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Impact of Voluntary Exercise on Systemic
Inflammation in a 2-Hit Model of Heart
Failure With Preserved Ejection Fraction
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, PhD; David J. Lefer @, PhD; Timothy D. Allerton @, PhD

James Stampley, PhD; Robert C. Noland
Guillaume Spielmann

pathogenesis of heart failure with preserved ejec-
tion fraction (HFpEF).! Contrary to other forms of
heart failure (ie, with reduced ejection fraction), HFpEF
represents an outside-in mechanism of inflammation
whereby systemic factors drive diastolic heart failure.
Exercise training improves cardiorespiratory fitness,
muscle function, and quality-of-life markers in patients
with HFpEF.? Despite the agreement that chronic sys-
temic inflammation is a driving factor for the develop-
ment of cardiometabolic HFpEF and the emphasis on
exercise therapy at the clinical level, studies are scarce
on the impact of exercise on systemic inflammation.
The data that support the findings of this study are
available from the corresponding author (Dr Allerton)
upon reasonable request. C57BL/6N male mice (Qweeks
old) were randomly assigned to a control group where
they were maintained on a chow diet (5001; Purina) with
regular drinking water or a 60% high-fat diet (D12492;
Research Diet, New Brunswick, NJ) and N(w)-nitro-L-
arginine methyl ester (Enzo Life Sciences) (0.5g/L, pH
to 7.4) in supplemented drinking water to induce HFpEF,
as we have previously demonstrated.® HFpEF mice
were provided a standard cage with access to a run-
ning wheel after 5weeks (Figure [A]). The Pennington
Biomedical Research Center Institutional Animal Care
and Use Committee approved all experiments, which

Chronic systemic inflammation is implicated in the

, MS; Jake E. Doiron
, PhD; Sanjiv J. Shah

, PhD; Gregory Davis, MS;
, MD; Brian A. Irving @, PhD;

were conducted according to ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines. After
10weeks, the mice were euthanized, and whole blood
was collected via cardiac puncture into EDTA microtainers.
The red blood cells were lysed, and T cells were stained
for PD-1-fluroescein isothiocyanate (FITC), cluster of dif-
ferentiation (CD)4 or CD8-PE, CD62L-PerCP-Cy5.5, and
CD3-APC. The monocytes were stained for (C-C motif
chemokine receptor) CCR2-PE, CD43-PerCP-Cy5.5,
and LyBC-APC. Monocytes were identified as classical
(CD43-/LyeCHisn/CCR2+), intermediate (CD43+/Ly6C+/
CCR24), or nonclassical (CD43Me"/Ly6C-o"/CCR2-).
T-cell subsets were identified as CD3+/CD4+ or CD8+/
CD62L+/PD-1+. All samples were analyzed using a BD
Accuri C6 flow cytometer. All data were analyzed using
FCS Express Flow Research software. Cytokine con-
centrations of interferon-y (IFN-y), interleukin (IL)-16, IL-2,
IL-4, IL-5, IL-6, keratinocyte chemoattractant and human
growth-related oncogene (KC/GRO), IL-10, IL_12p70, and
tumor necrosis factor-a (TNF-a) using the Meso Scale
Discovery V-Plex Proinflammatory Panel 1 mouse kit ac-
cording to the manufacturer’s protocol.

Classical (CD43%"/Ly6c™9n), intermediate (CD43*/
Ly6c*), and nonclassical (CD4319"/Ly6c°%) monocytes
were not significantly altered by HFpEF (Figure [B]). The
percentage of low differentiated (ie, naive) CD4+ cells
(CD62L+/PD-1-) was reduced, whereas the proportion
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Figure. The impact of voluntary wheel running exercise on systemic inflammation in a 2-hit model of cardiometabolic
HFpEF.

A, Nine-week-old C57BL/6N male mice were randomly assigned to a control group (chow diet) or a 60% high-fat diet and L-NAME for
the first 5weeks (n=20 per group). Experimental mice were then randomly allocated to a running wheel cage (Ex; control=10; HFpEF,
n=10) or standard cages (control=10; HFpEF, n=10) for the remaining 5weeks of the study. B, Classical (CD43-"/Ly6CHi9"/CCR2+),
intermediate (CD43+/Ly6C+/CCR2+), and nonclassical (CD43"9"/Ly6C-*"/CCR2-) for control and HFpEF under sedentary and exercise
conditions. C, T cells (CD4 and CD*), low-differentiated (CD3+/CD4+/CD62L+/PD-1+), middifferentiated (CD3+/CD4+/CD62L+/PD-1+),
and highly differentiated (CD3+/CD4+/CD62L-/PD-1+) CD4 helper T-cells phenotype. Low-differentiated (CD3+/CD8+/CD62L+/PD-1-),
mid-differentiated CD3+/CD8+/CD62L+/PD-1+, and highly differentiated (CD3+/CD8+/CD62L-/PD-1+) cytotoxic T-cells phenotypes.
Serum cytokines analysis by Meso Scale Discovery V-Plex Proinflammatory (D) for INF-y, IL-10, IL-18, IL-2, IL-5, IL-6, CXCL1, and TNF-a
for control and HFpEF and HFpEF Ex mice. Values are mean+SD. Statistical analysis was performed using 1-way ANOVA with Sidak
multiple comparisons (GraphPad Prism, version 10). The illustration was created using biorender.com. Ex indicates running wheel
cage; HFpEF, heart failure with preserved ejection fraction; IL, interleukin; INF-Y, interferon-Y; KC/GRO, keratinocyte chemoattractant

and human growth-related oncogene; L-NAME, N(w)-nitro-L-arginine methyl ester; and TNF-a, tumor necrosis factor-a.

of mid-differentiated (CD62L*/PD-1*) CD4+ T cells
were increased in HFpEF without any impact of exer-
cise (Figure [C]). The highly differentiated (CD62L-/PD-
1+) CD4+ T-cell population was not different between
control and HFpEF mice. There was no effect of HFpEF
on low differentiated (CD62L+/PD-1-) CD8+ T cells, but
there was an increase in mid-differentiated (Figure [C];
CD62L+/PD-1+) CD8 T cells. In general, CD4 and CD8
T-cell phenotypes acquire a more inflammatory profile
in 2-hit HFpEF mice. Circulation cytokines (Figure [D])
INF-y and IL-2 decreased, whereas KC/GRO and
TNF-a increased in HFpEF mice. Interestingly, IL-5 and
IL-6 were robustly increased in exercising HFpEF mice.
Only CXCL1 demonstrated some differential respon-
siveness, albeit not statistically significant.

Our novel data demonstrate that 10weeks of a
high-fat diet and N(w)-nitro-L-arginine methyl ester

J Am Heart Assoc. 2025;14:e038789. DOI: 10.1161/JAHA.124.038789

accelerates the differentiation of CD4 and CD8 T
cells to an activated/inflammatory phenotype when
compared with control animals. However, short-term
voluntary running exercises did not reverse T-cell differ-
entiation. The observed elevation in IL-6 in the HFpEF
exercise group is potentially a combination of IL-6 se-
creted from monocytes/other immune cells (increased
due to systemic inflammation) and skeletal muscle (in-
creased due to exercise). The broad influence of cir-
culating IL-6 may potentially impact the secretion of
other cytokines and the differentiation state of mono-
cytes and T cells in response to exercise. Therefore,
the source of IL-6, although not known in the current
study, will be important to determine the source of el-
evated systemic inflammation in HFpEF. These data
illustrate the systemic outside-in inflammatory milieu
that could potentially trigger and contribute to HFpEF


http://biorender.com
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pathophysiology. Other studies have evaluated cardiac
tissue inflammation?; however, HFpEF is characterized
by systemic inflammation arising from muiltiple comor-
bidities with limited clinical evidence of cardiac inflam-
mation.® Therefore, our focus on systemic inflammation
is more clinically relevant and should be considered a
major strength of our work. Future work is required to
determine the impact of longer exercise interventions
and incorporate different models of cardiometabolic
HFpEF (ie, ZSF1 rat). A major limitation of our work in-
cludes the lack of aging in our model. Advanced age
is considered a major risk factor for HFpEF, but is not
reflected in our current study. Additionally, we did not
explore sex as a biological variable primarily because
female mice are protected from HFpEF development
by the 2-hit approach. Therefore, future work should
incorporate these important biological variables and
other models of HFpEF to fully elucidate systemic in-
flammation and the impact of exercise.
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