes across athletic populations.

7.2. Casein Protein
7.2.1. General Characteristics

Casein comprises ~80% of milk protein and is a complete protein, providing all
essential amino acids, though with slightly lower leucine content (~8%) compared with
whey protein [116–118]. Due to its micellar structure and isoelectric pH, casein coagulates
in the stomach and slows gastric emptying, leading to a gradual and sustained release
of amino acids over 6–8 h [119,120]. This classifies casein as a “slow protein,” producing
modest but prolonged stimulation of muscle protein synthesis (MPS) and exerting strong
anti-catabolic effects by suppressing protein breakdown [119,121].

7.2.2. Casein Protein and Physical Performance

When total protein intake is matched, casein supports hypertrophy and strength gains
similar to whey protein over long-term resistance training, despite its slower initial rise
in MPS [120,122,123]. Its slow digestion makes it particularly useful in recovery periods
that involve extended fasting, such as overnight after late-evening training. There is
consistent evidence supporting pre-sleep ingestion of 30–40 g casein to elevate overnight
MPS, improve nitrogen balance, and enhance next-day recovery in resistance-trained
athletes [69,124–126]. Some studies also suggest casein may promote protein deposition
under certain conditions, highlighting its strong anti-catabolic potential [127].

Although less studied in endurance athletes, casein’s prolonged amino acid delivery
may help recovery by sustaining protein balance when dietary intake is delayed or lim-
ited [128]. Overall, casein seems to complement whey in protein strategies, with whey
stimulating rapid MPS spikes and casein providing extended anabolic coverage.

7.2.3. Casein Protein and Diabetic Athletes

In individuals with type 2 diabetes, casein elicits a slower and more gradual insulin
and incretin response compared to whey, leading to moderated postprandial glycemia [129].
Chen et al. reported that casein also influences lipid metabolism, lessening glucose-induced
lipid perturbations and modulating sphingolipid and ether lipid pathways, which may
contribute to reduced long-term cardiometabolic risk [130]. Acute studies suggest dietary
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casein can enhance insulin secretion and support glycemic management, though long-term
outcomes remain underexplored [131].

For diabetic athletes, casein’s slow digestion provides a more stable glycemic profile
during training and competition, reducing the risk of rapid glucose fluctuations. Its anti-
catabolic effect is especially valuable in energy-restricted status or in high-volume training
phases, where preserving lean tissue is critical [127]. Pre-sleep casein ingestion may also
support both overnight MPS and glycemic stability, offering dual benefits in this popula-
tion. However, as with other high-protein strategies in diabetes, considerations of kidney
function and individualized glycemic monitoring are essential [53]. While casein appears to
complement whey by providing prolonged anabolic and glycemic stability benefits, more
research in diabetic athletes is required to determine dosing and timing strategies. Overall,
casein is characterized by slow digestion and sustained amino acid release, making it an
effective anti-catabolic protein. For athletes, its greatest value lies in recovery during fasting
periods, particularly overnight, where it enhances MPS and supports next day performance.
In diabetic athletes, casein’s gradual insulinogenic effect and lipid-modulating properties
suggest additional benefits for metabolic stability. Together, these attributes position casein
as a complementary protein source to whey, offering prolonged anabolic support and
potential cardiometabolic advantages.

7.3. Soy Protein
7.3.1. General Characteristics

Soy protein isolate, derived from defatted soybeans, provides all essential amino acids
but has a slightly lower leucine content (~8%) compared to dairy proteins [132,133]. It is
the most extensively studied plant-based protein source [134]. Soy has moderate digestion
kinetics, leading to an intermediate amino acid release between whey and casein [135].
Depending on processing, soy protein can contain isoflavones, phytoestrogens with po-
tential antioxidant and anti-inflammatory properties, that may reduce oxidative stress
and inflammation following endurance or high-intensity training [136–139]. Isolated soy
protein typically contains ~7% isoflavones [140].

7.3.2. Soy Protein and Physical Performance

Soy protein supports physical performance outcomes in both resistance and endurance
training contexts. In untrained individuals, when total protein and leucine intakes are
matched, soy and whey result in similar hypertrophy and strength gains [141,142]. Al-
though in trained populations, whey generally stimulates MPS more than soy, when
adequate doses are provided, long-term differences in lean mass or strength are min-
imal [118,142]. In endurance athletes, soy’s antioxidant properties may lessen exercise-
induced oxidative damage and support the recovery process [18,143–146]. In soccer players,
increasing daily protein to ~1.5 g/kg with either soy or whey similarly preserved perfor-
mance across repeated speed-endurance sessions [146].

To reach the leucine threshold for MPS (~2–3 g), athletes typically require 25–40 g of
soy isolate per serving, or fortification/blending with complementary proteins [26,142,147].
Therefore, soy can effectively support adaptations when incorporated into mixed source
diets, with post-exercise servings of ~25–40 g isolate soy protein shown to help recovery
and performance.

7.3.3. Soy Protein and Diabetic Athletes

In diabetes, soy protein has been primarily studied for effects on cardiometabolic
outcomes and kidney function rather than physical performance or its effect on MPS.
Meta-analyses indicate consistent reductions in total and LDL cholesterol with soy or soy-
isoflavone interventions. However, its effects on glucose, insulin, and HbA1c are incon-
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sistent [96,148,149]. Clinical trials in T2D nephropathy showed that substituting animal
protein with soy reduced urinary albumin excretion and improved lipid ratios [150,151].
In men with T2D and subclinical hypogonadism, soy with isoflavones improved HbA1c,
HOMA-IR, triglycerides, CRP, and endothelial function, without reducing testosterone,
though mild thyroid parameter shifts were observed [152].

In exercise, whey generally stimulates MPS more than soy when matched for protein
dose, but when matched for leucine content, supplementation or adequate total protein in-
take results in comparable adaptations in lean mass and strength [26,142,147]. For diabetic
athletes, soy combined with carbohydrate around training may help glycogen repletion
while maintaining neutral or modestly favorable glycemic effects [148,152]. Whole-soy
foods (e.g., tofu, tempeh, soy milk, edamame) add fiber and micronutrients with potential
lipid-lowering benefits, while isolates or RTDs provide convenient, leucine-targeted dos-
ing [147,148]. Importantly, soy substitution in diabetic kidney disease has not been linked
to renal decline and may confer protective benefits [150,151].

Overall, soy protein can be a feasible alternative or complement to animal proteins.
With slightly larger doses to match leucine thresholds, long-term performance outcomes
are generally comparable when protein intake is adequate. In diabetic athletes, soy may
offer added cardiometabolic and renal benefits, though careful monitoring of thyroid status
is advised with high-isoflavone supplementation.

7.4. Pea Protein
7.4.1. General Characteristics

Pea protein isolate, derived from yellow split peas (Pisum sativum), provides a com-
plete profile of essential amino acids while it is relatively low in methionine [119,153–157].
Its leucine content is ~8%, comparable to soy [117]. Digestion kinetics are moderate, with
absorption slower than whey but faster than casein [154,155,158,159].

7.4.2. Pea Protein and Physical Performance

Evidence from randomized controlled trials indicates that pea protein supports gains
in muscle mass and strength comparably to whey when matched for total protein and
leucine intake, which is similar to soy protein. In resistance-trained individuals, supple-
mentation with pea protein produced similar improvements in muscle thickness, strength,
and body composition relative to whey [160–164]. Novices in particular showed significant
increases in bicep muscle thickness after pea supplementation, similar to whey protein and
exceeding placebo [160]. In trained men and women engaged in high-intensity functional
training, both pea and whey yielded comparable adaptations in body composition and per-
formance [164]. Among competitive soccer players, metabolic and biochemical responses
were also similar between pea and whey [165]. Following eccentric exercise, whey appeared
to lessen muscle-damage biomarkers more than water, while pea showed intermediate
but non-significant effects; overall, no major differences were detected between pea and
whey [13].

Gorissen et al. reported that to reach the leucine threshold for maximal MPS
(~2.7 g), ~38 g of pea isolate is required compared to ~25 g of whey. Therefore, athletes may
benefit from slightly higher doses of pea or blending with complementary proteins (e.g.,
rice or corn) or free leucine [117]. While studies on endurance-specific athletes are limited,
pea’s digestibility and amino acid profile make it a feasible recovery option in endurance
athletes [42,166–169].

7.4.3. Pea Protein and Diabetic Athletes

Pea protein hydrolysates (PPH) have demonstrated glycemic benefits in preclinical
studies by stimulating GLP-1 secretion through nutrient-sensing receptors (CaSR, PepT1)
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and enhancing insulin release in enteroendocrine cell models [170,171]. In mouse models
of type 2 diabetes, nine weeks of PPH reduced fasting blood glucose by ~30%, improved
glucose tolerance, enhanced insulin signaling, and reduced inflammation [172,173].

Although human data are limited, similar trends have been observed: acute trials in
healthy adults found that yellow pea fractions (protein with fiber or combined with starch)
lowered postprandial glucose and insulin exposure compared to control cereals [174]. Pea
protein with hull fiber or whole yellow peas also reduced post-meal glucose exposure
relative to fiber alone [175]. However, these effects are formulation-dependent and can be
influenced by the food matrix and processing.

In diabetes management, pea protein may also improve satiety. One preload study
showed increased fullness and reduced subsequent intake versus water, although whey had
a stronger effect on postprandial glucose [176]. A meta-analysis of randomized trials found
that replacing animal protein with plant protein, including legumes, modestly improved
HbA1c, fasting glucose, and insulin in people diagnosed with diabetes [177]. In individuals
with diabetic nephropathy, partial substitution with pea or other plant proteins may reduce
albuminuria and improve lipid markers, though athlete-specific data are lacking [177].

For athletes with diabetes, pea protein provides both performance and potential
metabolic benefits. When total daily protein and leucine thresholds are matched, pea
shows similar effects to whey for strength and hypertrophy outcomes, while co-ingestion
with carbohydrate helps glycogen resynthesis without adverse glycemic effects [174,175].
Practical use includes ~25–40 g pea isolates post-exercise, ideally paired with carbohydrate,
and incorporation into low-glycemic meals. For those with early nephropathy, partial sub-
stitution of animal protein with plant protein may be advantageous, but clinical monitoring
is essential.

Overall, pea protein represents a plant-based alternative to animal-derived proteins,
with comparable effects on strength and muscle mass when appropriately dosed. For
diabetic athletes, it may offer added benefits in satiety and postprandial glucose moderation,
though most glycemic evidence remains preclinical or acute. Further trials are needed in
diabetic athletic populations to confirm long-term efficacy.

7.5. Protein Blends
7.5.1. General Characteristics

Protein blends, combining fast- and slow-digesting sources such as whey and ca-
sein, or complementary plant-based proteins like pea and rice, are designed to deliver
a more complete amino acid profile and staggered digestion kinetics [3,117,178,179]. As
previously described, fast proteins such as whey provide a rapid rise in plasma amino
acids, particularly leucine, while slower proteins like casein sustain aminoacidemia for
several hours [178,180]. This “fast + slow” profile may prolong the period of muscle protein
synthesis (MPS) activation and support recovery over extended windows.

7.5.2. Protein Blends and Physical Performance

Blends have been studied primarily in resistance training, where they may extend MPS
compared to whey alone, effectively prolonging the anabolic window [181,182]. Combining
complementary plant proteins also improves amino acid profile, making blends particularly
beneficial for vegan athletes [117,183,184]. For example, blending pea and rice provides a
balanced amino acid profile, while fermentation can increase digestibility to levels that are
comparable with casein [185]. A pea–rice–canola blend has even matched whey protein
in stimulating myofibrillar protein synthesis in resistance-trained adults, despite lower
short-term amino acid availability [184].
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Dairy blends, such as whey plus casein, combine the rapid aminoacidemia of whey
with casein’s prolonged release, supporting both immediate and sustained anabolic sig-
naling [133,186–188]. In older adults, casein–pea blends improved amino acid availability
relative to pea alone [189], while soy–dairy blends prolonged hyperaminoacidemia and
extended MPS beyond whey [190,191]. In another study, Aussieker et al. showed that
a whey protein and collagen blend increases both myofibrillar and muscle connective
protein synthesis rates compared with a noncaloric placebo [192]. Multi-ingredient pro-
tein (MIP) supplements, which often pair blends with creatine or vitamin D, have also
shown enhanced gains in fat-free mass and strength, particularly in untrained and older
participants [193].

Although some systematic reviews in older adults report limited additional benefits
of blends when total protein is already sufficient [194], overall evidence suggests they
support comparable hypertrophy and strength gains to whey, with potential added value
in extending anabolic signaling or improving nutrient completeness [3,162].

7.5.3. Protein Blends and Diabetic Athletes

For diabetic athletes, blends may offer unique advantages due to their dual kinetics
and amino acid complementarity. Whey stimulates rapid insulin and incretin release,
while casein provides slower, steadier aminoacidemia [129]. Combining these in blends
can smooth postprandial responses, supporting both glycemic stability and muscle an-
abolism [190,191,195]. Evidence from milk protein (a natural whey–casein blend) supports
modest improvements in glycemic and lipid profiles in adults with type 2 diabetes [196,197].

Soy–dairy blends have been shown to sustain mTORC1 signaling and prolong amino
acid balance compared to whey alone in young adults and older individuals [190,191]. For
plant-based strategies, fortifying pea–rice or soy-based blends with leucine can elevate
their anabolic potential to levels similar to whey [198–200].

For diabetic athletes, blends are particularly useful when post-exercise meals may be
delayed due to glucose management, travel, or gastrointestinal tolerance. In these cases,
a blended protein shake can extend the anabolic period until a full meal is consumed.
Pre-exercise, a blend paired with fat, fiber, and carbohydrates can provide steadier glucose
and amino acid delivery, reducing hypoglycemia risk in insulin-treated athletes [78,201].
During hypocaloric phases, blends also support satiety and lean mass preservation while
maintaining anabolic quality [2,62].

Overall, protein blends benefit the strengths of both fast and slow proteins, delivering
rapid anabolic stimulation followed by prolonged amino acid availability. For general
athletes, blends can match whey’s hypertrophy and strength benefits while potentially ex-
tending recovery support. For diabetic athletes, blends may further help stabilize glycemia,
reduce hypoglycemia risk, and provide flexibility when timing or meal composition is
constrained. Deliberate use of dairy and plant blends, considering leucine thresholds and
overall energy balance, helps athletes optimize both performance outcomes and metabolic
health.

In summary, whey offers the strongest acute anabolic and glycemic effects; casein
provides sustained support and anti-catabolic protection; soy contributes comparable
adaptations when leucine-matched, with added cardiometabolic benefits; pea protein
offers a plant-based alternative with promising glycemic effects when combined with
fiber or blended; and protein blends integrate these advantages, extending amino acid
availability and balancing metabolic responses. For athletes in general, balancing protein
choice with timing, recovery demands, and dietary preference maximizes performance and
adaptation. For diabetic athletes, additional considerations, such as glycemic variability,
insulin use, and renal health, further improve the value of protein source selection, with
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blends and plant-forward strategies providing both metabolic and performance benefits
when personalized appropriately (Table 4).

Table 4. Effects of protein sources on athletic performance: summary of findings.

Protein
Source

General
Characteristics

Effects on Physical
Performance Effects on Diabetic Athletes Representative

Studies

Whey

Fast-digesting; very high
leucine (~10–12%); rich
in BCAAs;
bioactive peptides
(β-lactoglobulin,
lactoferrin, GMP).

Enhances
hypertrophy/strength (esp.
<1.6 g/kg baseline intake);
supports glycogen
resynthesis with carbs;
reduces soreness/damage;
best for rapid recovery.

Stimulates insulin and
incretins (GLP-1, GIP);
reduces postprandial
glucose; improves HbA1c,
insulin sensitivity, lipids, and
BP; GMP shows
anti-inflammatory and
glycemic effects.

[3,82,98,106]

Casein

Slow-digesting; leucine
~8%; coagulates in stomach;
sustained AA release
(6–8 h); strong
anti-catabolic effect.

Supports long-term
hypertrophy/strength;
pre-sleep 30–40 g enhances
overnight MPS and recovery;
best for prolonged
fasting periods.

Produces gradual insulin
response; moderates
glycemia; improves lipid
metabolism; reduces
cardiometabolic risk; helps
preserve lean tissue.

[119,120,126,130]

Soy

Plant-based; complete
protein; leucine ~8%;
moderate digestion;
contains isoflavones with
antioxidant/
anti-inflammatory
properties.

Comparable
hypertrophy/strength to
whey when leucine-matched;
antioxidant effects aid
recovery; requires larger
dose (25–40 g) to reach
leucine threshold.

Lowers LDL/total
cholesterol; inconsistent
effects on glucose/HbA1c;
protective in nephropathy
(reduces albuminuria); may
improve endothelial
function/CRP.

[26,146,147,152]

Pea

Plant-based; leucine ~8%,
low methionine; moderate
digestion; requires ~38 g to
reach MPS leucine
threshold.

Supports
hypertrophy/strength
similar to whey when
matched; effective in
resistance and functional
training; blends with
rice/corn improve amino
acid profile.

Preclinical: improves GLP-1,
insulin signaling,
and reduces
glucose/inflammation.
Human: lowers postprandial
glucose, improves satiety;
may reduce albuminuria
in nephropathy.

[13,160,164,165,174]

Blends

Combine fast + slow
(whey + casein) or
complementary plants
(pea + rice); balanced
amino acid profile;
staggered digestion.

Extend anabolic signaling
beyond whey; match whey
for hypertrophy/strength;
useful for vegan athletes;
multi-ingredient blends
(creatine, vitamin D) enhance
FFM and strength.

Provide smoother
postprandial glucose/insulin
responses; dairy blends
improve lipid/glycemic
outcomes in T2D; plant
blends fortified with leucine
match whey’s anabolic effect.

[181,182,184,191,192]

Eggs

Complete, highly
digestible; high leucine
(~9%); bioactive
compounds in yolk
(cholesterol,
phospholipids).

Whole eggs post-exercise
enhance MPS more than egg
whites; support skeletal
muscle health and recovery.

Provide dual benefits:
leucine stimulates mTOR;
yolk components improve
satiety, modulate
postprandial glycemia, and
support lipid profiles;
moderate intake (≤1/day)
safe in T2D.

[202–206]

Rice

Plant-based,
hypoallergenic; low lysine,
but leucine- rich when
dose matched; free from
lactose/gluten.

Comparable hypertrophy
and strength gains to whey
when matched for protein
dose; supports body
composition improvements.

Neutral to beneficial effects
on glycemic control; lower
postprandial glucose/insulin
vs. whey; supports GLP-1
secretion, lipid metabolism,
renal protection in T2D.

[207–213]
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Table 4. Cont.

Protein
Source

General
Characteristics

Effects on Physical
Performance Effects on Diabetic Athletes Representative

Studies

Collagen

Incomplete protein; very
low leucine (~3%), no
tryptophan; rich in glycine,
proline, hydroxyproline;
supports connective tissue.

Improves tendon stiffness,
explosive strength (longer-
term use); supports
connective-tissue adaptation;
limited direct effect on MPS
unless combined with
leucine-rich protein.

Relevant for diabetic athletes:
counters impaired
connective- tissue integrity
from glycation/AGEs; may
improve wound healing,
tendon health, and glycemic
control (HbA1c, fasting
glucose); complementary
with whey/casein.

[214–220]

Abbreviations: AA, amino acids; MPS, muscle protein synthesis; BCAAs, branched-chain amino. acids; GMP,
glycomacropeptide; GLP-1, glucagon-like peptide-1; GIP, glucose-dependent insulinotropic polypeptide; HbA1c,
glycated hemoglobin; BP, blood pressure; LDL, low-density lipoprotein; CRP, C-reactive protein; FFM, fat-free
mass; T2D, type 2 diabetes. Protein source characteristics reflect digestion rate, leucine content, and bioactive
components, with performance and metabolic outcomes influenced by source-specific properties.

7.6. Other Proteins
7.6.1. Egg Protein

Ingestion of whole eggs immediately after resistance exercise resulted in greater
myofibrillar protein synthesis compared with egg white alone in young men [202]. Also,
egg protein has been recognized as a highly digestible complete source important for
skeletal muscle health [203].

For diabetic athletes, egg protein may provide dual benefits. First, its high leucine con-
tent (~9%) supports activation of the mTOR pathway, thereby counteracting the catabolic
effects of fluctuating insulin availability. Second, whole-egg ingestion has been associated
with improved satiety and modulation of postprandial glycemia, partly due to the pres-
ence of dietary cholesterol, phospholipids, and bioactive compounds that may influence
incretin release and insulin secretion [204,205]. Epidemiological data in type 2 diabetes
populations indicate that moderate egg consumption (up to 1 egg/day) does not adversely
affect glycemic control and may improve lipid profiles when incorporated into a balanced
diet [206].

7.6.2. Rice Protein

A randomized controlled trial found that 24 g daily of rice protein concentrate com-
bined with resistance training resulted in similar changes in body composition and per-
formance outcomes compared with whey protein [207]. Rice protein isolates can elicit
comparable hypertrophy and strength adaptations when the protein dose is matched [208].
For diabetic athletes, rice protein offers unique advantages as a plant-based, hypoallergenic
option that is naturally free from lactose, gluten, and common allergens. Its relatively
lower lysine content can be compensated by blending with complementary proteins (e.g.,
pea). Importantly, rice protein isolates, when fortified or consumed in sufficient doses
(~30–40 g), can reach the leucine threshold needed to maximally stimulate muscle pro-
tein synthesis [209,210]. Rice protein has shown neutral to modestly beneficial effects on
glycemic control in individuals with type 2 diabetes. Acute studies show that rice protein
ingestion produces lower postprandial glucose and insulin responses compared with whey
or potato protein, suggesting a more favorable glycemic profile [211]. Mechanistic evidence
also indicates that rice protein hydrolysates can stimulate GLP-1 secretion, reduce DPP-IV
activity, and attenuate glycemic responses in preclinical models [212]. Pilot human data
further report that rice endosperm protein intake improved lipid metabolism in individ-
uals with hyperlipidemia, reducing LDL cholesterol and triglycerides while supporting
cardiometabolic health [212]. Moreover, reviews highlight that substituting animal protein
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with plant proteins such as rice may provide renal protection in type 2 diabetes, potentially
lowering albuminuria and slowing progression of kidney dysfunction [213].

Additionally, rice protein is often incorporated into ready-to-drink formulations or
plant-based recovery shakes, which, when paired with carbohydrate, support glycogen
replenishment while avoiding exaggerated glycemic spikes. For athletes with early diabetic
nephropathy, replacing part of the dietary protein load with plant proteins like rice may
also confer renal-protective effects [213].

7.6.3. Collagen Peptides

Supplementation with specific collagen peptides over 16 weeks improved muscle and
tendon stiffness and explosive strength in sedentary young men [214]. Collagen peptides
may help mitigate muscle stress from resistance training and support connective tissue
adaptation, though methodological heterogeneity is noted [215]. However, Karp et al.
showed that after one week of collagen supplementation, no significant increase in myofib-
rillar or muscle-connective protein synthesis rates with collagen peptide supplementation
alone occurred [216].

For diabetic athletes, collagen protein may hold relevance beyond muscle anabolism.
Diabetes is associated with impaired connective-tissue integrity, including reduced tendon
stiffness and delayed wound healing. For example, in diabetic tendons there is evidence
of collagen fiber disorganization and reduced tendon linear modulus, likely linked to
accumulation of advanced glycation end-products (AGEs) [217]. The diabetic environment
also promotes microvascular complications and poor extracellular matrix turnover, con-
tributing to greater susceptibility to joint injuries due to glycation of collagen fibers and
altered tendon homeostasis [218]. Collagen peptides, which are rich in glycine, proline,
and hydroxyproline, may support extracellular matrix synthesis and potentially counteract
diabetes-related connective-tissue deterioration; there is a growing body of literature on
collagen supplementation in exercise and connective tissues [219]. This is clinically signifi-
cant for athletes with type 2 diabetes, who often experience higher rates of musculoskeletal
complications that can limit training and recovery.

Collagen is considered an incomplete protein due to its very low leucine content (≈3%)
and absence of tryptophan, making it insufficient for maximal muscle protein synthesis
when consumed alone [219]. However, when collagen is co-ingested with leucine-rich
proteins such as whey or casein, or fortified with free leucine, it can provide complementary
benefits, supporting connective-tissue remodeling while maintaining anabolic signaling.
The dual approach may be especially useful in diabetic athletes, who require strategies to
both preserve lean mass and maintain tendon and joint health.

Collagen supplementation may also influence glycemic control indirectly. Some
studies in type 2 diabetes populations suggest that collagen hydrolysates can improve
fasting glucose and HbA1c. For instance, a trial of marine collagen peptides in Chinese
patients with T2DM showed modulation of glucose and lipid metabolism [220]. Although
these data are preliminary in athletic settings, given the higher prevalence of joint pain and
tendinopathy in diabetic individuals, collagen supplementation, particularly when paired
with resistance training, could serve as an adjunctive strategy to reduce injury risk and
support functional performance.

7.7. Intact Protein vs. Protein Hydrolysate

Protein hydrolysates have attracted interest in sports nutrition due to their rapid
absorption and potential to accelerate recovery after intense exercise. Protein hydrolysates
are absorbed more rapidly compared with intact proteins. This rapid digestion and ab-
sorption lead to faster plasma amino acid elevation, especially leucine, which may trigger
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muscle protein synthesis (MPS) more quickly [221,222]. Some studies suggest hydrolysates
can enhance early post-exercise recovery and reduce muscle soreness, as seen with whey
hydrolysate after eccentric exercise [223]. However, longer training studies often show no
difference in strength or hypertrophy outcomes compared with intact proteins when total
intake is sufficient [223].

Overall, while hydrolysates provide faster amino acid delivery and may benefit
athletes needing rapid recovery or those with GI issues, intact high-quality proteins
achieve comparable long-term performance adaptations when consumed in adequate
amounts [224]. The main determinants of performance remain total protein intake, quality,
and timing, with hydrolysates offering situational rather than universal advantages.

8. Effects of Protein Supplementation in Resistance Training Athletes
8.1. General Athletes

Resistance training has been studied extensively for protein supplementation, as hy-
pertrophy and strength gains are directly dependent on amino acid availability and training-
induced stimulation of MPS [225,226]. Mechanical overload, muscle damage, and metabolic
stress collectively trigger MPS, and without sufficient amino acid supply, the response is
transient and insufficient to prevent muscle protein breakdown (MPB) [161,227]. Protein
supplementation, particularly fast protein such as whey, facilitates rapid aminoacidemia,
increases leucine availability to activate mTORC1 signaling, and supports satellite cell
activation, thus amplifying the anabolic response to training [228]. Morton et al. ana-
lyzed 49 randomized controlled trials and reported that protein supplementation signif-
icantly increased fat-free mass (FFM) and one-repetition maximum (1RM) strength in
resistance-trained individuals [3]. Maximal gains were observed at ~1.6 g/kg/day in
energy balance, with diminishing returns beyond this intake, although higher intakes
(2.3–3.1 g/kg FFM/day) may be beneficial during caloric restriction or high-volume train-
ing [3]. In novice athletes, resistance training alone results in substantial hypertrophy, with
supplementation adding only modest benefits unless baseline protein intake is insufficient.
In contrast, experienced athletes exhibit smaller absolute gains due to adaptation plateaus,
but supplementation may yield proportionally greater improvements when dietary protein
intake is otherwise suboptimal.

While strength outcomes improve with protein supplementation, they are generally
less pronounced than hypertrophy gains, as neural adaptations, tendon stiffness, and motor
learning contribute significantly to strength development [3]. Whey protein, particularly
during post-exercise, enhances 1RM strength in bench press and squat compared to car-
bohydrate or placebo [3]. Plant proteins such as soy and pea, when matched for protein
and leucine content, produce comparable hypertrophy and strength outcomes to whey,
although 10–20% higher doses or leucine fortification may be required to match anabolic
potential due to differences in digestibility and amino acid profile [147,228].

Protein supplementation also plays a role in recovery. Resistance exercise induces mi-
crotrauma and delayed-onset muscle soreness (DOMS), which temporarily reduces muscle
function [229]. Supplemental protein accelerates recovery by enhancing repair processes,
attenuating oxidative damage, and supporting glycogen replenishment when combined
with carbohydrates [229]. Whey’s rapid absorption makes it ideal for post-exercise recovery,
while casein provides prolonged amino acid delivery that is advantageous overnight or
during long intervals between meals [230]. Long-term hypertrophy and strength outcomes
are similar when total intake is matched, regardless of protein type. However, blends of
dairy and/or plant proteins may extend the anabolic window by combining rapid and
sustained amino acid delivery [3].



Nutrients 2025, 17, 3528 26 of 53

As practical recommendations, in resistance-trained athletes, a daily intake of
1.6–2.2 g/kg/day is appropriate in energy balance, with 2.3–3.1 g/kg FFM/day war-
ranted during caloric restriction [3]. Protein should be evenly distributed across 3–6 meals
(~0.3–0.4 g/kg/meal) with at least one serving timed within 2 h post-exercise [230]. Whey
protein is optimal for rapid post-workout recovery, while casein or blended proteins are
suited for sustained coverage, particularly pre-sleep or in high-frequency training. Plant-
based athletes can effectively utilize soy or pea proteins but should consider fortification
or blending strategies to warrant adequate leucine intake. In multi-session training days,
rapid-digesting protein immediately after the first session is particularly important to
maximize recovery before subsequent exercise bouts [230].

8.2. Diabetic Athletes

Resistance training (RT) is particularly important for individuals with diabetes, as it
improves insulin sensitivity and lowers HbA1c in adults with type 2 diabetes (T2D) [231].
Protein supplementation can complement these effects by stimulating MPS; however,
altered insulin action in diabetes may influence protein metabolism. The anabolic response
to protein and insulin remains largely preserved in T2D, meaning diabetic athletes can
benefit from protein similarly to their non-diabetic peers, while also leveraging its glycemic
effects [57,232,233].

In men with longstanding T2D treated with oral agents, adding a protein hydrolysate
to carbohydrate doubled postprandial MPS compared to carbohydrate alone, with re-
sponses similar to matched controls [232]. Despite elevated postabsorptive protein turnover
in poorly controlled T2D, the anabolic response to insulin and amino acids is intact [205,206].
Consequently, with adequate amino acid availability and insulin (endogenous or exoge-
nous), robust anabolic responses can be achieved with RT.

Several RCTs in older adults diagnosed with T2D indicate that RT itself drives most
improvements in strength, body composition, and glycemic control, while protein supple-
mentation provides little additional benefit when dietary intake is already satisfactory. In
a 24-week trial (n = 198), combining RT with whey protein (2 × 20 g/day) and vitamin
D did not result in additional improvement in HbA1c, HOMA-IR, body composition, or
strength compared with RT alone [234]. Similar findings were reported in other RCTs using
whey protein (20–33 g/day) or leucine-rich amino acid blends during RT, which did not
enhance outcomes beyond exercise [235–237]. Importantly, renal markers remained within
safe ranges, with only small increases in urea noted [235,236].

Nevertheless, protein can provide glycemic benefits outside of direct training adapta-
tions. A 7-day crossover trial showed that consuming 15 g whey protein before main meals
reduced daily hyperglycemia and increased time in range in individuals with T2D [11].
Acute studies with protein hydrolysates have shown reduced postprandial glucose and hy-
perglycemia prevalence [238,239], although longer-term interventions showed inconsistent
effects on day-long glycemia [240].

As practical recommendations, small pre-meal whey doses (10–20 g) may blunt post-
prandial glucose levels, particularly before carbohydrate-rich meals or recovery feed-
ings [232,238–240]. Daily protein requirements for diabetic athletes align with general
recommendations (~1.4–2.0 g/kg/day), with per-meal intakes of 0.3–0.4 g/kg (~25–40 g)
from high-quality sources to achieve the leucine threshold of ~2–3 g per meal [2,62]. Postex-
ercise protein supports recovery, and blends combining fast- and slow-digesting proteins
may be more useful when full meals are delayed. Continuous glucose monitoring (CGM),
self-monitoring of blood glucose (SMBG), and insulin adjustments must be incorporated in
general plans [37].
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Safety remains an important consideration. Moderate whey protein supplementation
has shown no negative impact on kidneys in older adults diagnosed with T2D. However,
regular monitoring is recommended, particularly in those with nephropathy [235]. While
BCAAs and leucine are potent insulinotropic and anabolic agents [241], chronically ele-
vated circulating BCAAs have been linked to insulin resistance in observational studies,
underscoring the need to balance total protein intake and overall diet [55,242].

In summary, resistance training is the primary driver of improved strength, body
composition, and glycemic control in diabetic athletes, with protein supplementation as an
aid to optimize adaptation and metabolic management. RCTs in older T2D populations
show limited additive effects of supplementation when protein intake is already sufficient.
However, small pre-meal doses of whey may help with glycemic control. Total daily
intakes of 1.4–2.0 g/kg/day distributed evenly across meals are recommended, with
adjustments upward during caloric deficits or heavy training. Personalized strategies
such as incorporating CGM data, renal monitoring, and insulin regimen are vital. More
studies in younger and competitive diabetic athletes are needed to clarify the role of protein
supplementation in long-term performance and glycemic outcomes.

9. Effects of Protein Supplementation in Endurance Athletes
9.1. General Athletes

Endurance performance is primarily driven by oxidative energy production, high
mitochondrial density, and effective substrate utilization. However, protein plays a pivotal
role in recovery, adaptation, and lean mass protection in athletes exposed to prolonged or
high-intensity aerobic exercise [42]. Endurance training accelerates amino acid turnover
and raises protein needs compared with sedentary individuals, with benefits for recovery,
mitochondrial remodeling, and muscle maintenance when intake is adequate [2,243].

Unlike resistance training, where hypertrophy is the main goal, protein in endurance
athletes is critical for repairing exercise-induced muscle damage, supporting metabolic
adaptations, and preserving muscle tissue [42]. Protein ingestion helps repair muscle fibers
damaged by eccentric contractions and enhances glycogen repletion. Co-ingestion of pro-
tein with carbohydrate accelerates resynthesis of glycogen, particularly when carbohydrate
intake is suboptimal (<1.0 g/kg/h post-exercise) [68]. Certain amino acids, particularly
leucine, also promote mitochondrial biogenesis via the activation of signaling path-ways
such as mTORC1 and PGC-1α. Protein intake during the post-exercise period suppresses
proteolysis, further supporting recovery and lean mass retention during heavy training
blocks or competitive seasons [243].

The short-term recovery effects of proteins are well-studied. Several studies showed
that adding ~20–40 g high-quality protein to post-exercise carbohydrate intake reduces
markers of muscle damage such as plasma CK and myoglobin and lowers delayed-onset
muscle soreness (DOMS). Co-ingestion of protein and carbohydrate can improve time-to-
exhaustion or time-trial performance in sessions performed within 24 h, particularly when
carbohydrate intake is limited [30].

In chronic long-term adaptation, a combination of endurance training and protein
supplementation results in various favorable outcomes. During high-volume training,
protein supplementation reduces lean mass loss, particularly in energy-deficit conditions
such as training camps or stage races. Intakes ≥ 1.8 g/kg/day may support mitochondrial
protein synthesis and oxidative enzyme activity [42]. However, results on improvements in
VO2max and lactate threshold are inconsistent, underscoring carbohydrate availability and
training intensity as primary drivers of aerobic performance [145,244].
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The interaction of carbohydrate and protein in endurance sports has shown favorable
effects. Carbohydrates are the main fuel for endurance exercise while protein is most
impactful when carbohydrate availability is restricted. Low glycogen increases amino acid
oxidation, compromising protein balance; supplemental protein offsets these losses and
reduces muscle damage [42]. In multi-session days, protein intake between bouts enhances
recovery when glycogen replenishment is incomplete [68].

The type of protein is also a determining factor in endurance training. Whey protein
supports rapid post-exercise recovery and glycogen resynthesis when co-ingested with
carbohydrate. As previously described, casein helps overnight recovery, particularly useful
in multi-day events. Soy and pea proteins are effective alternatives. However, leucine
content must be adjusted. Moreover, soy’s isoflavones provide additional antioxidant
benefits in high-oxidative-stress contexts (e.g., ultramarathons) [18,243,245,246]. Protein
blends combining fast and slow proteins may synergistically extend amino acid delivery,
supporting both acute and prolonged recovery phases.

9.2. Diabetic Athletes

In athletes with diabetes, the anabolic response to protein supplementation remains
largely intact. Compared to healthy controls, men with longstanding type 2 diabetes
(T2D) experience similar increases in muscle protein synthesis (MPS) following protein–
carbohydrate ingestion [232]. However, clamp studies showed that the anabolic effects of
insulin and energy are preserved in poorly controlled T2D when amino acid availability
is adequate [57]. Protein supplementation in these athletes supports the same adapta-
tions as in non-diabetic peers, but its role in glycemic management provides additional
benefits and challenges. In T2D, small pre-meal whey protein doses of ~15 g have been
shown to blunt postprandial glucose spikes, improve time-in-range, and reduce daily
hyperglycemia [11,96]. In contrast, in type 1 diabetes (T1D), high-protein and high-fat
meals often irritate delayed hyperglycemia three to five hours post-ingestion that requires
extended or adjusted insulin dosing strategies [31,247]. These differences emphasize the
importance of balancing protein timing to carbohydrate intake and insulin management.

For endurance athletes with diabetes, practical approaches include maintaining daily
intakes of ~1.2–1.8 g/kg/day (often framed as 1.4–2.0 g/kg/day), with higher intakes
recommended during heavy training blocks, energy restriction, or carbohydrate-restricted
phases [2,62,127,243]. Per-meal dosing of 0.3–0.4 g/kg (20–40 g) every three to four hours
ensures leucine thresholds are met and MPS is maximized. Post-exercise meals should
pair 20–40 g of protein with ~1.0–1.2 g/kg/h carbohydrate across early recovery. When
carbohydrate intake is limited, protein can partially compensate by supporting glycogen
repletion and muscle repair [21,30]. Pre-meal whey doses of 10–20 g consumed before large
carbohydrate-rich meals help moderate postprandial glucose levels in T2D [11,96]. Before
sleep, ~30–40 g of casein provides sustained aminoacidemia overnight, though T1D athletes
must manage the risk of delayed hyperglycemia with careful insulin strategies [247].

Safety considerations are vitally important. Moderate whey supplementation has not
shown any negative impact on kidneys in older adults with T2D conducting resistance or
endurance training, although those with nephropathy should individualize protein intake
under medical guidance [235]. In athletes with T1D, high-protein meals can raise late
insulin needs, which may interfere with overnight recovery if not properly adjusted [31,247].
Despite promising findings, only a few trials (with multi-week intervention) have evaluated
protein supplementation in competitive diabetic endurance athletes using performance
or continuous glucose monitoring (CGM) outcomes. Future research needs to compare
whey, casein, and plant or blended proteins with various levels of carbohydrate intake,
with integration of CGM-guided nutrition strategies.



Nutrients 2025, 17, 3528 29 of 53

In summary, protein supplementation in endurance athletes primarily supports recov-
ery, preserves lean mass, and enhances adaptation. It is more important when carbohydrate
availability is limited. Whey protein is effective post-exercise due to rapid absorption;
casein supports prolonged recovery overnight; soy and pea proteins provide plant-based
alternatives with added antioxidant and metabolic benefits; and blends extend the anabolic
window by combining fast and slow proteins. For diabetic endurance athletes, the anabolic
response to protein remains preserved, but insulin management and nutrient timing are
critical. Small pre-meal whey doses can stabilize postprandial glycemia in T2D, while
T1D athletes must carefully adjust insulin regimens when consuming protein-rich meals.
Ultimately, individualized approaches integrating carbohydrate intake, training load, and
glycemic control are essential for optimizing both performance and metabolic health.

10. Protein Supplementation in High-Intensity Functional
Training (HIFT)
10.1. General Athletes

HIFT incorporates mixed-modality exercise regimens such as CrossFit®, tacti-
cal/military conditioning, and sport-specific training programs. It integrates resistance
exercise, Olympic lifting, gymnastics, sprint intervals, and aerobic conditioning within the
same training cycle or even a single session. This unique training model challenges the
musculoskeletal, neuromuscular, and metabolic systems simultaneously, combining the
eccentric muscle-damaging loads of resistance training with oxidative stress and substrate
depletion typical of endurance exercise. These overlapping demands highlight the potential
importance of protein supplementation for optimizing adaptation and supporting recovery
in HIFT athletes.

Protein supplementation can serve multiple roles in this context. By facilitating muscle
repair and remodeling, protein is particularly important for the resistance-based elements
of HIFT, such as Olympic lifts and heavy squats [248]. It also supports mitochondrial and
oxidative adaptations elicited by the endurance aspects of training [249] while attenuating
muscle protein breakdown caused by repeated high-intensity bouts under fatigue [250].
When co-ingested with carbohydrate, protein can also accelerate glycogen resynthesis
during high-training-volume periods [251]. Because HIFT targets diverse adaptations,
protein needs may fluctuate more than in single-modality sports, depending on whether
training blocks emphasize strength, metabolic conditioning, or both [20].

The research on HIFT athletes is limited. However, emerging trials provide some
insights. A 2025 randomized crossover study found that increasing daily protein intake
from ~1.0 g/kg to 1.6 g/kg using whey or egg-white protein over six weeks did not
significantly enhance VO2 max, maximal strength, or core endurance compared to an
isocaloric carbohydrate control group. Improvements were observed across all groups
due to training alone. Authors suggest that recreational HIFT participants may meet
most adaptation needs with protein intakes slightly above 1.0 g/kg/day [24]. In contrast,
a case series of competitive CrossFit® athletes showed that post-workout whey protein
(~0.3 g/kg) combined with carbohydrate accelerates recovery between same-day sessions.
It also reduces delayed-onset muscle soreness (DOMS) and preserves performance in
repeated workouts [252]. Similarly, studies in military personnel undergoing HIFT-style
conditioning show that protein intakes around 1.8–2.0 g/kg/day better preserve lean mass.
This was more significant under caloric-deficit conditions common in field training [64].

Performance outcomes in HIFT vary depending on baseline intake and energy
availability. Strength gains appear most responsive when total protein intake is below
~1.4 g/kg/day, with supplementation helping to optimize hypertrophy and perfor-
mance [20]. Above this threshold, benefits are less consistent unless athletes are in caloric-
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deficit or high-volume phases. For aerobic and anaerobic capacity, supplementation gen-
erally does not improve performance beyond training alone. However, adequate protein
may improve training consistency during demanding weeks by enhancing recovery from
muscle microdamage [47]. Recovery is a particular focus in HIFT, given the high training
frequency. Whey protein consumed post-session reduces soreness and accelerates neuro-
muscular recovery, especially when combined with carbohydrate [253,254]. In multi-day
competition formats, such as the CrossFit Games®, pre-sleep casein has been shown to
support overnight recovery and performance readiness [255].

Protein type also plays an important role in recovery plans for HIFT. Whey protein,
due to its rapid digestion, is the best option for immediate post-exercise recovery [256].
Casein, with slower absorption, provides sustained amino acid availability that is useful
overnight or during extended gaps between meals [255]. Plant-based proteins such as
soy and pea are effective alternatives when doses are adjusted to meet leucine thresholds,
although slightly higher intakes may be required [164]. Blends of fast- and slow-digesting
proteins provide both rapid and sustained amino acid release, making them especially
valuable for heavy training days with long intervals between meals [20].

Practical guidelines suggest that HIFT athletes should aim for daily protein intakes
of 1.6–2.0 g/kg/day under normal conditions, increasing to 2.4 g/kg/day during caloric
deficits or periods of very high training loads [20]. A post-exercise dose of 0.3–0.4 g/kg
within one hour of training, evenly distributed across 3–6 meals per day, is recommended.
On competition or multi-session days, rapid-digesting protein are suitable options after
the first workout, with casein supplementation before sleep to maximize overnight recov-
ery. Ultimately, supplement choice should be guided by individual dietary preferences,
tolerance, and training schedule. Moreover, protein blends provide a flexible and effective
option for sustaining recovery in the demanding context of HIFT.

10.2. Diabetic Athletes

HIFT is becoming increasingly popular among individuals with diabetes. In type 2
diabetes (T2D), short HIFT interventions have been shown to improve insulin sensitivity,
β-cell function, body composition, and broader cardiometabolic risk markers [257,258].
Evidence from high-intensity interval training (HIIT) shows similar benefits for glucose
regulation in people with or at risk for T2D [259]. In type 1 diabetes (T1D), outcomes
are more nuanced: a 12-week HIIT trial did not lower HbA1c overall, but participants
who adhered to more than half the sessions did experience greater HbA1c reductions.
Authors suggested that carefully programmed and monitored conditioning can be safe and
beneficial [260].

With HIFT imposing both heavy mechanical and metabolic stress, higher protein intake
levels are vital to support adaptation, recovery, and lean mass preservation [2]. Timing,
such as post-exercise protein intake or distributing protein evenly across the day, is also
crucial to further enhance muscle protein synthesis [62]. However, in trained adults, adding
protein beyond an already adequate diet does not consistently improve HIFT performance.
An eight-week trial comparing whey and pea proteins found similar adaptations [164],
while a randomized triple-crossover study reported no advantage of whey or egg-white
protein over placebo during six weeks of HIFT [24]. Similarly, an acute trial showed that
a carbohydrate–protein drink before standardized CrossFit workouts did not improve
repetitions [261]. Although these findings are not diabetes-specific, they may suggest that
the performance impact of supplementation depends more on meeting baseline protein
needs than on exceeding them.
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For athletes with T2D, HIFT or HIIT blocks typically improve insulin sensitivity and
cardiometabolic profiles, though HbA1c responses vary depending on duration and adher-
ence [258,262]. Protein, particularly whey, consumed before meals can blunt postprandial
glycemic response. It may be due to stimulation of incretin hormones, enhancement of
insulin secretion, and lower gastric emptying rate [11,96,263]. Therefore, small pre-meal
whey doses (10–15 g) may be a practical strategy on high-carbohydrate training days. In
T1D, individualized planning is critical, as protein-rich or mixed meals can delay and
prolong hyperglycemia. Dual or extended insulin bolus strategies, continuous glucose
monitoring (CGM), and access to rapid-acting glucose are vitally important [37,247,264].

General protein recommendations for HIFT athletes with diabetes align with those
for non-diabetic populations, at around 1.4–2.0 g/kg/day from high-quality sources, dis-
tributed across 3–5 meals or snacks [2,62]. The upper end of this range may be warranted
during energy deficit or heavy training blocks. Post-exercise recovery meals should ideally
include 20–40 g of high-quality protein (0.3–0.4 g/kg) along with carbohydrate to promote
muscle remodeling and glycogen repletion [62]. For T1D athletes, delayed glycemia follow-
ing higher-fat or high-protein meals should be expected and managed with appropriate
insulin regimens [37,247].

If total daily protein intake is inadequate, for example, when appetite is suppressed
post-workout, a 20–30 g whey or milk-protein supplement can serve as a practical bridge.
In T2D, small pre-meal whey “preloads” is one of the most evidence-based strategies to
control glycemic spikes [11,96,263]. However, when daily protein needs are adequate,
extra supplementation shows little additional benefit for HIFT performance in trained
adults [24,164,261]. Renal function must also be monitored, especially in athletes with
albuminuria or reduced eGFR.

No randomized trials directly test protein supplementation in diabetic HIFT athletes
at present. Therefore, guidance relies on extrapolating from diabetes-specific HIIT/HIFT
studies, pre-meal whey trials in T2D, and protein supplementation research in general HIFT
populations. Overall, protein supplementation is vital for recovery, lean mass preservation,
and glycemic management. However, individualized strategies, directed by CGM, insulin
adjustments, and medical oversight, are necessary. Well-designed clinical trials in diabetic
HIFT populations are still needed to refine these recommendations (Table 5).
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Table 5. Protein supplementation in various exercise modalities: summary of results.

Domain Subpopulation Key Mechanisms Effective Intake and Timing Performance/Body-Comp
Outcomes Recovery Outcomes Representative Studies

Resistance
Training General

Rapid aminoacidemia →
↑ leucine → mTORC1 →
↑ MPS; ↓ MPB; satellite
cell activation

Daily: 1.6–2.2 g/kg/d (up to
2.3–3.1 g/kg FFM/d in deficit);
Per meal: 0.3–0.4 g/kg,
3–6 ×/d; Timing: ≥1 dose
≤2 h post-exercise; whey
post-workout; casein pre-sleep;
blends for extended coverage

↑ FFM and 1RM;
diminishing returns
>~1.6 g/kg/d unless in
deficit/high volume; plant
proteins comparable when
leucine-matched or dose ↑
10–20%

↓DOMS, ↓
CK/myoglobin; faster
functional recovery;
+CHO aids glycogen
when CHO
suboptimal

[3,147,161,225,228,230]

Resistance
Training

Diabetic
(mainly T2D)

Anabolic response
to AA + insulin
largely preserved

Daily: ~1.4–2.0 g/kg/d; Per
meal: 0.3–0.4 g/kg; Pre-meal
whey: 10–20 g before carb-rich
meals; blends helpful
if meals delayed

RT drives most gains; RCTs
show little extra benefit of
whey/leucine when diet
already adequate

Similar to general
when intake
/timing met

[236–238]

Endurance General

Repair/remodeling; ↓
proteolysis; with CHO →
↑ glycogen resynthesis
(esp. CHO < 1.0 g/kg/h);
leucine supports
mitochondrial signaling
(mTORC1/PGC-1α)

Daily: ~1.2–1.8 g/kg/d (often
1.4–2.0); Post: 20–40 g protein +
~1.0–1.2 g/kg/h CHO early
recovery; whey post, casein
pre-sleep; soy/pea effective
when leucine-matched; blends
extend coverage

Preserves lean mass in
high-volume/deficit;
VO2max/LT effects mixed;
can aid next-day
performance when sessions
<24 h and CHO limited

↓DOMS, ↓
CK/myoglobin; better
function within 24 h;
offsets low-glycogen
AA oxidation

[30,42,62,68,243,245,
246]

Endurance Diabetic
(T1D/T2D)

Anabolic response intact;
whey pre-meal improves
T2D postprandial control;
high protein/fat may
cause delayed
hyperglycemia in T1D

Daily: ~1.4–2.0 g/kg/d (↑
during heavy blocks/deficit);
Per meal: 0.3–0.4 g/kg q3–4 h;
Pre-meal whey (T2D): 10–20 g;
Pre-sleep casein: 30–40 g
(manage T1D insulin)

Similar adaptation
potential as non-diabetics
when nutrition/insulin
managed

Better time-in-range
with whey preloads
(T2D); manage
delayed
hyperglycemia in T1D

[11,31,57,96,232]
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Table 5. Cont.

Domain Subpopulation Key Mechanisms Effective Intake and Timing Performance/Body-Comp
Outcomes Recovery Outcomes Representative Studies

HIFT General

Addresses concurrent
heavy mechanical +
metabolic stress; ↓MPB;
supports remodeling;
with CHO → glycogen

Daily: 1.6–2.0 g/kg/d (↑ to
~2.4 g/kg/d in deficit/very
high loads); Post: 0.3–0.4 g/kg
≤1 h; whey post, casein
pre-sleep; plant proteins
adequate when
leucine-matched; blends for
long gaps

Training alone often drives
gains; supplementation
helps most when baseline
protein <~1.4 g/kg/d or
during energy deficit/high
volume;
VO2max/anaerobic
capacity changes
inconsistent beyond
training

Whey post reduces
soreness; faster
neuromuscular
recovery;
casein/blends aid
overnight between
multi-sessions

[24,64,164,252,253,255]

HIFT Diabetic
(mainly T2D)

HIFT/HIIT improves
insulin sensitivity and
cardiometabolic risk;
whey pre-meal
dampens postprandial
glycemia (T2D)

Daily: 1.4–2.0 g/kg/d across
3–5 meals; Pre-meal whey:
10–15 g on high-CHO days;
Post: 20–40 g with CHO

No diabetes-specific HIFT
RCTs with performance;
general HIFT shows similar
adaptations with
whey/pea vs. control when
diet adequate

Glycemic benefits
from small whey
preloads (T2D)

[24,37,164,247,257–263]

Abbreviations: AA, amino acids; CHO, carbohydrate; FFM, fat-free mass; MPS, muscle protein synthesis; MPB, muscle protein breakdown; mTORC1, mechanistic target of rapamycin
complex 1; VO2max, maximal oxygen uptake; LT, lactate threshold; DOMS, delayed onset muscle soreness; CK, creatine kinase; RT, resistance training; HIFT, high-intensity functional
training; HIIT, high-intensity interval training; T1D, type 1 diabetes; T2D, type 2 diabetes; RCT, randomized controlled trial. Values expressed relative to body weight or fat-free mass
where noted. Recommendations vary by modality, baseline intake, energy balance, and diabetes status. Diabetic-specific considerations: Pre-meal whey blunts postprandial glucose; use
CGM and adjust insulin; renal monitoring in nephropathy. In endurance exercise: CGM-guided adjustments; renal monitoring if albuminuria; coordinate basal/bolus strategies. In HIFT,
T1D: anticipate delayed hyperglycemia; use dual/extended bolus; CGM; renal monitoring if albuminuria.
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11. Aging Athletes and Master Populations
Master athletes are defined as individuals aged 35–40 years and older who continue

to train and compete. They represent a rapidly growing demographic across endurance,
strength, and mixed-modality sports [265]. Although master athletes often maintain out-
standing performance levels, age-related physiological changes influence their anabolic
sensitivity, recovery, and nutrient requirements. Protein nutrition is particularly important
for this population due to its role in supporting lean mass, recovery, and performance.
Furthermore, master and aging female athletes in particular further benefit from ade-
quate protein intake to mitigate negative symptoms that stem from perimenopause and
menopause, such as skeletal muscle atrophy and bone loss.

Through the aging process, skeletal muscle declines in response to anabolic stimuli
from both exercise and protein intake, known as anabolic resistance. It is generally as-
sociated with a series of changes at the mechanistical level including reduced mTORC1
activation, impaired perfusion and amino acid delivery to muscle tissue. Altered intracel-
lular signaling and mitochondrial function are also contributing factors [266]. Therefore,
older athletes require higher per-meal protein doses to achieve maximal stimulation of
muscle protein synthesis (MPS) compared to younger individuals [267].

11.1. General Master Athletes

For master athletes, tracer studies and intervention trials showed that a per-meal
target of ~0.4–0.5 g/kg of high-quality protein (roughly 30–45 g per meal) is necessary to
maximize MPS, which is greater compared with ~0.25–0.3 g/kg in younger adults [267].
Daily requirements of 1.6–1.9 g/kg/day seem adequate in energy balance status [265].
Higher intakes of 2.0–2.4 g/kg/day are more suitable in calorie restriction status, injury
recovery, or heavy training phases [64]. Because the peak MPS response is blunted with age,
distributing protein across meals evenly becomes more important. The recommendation
is around three to four meals providing ~0.4 g/kg protein each [268,269]. Post-exercise
protein feeding is equally important since exercise transiently restores muscle sensitivity
to amino acids. Pre-sleep protein (30–40 g of casein or a slow-release blend) also helps
counteract overnight catabolic effects on muscle breakdown [269].

Leucine plays a crucial role in overcoming anabolic resistance. It is suggested that
master athletes should prioritize sources providing at least 2.5 g of leucine per serving [111].
Whey protein, with its rapid digestion and high leucine density, is a superior choice during
post-exercise, while casein protein, which sustains amino acid availability during overnight
fasting, can be a better choice before sleep [255]. For plant-based athletes, soy and pea
proteins can be effective. However, they often require slightly larger doses or fortification
with free leucine or complementary blends such as pea and rice [111]. Notably, resistance
training itself strongly mitigates anabolic resistance. Combining high-quality protein with
regular strength training preserves lean mass and muscle quality. It also supports bone
density, tendon health, and functional capacity in older adults [270–272]. For endurance-
dominant master athletes, conducting two to three resistance training sessions per week
optimizes the benefits of protein intake [271].

Preservation of muscle and bone quality is an inevitable heath concern as female
master athletes near the menopausal transition. Hormonal shifts in estrogen, progesterone,
and testosterone can progress skeletal muscle atrophy and accelerate bone decay [273–275].
Combined, female athletes are often at greater risk for skeletal injuries such as stress
fractures and bone breaks as they age, with heightened risk surrounding and following
menopause. It has been demonstrated that in older adults with osteoporosis, high protein
intake (0.8 g/kg/day) leads to higher bone density, slower rate of bone loss, and reduction
in skeletal injury (i.e., hip fractures) [276]. Coupling strength training with high-quality
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protein consumption supports protective pathways involved in preserving skeletal muscle
mass and bone integrity. Enhancing mTORC1 activation and insulin growth factor-1 levels
in particular contributes to enhancing muscle protein synthesis and reducing protein
breakdown [276,277]. Thus, adequate training and protein intake during middle age is
likely to support the preservation of skeletal muscle mass and delay the inevitable decay in
bone density that is accompanied by aging and accelerated through menopause [278].

Training condition is also a determining factor for protein needs. After endurance
sessions, protein primarily supports repair. It also helps maintain net protein balance, with
glycogen resynthesis benefits particularly when carbohydrate intake is suboptimal [21,30].
After strength-based sessions, protein drives myofibrillar remodeling. Although the dis-
tribution across meals is more important than exact timing, post-exercise feeding is still
a practical strategy. In general, most masters benefit from ~1.4–2.0 g/kg/day, with in-
takes toward the higher end during energy deficits or heavy training blocks [2,3,62]. As
previously mentioned, pre-sleep casein (30–40 g) enhances both myofibrillar and mito-
chondrial protein synthesis in older adults, further supporting its role in master athlete
nutrition [125,279,280].

11.2. Diabetic Master Athletes

Master athletes with diabetes face a dual challenge: the age-related decline in anabolic
responsiveness and the metabolic limitations imposed by diabetes. It has been suggested
that the anabolic response to protein is mainly preserved in type 2 diabetes (T2D) when in-
sulin and amino acid availability are adequate [57,232]. However, as previously mentioned,
older athletes typically require higher per-meal protein and leucine doses to optimize MPS,
with pre-sleep protein emerging as an effective strategy [125,279]. Together, these findings
show the significance of protein supplementation in supporting diabetic master athletes to
meet daily targets, assist with training adaptations, and improve glycemic control.

Diabetes and aging both increase the risk of sarcopenia and functional decline and
are likely exacerbated in women surrounding menopause. T2D, in particular, is consis-
tently linked to a greater prevalence of sarcopenia and accelerated loss of lean mass and
strength [281–283]. Although poorly controlled T2D is associated with elevated protein
turnover, the net anabolic response to carbohydrate and protein feeding remains intact. It
may suggest that master athletes with diabetes can still adapt to training if protein intake
is adequate [57,232]. Several randomized trials reported no additional benefits of whey
supplementation beyond well-structured resistance training when baseline protein intake
was already sufficient [234–236]. These results highlight that supplementation is most
effective when it helps close intake gaps, ensures per-meal leucine thresholds are met, or
assists with strategic timing (e.g., post-session or pre-sleep).

Glycemic status can also be influenced by protein supplements. Small pre-meal whey
“shots” (~15 g) have consistently lowered postprandial glucose and improved time-in-
range in individuals with T2D. Meta-analytic evidence links these effects to slower gastric
emptying and incretin stimulation [11,107,263]. This strategy can be particularly beneficial
on training days when carbohydrate intake is higher. In contrast, protein- and fat-rich
meals can cause delayed postprandial hyperglycemia in T1D, which requires a balanced
insulin regimen such as split or extended boluses guided by CGM [31,247]. Thus, evening
recovery meals must be managed to avoid nocturnal hypo- or hyperglycemia.

In terms of safety, studies in older adults with T2D have shown that moderate whey
supplementation during resistance training did not have any negative impact on kidneys
over 12 weeks. However, minor changes in urea levels were observed [235,236]. In broader
T2D populations, higher-protein diets tend to improve insulin resistance and lipid pro-
files. Moreover, plant-forward strategies resulted in modest improvements in glycemic



Nutrients 2025, 17, 3528 36 of 53

control [177]. For master athletes, both dairy- and plant-based proteins can be suitable.
Blend proteins may be particularly advantageous for those with reduced appetite or who
eat infrequently to ensure adequate leucine and essential amino acid intake.

Practical recommendations for diabetic master athletes include aiming for
1.4–2.0 g/kg/day, split across 3–5 meals or snacks. Each feeding should provide
~0.3–0.4 g/kg of protein (25–40 g), delivering at least 2–3 g of leucine. Pre-sleep casein
(30–40 g) is a useful strategy on heavy training days, and 10–15 g whey before carbohydrate-
rich meals can help blunt postprandial glycemia in T2D. Renal health should always be
monitored, particularly in athletes with albuminuria or reduced eGFR.

There are no long-term trials directly testing different protein types or timing strategies
in diabetic master athletes at present. It has been suggested that protein supplementation
provides little additional benefit beyond well-programmed resistance training and adequate
total intake. However, it is still valuable for closing nutritional gaps, managing glycemia,
and supporting recovery. Future research should focus on CGM-guided strategies, plant
versus dairy comparisons, and pre-sleep interventions to optimize performance and long-
term metabolic health in this unique population.

In summary, master athletes, typically over 35–40 years of age, face unique nutritional
challenges due to anabolic resistance, reduced recovery capacity, and increased risk of
sarcopenia, particularly in those with diabetes. Evidence indicates that higher per-meal
protein doses (~0.4–0.5 g/kg, or 30–45 g high-quality protein providing ≥2.5 g leucine) are
required to maximize muscle protein synthesis, with daily intakes of 1.6–2.0 g/kg/day
sufficient for most, and up to 2.4 g/kg/day beneficial during energy deficit or injury
recovery. Even distribution across three to four meals, post-exercise feeding, and pre-sleep
casein supplementation are especially valuable for maintaining muscle mass, function,
and recovery. Whey protein offers rapid leucine delivery for immediate recovery, while
casein, soy, pea, or blends can provide sustained or plant-based alternatives, though higher
doses or fortification may be needed for plant proteins. In diabetic master athletes, the
anabolic response to protein is largely preserved, but the combination of aging and diabetes
heightens sarcopenia risk and complicates glycemic control. Clinical trials in older adults
with T2D show little additive benefit from whey supplementation when baseline protein
intake is already sufficient, though small pre-meal whey “shots” (10–15 g) consistently
lower postprandial glucose and improve time-in-range. For T1D, protein-rich meals often
cause delayed hyperglycemia, requiring tailored insulin strategies and CGM oversight.
Overall, adequate and well-distributed protein intake, paired with resistance training,
remains central to preserving lean mass, functional capacity, and metabolic health in aging
athletes, while protein supplementation is most useful to close intake gaps, optimize timing,
and provide glycemic benefits in diabetic populations (Table 6).

Table 6. Protein supplementation in master populations: summary of results.

Subpopulation Key Mechanisms Effective Intake and
Timing

Performance/Body-
Comp Outcomes

Recovery
Outcomes

Representative
Studies

General Master
Athletes

Aging → anabolic
resistance (↓
mTORC1 signaling,
↓ AA delivery,
impaired
mitochondrial
function); need
higher per-meal
protein and leucine

Daily: 1.6–1.9 g/kg/d
in balance;
2.0–2.4 g/kg/d in
deficit/injury; Per
meal: 0.4–0.5 g/kg
(30–45 g), evenly
3–4 ×/day; Leucine:
≥2.5 g/meal; Timing:
post-exercise whey;
pre-sleep casein
(30–40 g)

Preserves lean mass,
muscle quality, bone
density, tendon health;
resistance training +
protein synergistically
counteracts sarcopenia;
higher doses improve
outcomes during
deficit or heavy
training

Pre-sleep casein
enhances both
myofibrillar +
mitochondrial
protein synthesis;
protein supports
glycogen
resynthesis post-
endurance when
CHO suboptimal

[68,69,125–
127,161,243]
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Table 6. Cont.

Subpopulation Key Mechanisms Effective Intake and
Timing

Performance/Body-
Comp Outcomes

Recovery
Outcomes

Representative
Studies

Diabetic
Master
Athletes

Dual challenge:
aging-related
anabolic resistance +
diabetes-related
metabolic
limitations; T2D
linked to ↑
sarcopenia risk

Daily: 1.4–2.0 g/kg/d,
3–5 meals; Per meal:
0.3–0.4 g/kg (25–40 g)
with ≥2–3 g leucine;
Pre-sleep: 30–40 g ca-
sein; Pre-meal whey:
10–15 g before
carb-rich meals

Resistance training
drives main gains;
whey/AA
supplementation adds
little when baseline
intake sufficient;
protein helps preserve
lean mass under risk
of sarcopenia

Similar recovery
benefits as in
non-diabetic peers
if per-meal
thresholds met

[11,31,96,232,
234–237,263]

Abbreviations: AA, amino acids; CHO, carbohydrate; g, gram; kg, kilogram; mTORC1, mechanistic target of
rapamycin complex 1; T1D, type 1 diabetes; T2D, type 2 diabetes. Master athletes experience anabolic resistance
requiring higher per-meal protein and leucine doses. Recommendations are adjusted for energy balance, age-
related decline, and comorbidities such as diabetes. Notes for diabetic athletes: T2D: whey “shots” (~15 g) blunt
postprandial glucose via incretin release + slower gastric emptying; T1D: protein/fat meals may cause delayed
hyperglycemia → need split/extended boluses; monitor renal status if nephropathy.

12. Female Athletes
Female athletes (~18–35 years old) who engage in resistance training and aerobic

exercise demonstrate improvements in body composition and anthropometric characteris-
tics with protein supplementation. Supplements examined included isolated soy protein,
BCAAs, whey protein, meat protein and vegan protein, assessed against body weight, body
mass index (BMI), % body fat, % lean body mass, skeletal muscle mass and body fat mass.

High-quality, plant-based isolated soy protein in addition to aerobic fitness produced
notable improvements. Reported effect size for body weight, BMI, % body fat, and in-
creased % lean body mass were 0.99, 1.04, 1.18, and 0.89 respectively [40]. These findings
suggest that soy protein supplementation in aerobic athletes yields greater benefits com-
pared to exercise alone. A possible mechanism underlying these improvements in body
composition was proposed in a study where female athletes supplementing with soy pro-
tein exhibited higher levels of prolactin and thyroxine (T4) [41]. These hormones influence
metabolism and energy utilization, thereby impacting physical performance and muscle
characteristics [41]. Additionally, hip and waist circumference measures showed effect
sizes of 1.84 and 1.19, further supporting enhanced outcomes in the isolated soy protein
plus exercise group [40].

For resistance-trained athletes, supplementation with whey protein, vegan protein,
meat protein and BCAAs was elevated over an 8-week period for body composition
improvements. Results indicated that BCAA supplementation significantly reduced BMI
after the intervention [284]. Across all protein types, both BCAAs and vegan protein were
associated with significant reductions in body weight, while meat protein supplementation
led to an increased BMI [284].

Considering energy availability (EA) in female athletes, discrepancies between energy
intake (EI) and energy expenditure (EE) do appear to differ between men and women.
Compared with men, women are more prone to underreporting EI, especially in self-
reported dietary assessments, compared with men [285,286]. They also show greater
physiological sensitivity to low EA, with rapid effects on reproductive and bone health,
such as menstrual dysfunction and impaired bone mineral density [287,288]. Men also
experience consequences of low EA (e.g., reduced testosterone, impaired metabolic and
immune function), but evidence suggests the threshold for adverse effects may be higher
than in women [289,290]. Behaviorally, women, particularly in aesthetic or endurance
sports, are more likely to maintain lower EI relative to EE, sometimes unintentionally due
to lower absolute caloric needs or restrictive eating practices [291]. Male athletes, although
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also at risk, more often show discrepancies in sports requiring weight manipulation or very
high EE (e.g., cycling, combat sports).

As previously mentioned, protein supplementation is particularly important for master
athletes, as aging is associated with anabolic resistance and hormonal changes that reduce
the muscle protein synthesis (MPS) response to diet and exercise [292,293]. However,
this process is also sex-dependent. In men, declining testosterone contributes to loss of
lean mass, and supplementation with leucine-rich proteins such as whey or casein can
help overcome blunted anabolic signaling, especially when ~0.4 g/kg is consumed per
meal [294]. In women, reduced estrogen after menopause accelerates losses in muscle
quality and bone density [295]. In this context, protein supplementation combined with
resistance or weight-bearing exercise supports both muscle and bone health [296,297].
While both sexes benefit from ~1.6–2.0 g/kg/day distributed across meals, strategies may
be sex-specific: men often require higher leucine doses for MPS, whereas women may
benefit more from protein sources that also support bone and connective tissue health.

13. Summary
Protein supplementation is one of the most extensively studied and practically applied

strategies in sports nutrition. Across resistance training, endurance disciplines, HIFT, and
master athletics, protein intake consistently supports recovery, adaptation, and perfor-
mance. Total daily intake is the strongest predictor of benefit, while timing, distribution,
and protein source act as important modifiers. In resistance-trained athletes, supplementa-
tion enhances hypertrophy and strength when intake falls below ~1.6 g/kg/day. Endurance
and HIFT athletes benefit most under conditions of high training load, energy restriction,
or multi-session training, where protein helps preserve lean mass, support glycogen re-
plenishment, and accelerate recovery. Master athletes face anabolic resistance and therefore
require higher per-meal doses (~0.4–0.5 g/kg) and leucine-rich proteins to maximize muscle
protein synthesis. Plant-based proteins, when consumed in sufficient doses or fortified
with leucine, yield adaptations comparable to animal proteins.

For athletes with diabetes, protein plays a dual role in supporting performance and
contributing to glycemic management. Evidence shows that the anabolic response to
protein is largely preserved in type 2 diabetes, while small pre-meal whey doses can
reduce postprandial hyperglycemia and improve time in range. In type 1 diabetes, protein-
rich meals may cause delayed glycemia, requiring tailored insulin strategies and close
monitoring with continuous glucose monitoring (CGM). Thus, protein supplementation in
diabetic athletes not only supports muscle adaptation and recovery but also offers a tool
for stabilizing glucose when carefully integrated with medical and training plans.

For female athletes, supplemented isolated soy protein plays a role in body composi-
tion and anthropometric characteristics. Results show soy significantly reduces measures
such as BMI and % body fat for athletes engaging in aerobic training. In resistance-training
female athletes, BCAA supplements significantly reduced BMI.

Practical guidelines suggest 1.4–2.2 g/kg/day, distributed evenly across meals, with
targeted intake after exercise and before sleep. Higher intakes may be warranted during
caloric deficit, injury recovery, aging, or periods of exceptionally high training stress.
Research gaps remain, particularly in understanding sex-specific responses, long-term
outcomes in endurance and mixed-modality athletes, optimization strategies for plant-
based diets, and individualized protocols that leverage biomarkers and technology such as
CGM. Overall, protein supplementation, when tailored to sport, life stage, and metabolic
context, is a versatile and evidence-based tool to enhance performance, support recovery,
and promote long-term athletic and metabolic health.
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14. Conclusions
Protein supplementation remains a cornerstone of sports nutrition, consistently sup-

porting muscle recovery, adaptation, and performance across athletic populations. Total
daily intake is the strongest determinant of outcomes, while timing, distribution, and pro-
tein type refine the benefits. Resistance-trained athletes show the greatest improvements
when intakes are below ~1.6 g/kg/day, whereas endurance and HIFT athletes benefit
through recovery support, glycogen replenishment, and lean mass preservation, particu-
larly during energy deficit or multi-session training. Master athletes face age-related an-
abolic resistance, requiring higher per-meal doses (~0.4–0.5 g/kg) and leucine-rich proteins
to maximize muscle protein synthesis. Plant-based proteins, when dosed appropriately or
fortified, can provide outcomes comparable to animal sources.

For diabetic athletes, protein supplementation serves a dual role: enhancing athletic
adaptation while supporting metabolic control. Small pre-meal whey doses have been
shown to blunt postprandial hyperglycemia in type 2 diabetes, while in type 1 diabetes,
protein-rich meals necessitate individualized insulin adjustments to avoid delayed hy-
perglycemia. When integrated with continuous glucose monitoring (CGM) and medical
oversight, protein strategies can complement both training adaptation and glycemic sta-
bility. Practically, athletes should aim for ~1.4–2.2 g/kg/day, evenly distributed across
meals, with priority placed on post-exercise and pre-sleep feedings. Higher intakes may
be warranted during caloric restriction, injury recovery, or periods of elevated training
load. Future research must address sex-specific responses, long-term interventions across
diverse sports, optimization for plant-based diets, and personalized strategies informed by
biomarkers and digital health tools. Ultimately, protein supplementation, when tailored
to sport, life stage, and metabolic context, offers a versatile, evidence-based approach to
enhance performance, accelerate recovery, and safeguard long-term athletic and metabolic
health.

15. Future Directions
Despite extensive research, several key gaps remain in our understanding of protein

supplementation for athletes. Much of the existing evidence is derived from studies in
young, resistance-trained men, leaving sex-specific responses, the role of menstrual cycle
phases, and post-menopausal needs in women underexplored. Similarly, endurance, HIFT,
and master athletes are comparatively understudied, particularly in relation to long-term
outcomes, adaptation strategies, and overcoming age-related anabolic resistance. More
research is also needed in weight-class and energy-deficient sports, where balancing protein
and carbohydrate intake is critical to performance and lean mass preservation.

Plant-based proteins demonstrate promise, yet optimal strategies for long-term use in
elite vegan athletes, including effective blending, fortification, and exploration of bioactive
compounds, remain to be defined. Beyond protein quantity and type, synergistic effects
with nutrients such as creatine, omega-3 fatty acids, vitamin D, and beta-alanine require
further study to determine whether multi-nutrient strategies can augment recovery and
performance. For diabetic athletes, rigorous trials are lacking; research should evaluate how
protein timing, type, and distribution interact with glycemic control, insulin dosing, and
continuous glucose monitoring (CGM) to inform evidence-based practice. Finally, future
work must embrace precision nutrition by integrating genetic, microbiome, and biomarker
profiling with AI-driven tools to create individualized protein prescriptions tailored to an
athlete’s physiology, sport, and metabolic health.
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