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Abstract The risk for metabolic disease, including meta-
bolic syndrome, insulin resistance, and diabetes, increases
with age. Altered plasma TG metabolism and changes in
fatty acid partitioning are also major contributors to meta-
bolic disease. Plasma TG metabolism itself is altered by
age in humans and rodents. As discussed in this review, the
age-induced changes in human TG metabolism include in-
creased plasma TG levels, reduced postprandial plasma
TG clearance rates, reduced postheparin LPL activity,
decreased adipose tissue lipolysis, and elevated ectopic fat
deposition, all of which could potentially contribute to
age-associated metabolic diseases. Similar observations
have been made in aged rats. We highlight the limitations
of currently available data and propose that mechanistic
studies are needed to understand the extent to which age-
induced alterations in TG metabolism contribute to meta-
bolic disease.Hlll Such mechanistic insights could aid in
therapeutic strategies for preventing or managing metabolic
disease in older individuals.—Spitler, K. M.., and B. S. ]. Davies.
Aging and plasma triglyceride metabolism. J. Lipid Res.
2020. 61: 1161-1167.
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Age is a significant risk factor for metabolic syndrome
and T2D. The percentage of individuals with metabolic
syndrome significantly increases with age (1, 2). In the
United States, over one-quarter of adults over 65 have dia-
betes, and simply being older than 45 years old is con-
sidered a risk factor for T2D (niddk.nih.gov; cdc.gov/
diabetes/data/). Although age is clearly a risk factor for
metabolic disease, the mechanisms that contribute to this
age-related risk have not been fully elucidated. One major
contributing factor to metabolic disease is aberrant TG me-
tabolism and fat partitioning (3). Excessive delivery of fatty
acids to tissues such as heart, skeletal muscle, and liver can
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lead to insulin resistance, cardiac lipotoxicity, and fatty
liver disease (4—6). This ectopic lipid deposition often re-
sults from adipose dysfunction, wherein white adipose
tissue no longer efficiently stores fat (7). Ectopic lipid
deposition is associated with metabolic syndrome and T2D,
and humans with metabolic syndrome or T2D have in-
creased TG content in heart and liver (3).

Surprisingly, although age and aberrant TG metabolism
are both associated with increased risk of metabolic dis-
ease, the two are rarely studied in combination. In this re-
view, we examine what is currently known about how age
effects plasma TG clearance, adipose tissue lipolysis, and
the partitioning of fat. We review how the activity of LPL,
the enzyme primarily responsible for plasma TG clearance,
is altered by age. Aging in rodent models and how well
these models reflect the human condition are also discussed.
Finally, we consider the deficiencies in our current under-
standing of age-associated changes in TG metabolism and
suggest how some of these deficiencies might be addressed.

AGE AND PLASMA TG LEVELS AND TG CLEARANCE

Plasma TGs levels are higher in older adults versus
younger adults (8-10). At least some of this increase in
plasma TG levels can be attributed to delayed postprandial
TG clearance. In 1949, Becker, Meyer, and Necheles (11)
gave a high-fat meal to 30 younger (average age 18) and 30
older (average age 76) fasted subjects and then measured
serum chylomicrons over time. They found that in younger
subjects, serum chylomicrons peaked at around 3 h and
were cleared to fasting levels within 6 h. However, in older
subjects, serum chylomicrons peaked later (~9 h) and ata
much higher level. Moreover, in older subjects, clearance
of chylomicrons to fasted levels took nearly 24 h (11). In
1953, Herzstein, Wang, and Adlersberg (8) similarly found
that clearance of total serum lipids was delayed in older
(ages 51-71) compared with younger (ages 17-34) subjects
after a fat-loaded meal. A more recent study by Vinagre
etal. (12) suggested that the delayed TG clearance in older
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subjects is due, at least in part, to delayed clearance of rem-
nant particles in the liver. In this study the authors used TG
emulsions labeled with both "H-TGs and '*C-cholesterol
esters to distinguish fractional clearance through lipolysis
(TGs only) from fractional clearance through remnant up-
take (clearance of both TGs and cholesterol esters). They
found that clearance through lipolysis was similar between
healthy young (<30 years) and old (>60 years) subjects, but
that remnant clearance was delayed in older subjects (12).
However, it is important to note that these experiments
were carried out in fasting (12 h) individuals and that clear-
ance of TG emulsions may not reflect the behavior of en-
dogenous lipoproteins. Interestingly, although the authors
did not find a difference in lipolysis-driven clearance in
older subjects, they did find that older individuals had
lower postheparin LPL activity (12). The possible role of
LPL in aging-induced changes in plasma TG metabolism is
discussed below.

Rodent models are often used in aging studies due to
their dramatically shorter lifespans. How well do rodent
aging-models reflect the changes in TG metabolism ob-
served in humans? Several studies have found that older
male and female rats have elevated plasma TG levels com-
pared with younger rats (13-16), though the degree of el-
evation appears to be strain dependent (14). Early studies
also suggested that older rats, both male and female, have
slower TG clearance rates than younger rats (13). Interest-
ingly, older mice appear to have slightly lower plasma TGs
than younger mice (17, 18). We are unaware of any study
examining postprandial TG clearance in aged mice.

AGE AND LPL ACTIVITY

LPL is critical for the proper clearance of plasma TGs.
LPL bound to the vascular lumen hydrolyzes the TGs of
TG-rich lipoproteins, releasing fatty acids for uptake by tis-
sues. The delayed clearance of plasma TGs in older hu-
mans suggests that LPL activity may be altered with age.
Although a survey of tissue-specific LPL activity in younger

and older humans is lacking, several studies have examined
the levels of LPL activity released into the bloodstream by
an injection of heparin (12, 19, 20). In each of these stud-
ies older subjects had significantly less postheparin LPL
activity than younger subjects, suggesting that LPL activity
does indeed decrease with age (12, 19, 20). There are cave-
ats to these observations. First, two of the studies did not
report the gender of subjects and so it is not clear whether
both males and females were included (19, 20). The final
study did include males and females but gender-separated
data were not reported (12). Second, although heparin re-
leases LPL into the circulation, there is scant evidence that
heparin releases all vascular LPL or that LPL is released
from all vascular beds with similar efficiency. There is also
some evidence that heparin can release nonvascular LPL,
LPL that would not normally participate in TG clearance
(21). Therefore, although these studies suggest that LPL
activity is altered in older humans, which tissues and path-
ways contribute to the change remain unclear.

More detailed studies of age-induced changes in tissue-
specific LPL activity have been performed in rats. Unfortu-
nately, observations in rats have not been consistent, in
part due to the use of different rat strains and different
feeding conditions (Table 1). Chen and Reaven (15) found
no difference in fasted LPL activity between 40-day-old,
100-day-old, and 1-year-old Sprague-Dawley rats, but found
that when the rats were fed, LPL activity was significantly
lower in the 100-day-old rats compared with the 40-day-old
rats. Interestingly, there was no further decrease in LPL
activity in 1l-year-old rats. A contemporaneous study looked
at both Sprague-Dawley and Fischer-344 rats aged out to 2
years. In this study, fasting LPL activity in adipose tissue
increased with age in the Sprague-Dawley rats, but de-
creased in the Fischer-344 rats (14). The same study found
that LPL activity in heart did not change significantly with
age in either rat strain, but that activity in the diaphragm
muscle decreased with age in the Sprague-Dawley rats (14).
Four years later, the same authors reported a more exten-
sive study of LPL activity in aging male Fisher-344 rats, mea-
suring fasting lipase activity at 6, 12, 15, 18, 21, and 24

TABLE 1. Effects of age on LPL activity in rats
Tissue Strain Relevant Observation Reference
Adipose tissue Sprague-Dawley Increasing fasted LPL activity with age (2, 12, 24 months) (14)
No differences in fasted LPL activity at 40 days, 100 days, and 1 year of age (15)
Increased fed LPL activity (compared with fasting) at 40 days of age, (15)
but no difference between fasting and fed activity at 100 days or 1 year
Fisher-344 Decreasing fasted LPL activity with age (2, 12, 24 months) (14)
Decreasing fasted LPL activity with age (6, 12, 15, 18, 21, and 24 months) (16)
Wistar Increased LPL activity at 15 months compared with 3 months (22)
(feeding state not specified)
Cardiac tissue Sprague-Dawley No change in LPL activity with age (14)
Fisher-344 No change in LPL activity with age (14)
Decreasing fasted LPL activity with age (6, 12, 15, 18, 21, and 24 months) (16)
Diaphragm muscle  Sprague-Dawley Decreased fasted LPL activity in 12- and 24-month-old rats compared with (14)
2-month-old animals
Fisher-344 No change in LPL activity with age (14)
Decreasing fasted LPL activity with age (6, 12, 15, 18, 21, and 24 months) (16)
Skeletal muscle Fisher-344 Decreased LPL activity in 24-month-old rats compare with 2-month-old (23)
animals in soleus but not tibialis anterior muscles (feeding state not specified)
Fisher-344 x Brown Norway ~ Decreased LPL activity in 31-month-old rats compare with 18-month-old animals (23)

in soleus but not tibialis anterior muscles (feeding state not specified)
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months of age. In this study, they found a highly significant
age-dependent decrease in LPL activity in white adipose
tissue, diaphragm muscle, and cardiac muscle (16). Ursini
et al. (22) found that in Wistar rats, fed LPL activity was
significantly higher in adipose tissue at 15 months com-
pared with 3 months. Bey et al. (23) looked at LPL activity
specifically in skeletal muscle. In both Fischer-344 rats and
the F1 progeny of a Fischer-344, Brown Norway cross, they
found that LPL activity was reduced in the soleus muscle of
older rats, but not in the tibialis anterior muscle. Although
it is not clear why LPL activity observations vary so widely
from study to study, undoubtedly differences in rat strain
and age, sampling conditions, testing methods, and the
highly dynamic regulation of LPL activity contributed to
these discrepancies. In fact, there is evidence that feeding
state regulation of LPL changes with age. Bergo, Olivecrona,
and Olivecrona (24) found that in young rats (29 days),
fasting results in a dramatic decrease in LPL activity in
white adipose tissue, but a dramatic increase in activity in
the soleus muscle. By eight months of age, these fasting-
induced changes in activity had virtually disappeared
(24). The mechanism behind this change has not been
uncovered.

Although mice have been used extensively to study
the regulation of LPL activity, to our knowledge no sys-
tematic profiling of LPL activity in older mice has been
performed.

AGE AND FAT PARTITIONING

Tissue-specific changes in LPL activity could lead to
changes in lipid partitioning, altering the distribution of
fat in the body. The location of TG storage has important
metabolic consequences. Ectopic deposition of fat to tis-
sues such as liver and skeletal muscle can lead to metabolic
disease [reviewed in (3)]. The distribution of fat between
adipose depots is also important. Both the Framingham
Heart Study and the Jackson Heart Study found that excess
visceral fat, independent of total or subcutaneous fat levels,
is correlated with cardiovascular pathologies (25, 26). The
determinants of body fat distribution have been reviewed
recently in this journal (27). One important effector of fat
distribution is age. Visceral adiposity increases with age
(28-30). In females there is a striking shift from subcutane-
ous to visceral deposition of fat at menopause (31). How-
ever, it is important to note that even in premenopausal
women, visceral adiposity increases with age (32). Ectopic
lipid deposition also increases with age. Using magnetic
resonance spectroscopy, Cree et al. (33) found that liver fat
increased over 3-fold in elderly subjects (ages 65—74 years)
compared with younger (ages 20-32 years) subjects. Intra-
myocellular lipids were also increased by ~50% in the
older subjects (33). The mechanisms behind these shifts
remain unclear. Changes in tissue-specific LPL activity or
remnant clearance in the liver could alter TG uptake into
different tissue depots. Alternatively, tissue-specific LPL ac-
tivity could become uncoupled from fatty acid uptake. In
this scenario, adipose tissue depots fail to take up the fatty

acids liberated by LPL and increasing levels of fatty acids
spillover into the circulation where they are taken up by
other tissues. These two possibilities are not mutually ex-
clusive. Tracing studies have been used in the past to track
TG processing, uptake, and spillover (34-36); however, to
our knowledge, tracing studies comparing young and old
individuals have not been performed.

TG METABOLISM AND AGE-INDUCED
INFLAMMATION

Aging is characterized by persistent low grade inflamma-
tion in the absence of infection and is considered a risk
factor for morbidity and mortality in elderly adults (37).
Inflammation is associated with adipose tissue dysfunction
and is an important link between obesity and dyslipidemia
during aging [as reviewed in (38)]. How adipose dysfunc-
tion and inflammation alter plasma TG metabolism and
how age-induced changes in plasma TG clearance contrib-
ute to adipose dysfunction and inflammation remain un-
clear. A major pro-inflammatory cytokine that plays a role
in both aging and adipose tissue dysfunction is TNFa,
which is increased in the plasma of elderly subjects (39).
Increased TNFa levels can decrease human adipose tissue
LPL expression and activity (40). In adipose tissue from
obese female subjects, TNFa levels negatively correlated
with LPL activity (41). In middle-aged men with metabolic
syndrome or T2D, plasma levels of the LPL regulator, an-
giopoietin-like (ANGPTL)4, correlated with the pro-in-
flammatory marker C-reactive protein (42). In contrast, a
study of male and female middle-aged subjects found an
inverse correlation of ANGPTL4 with inflammation, but a
positive correlation between the levels of ANGPTL3, an-
other LPL regulator, and inflammation (43).

A recentstudy in mice linked inflammation, TG metabo-
lism, and ANGPTL4, though the results raised as many
questions as they answered. Mice lacking ANGPTL4 fed a
diet rich in unsaturated fatty acids, cholesterol, and fruc-
tose drinking water had significantly more visceral fat and
increased gene expression for pro-inflammatory genes in
visceral fat compared with wild-type control mice fed the
same diet (44). Despite increased inflammation and vis-
ceral fat, Angptl4_/_ mice fed this high-fat diet had im-
proved glucose tolerance and increased fasting plasma
insulin levels compared with wild-type mice. Interestingly,
when mice were treated with antibiotics, the increased vis-
ceral fat mass, visceral fat inflammation, and improvements
in glucose homeostasis disappeared, identifying a role for
gut bacteria in TG metabolism and glucose homeostasis
(44). The role of ANGPTLA4 in aged mice has not been in-
vestigated; however, recent work in mice has linked the gut
microbiota with inflammation during aging. Conley et al.
(45) compared 2-month-old and 26-month-old female
mice and found an increase in the serum inflammatory
marker, monocyte chemoattractant protein 1 (MCP-1), in
the older mice. This increase was associated with age-
induced changes in gut microbiota (45). A more recent study
also identified a role for MCP-1 in ectopic lipid deposition
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in the liver during aging (46). An increase in liver weight,
hepatic TGs, steatosis, and inflammatory gene expression
was observed in 19-month-old female mice compared with
3-month-old controls. Liver TGs and inflammatory gene
expression in the liver were attenuated in aged mice lack-
ing the receptor for MCP-1 (46). Together, these data sup-
port the idea that there is an interaction between aging,
inflammatory processes, and TG metabolism, but the
mechanistic connections remain unclear.

AGING AND ADIPOSE TISSUE LIPOLYSIS

Although the relationships between inflammation and
plasma TG metabolism remain ambiguous, the connection
between age-induced inflammation and adipose tissue li-
polysis have been explored in more depth. Adipose tissue
lipolysis, wherein TGs stored in adipose are released as
nonesterified fatty acids into the bloodstream, is an impor-
tant counterpart to plasma TG clearance. Like plasma TG
clearance, adipose tissue lipolysis is also altered in older
individuals. Adipose tissue lipolysis occurs following ac-
tivation of B-adrenergic G protein-coupled receptors by
circulating hormones, namely, catecholamines such as nor-
epinephrine released from sympathetic nerves. Early stud-
ies found that the responsiveness of adrenergic receptors
in adipose tissue decreases with age (47). In a study look-
ing at elderly (58-72 years) healthy nonobese subjects,
catecholamine-stimulated lipolysis was reduced by 50%
compared with young (21-35 years) subjects (48).

Lipolysis also decreases with age in mice and rats (49—
52). Recent studies in mice have been particularly illu-
minating in connecting age-induced inflammation to
decreased lipolysis. Camell et al. (49) found that the fast-
ing-induced increases of sympathetic nerve-derived cate-
cholamines and subsequent release of free fatty acids from
adipose tissue was blunted in aged mice. Macrophages are
major drivers of inflammation, and the authors found that
during aging, adipose tissue macrophages inhibit norepi-
nephrine-induced lipolysis in visceral adipose tissue (49).
Transcriptional analysis of aged adipose tissue macro-
phages revealed that aging is associated with activation of
the NOD-, LRR-, and pyrin domain-containing protein 3
(NIpr3) receptor pathways (Nlpr3 inflammasome). Loss of
Nlrp3 in mice resulted in protection from aging-associated
impairment of fasting-induced lipolysis. Camell et al. (49)
also found that the activation of the Nlrp3 inflammasome
within the visceral adipose tissue macrophages in aged
mice increased the enzyme, monoamine oxidase A, en-
hancing norepinephrine degradation and reducing lipoly-
sis. In a later study, Camell et al. (53) also discovered a role
for another key immune cell type during aging, B-cells.
They found that with age there is an expansion in age-asso-
ciated B-cells and fat-associated lymphoid clusters in vis-
ceral adipose, leading to impaired fasting-induced lipolysis
(53). In aged (24 months) fasted mice, these changes were
associated with lower expression of the adipocyte lipases,
adipose TG lipase and hormone-sensitive lipase. When
aged mice were treated with a monoclonal antibody against
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CD20 to deplete B-cells, fasting-induced lipolysis was still
impaired, but there was an increase in the fasting levels of
phosphorylated hormone-sensitive lipase and total adipose
TG lipase. The authors also explored the role for the Nlpr3
inflammasome in B-cell-depleted mice. Nlpr3 inflamma-
some activation leads to the release of the pro-inflamma-
tory cytokine, interleukin-18 (49). When 20-month-old
female mice were depleted of B-cells and cotreated with an
interleukin-1 receptor antagonist, there was an increase in
fasting-induced lipolysis in the visceral adipose tissue of
these mice (53). These data suggest that age-induced
changes in inflammatory cell populations and numbers
can reduce lipolysis, but that anti-inflammatory therapies
can ameliorate these reductions.

CONCLUSIONS AND FUTURE DIRECTIONS

As reviewed above, age increases plasma TGs, decreases
plasma TG clearance rates, decreases postheparin LPL ac-
tivity, and decreases lipolysis in humans (Fig. 1). Moreover,
age is associated with increased deposition of fat to visceral
adipose tissue and ectopic sites. All of these changes point
to an increased risk of metabolic disease. However, our
knowledge of age-associated changes in TG metabolism
are mostly observational. The mechanisms behind these
changes, how these changes actually contribute to in-
creased risk of metabolic disease with aging, and how re-
versing these changes might improve metabolic health
remain relatively unknown.

Mechanistic studies exploring the biochemical, cellular,
and physiological changes that lead to age-associated al-
terations in TG clearance and partitioning are not easy in
humans. Experiments that trace the fate of TGs after a
meal might be the most informative. As noted above, trac-
ing studies have been used to track TG processing, uptake,
and spillover in human subjects (34-36). Although these
types of studies are not trivial to perform, they could be
particularly useful in understanding the physiological
changes in TG metabolism that occur with age. Coupling
tracing studies with additional subject phenotypes, such as
plasma TG levels, postheparin plasma LPL activity levels,
and inflammatory state, could suggest cellular and bio-
chemical mechanisms that alter TG clearance and parti-
tioning with age.

Animal models are often very useful for dissecting mech-
anism. As discussed above and as shown in Fig. 1, rats have

G Postprandial PHP LPL Adipose tissue
clearance activity lipolysis

w1 4 4
Rat 1T J ? J ?
Mouse J ? ? N R ?

Fig. 1. A summary of age-associated changes in plasma TG me-
tabolism. Arrows indicate the increase or decrease of plasma TG
levels, plasma TG clearance, postheparin plasma (PHP) LPL activ-
ity, and lipolysis that occur with age in humans, rats, and mice. The
shifts in TG partitioning that occur with age are also indicated.

Plasma T Partitioning shift

J, Subcutaneous fat
to visceral fat/eptopic sites



been used to study age-induced changes in TG metabo-
lism. In most instances, the age-associated changes in
plasma TG metabolism in rats are similar to those in hu-
mans (Fig. 1), but extensive mechanistic studies have not
been performed. Mice, with their diversity of genetic tools,
could be especially useful for interrogating mechanistic hy-
potheses; however, even basic descriptive studies of TG
metabolism in aging mice are lacking (see Fig. 1). Such
descriptive studies will be important for determining how
well age-induced changes in mouse TG clearance and par-
titioning match those observed in humans. As with human
subjects, tracing studies in rodents could reveal age-associ-
ated changes in TG and remnant clearance, tissue-specific
fatty acid uptake, and spillover of fatty acids into the blood-
stream. Rodents could be particularly useful in character-
izing tissue-specific changes in LPL activity. Importantly,
in rodent models, key proteins could be manipulated ei-
ther genetically or pharmacologically to test mechanistic
hypotheses.

Over the last two decades, many new regulators of TG
metabolism have been characterized. For example, it is now
known that generation of active LPL requires the LPL chap-
erone, lipase maturation factor 1, and that proper localiza-
tion of LPL on the vascular lumen requires the endothelial
cell transporter, glycosylphosphatidylinositol-anchored
HDL binding protein 1 (54-56). ANGPTL3, ANGPTLA4,
and ANGPTLS8 have emerged as important regulatory in-
hibitors of LPL activity (57). Syndecan-1 has been identified
as a key mediator of remnant clearance in the liver (58). To
date, there are no studies of how the expression or function
of these proteins change with age. It is quite possible that
some of these proteins contribute to age-induced altera-
tions in TG metabolism. For example, as discussed above,
Bergo, Olivecrona, and Olivecrona (24) found that in older
rats, fasting no longer induced a reduction in LPL activity.
Changes in the expression of ANGPTL4, the protein now
known to be responsible for inhibiting adipose LPL activity
in the fasted state (59), could potentially explain this
observation.

In considering the effects of age on TG metabolism, ad-
ditional factors require increased attention, including sex,
diet, and physical activity. It is well established that males
and females differ in their metabolism in many important
ways including fuel utilization, energy expenditure in re-
sponse to metabolic stress, fat partitioning, and risk for
obesity and diabetes [reviewed in (60)]. Sex hormones are
important determinants of body fat distribution (27). In
addition, in their study of age and adipose tissue lipolysis,
Camell et al. (53) found that the frequency and cellularity
(cells per gram of tissue) of age-associated B-cells was more
pronounced in female than male mice by 15 months of
age, identifying sexual dimorphic differences in adipose
tissue inflammatory changes during aging. Thus, there is
ample reason to believe that age alters TG metabolism dif-
ferently in males and females. Likewise, diet can dramati-
cally alter TG metabolism as well as the extent of metabolic
disease. Although accurately controlling for the diet con-
sumed across decades by aging humans would be problem-
atic, such controlled studies could be done in rodents. For

example, using mice, Kim et al. (61) found that aged mice
were more susceptible to high-fat dietinduced liver inflam-
mation and fibrosis. It will be important to determine how
different diets might exacerbate or blunt the effects of ag-
ing on TG metabolism, as well as the ability of dietary
changes to improve or reverse adverse age-induced TG mis-
regulation. Physical activity has many beneficial effects, in-
cluding improving TG metabolism. Endurance training in
both humans and rats decreases plasma TG levels in aged
individuals (62-64). Studies in rats found that endurance
training increases skeletal muscle LPL activity (65), provid-
ing a possible mechanism for improved plasma TG levels.
These studies suggest that physical inactivity with age
might be responsible for some of the changes in TG me-
tabolism that occur with age and also suggest that exer-
cise might reverse these changes. Additional studies of
TG clearance and partitioning will be beneficial in deter-
mining whether exercise training can reduce age-related
ectopic lipid deposition.

Ultimately, one of the most important questions is to
what extent do the age-induced alterations in TG metab-
olism contribute to metabolic disease. Answering this
question will require an increased understanding of how
and why TG metabolism changes with age and of the
mechanisms by which altered plasma TG levels, clear-
ance, and partitioning increase the risk of metabolic dis-
ease. In turn, such an increase in understanding could
aid in the design of strategies for combating metabolic
disease in older patients. Al
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