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Abstract

Chronic inflammation (CI) in older adults is associated with reduced health span and life span. Interleukin-6 (IL-6) is one CI marker that
is strongly associated with adverse health outcomes and mortality in aging. We have previously characterized a mouse model of frailty and
chronic inflammatory pathway activation (IL-10®™, TL-10 KO) that demonstrates the upregulation of numerous proinflammatory cytokines,
including IL-6. We sought to identify a more specific role for IL-6 within the context of CI and aging and developed a mouse with targeted
deletion of both IL-10 and IL-6 (IL-10™=/IL-6"™ DKO). Phenotypic characteristics, cytokine measurements, cardiac myocardial oxygen
consumption, physical function, and survival were measured in DKO mice and compared to age- and gender-matched IL-10 KO and wild-
type mice. Our findings demonstrate that selective knockdown of IL-6 in a frail mouse with CI resulted in the reversal of some of the CI-
associated changes. We observed increased protective mitochondrial-associated lipid metabolites, decreased cardiac oxaloacetic acid, improved
myocardial oxidative metabolism, and better short-term functional performance in DKO mice. However, the DKO mice also demonstrated
higher mortality. This work shows the pleiotropic effects of IL-6 on aging and frailty.
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Frail older adults exhibit chronic activation of inflammatory kines: interleukin-6 (IL-6), soluble tumor necrosis factor-o re-
pathways, which is associated with functional decline, reduced ceptor-1 (TNFa-R1), C-reactive protein, interleukin-18 (IL-18),
health span, and increased risk for early mortality (1,2). Many and interleukin-1f (IL-1p) (1,3,4). Chronic, low-grade elevation
cytokines are elevated in chronic inflammation (CI). Still, prior of IL-6 is independently associated with worse functional status,
work suggests a more prominent role for a subset of these cyto- the progression of age-related diseases, and increased mortality in
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older adults (2,5). Given this known association between IL-6 and
adverse outcomes, inhibiting IL-6 signaling using IL-6 receptor
blockers has been proposed as a potential therapeutic interven-
tion for frailty. Despite the availability of antibodies targeting
IL-6, the clinical utility and outcomes of IL-6 inhibition in the
context of aging and frailty remains unclear. Insufficient under-
standing of the complex biology that connects inflammation to
late-life decline and the scarcity of animal models for the study of
CI and aging have slowed further biological discovery and inter-
vention development that may improve health and quality of life
in older adults.

To study the biology linking CI, aging, and late-life func-
tional decline, we utilized mice deficient for the anti-inflammatory
cytokine interleukin-10 (IL-10). These mice have a propensity to
develop age-associated elevation of serum proinflammatory cyto-
kines, including IL-6 and TNF-a. Our prior findings in this mouse
model include impaired mitochondrial energy production and ab-
normal ATP kinetics as well as differential expression of key mito-
chondrial genes (6-9). The IL-10t™ (IL-10 KO) mouse also has
reduced fat mass, with significantly dysregulated adipokine levels
with aging (10).

In order to ascertain the specific influence of IL-6 on CI and
aging-related mitochondrial decline, we created a genetically modi-
fied “double knockout” mouse deficient in both IL-10 and IL-6
(IL-10//[L-6" DKO). This mouse develops CI but has no IL-6
expression. We hypothesized that targeted deletion of IL-6 in CI mice
(IL-10==/TL-6") would significantly improve measures of mito-
chondrial energetics, health, and life span as compared to age- and
gender-matched IL-10 KO mice.

Method

Experimental Animals

IL-10 KO mice (7) and gender-matched C57BL/6 background
mice were purchased from Jackson Laboratory (Bar Harbor, ME).
Full methods of development of the DKO mice are detailed in
Supplementary Methods.

Serum Cytokine Measurements

Serum TNFa-R1 was measured using 96-well plate-based
Quantikine mouse solid-phase enzyme-linked immunosorbent
assay kit per manufacturer’s instructions (R&D Systems,
Minneapolis, MN). Sample cytokine concentrations were deter-
mined using curve fit models. Duplicate measurements were made
for each sample, and the average value was used for statistical
analysis.

Carbon-11 Acetate and Dynamic Positron Emission
Tomography/Computed Tomography

Myocardial oxidative metabolism was quantified using carbon-11
(C-11) acetate and dynamic positron emission tomography/com-
puted tomography. Full details are listed in Supplementary Methods.

Lipid Metabolite Quantification by Liquid
Chromatography-Tandem Mass Spectrometry

Serum lipid metabolites were measured using AbsoluteIDQ p180 kit
(Biocrates Life Sciences AG, Innsbruck, Austria) following the manu-

facturers’ protocol. Detailed methods are included in Supplementary
Methods.

Mitochondrial Metabolomics Analysis of Serum and
Cardiac Tissue

Mitochondrial energetics of cardiac tissue and serum was assessed
via measurement of glycolysis and tricarboxylic acid (TCA) cycle
pathway intermediates. Metabolite measurement was performed at
the Johns Hopkins Medical Institutions Metabolomics Facility using
the protocol previously described by Nguyen and colleagues (11)
and is fully detailed in Supplementary Methods.

Treadmill Testing
Mice were subjected to a 3-day exercise protocol using a treadmill
with an electrical shock grid (Columbus Instruments, Columbus,

OH). Full details of treadmill experiments are in Supplementary
Methods.

Statistical Analysis

GraphPad Prism 8 (GraphPad Software, San Diego, CA) was used
for statistical analysis. One-way ANOVA with Tukey’s post hoc
test or Kruskal-Wallis nonparametric analysis with Dunnett’s post
hoc test was used to determine differences among groups. When
two groups were compared, unpaired Student’s ¢ test was used.
Two-way ANOVA was used to compare the differences in tread-
mill testing across all 3 days. p value < .05 was the threshold for
significance.

Results

Characteristics of the IL-10™™/|L-6™™ (DKO)

Mouse Model

Prior work has shown chronic low-grade elevation of
proinflammatory cytokines (IL-1f, IL-6, and TNF-a) in the IL-10
KO mouse (6). IL-10 KO mice also have reduced fat mass com-
pared to wild-type (WT) mice, thought to be from lowered resting
metabolic rate and dysregulated adipokine expression (10). We first
confirmed that DKO mice have elevated levels of serum TNFa-R1
(Figure 1A). DKO mice demonstrated reduced body weight, brown
fat mass, and tibialis anterior muscle mass at 23 months old com-
pared to WT mice (Figure 1B-D). Despite the absence of IL-6, body
weight, fat, and muscle mass measurements for DKO mice were
similar to IL-10 KO mice.

DKO Mice Have Altered Serum Lipidomics
Compared to IL-10 KO and WT Mice

Given the reduced brown fat mass in aged DKO mice, we examined
lipidomic profiles to determine if there were also associated changes
in lipid metabolism with IL-6 knockout in the setting of CI. Targeted
serum lipidomic analysis of glycerophospholipids and sphingolipids
was performed in old WT, IL-10 KO, and DKO mice using liquid
chromatography-mass spectrometry. Table 1 demonstrates serum
lipid metabolites in DKO mice compared to WT and IL-10 KO mice.
Specifically, we observed an increase in serum levels of a subset of
lysophosphatidylcholine (LPC) compounds (LPC a C16:1, 18:1,
18:2,20:3, and 20:4) in DKO mice compared to IL-10 KO mice.

DKO Mice Have Higher Cardiac Mitochondrial
Oxidative Metabolism Compared to IL.-10 KO Mice
Given the observed impairment in mitochondrial energetics and
ATP kinetics in the chronically inflamed IL-10 KO mice, we next
studied myocardial oxidative phosphorylation in our mouse
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Figure 1. Physical and biochemical characterization of DKO mice. Serum
soluble TNFa-R1 in WT, IL-10 KO, and DKO mice at 18-23 months old (A).
Comparison of average weight (B), brown fat (C), and tibialis anterior
muscle (D) mass for WT, IL-10 KO, and DKO mice. DKO = IL-10t™™/|L-6™™; |L-10
KO = IL-10'™™; TNFa-R1 = tumor necrosis factor-a receptor 1; WT = wild-type,
C57BL/6. *p < .05, **p <.001, ***p < .0001. N = 5-9 mice per group.

cohorts using carbon-11 (C-11) acetate uptake and clearance with
dynamic positron emission tomography/computed tomography.
The two-carbon fatty acid C-11 acetate is avidly taken up by the
myocardium (Figure 2A), esterifies and enters the TCA cycle where
the labeled C-1 carbon egresses as carbon dioxide (CO,) (12). The
TCA cycle is closely coupled to cardiac oxidative phosphorylation,
and quantifying C-11 acetate uptake is a noninvasive method of
measuring myocardial oxygen consumption (13).

Compared to WT mice, IL-10 KO mice had a significantly
lower uptake of C-11 acetate and a faster rate of substrate utiliza-
tion (p < .001), suggesting impaired myocardial oxidative phos-
phorylation (Figure 2B). DKO mice demonstrated normalization
of C-11 acetate uptake and clearance, with rates similar to WT
mice (Figure 2B).

Characterization of Glycolysis and TCA Cycle
Intermediates in Heart and Serum of IL-10 KO, DKO,
and WT Mice

Given the improved myocardial oxidative phosphorylation meas-
ures in DKO mice compared to IL-10 KO mice, we next measured
TCA and glycolysis pathway intermediates in serum and cardiac
tissue to examine changes in mitochondrial energetics of our mouse

Table 1. Comparison of Serum Lipid Metabolites Among DKO Mice
and WT, IL-10 KO Mice

wWT IL-10 KO DKO

Lipid Metabolites Concentration (pM, mean)

LPC a C16:0* 337 218 314
LPCa Cl6:1% 7.95 3.71 7.16
LPCa C18:1* 63.7 34.7 56.5
LPC a C20:3* 10.6 4.12 7.92
PC aa C30:0* 0.58 0.56 0.66
PC aa C32:3 0.09 0.11 0.12
PC aa C34:3*+# 13.2 10.3 20.1
PC aa C34:4*# 0.49 0.40 0.77
PC aa C36:5%# 6.57 4.84 10.1
PC aa C36:6" 0.34 0.36 0.46
PC aa C38:6* 94.3 74.0 120
PC aa C40:1* 0.31 0.38 0.35
PC aa C42:0%+# 0.27 0.25 0.34
PC aa C42:1 0.14 0.14 0.16
PC aa C42:2* 0.23 0.24 0.29
PC aa C42:5% 0.29 0.31 0.36
PC ae C34:2* 3.94 4.87 5.30
PC ae C38:0* 2.60 1.81 3.28
PC ae C38:2* 7.37 4.65 3.90
PC ae C42:1%* 0.49 0.48 0.73
PC ae C44:4 0.25 0.28 0.28
SM (OH) C14:1* 1.56 1.06 0.78
SM (OH) C22:2*% 2.56 1.85 1.43
SM C20:2%+# 0.33 0.29 0.51
Notes: DKO = IL-10™/IL-6"™; JL-10 KO = IL-10""; LPC

a = lysophosphatidylcholine acyl; PC aa = phosphatidylcholine diacyl; SM
(OH) = hydroxysphingomyelin; SM = sphingomyelin; WT = wild-type,
C57BL/6. 1-sided unpaired t-test. Mice 18-23 months old.

*indicates p < .05 between IL-10 KO and DKO comparisons.

“indicates p < .05 between WT and DKO comparisons.

cohorts. DKO mouse hearts had significantly decreased oxaloacetic
acid compared to IL-10 KO mice (Supplementary Table 1). Serum
succinate levels were significantly reduced in both IL-10 KO and
DKO mice compared to WT (Supplementary Table 1).

DKO Mice Exhibit Improved Short-Term Physical
Function Compared to I1L-10 KO Mice

Chronic inflammation has been linked to impaired physical func-
tion; IL-10 KO mice demonstrate muscle weakness, and frail humans
with elevated inflammatory markers show slowed gait speed (7,14).
Therefore, we examined if IL-6 knockdown in the setting of CI is
sufficient to improve physical function. We assessed short-term run-
ning capacity by measuring performance on a treadmill over three
consecutive days. Treadmill running was chosen as a stressor in part
because of its use in humans for “stress tests” and because it stresses
several integrative systems at once, including cardiovascular, skeletal
muscle, and pulmonary.

On the first day of testing, DKO mice had fewer falls off of the
treadmill and a higher adjusted maximum running distance com-
pared to IL-10 KO mice (Figure 2C and D). On Days 2 and 3,
however, there were no significant differences among the groups
(Supplementary Figure 1). Our results show that the improved short-
term physical performance observed in DKO mice did not persist
after two additional days of exercise testing.
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Figure 2. Dynamic physical measures of the DKO mouse. Comparison of
cardiac uptake of C-11 acetate among DKO, IL-10 KO, and WT mice using
PET-CT imaging studies with representative fused C-11 acetate myocardial
PET (in color-scale) and CT (in gray-scale) images in (from left to right)
coronal, axial, and sagittal cross-sections (A). Time-activity curves of C-11
uptake with PET/CT in old female DKO mice compared to age- and gender-
matched IL-10 KO and WT mice (B). Comparison of number of falls off the
treadmill (C) and adjusted running capacity (In(MRD/weight)) (D) on the
first day of testing between DKO and IL-10 KO groups. Old DKO mice were
compared to age- and gender-matched IL-10 KO and WT mice. DKO = IL-10™™"™/
IL-6m; 11-10 KO: IL-10'™™; MRD = maximum running distance (meters); PET/
CT = positron emission tomography/computed tomography; WT = wild-type,
C57BL/6. *p < .05. Mice 18-23 months old. N = 4-8 mice per group.

Knockdown of IL-6 in Cl Increased Mortality

While CI remains a strong predictor of all-cause and disease-specific
mortality, it is not known whether higher IL-6 expression drives
this observation. We compared mortality rates among the three
groups to determine whether IL-6 knockout improved survival in CI
(Supplementary Figure 2). DKO mice had fourfold higher mortality
compared to old WT and IL-10 KO mice (p < .05) at 23 months
old. The mortality rate in IL-10 KO mice was higher than the WT
group, though not statistically significant. Necropsy showed no dis-
tinct macropathology differences among the three groups.

Discussion

This study shows that knockdown of IL-6 in a mouse model of CI
leads to increased mitochondrial-associated lipid metabolites, improved
myocardial oxidative metabolism, short-term improvements in physical

function (higher maximum running distance and fewer falls), but higher
mortality. The role of IL-6 in exercise-associated muscle recovery may
have contributed to our physical function findings in the DKO mice.
Prior research suggested that during exercise, IL-6 is released by skeletal
muscle fibers, peaking immediately at the end of exercise before slowly
declining (15). Both pro- and anti-inflammatory cytokines contribute to
tissue healing in exercise (16); therefore, selective knockdown of cyto-
kines in CI may impair vital repair processes.

We saw increases in mitochondrial-associated lipid metabolites,
specifically LPC a C16:1, 18:1, and 20:3, in DKO mice compared
to IL-10 KO mice. Lysophosphatidylcholine compounds function as
intracellular signaling molecules and regulate acute and chronic in-
flammation (17). Studies show associations between higher plasma
levels of palmitoleic acid (LPC 16:1), oleic acid (LPC 18:1), and
eicosatrienoic acid (LPC 20:3) and increased skeletal muscle mito-
chondrial oxidative capacity (18). Additionally, older adults dem-
onstrate decreased levels of LPC metabolites, which based on our
findings, may be regulated by IL-6 (18,19). Lysophosphatidylcholine
compounds are proposed to improve mitochondrial oxidative en-
ergetics by changing the fatty acid composition of cardiolipin, a
key inner mitochondrial membrane component and also show
dysregulation in older rats undergoing calorie restriction and exercise
(18,20). However, despite these changes in LPC compounds between
IL-10 and DKO mice, overall, the lipidomics profile in chronically in-
flamed mice in the presence or absence of IL-6 were similar.

Our study sheds light on the diverse roles of IL-6 in aging and
CL Chronic inflammation in the presence of IL-6 was associated
with dysregulated lipid metabolism and worse cardiac mitochon-
drial oxygen uptake. Both abnormalities were reversed with the
additional deletion of IL-6. Furthermore, we observed early gains
in physical function in the chronically inflamed mice in the absence
of IL-6. On the other hand, that early gain was not sustained, and
we observed a dramatic increase in mortality in the aged DKO mice.

Targeted therapies that block IL-6 signaling may lead to unin-
tended consequences by dysregulating essential repair functions that
require IL-6. This work is a first step in understanding the effects
of individual cytokines in CI that is seen in aging and frailty and
demonstrates the pleiotropic effects of IL-6 on these processes. This
novel animal model will enable us and others in the future to probe
questions related to the specific impact of IL-6 on adverse health out-
comes and chronic disease states in an in vivo model.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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