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Abstract: Protein supplements are increasingly used by older people to maintain nutrition and
prevent or treat loss of muscle function. Daily protein requirements in older people are in the range
of 1.2 gm/kg/day or higher. Many older adults do not consume this much protein and are likely
to benefit from higher consumption. Protein supplements are probably best taken twice daily, if
possible soon after exercise, in doses that achieve protein intakes of 30 gm or more per episode. It is
probably not important to give these supplements between meals, as we have shown no suppressive
effects of 30 gm whey drinks, and little if any suppression of 70 gm given to older subjects at varying
time intervals from meals. Many gastrointestinal mechanisms controlling food intake change with
age, but their contributions to changes in responses to protein are not yet well understood. There
may be benefits in giving the supplement with rather than between meals, to achieve protein intakes
above the effective anabolic threshold with lower supplement doses, and have favourable effects on
food-induced blood glucose increases in older people with, or at risk of developing, type 2 diabetes
mellitus; combined protein and glucose drinks lower blood glucose compared with glucose alone in
older people.

Keywords: aging; protein; whey; anorexia; appetite; supplements; sarcopenia

1. Introduction

This review will focus on appetite, feeding, and gastrointestinal responses to protein
ingestion in older people. As a background, the high rates of under-nutrition, sarcopenia,
and likely sub-optimal dietary protein intake in older people will be outlined, in support of
the logical use of protein or protein-rich supplements by older people. The type, amount,
and timing of such supplements, as well as possible side effects of these supplements, will
be covered. The results of studies with whey protein by our group will be used to illustrate
a number of gastrointestinal and cardiovascular responses to protein ingestion and to
support some preliminary recommendations about beneficial use of protein supplements
by older people. A number of issues remain unresolved.

1.1. Aging, Weight Loss, and Undernutrition

Healthy aging is associated with a physiological reduction in appetite and food intake,
the so-called “anorexia of aging” [1]; people over 80 years consume about 30% less energy
per day than those in their 20s [2]. Consequently, after about 65 years in developed coun-
tries, body weight tends to decrease [2]. This age-related weight loss, particularly when
substantial and involuntary, has been associated with increased mortality [2]. Adverse
factors prevalent in older people can be superimposed on the age-related changes to cause
pathological under-nutrition, with even greater associated increases in morbidity and mor-
tality [3]. Rates of under-nutrition increase with age and loss of independence; it is present
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in up to 45% of community dwelling elderly people, 50–80% in hospital, and 80–100% in
residential facilities [3].

The major markers of existing or pending under-nutrition in older people are low
body weight (particularly body mass index < 22 kg/m2); loss of weight, particularly when
involuntary and >5%; substantial loss of muscle mass, which can lead to sarcopenia (see
below); reduced muscle strength and function; reduced appetite and food intake; and
frailty [2,3].

1.2. Aging and Sarcopenia

The weight lost with increased aging is disproportionately made up of lean tissue,
particularly skeletal muscle, but also bone mass. In contrast, fat mass increases with ageing,
tending to mask the extent of lean tissue loss [2]. After approximately age 30 years, about
5% of lean muscle mass is lost per decade [2]. The loss of lean tissue, when large, can
result in sarcopenia, an excessive and damaging loss of muscle. Sarcopenia is present in
up to 15% of community-dwelling people over 85 years [4]. Sarcopenia has functional
adverse consequences, with increased morbidity due to falls, fractures, infections and other
conditions, as well as increased mortality [5].

2. Prevention and Management of Under-Nutrition and Sarcopenia in Older People

A greater appreciation of the high rates and significant adverse effects of undernutri-
tion and sarcopenia, which often co-exist in older people, has led to attempts to prevent
and treat these conditions. Both exercise and nutritional measures have been shown to
have benefits, particularly when combined [6,7].

2.1. Nutritional Measures

Nutritional measures often start with encouragement and assistance to consume
greater quantities of usual foods to maintain body weight, the so-called “Food First”
approach [8]. These measures may include providing meals at home; supervising food
intake and/or having the person eat with others in aged care settings (to counteract reduced
appetite and reduced spontaneous food intake); increasing the nutrient and energy density
of the food; adding flavour boosters; and fortifying the food with additional fats, protein,
and carbohydrates [8].

2.2. Nutritional Supplements

While these “Food First” approaches may be sufficient, they may be difficult to
implement because of the cost of foods or time/staffing/convenience constraints, and not
always successful. Consequently, nutritional supplements are increasingly recommended
for, and used by, older people, both as a means of increasing total energy intake (when
harmful weight loss is a concern) and to increase protein intake. Mixed macronutrient
supplements are used for the former, while supplements of pure protein or very high in
protein are used more specifically for the latter.

The use of such supplements offers the opportunity to more closely tailor the timing
and composition of added protein intake to what is likely to be most beneficial. It is often
recommended that older people take nutritional supplement drinks between and well
separated from regular meals so as not to reduce energy intake at those meals; maintenance
of weight or even weight gain is a desirable outcome in the many older people with, or at
risk of, under-nutrition.

Consequently, specific nutritional supplements, usually commercial preparations,
are used widely by older people. When the aim is to maintain body weight and general
nutrition, rather than specifically enhance skeletal muscle and function, these usually take
the form of a mixture of macronutrients in a drink containing 1–1.5 kcal/mL of protein, fat,
and carbohydrates. Frequently used preparations contain about 9–15 gm protein (15–17%
of total energy) in a 200–240 mL serving.
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2.3. Protein Nutritional Supplements

When the aim is to preferentially prevent and/or reverse aging-associated muscle loss
and sarcopenia, the use of such mixed macronutrient nutrient supplements may not be
sufficient and pure protein or high protein supplements may be used.

3. Dietary Protein Requirements in Older People

Recommended dietary protein intakes for adults of all ages, based on nitrogen balance
studies, are 0.8 gm/kg body weight in most countries [9], with no adjustments for age
or gender. There have been increasing calls, however, for the minimum recommended
daily protein intake in older people to be higher than that [10,11]. One reason is concern
that the traditional nitrogen balance study methods used to determine appropriate protein
requirements in adults of any age underestimate true requirements, with requirements as
determined by the newer indicator amino acid oxidation (IAAO) methods up to 25–75%
higher [9]. The minimal protein intake for healthy younger adults determined by IAAO is
approximately 1.0–1.2 gm/kg/day [9].

Secondly, older people are likely to need higher dietary protein intakes than younger
adults for the maintenance of good health, for a number of reasons. These include an
age-related reduction in muscle anabolic response to ingested protein; while digestion
and absorption of dietary protein is not apparently affected by aging, there is evidence for
an age-related reduction in the anabolic muscle response to ingested protein—anabolic
resistance (see [10]). This is due to both a redistribution of ingested proteins away from the
muscle to splanchnic tissues and a reduced anabolic effect on muscle of the amino acids
that do reach the muscle. In addition, catabolic conditions associated with increased muscle
breakdown and needs for dietary protein intake become more prevalent with increasing
age. These include chronic diseases such as obstructive airways disease, heart failure, renal
failure, malignancies, inflammatory forms of arthritis and polymyalgia rheumatica, and
acute conditions such as infections and cardiovascular/cerebrovascular events.

Although not conclusive, there is some evidence from balance studies that older people
do have higher dietary protein requirements than young adults. One meta-analysis was
reported to show approximately 6% higher protein intakes needed to maintain nitrogen
balance in people 60 year and older compared with those younger [12], and another
approximately 26% higher intakes needed in those over 55 years compared with those
younger [13], although neither difference achieved statistical significance due to small
subject numbers. Using the indicator amino acid oxidation method mentioned above to
study small numbers (12 or less per group) of subjects, protein requirements have been
reported as 1.24 gm/kg/day in men over 65 years [14] and 1.15–1.29 gm/kg/day in women
over 65 years [15].

3.1. Do Men and Women Have Different Dietary Protein Needs?

Women, on average, consume less protein than men, in absolute terms owing to lower
body weight, and possibly also less compared with body weight. Women over 70 years
in the 2003–4 U.S. NHANES study consumed about 10% less protein per kg body weight
than men of the same age, with 50% of these older women reporting daily protein intakes
≤0.9 gm/kg ideal body weight/day, compared with only 25% of older men [16]. These
reduced intakes in women are probably in line with reduced needs. The results of several
meta-analyses of nitrogen balance studies indicate that adult women need approximately
10% less dietary protein per kg body weight than men to maintain nitrogen balance [12,13],
probably because of lower muscle mass relative to body weight. Nevertheless, there were
few older subjects in the studies examined in those meta-analyses, and not all studies show
lower requirements in women [17]. While protein needs/kg body weight of older women
may be lower than those of older men, the difference does not appear to be great. In the
interests of simplicity and the absence of evidence that higher protein intakes, if achievable,
do much harm (see below), it seems reasonable to maintain gender-neutral protein intake
recommendations for older people at this time.
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3.2. Summary Recommendations for Dietary Protein Intake in Older People

Total Daily Protein Intake
For reasons outlined above, recent recommendations for total daily protein intake

in healthy older people are usually in the range of 1–1.5 gm/kg per day. The European
PROT-AGE study group, for example, has recommended 1.0–1.2 gm/kg dietary protein for
healthy older adults [11]. Others have suggested that even higher intakes (>1.2 gm/kg/day)
are needed for maintenance of muscle mass and function [10]. Even higher intakes than
these are likely to be needed at times of catabolic stress owing to acute or chronic illness,
with the PROT-AGE group recommending 1.2–1.5 g/kg/day for those with acute or chronic
illness, and up to 2.0 gm/kg/day for those with severe illness or injury or with marked
malnutrition [11].

3.3. How Many Older People Need Supplements to Reach the Recommended Protein Intake?

It is unclear how many older adults consume less than the recommended protein
intake (either current RDA Recommended Dietary Allowance or the newer recommenda-
tions), but probably a substantial proportion. The U.S. NHANES study of 2003–4 reported
dietary protein intake substantially lower in healthy older than young adults; in people
over 70 years, mean total protein intake was 64.7 gm with a mean intake of 1.0 gm/kg ideal
body weight, 27% and 23% respectively, below reported intakes in adults 19–30 years [16].
Over 75% of people over 70 years reported intakes of less than 1.2 gm/kg ideal body
weight [16]. Similarly, in the Quebec NuAge study, the mean protein intake of older
subjects was very close to 1 gm/kg/day [17].

3.4. Possible Adverse Effects of Protein Supplements

Some concerns have been raised about increasing the dietary protein intakes of older
people over current recommended levels. These include the following.

3.4.1. Renal Effects

Renal function declines with increasing age [18]. High protein intakes can increase
renal filtration and accelerate the progression of established renal disease; restricted protein
intakes of 0.3–0.8 gm/kg/day have been shown to delay the progression of established
renal disease and are often prescribed for this indication. The adverse effects of high dietary
protein intakes on impaired renal function appear to be increased in those with diabetes
mellitus, hypertension, or obesity. It is possible, therefore, that increasing the dietary
protein intake of older people, whose renal function has already undergone age-related
declines, to levels of 1.2 gm/kg/day or higher may induce renal impairment or accelerate
the progression of pre-existing renal disease. While this is possible, it is not established that
older people with relatively good renal function and without significant risk factors are
at such risk. Evidence does not support a relationship between increased dietary protein
content and a decline in renal function [19], and high protein diets undertaken for up to
2 years have not been shown to impair renal function in otherwise healthy people [20].
Advanced age alone does not, therefore, appear to be a reason to avoid increased dietary
protein intake when indicated, although caution should be exercised in those with pre-
existing renal impairment or risk factors for renal function deterioration.

3.4.2. Bone Effects

Previous suggestions that increased dietary protein intake may have adverse effects
on bone health by increasing bone mineral loss and increasing the risk of fractures have not
been supported by more recent studies [9,21], which have, if anything, shown beneficial
effects of dietary protein on bone health.

3.4.3. Post-Prandial Hypotension

Ingestion of nutrients leads to redirection of blood flow from other organs to the
splanchnic circulation to aid digestion. As a result, blood pressure (BP) can drop. This is
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largely prevented in young, healthy adults by an increase in heart rate and other compen-
satory mechanisms, but in older people, these are less effective. As a result, older people
have greater food-induced BP decreases than younger adults [22]. In some, this can be
excessive and lead to symptoms of dizziness and, in some cases, falls and cardiovascular
events [23]. The excessive drop in BP after food ingestion has been termed post-prandial
hypotension and defined as a decrease in systolic BP of 20 mm Hg or more within 2 h
of food ingestion [24]. Ingestion of all three macronutrients, alone or together, causes
post-prandial BP falls in older people. Available evidence indicates that carbohydrate and
protein have equivalent BP lowering effects, although the BP decreases occur sooner after
carbohydrate than protein and fat [25]. We have recently reported substantial systolic BP
decreases after ingestion of a 70 gm whey protein drink by healthy, older men, with 58%
having a decrease of 20 mm of Hg systolic or more within three hours of protein ingestion,
with maximum decreases occurring between two and three hours after the drink [26] In
contrast, maximum decreases after carbohydrate alone, or mixed drinks, appear to occur
earlier. Seventy grams of whey is a high dose, higher than is generally recommended or
likely to be ingested by older people (see below), and the hypotensive effects of protein and
other macronutrients do seem to be at least partly dose-responsive [27]. Nevertheless, high
energy nutrient supplement drinks decrease BP in older people and the hypotensive effects
of pure or high protein drinks may be quite prolonged and possibly greater in those already
on antihypertensive medications. Appropriate advice and precautions are indicated after
such drinks, particularly in at-risk individuals.

3.5. Evidence for Benefits of Nutritional Supplements in Older People

A detailed review of this matter is beyond the scope of this review (see [4]). Study
methods and results are variable. Not all studies show benefits [17]. Nevertheless, in our
view, a number of conclusions can be drawn; the use of such supplements is generally
safe (see above) and relatively easy to implement. Few, if any, adverse effects of such
supplements have been reported; the use of these supplements by older people improves
nutritional intakes and is associated with weight gain and an increase in lean body mass in
many cases and, in some cases, improvements in muscle function, hospitalisation rates, and
even death rates [28]. The greatest benefits of taking nutritional supplements are obtained
by the most undernourished older people [29].

For these reasons, and because many older people appear to have a suboptimal
dietary protein intake, protein or protein-rich supplements are increasingly recommended
to older people.

In summary, there is evidence of the following:

1. Older people have higher dietary protein needs than young adults, particularly if
they have lost weight and/or are undernourished, are sarcopenic, or have acute or
chronic medical conditions that contribute to muscle catabolism. These requirements
are in the range of 1.2 gm/kg/day or higher.

2. Many (probably the majority of those >70 years) older people do not consume these
minimum protein requirements. It can be difficult for older people to increase their
dietary protein intake by increasing their intake of usual foods owing to anorexia and
the cost of high protein foods.

3. Protein supplements increase muscle mass and strength, and may also reduce mor-
bidity and mortality, particularly in undernourished and/or sarcopenic older people.

3.6. Does the Type of Protein or Amino Acid in the Supplement Matter?

Yes, it probably does. Not all ingested proteins are the same, particularly in terms
of their anabolic effects on skeletal muscle (see [9] for review). The available evidence
indicates that branched chain amino acids, particularly leucine, are the most effective
amino acids in stimulating muscle protein synthesis (MPS). Consistent with this, in one
longitudinal study, older people (>65 years) with dietary leucine intakes in the upper
quartile had preservation of lean body mass over 6 years, whereas those with intakes in the
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lowest quartile had loss of lean body mass [30]. The extent of MPS is proportional to the
peak leucine plasma concentration after protein ingestion [31].

Animal-derived dietary proteins appear to be stronger in stimulating MPS than plant-
based proteins, and milk-based proteins in particular are a good source of leucine contain-
ing proteins [9]. Whey protein, obtained from milk in the cheese making process, is high in
leucine, about 10–15%, and more rapidly absorbed than casein, factors that may contribute
to its greater stimulatory effect than casein on MPS in older men [32]. The maximum
stimulatory effects on MPS probably occur after ingestion of 2–2.5 gm leucine in young
and middle aged adults, with little additional effect of higher intakes. Ingestion of 20 gm
whey protein concentrate at one time is probably sufficient to optimise MPS in young and
middle aged adults [33]. In contrast, because of anabolic resistance, older adults appear to
need 30–35 gm or more of whey to achieve similar anabolic effects [34].

The effects of protein supplements to increase muscle mass and strength and to have
functional benefits appear greatest in those most at risk; i.e., malnourished, sarcopenic,
or at risk of sarcopenia. Several interventional studies have demonstrated that combined
dietary supplements of whey protein and leucine increase muscle mass and strength and
improve function in older sarcopenic adults; see [9]. A recent meta-analysis reported
increased lean body mass without an increase in strength in sarcopenic older adults taking
2–7.8 gm of leucine supplements/day [35]. It is difficult to separate the effects of leucine
supplements from those of other amino acids or proteins such as whey when they are given
in combination. It may be, particularly in the case of already leucine-rich whey protein
supplements, that they have benefits in addition to those of leucine, and that, when a
sufficient amount is ingested, further leucine fortification has little further benefit.

3.7. How Much Protein Should There Be in the Supplement?

Owing to age-induced “anabolic resistance”, older people probably require 30–45 gm
protein per serving to stimulate muscle protein synthesis after that meal, whereas lower
doses (≤20 gm) are sufficient in young adults (see above and [36]). The consumption
of 1–2 daily meals with protein content of 30 to 45 g may be an important strategy for
increasing and/or maintaining lean body mass and muscle strength with aging [36]. There
is evidence that older men and women with more-evenly mealtime distributed protein
intakes have higher muscle strength irrespective of their total protein intake [17]. It
seems reasonable, therefore, that if protein supplements are being used for their effects
on muscle, they be used in a way that provides at least 1.2 gm/kg/protein per day (food
plus supplement) with at least two protein intake episodes/day (food plus supplement)
containing at least 30 gm protein each. As the post protein BP drop, which could be
potentially harmful, appears to be dose-responsive, it is also likely that smaller, twice daily
or even more frequent, doses of protein supplement will have more beneficial effects on BP
than once daily larger doses.

3.8. Timing of Protein Intake Relative to Exercise

Both protein ingestion and resistance exercise independently stimulate muscle protein
synthesis in older people, although the response to both is blunted in the elderly [37,38].
These two stimuli have synergistic anabolic effects on MPS, particularly when the protein
is ingested soon after the resistance exercise [39]. While ingestion of approximately 20 gm
of a high quality protein is sufficient to maximize skeletal muscle protein synthesis rates
during recovery from resistance-type exercise in younger adults, doses up to 40 gm or
possibly even higher are needed in older adults [37,38].

4. Gastrointestinal Responses to Protein Ingestion: Effects of Aging

Appetite and food intake in free living humans are dependent on a complex interplay
of environmental factors and central and peripheral physical mechanisms. The latter
mechanisms include intra-gastric and small intestinal sensory and motor functions and
their interactions [2]. Their study has been a focus of our group. We have used whey



Nutrients 2021, 13, 1227 7 of 15

protein drinks and intra-duodenal infusions of whey protein to investigate peripheral
responses to protein in young and older adults and have identified a number of age-related
differences between these age groups in gastrointestinal responses to protein ingestion.
These studies have involved older people predominantly of Anglo-Saxon background. The
doses of oral whey used have mainly been 30 gm and/or 70 gm, which is of significance as
30 gm appears to approximate the amount required in older people to stimulate muscle
protein synthesis (see above), while higher doses are used by some older people.

Older people have reduced appetite compared with young adults and consume less
food. There is no change, however, with aging in the preference for particular macronutri-
ents; i.e., the percentage of total energy ingested as protein does not seem to change with
increasing age [40].

4.1. Effect of Aging on Appetite and Feeding Responses to Whey Protein

There is evidence that protein is the most satiating of the macronutrients in young
adults [41], although this effect may be less in women than men [42]. Our studies have
demonstrated that healthy aging is associated with a marked and significant reduction in
the satiating effects of whey protein, administered by both intra-duodenal [43] and oral
routes [44,45].

4.1.1. Intra-Duodenal Whey

Healthy aging is associated with a marked reduction in the suppressive effect of whey
protein administered directly into the duodenum, on appetite and subsequent food intake.
Sixty minute intra-duodenal infusions of 8 gm (0.5 kcal/min), 24 gm (1.5 kcal/min), and
48 gm (3 kcal/min) of whey had a dose-responsive suppressive effect on subsequent ad
libitum food intake in young men, whereas older men experienced suppression of food
intake only after the 48 gm infusion (~33% vs. 17% suppression by 48 gm whey in young
vs. older, p < 0.05) [43]. Baseline hunger ratings were lower in the older than young men
and were suppressed less by the protein infusions in the older than young men, consistent
with the reduced effects of intra-duodenal fat and carbohydrate infusions on appetite in
older people [46].

4.1.2. Oral Whey

We have reported that healthy, non-obese, young men, but not women, experience
significant suppression of hunger ratings and ad libitum food intake three hours after
30 gm and 70 gm whey protein drinks [42,44,47]. In contrast, and consistent with their
reduced responses to intra-duodenal whey, healthy, non-obese men and women over
65 years experience little reduction in hunger and no suppression of ad libitum food intake
three hours after either 30 gm or 70 gm whey drinks [44,47–50].

This age-related reduction in the satiating effects of whey drinks is observed in our
studies largely irrespective of the timing of the whey drink relative to later ad libitum food
intake at test meals. Thirty gram whey protein drinks do not suppress appetite ratings or
subsequent ad libitum food intake in healthy older people immediately after the drink,
or 35 min, 1 h, 2 h, 3 h, 265 min, and 510 min after the drink [44,45,49–51]. In only one
study have we detected any reduction in subsequent food intake by older people after a
whey drink [45]. In that study, older men received a 30 gm or 70 gm whey drink and then
ate adlibitum at breakfast (30 min later), lunch (265 min later), and dinner (510 min later).
There was no reduction in food intake compared with the control day at any of the three
meals on the 30 gm day. On the 70 gm day, there was no effect on breakfast intake, but a
15% reduction in lunch energy intake (p < 0.05 vs. control), followed by a compensatory 7%
increase at dinner.

When intake from whey drinks plus subsequent food intake is calculated, absent
(usually) or only minor suppression of subsequent food intake by whey drinks has resulted
in consistent findings of increases in total energy intake and even greater proportional
increases in protein intake after whey drinks in our short-term studies of older people. For
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example, in the study above, where whey drinks were taken before breakfast and men
were studied for the rest of the day [45], there were non-significant 4% and 3% increases
in total energy intake on the 30 gm and 70 gm days, respectively, compared with the
control day. Total daily protein intake was increased significantly by the whey drinks
in a dose-responsive manner, with increases almost equal to the protein content of the
whey drinks (+31 gm on the 30 gm whey drink day, +62 gm on the 70 gm whey drink day,
p < 0.001 vs. control [45]).

These findings suggest that it should be possible to give enough extra protein to older
people to preserve or increase muscle mass and function without suppressing energy intake
and promoting weight loss, particularly if they are encouraged to continue their usual
non-supplement food (energy) intake.

4.2. What Is the Best Timing of the Protein Supplement Use by Older People?

Because older men can increase their protein intake in a single episode into the range of
30–40 gm, enough to maximize the protein’s anabolic effects on muscle without the timing
of that supplement’s ingestion making much if any difference to subsequent appetite and
food intake, these supplements can probably be ingested as a between-meal supplement,
close to or even with meals. The effects in women are likely to be similar [50], but require
further study. The effects of more frequent protein doses across the day also need to
be determined.

Indeed, if the supplement is given with a protein-containing meal, instead of between
meals, less supplementary protein is needed to reach the 30–40 gm anabolic threshold
described above. Older men in the NuAge study, for example, had a mean daily protein
intake of 1 gm/kg (mean of 18 gm at breakfast and 23 gm at lunch and dinner) [17]. Their
protein intake could be increased to 1.33 gm/kg/day with a total protein intake of 35 gm
per meal two meals a day by adding as little as 12 gm protein with each of lunch and
dinner. A pragmatic measure, to allow for those with below average dietary protein intakes,
would be to take 20 gm of a protein supplement with the two meals each day already
containing the most protein. This dose is unlikely to have many, if any, side effects for most
older people.

4.3. Effect of Aging on Gastric Function and Emptying

Healthy aging is associated with changes in gastric function. These include reduced
perceptions of proximal gastric distension and delayed gastric accommodation [52], proba-
ble changes in the intra-gastric distribution of food after its ingestion, greater stimulation of
phasic pyloric pressure waves by intra-duodenal lipid [46], and slowing of gastric empty-
ing. It is unclear, however, how much, if at all, these changes contribute to the age-related
reduction in the satiating effect of ingested protein and responses to protein supplements
in older people. It is possible, however, that they may contribute to age-related reduced
appetite and food intake.

4.3.1. Intra-Gastric Food Distribution and Antral Area

After food is ingested, it is distributed throughout the stomach, with varying amounts
in the proximal versus distal stomach (antrum). Antral distension appears to be a greater
determinant of satiety and satiation than proximal gastric distension; the more distal
the intra-gastric distribution of food, the greater the antral distension, the greater the
sensations of fullness, the less the hunger, and the lower the subsequent food intake [53].
Owing to impaired receptive relaxation of the gastric fundus [52] and other factors, food is
distributed more distally in older people, as indicated by them having larger antral areas
than young adults after ingestion of the same mixed macro-nutrient loads [53]. As a result,
they probably experience greater fullness and lower hunger ratings. While the more distal
movement of food after its ingestion thus probably contributes to reduced hunger and
increased fullness in older people, it is unclear how these changes could contribute to the
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reduced suppression of appetite ratings and food intake after oral ingestion of protein,
alone or combined with other nutrients.

4.3.2. Gastric Emptying

The oral ingestion of nutrients, irrespective of their type, slows gastric emptying. Gas-
tric emptying of non-nutrient drinks is slightly slower in older than in young adults [44–54].
Whey protein drinks in doses of 30–70 gm slow gastric emptying in a dose-responsive
manner [42,44,50], and probably slow it more in older than in young adults; the stomachs
of healthy older men emptied whey into the duodenum at approximately 0.8 kcal/min
compared with 1.0 kcal for young adult men (p < 0.05) in one study [44]. Gastric emptying
of whey protein drinks is faster in young, non-obese men than women [42], but this sex dif-
ference is no longer present in healthy people over 65 years [50]. Gastric emptying of whey
drinks occurs at a similar rate in obese young and older men [49], with neither age group
having suppression of appetite or food intake 3 hours after ingestion of 30 gm whey—a
suppressive dose in young, non-obese men [42,44]. The findings suggest that obesity may
blunt the effects of whey on both food intake and the slowing of gastric emptying.

Delayed gastric emptying results in more food in the stomach at any given time
after food ingestion than would otherwise be the case. This increases gastric distension
and, depending on the distribution of the food within the stomach, might be expected
to produce greater feelings of fullness and reduced subsequent food intake. Consistent
with this, the intentional creation of gastric distension and fullness by implanting gastric
balloons has had some success in the treatment of obesity [55]. Greater gastric distension
after eating, due to slower gastric emptying, in older than in young adults, might thus be
expected to cause greater post-eating suppression of appetite and food intake in older than
in young adults. Existing evidence does not suggest, however, that this is so. Perceptions
of gastric distension are less in older than young adults [52], and healthy older people have
fullness ratings (unlike hunger ratings) 3 h after a whey drink, at the start of an ad libitum
meal, that do not relate significantly to energy intake at that meal [44]. Furthermore, as
outlined above, older people have less, not more, suppression of appetite and food intake
by whey drinks than younger adults, despite slower gastric emptying and presumably
greater gastric distension at any given time after the drinks. Our groups’ studies have
largely involved administering the ad libitum test meal 3 hours after the whey test drink,
in order to allow the full effect of gastric mechanisms to be studied. The stomach is empty
or almost empty by then after both 30 gm and 70 gm whey protein drinks [44]. While it is
possible that, if the meal had been given earlier, greater suppressive effects on intake due
to greater gastric distension would have been present, this is not supported by our finding
of a lack of suppression by 30 gm whey of food intake immediately after the drink and
hourly up to 3 hours after the drink [51].

4.3.3. Small Intestinal Satiety Mechanisms

As aging has similar qualitative effects on appetite and food intake after intra-duodenal
protein (whey) to those of oral whey (see above), and the age-related changes in gastric
mechanisms do not appear to explain the reduced suppression of appetite and food intake
by protein in older people, it seems likely that the reduced age-related changes in response
to protein are mediated mainly by reductions in the satiating effects of the protein after it
enters the small intestine. Nevertheless, slower gastric emptying in older people may mod-
ify these post-gastric effects by delaying their onset and prolonging their duration. Sixty
minute duodenal infusions of 0.5 kcal/min and 1.5 kcal whey/minute do not suppress sub-
sequent food intake in healthy older men, but 3 kcal/min infusions do, albeit less in older
than in younger men [43]. As healthy older men empty whey drinks from the stomach at a
rate of approximately 0.8 kcal/min [44], it is likely that, even if a very high protein load is
taken in drink form, for most older people, their age-related slowing of gastric emptying
and markedly reduced effect of whey once it enters the duodenum combine to result in no
suppression of appetite or subsequent energy intake. In contrast, duodenal infusions of
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whey in doses of 0.5, 1.5, and 3 kcal/in have dose-responsive suppressive effects on energy
intake in young men, who empty whey drinks from the stomach faster than older men
(~1 kcal/min) [44]. Together, these findings explain the suppressive effects of both 30 gm
and 70 gm whey drinks on subsequent energy intake in young, but not older adults [44].

4.4. Selected Hormones

Ingestion of protein, either orally or by infusion directly into the duodenum, results in
changes in circulating concentrations of a number of hormones with definite or possible
effects on appetite and subsequent food intake. Among them, concentrations of cholecys-
tokinin (CCK), insulin, glucagon, gastric inhibitory peptide (GIP), glucagon-like peptide-1
(GLP-1), peptide tyrosine-tyrosine (PYY), and amino acids increase, while glucose does not
change and ghrelin concentrations decrease [42,47,48,50,56,57].

A number of these small intestinal responses to protein ingestion differ between
healthy older and younger adults and these age-related changes in turn possibly affect the
responses to protein or protein containing supplements in older people.

4.4.1. Cholecystokinin (CCK)

CCK is released by the small bowel after nutrient ingestion and acts to slow gastric
emptying and reduce food intake. Circulating CCK concentrations increase less after oral
protein ingestion in young women than in young men, which may be one reason for the
lower satiating effect of whey protein in young women than men [42]. Circulating CCK
concentrations are higher in healthy fasting older than young adults [58,59], and older
adults retain their sensitivity to the satiating effects of exogenous CCK [60]. Increased
CCK activity may thus be a cause of the anorexia of ageing and reduced hunger pre-
meals observed in older adults. Increases in circulating CCK concentrations are at least
as great [53], if not greater [58], after whey drinks in healthy older than young adult men
and women. The cause of this possibly greater rise is not known; it may relate to slower
transition of whey through the small bowel in older people and, therefore, more prolonged
contact with the CCK releasing cells. Ageing-related increases in CCK secretion and action
are unlikely, however, to contribute to the reduced suppression of appetite and food intake
by whey protein observed in older people compared with young adults. The opposite
might be expected. The exact role of CCK in mediating age-related responses to protein
supplements remains to be determined.

4.4.2. Glucagon-Like Peptide 1 (GLP-1)

GLP-1 is released by the small bowel and colon in response to food ingestion. Like
CCK, it slows gastric emptying and has satiating effects. Fasting GLP-1 concentrations are
higher in healthy older than young ageing [58,59], which may thus contribute to lower
basal (fasting) hunger in older people. Circulating GLP-1 concentrations appear to increase
to a similar extent after whey drinks in young and older adults [54–56], which does not
support a role for the lesser suppression of food intake by whey protein in older adults.

4.4.3. Gastric Inhibitory Peptide (GIP)

Along with GLP-1, GIP is an incretin that plays roles in the control of glucagon, insulin,
and blood glucose concentrations. It is not clear what role GIP plays in the control of
appetite and feeding, but it may have some effect to stimulate food intake [61]. Circulating
fasting GIP concentrations are not affected by normal aging, but GIP concentrations increase
more after oral whey ingestion in older than in young adults [45–54]. This greater increase
might act to reduce the whey-induced suppression of food intake that would otherwise
occur. It might also act to limit blood glucose concentration increases in older people after
protein is co-ingested with other nutrients.
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4.4.4. Insulin and Glucose

Insulin plays a key role in glucose homeostasis, while its role in appetite and feeding
control is less clear. Oral ingestion of protein, including whey, stimulates insulin secretion
in a dose-responsive manner [58]. While oral ingestion of protein on its own has little, if
any, effect on blood glucose concentrations, its co-ingestion with glucose by non-elderly
adults with type 2 diabetes results in significantly smaller increases in blood glucose con-
centrations than ingestion of the same amount of glucose on its own [62]. The stimulation
of insulin secretion by whey drinks is not apparently affected by aging, and remains ro-
bust [58]. We have recently found that co-ingestion of 30 gm whey protein with 30 gm
glucose in drink form significantly reduces the increase in blood glucose concentrations
compared with ingestion of 30 gm glucose alone (peak glucose 7.4 vs. 9.0 mmol/L, p < 0.01)
in men over 65 years [27], and are now extending these studies to older people with type
2 diabetes. These findings suggest that moderately high whey protein intake together
with carbohydrate might improve postprandial glycaemia in older people, particularly
those with diabetes, and provide an additional benefit of taking a protein supplement with,
rather than between, meals.

4.4.5. Glucagon

Circulating concentrations of glucagon are not affected by aging [54–56]. Whey protein
drinks act to increase glucagon concentrations, to a similar degree in older and young
adults [58].

4.4.6. Ghrelin

Ghrelin is an orexigenic hormone secreted by the enteroendocrine cells of the gastroin-
testinal tract, particularly the stomach. Circulating concentrations are highest in the fasting
state and decrease after food ingestion. Fasting circulating concentrations may be slightly
lower in older than in young adults, and thus contribute to the anorexia of aging [63–65].
Ghrelin concentrations are suppressed to a similar degree after whey drinks in healthy
older and young adults [58], so it is not clear what role, if any, ghrelin plays in mediating
age-related reductions in feeding responses to protein supplements.

5. Future Directions

Future studies should focus on women as well as men to determine whether our
findings in older men also apply to women. They should also determine whether the
results of our short-term studies with protein supplements, such as post-supplement blood
pressure drops and failure to suppress appetite and food intake, are replicated in studies
of longer term protein supplement use. Further studies, both short- and longer-term, of
the effect of protein when co-ingested with carbohydrates on glucose metabolism in older
people with and without diabetes mellitus would also be of interest.

6. Conclusions

Nutritional supplements, including pure-protein or protein-enriched drinks, are in-
creasingly used by older people to maintain body weight and nutrition, and specifically
to prevent or treat loss of muscle function, sarcopenia, and frailty. Daily protein require-
ments in older people appear to be higher than those of young adults—in the range of
1.2 gm/kg/day or more. Many older adults do not consume this much protein in their
usual diet and are likely to benefit from an increase. Protein supplements appear relatively
safe, although care should be taken in those with or at risk of renal impairment, or prone
to post-nutrient hypotension. Protein supplements (alone or in a mixed macronutrient
supplement) in doses sufficient to reach the above daily intake are likely to be beneficial,
perhaps best taken twice daily, if possible soon after resistance exercise, in doses that
achieve protein intakes of 30 gm or more per episode. Our study results suggest that it
is probably not important to give these supplements between meals, because they have
little, if any, suppressive effect on appetite and later food intake in older people, owing
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to age-related changes in gastrointestinal and other mechanisms that are as yet poorly
understood. Adding protein supplements to usual food intake is very unlikely to reduce
energy intake and instead is likely to increase overall energy and protein intake, particularly
if encouragement is given to continue usual food intake. There may even be benefits in
giving the supplement with meals, to achieve protein intakes above the effective anabolic
threshold with lower supplement doses, and have favorable effects on food-induced blood
glucose increases in older people with, or at risk of, developing type 2 diabetes mellitus.

Further studies are indicated to determine the following:

1. The acute effects of whey and other proteins, when co-ingested with other macronu-
trients, with and between meals, on appetite and food intake in older people.

2. The longer term effects of protein ingestion, alone and combined with other macronu-
trients, on appetite, food intake, and glucose homoeostasis, in older people; i.e.,
whether effects observed in acute studies persist with longer-term administration.

A better understanding of the mechanisms underlying the reduced suppression of
appetite and food intake by protein and other macronutrients in older compared with
younger adults, whether gastro-intestinal, central, or both, can be used to develop ways
of improving nutrition in at-risk older individuals. Although our studies with whey
have identified a number of age-related changes in gastro-intestinal responses to protein
ingestion, it is not yet clear exactly how they act to mediate age-related changes in appetite
and feeding.

Author Contributions: Conceptualization, I.C.; Writing—original draft, I.C., A.O., C.G. and S.S.;
Writing—review & editing, I.C., A.O., C.G. and S.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Morley, J.E.; Silver, A.J. Anorexia in the elderly. Neurobiol. Aging 1988, 9, 9–16. [CrossRef]
2. Soenen, S.; Chapman, I.M. Body weight, anorexia, and undernutrition in older people. J. Am. Med. Dir. Assoc. 2013, 14,

642–648. [CrossRef]
3. Visvanathan, R.; Chapman, I.M. Undernutrition and anorexia in the older person. Gastroenterol. Clin. N. Am. 2009, 38, 393–409.

[CrossRef] [PubMed]
4. Castillo, E.M.; Gruen, D.G.; Silverstein, D.K.; Morton, D.J.; Wingard, D.L.; Connor, E.B. Sarcopenia in elderly men and women:

The Rancho Bernardo study. Am. J. Prev. Med. 2003, 25, 226–231. [CrossRef]
5. Janssen, I. Evolution of sarcopenia research. Appl. Physiol. Nutr. Meta. 2010, 35, 707–712. [CrossRef] [PubMed]
6. Luo, D.; Lin, Z.; Li, S.; Liu, S.H. Effect of nutritional supplement combined with exercise intervention on sarcopenia in the elderly:

A meta-analysis. Int. J. Nurs. Sci. 2017, 4, 389–401. [CrossRef]
7. Bell, K.E.; Snijders, T.; Zulyniak, M.; Kumbhare, D.; Parise, G.; Phillips, S.M. A whey protein-based multi-ingredient nutritional

supplement stimulates gains in lean body mass and strength in healthy older men: A randomized controlled trial. PLoS ONE
2017, 2, e0181387. [CrossRef] [PubMed]

8. Roberts, H.C.; Lim, S.E.R.; Cox, N.J.; Ibrahim, K. The Challenge of Managing Undernutrition in Older People with Frailty.
Nutrients 2019, 11, 808. [CrossRef] [PubMed]

9. Phillips, S.M. Current Concepts and Unresolved Questions in Dietary Protein Requirements and Supplements in Adults. Front.
Nutr. 2017, 4, 13. [CrossRef] [PubMed]

10. Traylor, D.A.; Gorissen, S.H.M.; Phillips, S.M. Perspective: Protein Requirements and Optimal Intakes in Aging: Are We Ready to
Recommend More Than the Recommended Daily Allowance? Adv. Nutr. 2018, 9, 171–182. [CrossRef] [PubMed]

11. Bauer, J.; Biolo, G.; Cederholm, T.; Cesari, M.; Jentoft, A.J.C.; Morley, J.E.; Phillips, S.; Sieber, C.; Stehle, P.; Teta, D.; et al.
Evidence-based recommendations for optimal dietary protein intake in older people: A position paper from the PROT-AGE
Study Group. J. Am. Med. Dir. Assoc. 2013, 14, 542–559. [CrossRef]

12. Li, M.; Sun, F.; Piao, J.H.; Yang, X.G. Protein requirements in healthy adults: A meta-analysis of nitrogen balance studies. Biomed.
Environ. Sci. 2014, 27, 606–613. [PubMed]

13. Rand, W.M.; Pellett, P.L.; Young, V.R. Meta-analysis of nitrogen balance studies for estimating protein requirements in healthy
adults. Am. J. Clin. Nutr. 2003, 77, 109–127. [CrossRef] [PubMed]

http://doi.org/10.1016/S0197-4580(88)80004-6
http://doi.org/10.1016/j.jamda.2013.02.004
http://doi.org/10.1016/j.gtc.2009.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19699404
http://doi.org/10.1016/S0749-3797(03)00197-1
http://doi.org/10.1139/H10-067
http://www.ncbi.nlm.nih.gov/pubmed/20962927
http://doi.org/10.1016/j.ijnss.2017.09.004
http://doi.org/10.1371/journal.pone.0181387
http://www.ncbi.nlm.nih.gov/pubmed/28719669
http://doi.org/10.3390/nu11040808
http://www.ncbi.nlm.nih.gov/pubmed/30974825
http://doi.org/10.3389/fnut.2017.00013
http://www.ncbi.nlm.nih.gov/pubmed/28534027
http://doi.org/10.1093/advances/nmy003
http://www.ncbi.nlm.nih.gov/pubmed/29635313
http://doi.org/10.1016/j.jamda.2013.05.021
http://www.ncbi.nlm.nih.gov/pubmed/25189607
http://doi.org/10.1093/ajcn/77.1.109
http://www.ncbi.nlm.nih.gov/pubmed/12499330


Nutrients 2021, 13, 1227 13 of 15

14. Rafii, M.; Chapman, K.; Elango, R.; Campbell, W.W.; Ball, R.O.; Pencharz, P.B.; Martin, G.C. Dietary Protein Requirement of Men
>65 Years Old Determined by the Indicator Amino Acid Oxidation Technique Is Higher than the Current Estimated Average
Requirement. J. Nutr. 2015, 146, 681–687. [CrossRef]

15. Rafii, M.; Chapman, K.; Elango, R.; Campbell, W.W.; Ball, R.O.; Pencharz, P.B.; Martin, G.C. Dietary protein requirement of female
adults >65 years determined by the indicator amino acid oxidation technique is higher than current recommendations. J. Nutr.
2015, 145, 18–24. [CrossRef] [PubMed]

16. Fulgoni, V.L., 3rd. Current protein intake in America: Analysis of the National Health and Nutrition Examination Survey,
2003-2004. Am. J. Clin. Nutr. 2008, 87, 1554S–1557S. [CrossRef] [PubMed]

17. Farsijani, S.; Payette, H.; Morais, J.A.; Shatenstein, B.; Gaudreau, P.; Chevalier, S. Even mealtime distribution of protein intake
is associated with greater muscle strength, but not with 3-y physical function decline, in free-living older adults: The Quebec
longitudinal study on Nutrition as a Determinant of Successful Aging (NuAge study). Am. J. Clin. Nutr. 2017, 106, 113–124.
[CrossRef] [PubMed]

18. Weinstein, J.R.; Anderson, S. The aging kidney: Physiological changes. Adv. Chronic Kidney Dis. 2010, 17, 302–307. [CrossRef] [PubMed]
19. Trumbo, P.; Schlicker, S.; Yates, A.A.; Poos, M. Dietary reference intakes for energy, carbohydrate, fiber, fat, fatty acids, cholesterol,

protein and amino acids. J. Am. Diet. Assoc. 2002, 102, 1621–1630. [CrossRef]
20. Friedman, A.N.; Ogden, L.G.; Foster, G.D.; Klein, S.; Stein, R.; Miller, B.; Hill, J.O.; Brill, C.; Bailer, B.; Rosenbaum, D.R.; et al.

Comparative effects of low-carbohydrate high-protein versus low-fat diets on the kidney. Clin. J. Am. Soc. Nephrol. 2012, 7,
1103–1111. [CrossRef]

21. Rizzoli, R.; Biver, B.; Bonjour, J.P.; Coxam, V.; Goltzman, D.; Kanis, J.A.; Lappe, J.; Rejnmark, L.; Sahni, S.; Weaver, C.; et al.
Benefits and safety of dietary protein for bone health-an expert consensus paper endorsed by the European Society for Clinical
and Economical Aspects of Osteopororosis, Osteoarthritis, and Musculoskeletal Diseases and by the International Osteoporosis
Foundation. Osteoporos. Int. 2018, 29, 1933–1948. [PubMed]

22. Trahair, L.G.; Horowitz, M.; Jones, K.L. Postprandial hypotension: A systematic review. J. Am. Med. Dir. Assoc. 2014, 15, 394–409.
[CrossRef] [PubMed]

23. Aronow, W.S.; Ahn, C. Association of postprandial hypotension with incidence of falls, syncope, coronary events, stroke, and total
mortality at 29-month follow-up in 499 older nursing home residents. J. Am. Geriatr Soc. 1997, 45, 1051–1053. [CrossRef] [PubMed]

24. Jansen, R.W.; Lipsitz, L.A. Postprandial hypotension: Epidemiology, pathophysiology, and clinical management. Ann. Intern.
Med. 1995, 122, 286–295. [CrossRef] [PubMed]

25. Gentilcore, D.; Hausken, T.; Meyer, J.M.; Chapman, I.M.; Horowitz, M.; Jones, K.L. Effects of intraduodenal glucose, fat,
and protein on blood pressure, heart rate, and splanchnic blood flow in healthy older subjects. Am. J. Clin. Nutr. 2008, 87,
156–161. [CrossRef]

26. Giezenaar, C.; Oberoi, A.; Jones, K.L.; Horowitz, M.; Chapman, I.; Soenen, S. Effects of age on blood pressure and heart rate
responses to whey protein in younger and older men. J. Am. Geriatr. Soc. 2021, in press. [CrossRef] [PubMed]

27. Oberoi, A.; Giezenaar, C.; Tippett, R.; Jones, K.L.; Chapman, I.; Soenen, S. Effects of whey protein and glucose intake on energy
intake, gastric emptying and glyceamia in healthy older subjects. EASD 2020.

28. Milne, A.C.; Potter, J.; Avenell, A. Protein and energy supplementation in elderly people at risk from malnutrition. Cochrane
Database Syst. Rev. 2005, CD003288. [CrossRef]

29. Milne, A.C.; Potter, J.; Vivanti, A.; Avenell, A. Protein and energy supplementation in elderly people at risk from malnutrition.
Cochrane Database Syst. Rev. 2009, CD003288. [CrossRef]

30. McDonald, C.K.; Ankarfeldt, M.Z.; Capra, S.; Bauer, J.; Raymond, K.; Heitmann, B.L. Lean body mass change over 6 years is
associated with dietary leucine intake in an older Danish population. Br. J. Nutr. 2016, 115, 1556–1562. [CrossRef] [PubMed]

31. Norton, L.E.; Wilson, G.J.; Layman, D.K.; Bunpo, P.; Anthony, T.G.; Brana, D.V.; Garlick, P.J. The leucine content of a complete
meal directs peak activation but not duration of skeletal muscle protein synthesis and mammalian target of rapamycin signaling
in rats. J. Nutr. 2009, 139, 1103–1109. [CrossRef] [PubMed]

32. Pennings, B.; Boirie, Y.; Senden, J.M.G.; Gijsen, A.P.; Kuipers, H.; Loon, L.J.C.V. Whey protein stimulates postprandial muscle
protein accretion more effectively than do casein and casein hydrolysate in older men. Am. J. Clin. Nutr. 2011, 93, 997–1005.
[CrossRef] [PubMed]

33. Mitchell, C.J.; McGregor, R.A.; D’Souza, R.F.; Thorstensen, E.B.; Markworth, J.F.; Fanning, A.C.; Poppitt, S.D.; Smith, D.C.
Consumption of Milk Protein or Whey Protein Results in a Similar Increase in Muscle Protein Synthesis in Middle Aged Men.
Nutrients 2015, 7, 8685–8699. [CrossRef] [PubMed]

34. Pennings, B.; Groen, B.; Lange, A.D.; Gijsen, A.P.; Zorenc, A.H.; Senden, J.M.G.; Loon, L.J.C.V. Amino acid absorption and
subsequent muscle protein accretion following graded intakes of whey protein in elderly men. Am. J. Physiol. Endocrinol. Metab.
2012, 302, E992–E999. [CrossRef] [PubMed]

35. Komar, B.; Schwingshackl, L.; Hoffmann, G. Effects of leucine-rich protein supplements on anthropometric parameter and muscle
strength in the elderly: A systematic review and meta-analysis. J. Nutr. Health Aging 2015, 19, 437–446. [CrossRef] [PubMed]

36. Loenneke, J.P.; Loprinzi, P.D.; Murphy, C.H.; Phillips, S.M. Per meal dose and frequency of protein consumption is associated
with lean mass and muscle performance. Clin. Nutr. 2016, 35, 1506–1511. [CrossRef] [PubMed]

37. Churchward-Venne, T.A.; Holwerda, A.M.; Phillips, S.M.; Loon, L.J.C.V. What is the Optimal Amount of Protein to Support
Post-Exercise Skeletal Muscle Reconditioning in the Older Adult? Sports Med. 2016, 46, 1205–1212. [CrossRef]

http://doi.org/10.3945/jn.115.225631
http://doi.org/10.3945/jn.114.197517
http://www.ncbi.nlm.nih.gov/pubmed/25320185
http://doi.org/10.1093/ajcn/87.5.1554S
http://www.ncbi.nlm.nih.gov/pubmed/18469286
http://doi.org/10.3945/ajcn.116.146555
http://www.ncbi.nlm.nih.gov/pubmed/28515070
http://doi.org/10.1053/j.ackd.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20610357
http://doi.org/10.1016/S0002-8223(02)90346-9
http://doi.org/10.2215/CJN.11741111
http://www.ncbi.nlm.nih.gov/pubmed/29740667
http://doi.org/10.1016/j.jamda.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24630686
http://doi.org/10.1111/j.1532-5415.1997.tb05965.x
http://www.ncbi.nlm.nih.gov/pubmed/9288010
http://doi.org/10.7326/0003-4819-122-4-199502150-00009
http://www.ncbi.nlm.nih.gov/pubmed/7825766
http://doi.org/10.1093/ajcn/87.1.156
http://doi.org/10.1111/jgs.17083
http://www.ncbi.nlm.nih.gov/pubmed/33675081
http://doi.org/10.1002/14651858.CD003288.pub2
http://doi.org/10.1002/14651858.CD003288.pub3
http://doi.org/10.1017/S0007114516000611
http://www.ncbi.nlm.nih.gov/pubmed/26979049
http://doi.org/10.3945/jn.108.103853
http://www.ncbi.nlm.nih.gov/pubmed/19403715
http://doi.org/10.3945/ajcn.110.008102
http://www.ncbi.nlm.nih.gov/pubmed/21367943
http://doi.org/10.3390/nu7105420
http://www.ncbi.nlm.nih.gov/pubmed/26506377
http://doi.org/10.1152/ajpendo.00517.2011
http://www.ncbi.nlm.nih.gov/pubmed/22338070
http://doi.org/10.1007/s12603-014-0559-4
http://www.ncbi.nlm.nih.gov/pubmed/25809808
http://doi.org/10.1016/j.clnu.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27086196
http://doi.org/10.1007/s40279-016-0504-2


Nutrients 2021, 13, 1227 14 of 15

38. Yang, Z.; Scott, C.A.; Mao, C.; Tang, J.; Farmer, A.J. Resistance exercise enhances myofibrillar protein synthesis with graded
intakes of whey protein in older men. Br. J. Nutr. 2012, 108, 1780–1788. [CrossRef]

39. Esmarck, B.; Andersen, J.L.; Olsen, S.; Richter, E.A.; Mizuno, M.; Kjaer, M. Timing of postexercise protein intake is important for
muscle hypertrophy with resistance training in elderly humans. J. Physiol. 2001, 535, 301–311. [CrossRef]

40. Grech, A.; Rangan, A.; Allman-Farinelli, M. Macronutrient Composition of the Australian Population’s Diet; Trends from Three
National Nutrition Surveys 1983, 1995 and 2012. Nutrients 2018, 10, 1045. [CrossRef] [PubMed]

41. Soenen, S.; Westerterp-Plantenga, M.S. Proteins and satiety: Implications for weight management. Curr. Opin. Clin. Nutr. Metab.
Care 2008, 11, 747–751. [CrossRef] [PubMed]

42. Giezenaar, C.; Luscombe-Marsh, N.D.; Hutchison, A.T.; Lange, K.; Hausken, T.; Jones, K.L.; Horowitz, M.; Chapman, I.; Soenen, S.
Effect of gender on the acute effects of whey protein ingestion on energy intake, appetite, gastric emptying and gut hormone
responses in healthy young adults. Nutr. Diabetes 2018, 8, 40. [CrossRef]

43. Soenen, S.; Giezenaar, C.; Hutchison, A.T.; Horowitz, M.; Chapman, I.; Luscombe-Marsh, N. Effects of intraduodenal protein on
appetite, energy intake, and antropyloroduodenal motility in healthy older compared with young men in a randomized trial. Am.
J. Clin. Nutr. 2014, 100, 1108–1115. [CrossRef] [PubMed]

44. Giezenaar, C.; Trahair, L.G.; Rigda, R.; Hutchison, A.T.; Feinle-Bisset, C.; Luscombe-Marsh, N.D.; Hausken, T.; Jones, K.L.;
Horowitz, M.; Chapman, I.; et al. Lesser suppression of energy intake by orally ingested whey protein in healthy older men
compared with young controls. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 309, R845–R854. [CrossRef]

45. Oberoi, A.; Giezenaar, C.; Clames, A.; BØhler, K.; Lange, K.; Horowitz, M.; Jones, K.L.; Chapman, I.; Soenen, S. Whey Protein
Drink Ingestion before Breakfast Suppressed Energy Intake at Breakfast and Lunch, but Not during Dinner, and Was Less
Suppressed in Healthy Older than Younger Men. Nutrients 2020, 12, 3318. [CrossRef] [PubMed]

46. Cook, C.G.; Andrews, J.M.; Jones, K.L.; Wittert, G.A.; Chapman, I.M.; Morley, J.E.; Horowitz, M. Effects of small intestinal nutrient
infusion on appetite and pyloric motility are modified by age. Am. J. Physiol. 1997, 273, R755–R761. [CrossRef]

47. Giezenaar, C.; Lange, K.; Hausken, T.; Jones, K.L.; Horowitz, M.; Chapman, I.; Soenen, S. Effects of Age on Acute Appetite-Related
Responses to Whey-Protein Drinks, Including Energy Intake, Gastric Emptying, Blood Glucose, and Plasma Gut Hormone
Concentrations-A Randomized Controlled Trial. Nutrients 2020, 12, 1008. [CrossRef]

48. Giezenaar, C.; Burgh, Y.V.D.; Lange, K.; Hatzinikolas, S.; Hausken, T.; Jones, K.L.; Horowitz, M.; Chapman, I.; Soenen, S.
Effects of Substitution, and Adding of Carbohydrate and Fat to Whey-Protein on Energy Intake, Appetite, Gastric Emptying,
Glucose, Insulin, Ghrelin, CCK and GLP-1 in Healthy Older Men-A Randomized Controlled Trial. Nutrients 2018, 10, 113.
[CrossRef] [PubMed]

49. Oberoi, A.; Giezenaar, C.; Jensen, C.; Lange, K.; Hausken, T.; Jones, K.L.; Horowitz, M.; Chapman, I.; Soenen, S. Acute effects
of whey protein on energy intake, appetite and gastric emptying in younger and older, obese men. Nutr. Diabetes. 2020, 10,
37. [CrossRef]

50. Giezenaar, C.; Trahair, L.G.; Luscombe-Marsh, N.D.; Hausken, T.; Standfield, S.; Jones, K.L.; Lange, K.; Horowitz, M.; Chapman, I.;
Soenen, S. Effects of randomized whey-protein loads on energy intake, appetite, gastric emptying, and plasma gut-hormone
concentrations in older men and women. Am. J. Clin. Nutr. 2017, 106, 865–877. [CrossRef] [PubMed]

51. Giezenaar, C.; Coudert, Z.; Baqeri, A.; Jensen, C.; Hausken, T.; Horowitz, M.; Chapman, I.; Soenen, S. Effects of Timing of Whey
Protein Intake on Appetite and Energy Intake in Healthy Older Men. J. Am. Med. Dir. Assoc. 2017, 18, 898.e9–898.e13. [CrossRef]

52. Rayner, C.K.; MacIntosh, C.G.; Chapman, I.M.; Morley, J.E.; Horowitz, M. Effects of age on proximal gastric motor and sensory
function. Scand. J. Gastroenterol. 2000, 35, 1041–1047. [PubMed]

53. Sturm, K.; Parker, B.; Wishart, J.; Feinle-Bisset, C.; Jones, K.L.; Chapman, I.; Horowitz, M. Energy intake and appetite are related
to antral area in healthy young and older subjects. Am. J. Clin. Nutr. 2004, 80, 656–667. [CrossRef] [PubMed]

54. Clarkston, W.K.; Pantano, M.M.; Morley, J.E.; Horowitz, M.; Littlefield, J.M.; Burton, F.R. Evidence for the anorexia of aging:
Gastrointestinal transit and hunger in healthy elderly vs. young adults. Am. J. Physiol. 1997, 272, R243–R248. [CrossRef] [PubMed]

55. Yasawy, M.I.; Al-Quorain, A.A.; Hussameddin, A.M.; Yasawy, Z.M.; Al-Sulaiman, R.M. Obesity and gastric balloon. J. Family
Community Med. 2014, 21, 196–199. [CrossRef] [PubMed]

56. Giezenaar, C.; Luscombe-Marsh, N.D.; Hutchison, A.T.; Stanfield, S.; Feinle-Bisset, C.; Horowitz, M.; Chapman, I. Dose-Dependent
Effects of Randomized Intraduodenal Whey-Protein Loads on Glucose, Gut Hormone, and Amino Acid Concentrations in Healthy
Older and Younger Men. Nutrients 2018, 10, 78. [CrossRef] [PubMed]

57. Giezenaar, C.; Lange, K.; Hausken, T.; Jones, K.L.; Horowitz, M.; Chapman, I.; Soenen, S. Acute Effects of Substitution, and
Addition, of Carbohydrates and Fat to Protein on Gastric Emptying, Blood Glucose, Gut Hormones, Appetite, and Energy Intake.
Nutrients 2018, 10, 1451. [CrossRef]

58. Giezenaar, C.; Hutchison, A.T.; Luscombe-Marsh, N.D.; Chapman, I.; Horowitz, M.; Soenen, S. Effect of Age on Blood Glucose and
Plasma Insulin, Glucagon, Ghrelin, CCK, GIP, and GLP-1 Responses to Whey Protein Ingestion. Nutrients 2017, 10, 2. [CrossRef]

59. MacIntosh, C.G.; Andrews, J.M.; Jones, K.L.; Wishart, J.M.; Morris, H.A.; Jansen, J.B.; Morley, J.E.; Horowitz, M.; Chapman, I.M.
Effects of age on concentrations of plasma cholecystokinin, glucagon-like peptide 1, and peptide YY and their relation to appetite
and pyloric motility. Am. J. Clin. Nutr. 1999, 69, 999–1006. [CrossRef]

60. MacIntosh, C.G.; Morley, J.E.; Wishart, J.; Morris, H.; Jansen, J.B.; Horowitz, M.; Chapman, I.M. Effect of exogenous cholecystokinin
(CCK)-8 on food intake and plasma CCK, leptin, and insulin concentrations in older and young adults: Evidence for increased
CCK activity as a cause of the anorexia of aging. J. Clin. Endocrinol. Metab. 2001, 86, 5830–5837. [CrossRef]

http://doi.org/10.1017/S0007114511007422
http://doi.org/10.1111/j.1469-7793.2001.00301.x
http://doi.org/10.3390/nu10081045
http://www.ncbi.nlm.nih.gov/pubmed/30096821
http://doi.org/10.1097/MCO.0b013e328311a8c4
http://www.ncbi.nlm.nih.gov/pubmed/18827579
http://doi.org/10.1038/s41387-018-0048-7
http://doi.org/10.3945/ajcn.114.087981
http://www.ncbi.nlm.nih.gov/pubmed/25099545
http://doi.org/10.1152/ajpregu.00213.2015
http://doi.org/10.3390/nu12113318
http://www.ncbi.nlm.nih.gov/pubmed/33138061
http://doi.org/10.1152/ajpregu.1997.273.2.R755
http://doi.org/10.3390/nu12041008
http://doi.org/10.3390/nu10020113
http://www.ncbi.nlm.nih.gov/pubmed/29360778
http://doi.org/10.1038/s41387-020-00139-8
http://doi.org/10.3945/ajcn.117.154377
http://www.ncbi.nlm.nih.gov/pubmed/28747330
http://doi.org/10.1016/j.jamda.2017.06.027
http://www.ncbi.nlm.nih.gov/pubmed/11099056
http://doi.org/10.1093/ajcn/80.3.656
http://www.ncbi.nlm.nih.gov/pubmed/15321806
http://doi.org/10.1152/ajpregu.1997.272.1.R243
http://www.ncbi.nlm.nih.gov/pubmed/9039015
http://doi.org/10.4103/2230-8229.142977
http://www.ncbi.nlm.nih.gov/pubmed/25374473
http://doi.org/10.3390/nu10010078
http://www.ncbi.nlm.nih.gov/pubmed/29329233
http://doi.org/10.3390/nu10101451
http://doi.org/10.3390/nu10010002
http://doi.org/10.1093/ajcn/69.5.999
http://doi.org/10.1210/jcem.86.12.8107


Nutrients 2021, 13, 1227 15 of 15

61. Miyawaki, K.; Yamada, Y.; Ban, N.; Ihara, Y.; Tsukiyama, K.; Zhou, H.; Fujimoto, S.; Oku, A.; Tsuda, K.; Toyokuni, S.; et al.
Inhibition of gastric inhibitory polypeptide signaling prevents obesity. Nat. Med. 2002, 8, 738–742. [CrossRef] [PubMed]

62. Nuttall, F.Q.; Mooradian, A.D.; Gannon, M.C.; Billington, C.; Krezowski, P. Effect of protein ingestion on the glucose and insulin
response to a standardized oral glucose load. Diabetes Care. 1984, 7, 465–470. [CrossRef]

63. Nass, R.; Farhy, L.S.; Liu, J.; Pezzoli, S.S.; Johnson, M.L.; Gaylinn, B.D.; Thorner, M.O. Age-dependent decline in acyl-ghrelin
concentrations and reduced association of acyl-ghrelin and growth hormone in healthy older adults. J. Clin. Endocrinol. Metab.
2014, 99, 602–608. [CrossRef]

64. Sturm, K.; MacIntosh, C.G.; Parker, B.A.; Wishart, J.; Horowitz, M.; Chapman, I.M. Appetite, food intake, and plasma concen-
trations of cholecystokinin, ghrelin, and other gastrointestinal hormones in undernourished older women and well-nourished
young and older women. J. Clin. Endocrinol. Metab. 2003, 88, 3747–3755. [CrossRef] [PubMed]

65. Rigamonti, A.E.; Pincelli, A.I.; Corra, B.; Viarengo, R.; Bonomo, S.M.; Galimberti, D.; Scacchi, M.; Scarpini, E.; Cavagnini, F.;
Muller, E.E. Plasma ghrelin concentrations in elderly subjects: Comparison with anorexic and obese patients. J. Endocrinol. 2002,
175, R1–R5. [CrossRef] [PubMed]

http://doi.org/10.1038/nm727
http://www.ncbi.nlm.nih.gov/pubmed/12068290
http://doi.org/10.2337/diacare.7.5.465
http://doi.org/10.1210/jc.2013-3158
http://doi.org/10.1210/jc.2002-021656
http://www.ncbi.nlm.nih.gov/pubmed/12915664
http://doi.org/10.1677/joe.0.175r001
http://www.ncbi.nlm.nih.gov/pubmed/12379512

	Introduction 
	Aging, Weight Loss, and Undernutrition 
	Aging and Sarcopenia 

	Prevention and Management of Under-Nutrition and Sarcopenia in Older People 
	Nutritional Measures 
	Nutritional Supplements 
	Protein Nutritional Supplements 

	Dietary Protein Requirements in Older People 
	Do Men and Women Have Different Dietary Protein Needs? 
	Summary Recommendations for Dietary Protein Intake in Older People 
	How Many Older People Need Supplements to Reach the Recommended Protein Intake? 
	Possible Adverse Effects of Protein Supplements 
	Renal Effects 
	Bone Effects 
	Post-Prandial Hypotension 

	Evidence for Benefits of Nutritional Supplements in Older People 
	Does the Type of Protein or Amino Acid in the Supplement Matter? 
	How Much Protein Should There Be in the Supplement? 
	Timing of Protein Intake Relative to Exercise 

	Gastrointestinal Responses to Protein Ingestion: Effects of Aging 
	Effect of Aging on Appetite and Feeding Responses to Whey Protein 
	Intra-Duodenal Whey 
	Oral Whey 

	What Is the Best Timing of the Protein Supplement Use by Older People? 
	Effect of Aging on Gastric Function and Emptying 
	Intra-Gastric Food Distribution and Antral Area 
	Gastric Emptying 
	Small Intestinal Satiety Mechanisms 

	Selected Hormones 
	Cholecystokinin (CCK) 
	Glucagon-Like Peptide 1 (GLP-1) 
	Gastric Inhibitory Peptide (GIP) 
	Insulin and Glucose 
	Glucagon 
	Ghrelin 


	Future Directions 
	Conclusions 
	References

