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Abstract

Background: Chronically elevated interleukin-6 (IL-6) levels contribute to fatigue and functional decline via multiple pathways that often lead
to frailty. Lesser known is the contribution of IL-6 to fatigue in relation to a standardized workload (fatigability), a precursor to functional
decline. Therefore, the purpose of this study was to examine the longitudinal relationship between IL-6 and fatigability.

Methods: About 985 participants from the Baltimore Longitudinal Study of Aging (mean age: 70 = 10 years) were evaluated every 1-4 years.
IL-6 was measured in fasting serum samples at each visit and log-transformed for analyses. Perceived fatigability (PF) was defined as self-
reported exertion (rate of perceived exertion; RPE) after a 5-min, 0.67 m/s, 0% grade treadmill walk. Continuous and categorical associations
between IL-6 (baseline and repeated measures) and PF were assessed using generalized estimating equations, adjusting for demographics,
behavioral factors, and comorbid conditions.

Results: In fully adjusted continuous models, twofold higher baseline IL-6 was associated with a 0.28 higher RPE (p = .03). This relationship
tended to remain constant annually (baseline log IL-6 by time interaction p = .29). To provide clinical relevance, the sample median (3.7 pg/mL)
was used to examine high versus low IL-6 levels. Over time, the high group reported an average 0.25 higher RPE (p = .03) than the low group.
Annual change in logged IL-6 was not associated with annual change in PF (p = .48).

Conclusion: Findings suggest that elevated IL-6 is a biomarker of physiological dysregulation associated with greater fatigability, but there is
no longitudinal association between IL-6 and fatigability. Future studies should evaluate whether interventions that aim to reduce inflammation
also attenuate fatigability.
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(IL-6)—an important inflammatory marker—is strongly correlated
with and predictive of poor physical function (2-8) and disability
(9,10), even after adjusting for disease status and other potential
confounders. Yet, little research has explored whether inflammation

Chronic inflammation marked by chronically elevated levels of
pro-inflammatory biomarkers, such as interleukin-6 (IL-6) and
C-reactive protein, frequently occurs in older persons and is often
referred to as “inflammaging”. Numerous studies have reported that

inflammaging adversely affects risk of developing chronic disease,
disability and other phenotypic manifestations of aging (1). Over
the past several decades, studies have shown that interleukin-6

influences early preclinical markers of impending functional decline,
or whether long-term exposure to inflammation is associated with
greater fatigability, a precursor to accelerated functional decline (11).
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Chronically elevated IL-6 has been linked to higher fatigue
burden with respect to specific diseases (12-14), but its role in
age-related fatigue is not well-understood. A recent study showed
that changes in IL-6 over 6 months were negatively correlated
with changes in self-reported vitality (the inverse of fatigue) (15).
However, understanding whether IL-6 is associated with fatigue is
intrinsically difficult because subjective measures of fatigue do not
adequately reference symptoms to specified levels of physical effort
or situational demands and may be masked by the normal decline
of physical activity that occurs with aging (15). The construct of
perceived fatigability (PF) has been associated with lower physical
activity (16), poorer physical function (17), and heightened risk of
functional decline (11), and has been found to provide a compre-
hensive, less subjective assessment of risk of adverse outcomes than
traditional fatigue-like symptoms (eg, tiredness and low energy)
(11,17). Further, a recent study demonstrated that PF was associ-
ated with clinically meaningful declines in usual gait speed, fast gait
speed, physical performance, and self-described walking ability in
mobility-intact older adults—highlighting PF’s role as an early pre-
cursor to impending functional decline (11). Yet, whether the age-
related rise in IL-6 represents an underlying biological pathway that
helps explain the association between PF and future physical decline
remains unknown.

Serum levels of IL-6 may reflect tissue inflammation, such as skel-
etal muscle, which would be expected to negatively affect aerobic
capacity or increase energy consumption (1). Moreover, circulating
IL-6 can cross the brain-blood barrier and act on the prefrontal
cortex and other brain areas to increase perception of tiredness or
depressed mood (18,19), which are generally considered fatigue-like
symptoms (20). If the association between IL-6 and fatigability is
revealed at an early stage of a process that eventually leads to func-
tional decline in well-functioning persons, steps to reverse chronic
inflammation may curb deleterious health effects at a broader level.
Examining IL-6’ association with PF may thus elucidate a means
to identify adults who appear well-functioning but may be expe-
riencing subclinical manifestations of accelerated aging, disability,
and disease progression. Assessing the magnitude of this complex
association using longitudinal data may deepen our understanding
of the consequences of inflammaging.

The aim of this study was to understand whether IL-6, at baseline
and throughout follow-up visits, was associated with annual changes
in PE. The first aim examined whether baseline IL-6 was associated
with longitudinal changes in PE The second aim assessed whether
changes in IL-6 over time contributed to changes in PE. We hypoth-
esized that higher baseline levels of IL-6 would be associated with
increased PF over time, and that increases in IL-6 between baseline
and follow-up would correspond with higher PF.

Methods

Study Design and Population

This study utilized data from 1,280 men and women, aged
50-96 years old, whose inflammatory and functional measures
were collected through the Baltimore Longitudinal Study of Aging
(BLSA) between 2007 and 2016. The BLSA is an ongoing enrollment
cohort study primarily focused on studying normative human aging,
conducted by the National Institute on Aging’s (NIA) Intramural
Research Program. Details about the BLSA enrollment criteria and
sample have been previously published (21). In short, BLSA par-
ticipants are healthy at enrollment, with no cognitive impairment,

functional limitations, or major chronic diseases (except hyperten-
sion) or cancer within the past 10 years. Once enrolled, participants
are followed for life, attending periodic comprehensive health, cog-
nitive, and functional assessments during a 3-day stay at the NIA’s
Clinical Research Unit located at Harbor Hospital in Baltimore,
Maryland. These visits are regularly scheduled every 1-4 years
depending on age. Specifically, those aged <60 years, 60-79 years,
and 80+ years old attended a clinic visit every 4, 2, and 1 years,
respectively. Participants were excluded if they had missing IL-6 val-
ues (1 = 28) or missing PF data (n = 267). The final analytic sample
used in this study consisted of 985 participants who had IL-6 and PF
measured at each visit. Trained and certified study staff administer
all assessments following standardized protocols. The study proto-
col has been approved by the National Institute for Environmental
Health Sciences Institutional Review Board, and all participants gave
written informed consent.

Serum IL-6 Measurement

Fasting (12 h or more) serum samples were collected at each
BLSA visit. After the blood samples were obtained, they were cen-
trifuged at 4°C, and serum immediately aliquoted and stored at
-80°C. Serum IL-6 (pg/mL) concentrations were measured using
an enzyme-linked immunosorbent assay (Quantikine ELISA; R&D
System, Minneapolis, MN, USA. Intra-assay variation is 1.6-4.2%:
inter-assay variation is 3.3—6.4%. The same antibody lot has been
since 2005. Lower limit of detectability is 0.70 pg/mL). When ~80
samples had accumulated, the assay was performed. All assays were
performed on a fresh frozen aliquot: no analysis was performed on
a previously thawed and re-frozen aliquot. If a participant had mul-
tiple visits during this time period, previous IL-6 results were com-
pared to current assay results to detect possible outliers. About 15%
of the samples were assayed in duplicate to establish reliability. IL-6
values were log-transformed for analyses due to the skewed distribu-
tions of the raw values.

Perceived Fatigability

Perceived fatigability was measured at each BLSA visit using self-
reported effort in response to a standardized, 5-min, slow-paced
treadmill walk (0.67 m/s; 1.5 mph) at 0% grade. A speed of 0.67 m/s
was selected to be low demand to minimize participant exclusion at
the higher end of the age spectrum. Participants reported perceived
effort using the Borg rating of perceived exertion (RPE) scale (22).
This scale ranges from 6 to 20, where higher exertion levels represent
higher PE

Covariates

Participants reported age, sex, and race via an interview question-
naire administered every visit. Height and weight were measured
objectively and body mass index (BMI) was derived as weight/
height? (kg/m?). Participants reported whether they were ever told by
a doctor or other health professional that they had any of the follow-
ing conditions: depression; cardiovascular disease including angina,
myocardial infarction, congestive heart failure, peripheral arterial
disease, and vascular-related procedures; hypertension or high blood
pressure; cerebrovascular disease including stroke and transient
ischemic attack; pulmonary disease including chronic bronchitis,
emphysema, chronic obstructive pulmonary disease, or asthma; dia-
betes, glucose intolerance, or high blood sugar; cancer, a malignant
growth, or malignant tumor; and arthritis or osteoarthritis.
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Statistical Approach

Descriptive statistics for continuous variables (mean, standard devia-
tion) and categorical variables (frequency, percentage of total) were
tabulated for all covariates including age, sex, race, height, BMI,
smoking history, and self-reported diagnosis of depression, cardio-
vascular disease, hypertension, cerebrovascular disease, pulmonary
disease, diabetes, cancer, and osteoarthritis. Baseline IL-6 was cat-
egorized into two groups using the sample median of log baseline
IL-6, a threshold determined a priori. Ad hoc sensitivity analyses
were performed to explore a number of thresholds surrounding the
median and their relationship to fatigability. Change in log IL-6 was
calculated by subtracting baseline log IL-6 from all log IL-6 values
for each participant. General estimating equations (GEE) were used
to determine: (a) trajectories of log-transformed IL-6 and PE, (b)
the association between log baseline IL-6 (continuous and categori-
cal) with longitudinal change in PF, and (c) the association between
longitudinal change in log IL-6 with longitudinal change in PE. The
GEE analyses used an identity Gaussian distribution to characterize
the variance and an exchangeable correlation matrix for estimation.
All models were adjusted for the covariates noted above. Models
testing the association between longitudinal change in log IL-6 and
PF included baseline log IL-6 as a covariate. An alpha level of 0.05
was set to determine statistical significance using two-tailed hypoth-
esis testing. All analyses were performed using STATA v14 (College
Station, TX).

Results

Table 1 describes baseline characteristics of 985 participants who
averaged 2 (SD = 2; range = 0-6) years between baseline and most
recent follow-up visits. Overall, there were 1,010 longitudinal vis-
its with 574 participants (58%) having at least one follow-up visit
(mean = 2 visits, range = 1-6 visits). At baseline, the mean age was
70 (SD = 10) years, 53% were women, 24% were black, and the
mean BMI was 27 (5) kg/m?. Prevalence of each disease condition in
our analytic sample was under 20% except for hypertension (47%),
cancer history/survivorship (32%), and osteoarthritis (53%). Those
with high baseline IL-6 (7 = 488) had a higher mean age, BMI, were
more likely to be men and report a history of cardiovascular disease,

hypertension, pulmonary disease, and/or cancer and had higher RPE
scores (p < .038 for all).

Figure 1 illustrates the trajectories of log IL-6 and PF after adjust-
ing for demographic and behavioral factors and comorbidities. After
full adjustment, mean baseline log IL-6 was 1.37 (SE = 0.01) log
units. Additionally, IL-6 increased annually by +0.006 (SE = 0.003)
log units, trending towards statistical significance (p = .082). Baseline
PF averaged 8.78 (0.06) RPE, and remained relatively stable over
time (-0.008 RPE, SE = 0.02, p = .676).

Table 2 describes the association between baseline log IL-6 and
longitudinal change in PF, with the effect of successive covariate
adjustment. In the continuous analysis, for each one unit higher
baseline log IL-6, there was a 0.4 (0.2) unit higher RPE score after
full covariate adjustment (p = .034). For example, a twofold higher
baseline IL-6 was associated with a 0.28 higher RPE (p = .03). This
relationship remained constant over time, with no significant base-
line log IL-6-by-time interaction (p = .291). In the categorical analy-
sis, those with higher baseline IL-6 (> 3.7 pg/mL) reported a 0.3 (0.1)
unit higher RPE at baseline when compared to those with lower IL-6
levels (p = .028). This relationship also remained stable over time
(baseline IL-6 3.7 pg/mL x time interaction p = .645).

Ad hoc exploration of thresholds (ranging from 2.5 to 4.1 pg/mL)
to categorize baseline IL-6 levels were explored; these thresholds
were based on results from previous literature (9) and derived from
tertiles of baseline log IL-6 from the analytic sample. However, these
thresholds did not substantially alter the results when compared
with the sample median of IL-6 of 3.7 pg/mL.

The association between longitudinal change in IL-6 and lon-
gitudinal change in PF is found in Table 3. No significant relation-
ships were observed for change in logged IL-6 and change in PF
(p > .05 for Models 1-3 [row A]). A significantly positive relationship
between baseline IL-6 with PF was robust to covariate adjustment
(p <.027 Models1-3 [row C]) and estimates were almost identical to
those generated in the baseline models found in Table 2

Discussion

Chronic inflammation and high fatigability in older adults are seri-
ous health challenges that pose considerable threats to health and

Table 1. Participant Characteristics at Baseline Stratified by Median Baseline Interleukin-6

<3.7 pg/mL, >3.7 pg/mL

n =497 n =488 p-value
Age (years), mean (SD) 68.8 (9. 72.5 (10.3) <.001
Female, 1 (%) 294 (S 225 (46.1) <.001
Black, 7 (%) 109 (2 126 (25.8) .084
Height (cm), mean (SD) 167.4 (9. 168.5 (9.0) .070
Body mass index (kg/m?), mean (SD) 26.4 (4. 27.7 (4.7) <.001
Smoked ever, 7 (%) 163 (3 177 (36.3) 252
Depression?, 7 (%) 78 (1 4(15.2) 818
Cardiovascular disease?, 7 (%) 41 (8. 0 (14.3) .002
Hypertension?®, # (%) 203 (4 261 (53.5) <.001
Cerebrovascular disease?, 7 (%) 15 (3. 7 (5.5) .051
Pulmonary disease?, 7 (%) 55 (11. 6(15.6) .037
Diabetes?, 7 (%) 77 (15. 6 (19.7) .085
Cancer*, 1 (%) 136 (2 176 (36.1) .003
Osteoarthritis?, 7 (%) 249 (5 268 (54.9) 130
Perceived fatigability®, mean (SD) 8.3 (2 0(2.4) <.001

Self-reported history of being diagnosed by a doctor or other health professional.

"Units are rate of perceived exertion (RPE) scores where higher scores represent higher perceived effort.
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physical function. To our knowledge, this is the first study to evalu-
ate the association between IL-6 and fatigability prospectively in a
large cohort of middle-aged and older adults. Our results suggest
that higher baseline levels of IL-6 are associated with greater PF, sup-
porting our first hypothesis. Additionally, participants with higher
baseline IL-6 (>3.7 pg/mL) reported significantly higher PF than
those with lower baseline IL-6 (<3.7 pg/mL). However, contrary to
our second hypothesis, annual changes in IL-6 were not associated
with longitudinal changes in PE. Despite the lack of a temporal rela-
tionship, these findings characterize an important longitudinal asso-
ciation between IL-6 and PF in a cohort of well-functioning older
adults. Further investigation is warranted in studies with longer
follow-ups and/or more clinically oriented populations to determine
whether a dose-response relationship exists among those who live
with the challenges of chronic inflammation and fatigability related
to disease and disability.

Study results are consistent with previous cross-sectional evi-
dence supporting an association between IL-6 and fatigue in 182
community-dwelling older adults (23). Similarly, a 2013 study in
7,509 participants aged 39-63 years old recruited for the Whitehall
IT prospective cohort study showed that baseline IL-6 was inversely
correlated with self-reported vitality (the inverse of fatigue) meas-
ured with the 36-item Short Form Health Survey (SF-36) (24).
Additionally, a 2016 study showed an inverse association between
IL-6 and reported energy level in 167 overweight/obese middle-aged
and older adults with osteoarthritis enrolled in the Intensive Diet
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Figure 1. Adjusted trajectories of log interleukin-6 (IL-6) and perceived
fatigability over 6 years. Note: Figure is adjusted for baseline age, sex,
race, height (cm), body mass index (kg/m?), smoking status, depression,
cardiovascular disease, hypertension, stroke, pulmonary disease, diabetes,
cancer, and osteoarthritis. IL-6 is in units of pg/mL; RPE = rate of perceived
exertion.

and Exercise for Arthritis (IDEA) study (15). Our results strengthen
and augment these findings by pairing IL-6 with the construct of fati-
gability, which has been shown to be a better predictor of functional
decline than subjective reports of tiredness or low energy (11), in
well-functioning older adults followed longitudinally.

Although the baseline association remained strong over time,
there was no detectable longitudinal relationship between IL-6
and PF. This is contrary to the Whitehall II secondary analysis that
showed participants with increasing IL-6 experienced decreases
in vitality over 3 years of follow-up (24). Additionally, those cat-
egorized as having high IL-6 (>1.5 pg/mL) had a 45% higher odds
of developing fatigue compared to those with low inflammation.
Similarly, the IDEA sample experienced changes in the same vitality
measure were inversely associated with changes in IL-6 among 167
adults aged 255 years old living with overweight/obesity (mean base-
line IL-6 3.1 pg/mL) (15). However, this association was observed
over 6 months, but not 18 months, of follow-up. Our sample’s base-
line mean log IL-6 of 1.37 appeared to be lower than the mean log
IL-6 level (1.92) of a large sample of well-functioning but even older
adults participating in the Health, Aging and Body Composition
study (7 = 3,013; mean age of 74 = 3 years) (25). Additionally, the
sample median of 3.7 pg/mL appears to be higher than previous
research in older women with disability (3.1 pg/mL) (26), but below
that for frail older adults (4.2 pg/mL) (27). Differences in IL-6 levels
across studies is likely due to varying assay kits used to measure
inflammatory markers. Further, PF did not change materially over
time in BLSA participants, which represent a healthier segment of
the older adult population and exhibit higher functional status than
the general population. Together with our findings, this suggests that
the longitudinal origins between IL-6 and fatigue/fatigability may
begin earlier in life or at a lower threshold of chronic inflammation.
Although our results are adjusted for comorbidities, it is also pos-
sible that chronic IL-6 is simply a biomarker of a biological and det-
rimental condition that is associated with fatigability. Overall, IL-6
appears to be implicated in the development of fatigue and fatigabil-
ity but only up to a certain threshold of IL-6.

Mechanisms underlying the positive relationship between IL-6
and PF may be explained through biological pathways. As IL-6 accu-
mulates with age-related stressors, it stimulates signals across the
blood-brain barrier via pathways such as the vagal nerve afference
and humoral transmissions (28,29), leading to overexpression of
IL-6 by neurons and microglia (eg, astrocytes) by the central nervous
system and elevated levels of IL-6 in the brain (29,30). Experimental

Table 2. Association Between Baseline Log IL-6 and Longitudinal Changes in Perceived Fatigability (RPE), n = 985

Model 1 Model 2 Model 3
Continuous Beta coefficient (SE)
Baseline log(IL-6) 1.34 (0.22)*#* 0.46 (0.19)* 0.40 (0.19)*
Time (years) 0.10 (0.09) 0.002 (0.02) -0.01 (0.02)
Baseline log(IL-6) x time -0.07 (0.07) NSt NSt
Categorical Beta coefficient (SE) (Ref: baseline IL-6 <3.7 pg/mL)
Baseline IL-6 >3.7 pg/mL 0.70 (0.14)*** 0.26 (0.11)* 0.25 (0.11)*
Time (years) 0.02 (0.03) 0.002 (0.02) -0.003 (0.02)
Baseline IL-6 >3.7 pg/mL x time -0.02 (0.04) NS® NS®

Notes: Model 1: Unadjusted. Model 2: Model 1 + baseline age, sex, race, height (cm), body mass index (kg/m?), and smoking. Model 3: Model 2 + depression,
cardiovascular disease, hypertension, stroke, pulmonary disease, diabetes, cancer, and osteoarthritis. IL-6 = Interleukin-6 (pg/mL); RPE = Rate of perceived exer-

tion; Ref. = Reference.

Interaction term was removed from covariate-adjusted model when not significant (NS).

p<.05; **p < .01; ***p < .001.
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Table 3. Association Between Longitudinal Change in IL-6 and
Corresponding Change in Perceived Fatigability, n = 985

Model 1 Model 2 Model 3
A. Change in log(IL-6)  0.24 (0.17) 0.11 (0.16)  0.11 (0.16)
B. Time (years) 0.01 (0.02) 0.001 (0.02) -0.01 (0.02)
C.Baseline log(IL-6)  1.32 (0.21)***  0.49 (0.19)* 0.43 (0.19)*

Notes: Model 1: Unadjusted. Model 2: Model 1 + baseline age, sex, race,
height (cm), body mass index (kg/m?), and smoking. Model 3: Model 2 +
depression, cardiovascular disease, hypertension, stroke, pulmonary disease,
diabetes, cancer, and osteoarthritis. IL-6 = Interleukin-6; RPE = Rate of per-
ceived exertion.

*p <.05; %% p <.01; ***p < .001.

studies in both animals and humans implicate IL-6 in the modu-
lation of neurotransmitter and neuroendocrine systems that can
disrupt the blood-brain barrier and induce fatigue-like symptoms
associated with sickness behavior (28,29,31,32). However, more
research is needed confirm these biologic pathways and to fully elu-
cidate acute versus chronic differences in whether IL-6’s pleiotropic
nature is completely adverse to fatigue levels experienced by older
adults (28).

There are limitations to acknowledge. First, we were not able
to examine relationships among other inflammatory markers
potentially related to PF such as tumor necrosis factor alpha and
C-reactive protein. However, IL-6 is considered a primary inflam-
matory marker in aging and has been implicated in most research
related to age-related physical function (1,5,9). Another limitation
is that PF incorporates a subjective component into the measure-
ment of activity-related fatigue, possibly introducing emotional and
cognition biases. However, the subjective component (RPE) is a valid
measure of exertion (22) and when coupled with a standardized
treadmill activity, increases the sensitivity by isolating task-related
fatigue and thus reducing the potential for misclassification. Another
limitation is missing data loss to follow-up. Given the rigors of the
3-day clinic visit, BLSA participants who are sicker are less likely to
return; therefore limiting our sample to robust older adults. Lastly,
since BLSA is healthier than the general population, our results are
likely to understate the true association between IL-6 and fatigabil-
ity. Although this may be a limitation, it also reduces the potential
for confounding by disease burden. Replication of this research is
needed in clinical and research populations with greater chronic dis-
ease and functional burden.

In summary, we found that higher baseline IL-6 is associated with
higher levels of PF and that annual changes in IL-6 are not associated
with corresponding changes in PF among adults in mid-to-late life.
Our findings point to IL-6 as a possible target for future interven-
tions targeting fatigability and other precursors to functional limita-
tion in older adults, and provide valuable insight into the degree to
which IL-6 is related to PF both cross-sectionally and prospectively.
Further research is needed to understand the biological mechanisms
contributing to the association between IL-6 and fatigability and to
further define the threshold at which IL-6 adversely affects percep-
tions of fatigue.
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