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ORIGINAL ARTICLE

Tumor Necrosis Factor-a Mediates Inflammation-induced
Early-Stage Left Ventricular Systolic Dysfunction

Ashmeetha Manilall, PhD, Lebogang Mokotedi, PhD, Sulè Gunter, PhD, Regina Le Roux, MSc,
Serena Fourie, MSc, Colleen A. Flanagan, PhD, and Aletta M. E. Millen, PhD

Abstract: Elevated systemic inflammation contributes to patho-
genesis of heart failure with preserved ejection fraction (HFpEF), but
molecular mechanisms are poorly understood. Although left ven-
tricular (LV) diastolic dysfunction is the main cause of HFpEF,
subclinical systolic dysfunction also contributes. We have previously
shown that rats with collagen-induced arthritis (CIA) have systemic
inflammation, LV diastolic dysfunction, and that increased circulat-
ing TNF-a contributes to inflammation-induced HFpEF pathogene-
sis, but does not mediate LV diastolic dysfunction in CIA rats.
Contribution of systemic inflammation to dysfunction of the active
process of LV diastolic and systolic function are unknown. In the
present study, we used the CIA rat model to investigate the effects of
systemic inflammation and TNF-a blockade on systolic function,
and mRNA expression of genes involved in active diastolic relaxa-
tion and of myosin heavy chain (MyHC) isoforms. Collagen inocu-
lation and TNF-a blockade did not affect LV mRNA expression of
genes that mediate active LV diastolic function. Collagen-induced
inflammation impaired LV global longitudinal strain (P = 0.03) and
velocity (P = 0.04). This impairment of systolic function was pre-
vented by TNF-a blockade. Collagen inoculation decreased mRNA
expression of a-MyHC (Myh6, P = 0.03) and increased expression of
b-MyHC (Myh7, P = 0.0002), a marker, which is upregulated in
failing hearts. TNF-a blockade prevented this MyHC isoform-
switch. These results show that increased circulating TNF-a changes
the relative expression of MyHC isoforms, favoring b-MyHC, which
may underlie changes in contractile function that impair systolic
function. Our results indicate that TNF-a initiates early-stage LV
systolic, rather than LV diastolic dysfunction.

Key Words: tumor necrosis factor-alpha inhibitor, myosin heavy
chain, speckle-tracking echocardiography, LV systolic function

(J Cardiovasc Pharmacol� 2023;81:411–422)

INTRODUCTION
It has been proposed that elevated systemic inflamma-

tion that results from autoimmune and metabolic disorders
causes heart failure with a preserved ejection fraction
(HFpEF).1–3 HFpEF accounts for up to 50% of heart failure
cases and therapeutic management is difficult.4–6 It has been
suggested that better understanding of the mechanisms of
HFpEF pathogenesis may contribute to enhanced therapeutic
options.5 Left ventricular (LV) diastolic dysfunction is
believed to be the main cause of HFpEF and patients with
LV diastolic dysfunction frequently progress to overt
HFpEF.7,8 However, many patients with HFpEF also exhibit
subclinical myocardial systolic dysfunction.9–13

Rats with collagen-induced arthritis (CIA) provide a
useful model of chronic systemic inflammation that does not
have the confounding metabolic effects inherent in many
other models. We have previously shown that collagen
inoculation of rats increases circulating inflammatory cyto-
kines and causes LV diastolic dysfunction.14,15 We have also
shown that rats with CIA exhibit partial disruption of systolic
function.15 Although we have not demonstrated overt heart
failure, these data suggest that rats with CIA are in the early
stages of pathogenesis toward HFpEF and could provide a
model for studying the earliest mechanisms of inflammation-
induced HFpEF.

LV diastolic function depends on active and passive
processes.5 Adverse extracellular matrix remodeling16 and
hypophosphorylation of the giant spring protein, titin,17 con-
tribute to passive myocardial stiffness, which affects the abil-
ity of the heart to relax during diastole. We have previously
shown that rats with CIA have increased profibrotic gene
expression LV fibrosis18 and disrupted expression of genes
that regulate titin phosphorylation,19 showing that systemic
inflammation disrupts the passive processes of diastolic func-
tion. However, it is not known whether the active process of
diastole is affected by the systemic inflammation in rats with
CIA.

In the active process of diastole, mitochondria generate
ATP that is exported to the cytoplasm where it is used for
detachment of actin-myosin cross bridges and for sequestra-
tion of Ca2+ from the cytoplasm into the sarcoplasmic retic-
ulum (SR) via sarcoplasmic reticulum calcium ATPase
(SERCA2a).20 Decreased SERCA2a function because of
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decreased mitochondrial production of ATP or reduced
SERCA2a expression, impairs the ability of the SR to seques-
ter Ca2+. The resulting accumulation of Ca2+ in the cytoplasm
increases diastolic tension and impairs cardiomyocyte relax-
ation.5,20–22 Inflammatory cytokines have been reported to
impair processes involved in intracellular Ca2+ transport,
including the expression and activity of SERCA2a in cultured
cells.23,24

Tumor necrosis factor-a (TNF-a) has been proposed to
be the major circulating cytokine that mediates pathogenesis
of HFpEF that is induced by chronic systemic inflamma-
tion.25,26 However, clinical trials of various therapeutics that
decrease or block circulating TNF-a have shown variable
effects on cardiac function14,27,28 and we have shown that
blockade of circulating TNF-a does not prevent development
of LV diastolic dysfunction in the CIA rat model.14 However,
we have shown that TNF-a, at least partially, mediates
inflammation-induced LV remodeling and increases profi-
brotic gene expression18 and also disrupts expression of some
of the genes that regulate titin phosphorylation.19

Besides diastolic abnormalities, subclinical myocardial
systolic dysfunction has been reported in patients with
HFpEF.9–13 Subclinical systolic dysfunction has also been
reported in patients with chronic systemic inflammatory con-
ditions29–33 and associated with increased levels of circulating
inflammatory markers.30,31 We have recently shown associa-
tions between inflammatory markers and impaired myocardial
systolic function as measured by speckle tracking echocardi-
ography (STE) in the CIA rat model.15 However, the cellular
processes underlying inflammation-induced impairment in
myocardial deformation and motion7 and the contribution of
increased circulating TNF-a are currently not known.

Although increased systemic inflammation is known to
contribute to the pathogenesis of HFpEF,34,35 the molecular
mechanisms of LV diastolic dysfunction and the role of
increased circulating TNF-a are poorly understood. We have
used the CIA rat model, without and with blockade of circu-
lating TNF-a, to assess the effects of systemic inflammation
and TNF-a on the LV tissue mRNA expression of genes that
code for proteins that play a role in Ca2+ sequestration, mito-
chondrial function, and apoptosis in LV tissue. We have also
assessed the direct effects of TNF-a on a human
cardiomyocyte-derived cell line. Because TNF-a does not
mediate LV diastolic dysfunction, we have used the CIA rat
model, without and with blockade of circulating TNF-a, to
assess the contribution of TNF-a to development of early-
stage systolic dysfunction and the effects of inflammation
and TNF-a on the expression of isoforms of the myosin
heavy chain (MyHC) contractile protein.

METHODS

Animal Treatment and Sample Collection
All experimental procedures were approved by the

Animal Ethics Screening Committee of the University of the
Witwatersrand (AESC approval: 2017/03/21C) and con-
ducted in accordance with the Guide for the Care and Use
of Laboratory Animals. 3-month-old Sprague-Dawley rats

were randomly assigned to 3 groups. Systemic inflammation
was induced in 2 groups using a modified Chondrex collagen
inoculation protocol.11 Briefly, rats were injected subcutane-
ously, at the base of the tail, with Bovine type II collagen (2
mg/mL in 0.05 M acetic acid) emulsified in incomplete
Freund’s adjuvant (1:1 volume, 0.2 mL). Booster injections
(0.1 mL) were administered 7 and 21 days after the first
immunization. The 2 groups inoculated with collagen con-
sisted of the CIA group (n = 26) that received no further
treatment and the TNF-a blocker (CIA+anti-TNF-a) group
(n = 16) that were treated with the TNF-a binder, etanercept
(Enbrel, 10 mg/kg-1, Amgen Inc., Thousand Oaks, CA) every
3 days for 6 weeks after development of arthritis. The lower
number of rats in the CIA+anti-TNF-a group was because of
the expense of the etanercept. Rats in the control (con) group
(n = 31) received a subcutaneous injection of saline (0.2 mL).
Because incomplete Freund’s adjuvant alone is known to
induce arthritis and to stimulate inflammation, including
expression of TNF-a, in rodents,36 saline was used to ensure
that control rats had no induced inflammation to allow assess-
ment of the effects of increased systemic inflammation on LV
function and gene expression in CIA rats. Tail cuff blood
pressure was measured every 2 weeks at midday using non-
invasive blood pressure amplifiers (Biopac Systems, Santa
Barbara, CA, United States) as previously described.14

Arthritis scores and paw thickness in rat hind paws were
assessed using a 0–4 grading scale37 and a digital calliper,
respectively, as previously described.14 The rats used in the
current study are part of a larger ongoing study of the effects
of collagen-induced systemic inflammation.14 In accordance
with ethics committee recommendations to minimize num-
bers of animals used, echocardiography data for a subset
(n = 63) of the rats used in the current study have been pre-
viously reported. For this study 68 rats (con, 28; CIA, 25:
CIA+anti-TNF-a, 15) yielded measurable STE and gene
expression (see data analysis).

Echocardiography
Rats were anesthetized by intramuscular injection of

ketamine (100 mg.kg21) and xylazine (5 mg.kg21) and echo-
cardiography was performed using an ultrasound (Acuson SC
2000, Siemens Medical Solutions, United States, Inc.) to
determine diastolic function and systolic pump function as
previously described.14,15 LV diastolic function was mea-
sured using pulsed wave Doppler and Tissue Doppler
Imaging. Mitral inflow velocity was measured in the apical
4 chamber view during early (E) and late diastole (A), with
the cursor placed at the mitral valve leaflet tips. Tissue
Doppler Imaging was used to measure tissue lengthening at
the mitral annulus of the lateral wall during early (e’) and late
(a’) periods of diastole. As mitral inflow velocity (E) is depen-
dent on loading conditions and heart rate, whereas e’ is rela-
tively preload-independent, the E/e’ was calculated as an
index of LV filling pressures.38 Systolic function was deter-
mined by calculating the ejection fraction using the Teicholz
methods and calculating fractional shortening. In addition,
tissue shortening during systole was measured at the lateral
annulus using TDI. As more sensitive measures of early-stage
LV systolic dysfunction, STE was used to determine
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myocardial deformation (LV peak systolic strain and strain
rate) and myocardial motion (LV velocity and displacement)
in the apical 4 chamber view. B-mode video loops were cap-
tured and selected for analysis based on the video quality and
well-defined endo- and epicardial borders. To minimize beat-
to-beat variability, 5 consecutive cardiac cycles were used for
all measures. Automatic border detection software was used
to trace the endocardial and epicardial borders, which were
manually adjusted to ensure optimal tracking in a frame-by-
frame manner. Strain, strain rate, velocity, and displacement
were calculated in the longitudinal plane in 6 anatomical
regions. Global longitudinal strain, strain rate, displacement,
and velocity were calculated as the average of the 6 anatom-
ical segments over 3 consecutive cardiac cycles.

After echocardiography, rats were terminated by thora-
cotomy. A blood sample was collected, the heart was
removed and LV tissue was stored (2808C) in RNAlater
(Ambion, Sigma Aldrich, Germany).

Circulating Inflammatory Markers
Serum concentrations of TNF-a and IL-6 were mea-

sured in duplicate by sandwich enzyme-linked immunosor-
bent assay (ELISA, Elabscience Biotechnology, United
States).

Cell Culture and TNF-a Treatment
An immortalized human ventricular cardiomyocyte-

derived cell line of unspecified sex, AC16 (Catalogue number
9Q019D; Sigma Aldrich, St. Louis, MO), was used to assess
whether changes in gene expression observed in LV tissues
reflect direct effects of TNF-a on cardiomyocytes in LV tis-
sues. The AC16 cell line is a fusion of 2 different cell types, 1
of which was a human cardiomyocyte and the other an
immortalized human fibroblast. The cardiomyocyte-derived
cells provide a model for cardiomyocyte gene expression
based on reports that these cells express most of the genes
expressed in human cardiomyocytes,39 although it has
recently been shown that the expression is lower than in
cardiac tissue.40 AC16 cells were maintained in HyClone
Dulbecco’s Modified Eagle Medium (DMEM) + Ham’s
F-12 medium (GE Healthcare, Chicago, IL), supplemented
with 10% foetal bovine serum (Gibco; Thermo Fisher
Scientific, Life Technologies, Carlsbad, United States) at
378C with 5% CO2. The cells were seeded into 12-well plates
using serum-free DMEM + Ham’s F-12 medium supple-
mented with 5% penicillin-streptomycin and allowed to reach
;85% confluence. Cells were then incubated with or without
TNF-a (10 ng/mL; Sigma Aldrich, St. Louis, MO) for 5
minutes, 8 hours, or 24 hours with 4 wells per treatment
and each experiment was performed 3 times.

Extraction of mRNA and Preparation of cDNA
Rat LV samples were homogenized by sonication and

cultured cells were lysed before total RNA extraction using an
illustra Mini Spin RNA extraction kit (GE Healthcare,
Buckinghamshire, United Kingdom), according to the man-
ufacturer’s instructions. The resulting RNA (2 mL) was used
to reverse-transcribe messenger RNA to produce cDNA using

SuperScript IV VILO cDNA synthesis master mix (18 mL,
Thermo Fisher Scientific, Life Technologies, Carlsbad, CA).

Comparative Gene Expression RT-PCR
Comparative gene expression RT-PCR was performed

using a StepOne Plus thermocycler (Thermo Fisher Scientific,
Life Technologies, Carlsbad, United States) with cDNA
(;2 mg), predesigned TaqMan probe mixes for the selected
reference gene (0.25 mL), predesigned TaqMan probe mixes
for each gene of interest (0.5 mL, TaqMan gene expression
assay) and TaqMan advanced PCR master mix (5 mL) in a
final volume of 10 mL. Cycling conditions consisted of an
initial hold at 508C for 2 minutes, a hot start hold at 958C for
10 minutes, followed by 40 cycles at 958C for 15 seconds and
608C for 1 minute. The fold-change in relative expression was
then calculated as 22DDCt, using the delta-delta Ct method.41

A RefFinder42 analysis was performed to select optimal ref-
erence genes for RT-PCR from a panel. Hypoxanthine gua-
nine phosphoribosyl-transferase 1 (Hprt1) was identified as
the most suitable reference gene for the animal model and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
identified as the most suitable reference gene for the cultured
cells.

Comparative gene expression of the following genes
was assessed in LV tissues using TaqMan probes: Myh6,
which codes for a-MyHC (Rn00568304_m1); Myh7, which
codes for b-MyHC (Rn00568328_m1); SOD2, which codes
for superoxide dismutase 2 (Rn00690588_g1); SERCA2a,
which codes for SERCA protein (Rn00568762_m1);
S100A1, which codes for S100A1 protein
(Rn01458753_m1); BAX, which codes for Bcl-2-associated
X-protein (Rn01480161_g1) and Bcl-2, which codes for
B-cell lymphoma 2 protein (ID: Rn99999125_m1) in duplex
reactions with Hprt1 (Rn01527838_g1, 0.25 mL) in dupli-
cated plates.

The following genes were assessed in AC16 cells using
TaqMan probes: TNF-a (Hs00174128_m1), IL-6
(Hs00174131_m1), SERCA2a (Hs00544877_m1), SOD2
(Hs00167309_m1), Bcl-2 (Hs04986394_s1), and BAX
(Hs00180269_m1) in duplex reactions with GAPDH
(Hs99999905_m1, 0.25 mL) in duplicated plates.

Data Analysis
Statistical analyses were performed using SAS soft-

ware, version 9.4 (SAS Institute Inc., United States). Rats for
which 70% or more of the target genes measured for the
current study yielded gene expression levels outside the
detection limits of the gene expression assays (n = 4) were
excluded from the analyses. Data are expressed as mean 6
standard error of the mean (SEM). Differences among the
groups of rats were determined by two-way analysis of var-
iance (ANOVA) with group and sex as the main effects fol-
lowed by Tukey post-hoc tests. Because there were no
differences in the molecular markers between male and
female rats, results were combined. In the AC16 cells, differ-
ences between the cells not exposed to TNF-a (control) and
those exposed to TNF-a (+TNF-a) were determined by two-
way ANOVA with group and time as the main effects,
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followed by Tukey post-hoc tests. Results were considered
statistically significant if P # 0.05.

RESULTS

Animal Characteristics and Echocardiography
Measures of LV Diastolic Function

We have previously reported animal characteristics of
CIA and CIA+anti-TNF-a rats.14 Characteristics of the par-
tially overlapping animals used in the current study are sum-
marized in Table 1. Briefly, LV diastolic function, as indexed
by a decreased e’ and increased LV filling pressures (E/e’)
(Table 1), was significantly impaired in the CIA rats, com-
pared with control. The CIA+anti-TNF-a rats also exhibited
significant diastolic dysfunction, as indexed by decreased e’
and increased LV filling pressures (E/e’) (Table 1), compared
with control, indicating that blockade of TNF-a did not offset
the inflammation-induced LV diastolic dysfunction. Serum
TNF-a concentrations were higher in the CIA and
CIA+anti-TNF-a rats compared with control group
(Table 1). However, the serum CRP concentration in the
CIA+anti-TNF-a rats was lower than in the CIA rats
(Table 1), confirming that etanercept effectively blockaded
the circulating TNF-a in the CIA+anti-TNF-a rats.

Inflammatory Cytokine mRNA Expression in
LV Tissue and AC16 Cells

Compared with controls (0.79 6 0.16), the LV relative
mRNA expression of IL-6 was increased in the CIA rats (1.65
6 0.13, P = 0.0004). However, IL-6 expression was not
increased in the CIA+anti-TNF-a rats (1.15 6 0.23, P =
0.40, Fig. 1A), confirming the anti-inflammatory effects of
etanercept. The decreased IL-6 expression in the CIA+anti-
TNF-a rats suggests that increased circulating TNF-a medi-
ates the inflammation-induced increase in IL-6 expression in
the CIA group. AC16 cells were incubated with TNF-a, to
assess whether TNF-a acts directly on these cardiomyocyte-

derived cells to stimulate expression of inflammatory cyto-
kines. The AC16 cells showed increased relative mRNA
expression of IL-6 after exposure to TNF-a for 8 h (27.99
6 0.59) and 24 h (30.13 6 4.51), compared with the cells not
exposed to TNF-a (8 h: 1.72 6 0.33, 24 h: 1.01 6 0.01, both
P , 0.0001, Fig. 1C).

There were no differences in rat LV tissue relative
mRNA expression of TNF-a among any of the groups (all P
. 0.05, Fig. 1B). However, in the AC16 cells, the relative
mRNA expression of TNF-a was increased in the cells
exposed to TNF-a for 8 h (20.05 6 2.70) and 24 h (16.47
6 1.37), compared with the control cells (8 h: 1.21 6 0.17,
24 h: 1.35 6 0.59, both P , 0.0001, Fig. 1d).

Expression of Genes that Regulate Diastolic
Calcium Sequestration

The LV tissue relative mRNA expression of SERCA2a,
which codes for the transporter responsible for Ca2+ reuptake
into the SR during diastole, was similar in the LV tissues of
all the rat groups (P . 0.05, Fig. 2A). The relative mRNA
expression of S100A1, which codes for the Ca2+-binding pro-
tein S100A1 that is considered a regulator of SR function,
was not different in any of the groups (P . 0.05, Fig. 2B).
Consistent with the LV tissue results, exposure of the AC16
cells to TNF-a did not affect expression of SERCA2a at any
time point, compared with the untreated cells (Fig. 2C).

Effect of Collagen Inoculation and anti-TNF-a
Treatment on Expression of Genes Involved in
Apoptosis

The relative LV tissue mRNA expression of the pro-
apoptotic gene; BAX (Fig. 3A), and the anti-apoptotic gene;
Bcl-2 (Fig. 3C) were not different in any of the rat groups (all
P . 0.05). Consistent with these findings, the ratio of BAX to
Bcl-2 was also not different in any of the rat groups (P .
0.05, Fig. 3E). In the AC16 cells, TNF-a caused a small
decrease in relative mRNA expression of BAX at 24 h (0.82

TABLE 1. Body Mass, Blood Pressure, Echocardiography Measures, and Circulating Inflammatory Markers in Control, CIA, and
CIA+anti-TNF-a Groups

Control CIA CIA+Anti-TNF-a

n (% female) 25 (48) 28 (55) 15 (53)

Body mass (g) 474.2 6 27.3 421.4 6 25.7 404.8 6 35.7

Systolic blood pressure (mm Hg) 129 6 2 130 6 2 132 6 2

Diastolic blood pressure (mm Hg) 87 6 1 88 6 1 85 6 2

Echocardiography

Lateral wall e’ (cm/s) 4.5 6 0.1 3.6 6 0.1*** 3.5 6 0.1***

E/e’ 25.0 6 1.2 31.4 6 1.1** 33.4 6 1.6**

Lateral wall s’ (cm/s) 4.9 6 0.1 4.5 6 0.1 4.9 6 0.2

Circulating inflammatory cytokine concentrations

TNF-a (pg/mL) 93.9 6 7.1 155.8 6 3.9* 145.6 6 2.9*

IL-6 (pg/mL) 16.4 6 2.1 29.9 6 2.0* 27.8 6 2.6*

CRP (ng/mL) 0.1 6 0.04 0.6 6 0.04* 0.4 6 0.05**

Data are means 6 SEM. CIA, collagen-induced arthritis; CIA+anti-TNF-a, collagen-inoculated and treated with TNF-a blocker, etanercept.
* P , 0.05 versus control; ** P , 0.01 versus control, *** P , 0.001 versus control.
P , 0.05 versus CIA.
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6 0.07) compared with control cells (1.00 6 0.05, P =
0.046), but had no significant effect at 8 h (Fig. 3B). The
relative mRNA expression of Bcl-2 was decreased in TNF-
a-stimulated cells at 8 h (0.72 6 0.03) compared with control
cells (1.00 6 0.02, P = 0.04), and at 24 h (+TNF-a: 0.66 6
0.10, control: 1.02 6 0.12, P = 0.009, Fig. 3D). The ratio of
the relative mRNA expression of BAX/Bcl-2 was similar in
TNF-a-stimulated cells (1.20 6 0.08) and control cells (1.00
6 0.01, P = 0.22) at 8 h, but was increased in the TNF-a-
stimulated cells at 24 h (1.29 6 0.12) compared with control
cells at 24 h (1.01 6 0.07, P = 0.046, Fig. 3F), suggesting a
slightly pro-apoptotic state in the AC16 cells exposed to
TNF-a.

Effect of Collagen Inoculation and anti-TNF-a
Treatment on Expression of a Gene Involved
in Mitochondrial Function

The LV, relative mRNA expression of SOD2, which is
upregulated in mitochondrial oxidative stress, was not differ-
ent in LV tissue of any of the rat groups (P . 0.05, Fig. 4A).
In the AC16 cells, SOD2 mRNA expression was significantly
increased in the TNF-a-stimulated cells compared with the
cells exposed to control conditions at 8 h (control: 1.01 6
0.08, +TNF-a: 8.27 6 0.19, P , 0.0001) and 24 h (control:
1.01 6 0.02, +TNF-a: 9.11 6 0.41, P , 0.0001, Fig. 4B).

Effect of Collagen Inoculation and Anti-TNF-a
Treatment on Markers of LV Systolic Function

LV ejection fraction (Fig. 5A), a measure of LV sys-
tolic pump function, and midwall fractional shortening

(Fig. 5B), a measure of myocardial systolic function, were
not different among the rat groups (all P . 0.05). The global
longitudinal strain, a measure of LV deformation, was
impaired in the CIA rats (216.7 6 0.76) compared with
the control rats (219.66 0.85, P = 0.03, Fig. 5C). The global
longitudinal velocity, a measure of LV motion, was impaired
in the CIA rats (0.49 6 0.03) compared with the control rats
(0.59 6 0.03, P = 0.04, Fig. 5E). In contrast, the global
longitudinal strain and global longitudinal velocity were not
different in the CIA+anti-TNF-a group compared with the
control group (P . 0.05), suggesting that increased circulat-
ing TNF-a likely mediates the inflammation-induced LV sys-
tolic impairments in the CIA group. The global longitudinal
strain (P = 0.10) and global longitudinal velocity (P = 0.79)
were not different between the CIA+anti-TNF-a and CIA
groups, indicating incomplete blockade of the inflammation-
induced increase in circulating TNF-a or additional TNF-a-
independent effects. There were no differences in global lon-
gitudinal strain rate (Fig. 5D) or global longitudinal displace-
ment (P . 0.05, Fig. 5F) among the groups.

Effect of Collagen Inoculation and Anti-TNF-a
Treatment on Expression of Genes Involved in
Cardiac Contractility

The relative mRNA expression of Myh6, which codes
for the a-MyHC isoform, was decreased in CIA rats (0.89 6
0.04) compared with controls (1.03 6 0.04, P = 0.03). The
relative mRNA expression of Myh6 was significantly higher
in the CIA+anti-TNF-a rats (1.116 0.05; P = 0.004, Fig. 6A)
than in the CIA rats. The relative mRNA expression of Myh7,

FIGURE 1. Expression of inflamma-
tory cytokine genes in LV tissue and
cardiomyocyte (AC16) cells. Rats
were inoculated with collagen (CIA)
and subsequently treated with a
TNF-a blocker (CIA+anti-TNF-a)
before measurement of relative
mRNA expression of IL-6 (A) and
TNF-a (B) in left ventricular tissue
(left panel). AC16 cardiomyocytes
were incubated without (open sym-
bols) or with TNF-a (filled symbols,
10 ng/mL) before determination of
relative mRNA expression of IL-6 (C)
and TNF-a (D) (right panel). Results
are presented in arbitrary units nor-
malized for the expression of the
endogenous reference gene, Hprt1
for LV tissues and GAPDH for AC16
cells, using the ΔΔCt method. Data
are means 6 SEM. For the AC16
cells, each data point represents the
mean 6 SEM for 3 independent
experiments performed in quadru-
plicate. ***P , 0.001 versus control,
****P , 0.0001 versus control.
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which codes for the b-MyHC isoform, was increased in CIA
rats (1.25 6 0.05) compared with controls (0.96 6 0.05, P =
0.0002). The relative mRNA expression of Myh7 was signif-
icantly lower in the CIA+anti-TNF-a rats (0.91 6 0.08) com-
pared with CIA rats (1.25 6 0.05, P = 0.0002, Fig. 6B). The
Myh6/Myh7 ratio of mRNA expression was decreased in CIA
rats (0.79 6 0.06) compared with controls (1.13 6 0.07, P =
0.002), and compared with the CIA+anti-TNF-a rats (1.24 6
0.09, P = 0.0004, Fig. 6C). These results suggest that
increased circulating TNF-a, at least in part, mediates the
inflammation-induced shifts in MyHC isoform gene expres-
sion in the CIA rats.

DISCUSSION
We have used the rat CIA model to study the preclinical

pathogenesis of HFpEF induced by systemic inflammation.
We have previously shown that collagen-induced systemic
inflammation regulates many of the molecular mediators of
passive diastolic processes.18,19 We now show that systemic
inflammation has no effect on the LV mRNA expression of
the diastolic Ca2+-regulating genes, SERCA2a and S100A1,
the pro- and anti-apoptotic genes, BAX and Bcl-2, or the
mitochondrial SOD2 gene, which regulate active diastolic
processes in LV tissue. Consistent with these in vivo results,
TNF-a treatment had minimal effects on the expression of the
SERCA2a, S100A1, BAX, and Bcl-2 genes in the AC16
cardiomyocyte-derived cell line. Because we have shown that
TNF-a does not mediate LV diastolic dysfunction, we as-
sessed whether TNF-a may contribute to early-stage HFpEF
pathogenesis by disrupting LV systolic function. Our STE
results show impaired global longitudinal strain and global
longitudinal velocity in the CIA rats, suggesting early-stage
systolic dysfunction. These changes in systolic function were
prevented by TNF-a blockade, indicating that TNF-a medi-
ates the early-stage inflammation-induced LV systolic dys-
function. CIA rats exhibited decreased mRNA expression of
Myh6 (a-MyHC) and increased expression of Myh7 (b-

MyHC), which is associated with heart failure.43 Blockade
of TNF-a significantly increased the expression of Myh6
and significantly decreased expression of Myh7 in collagen-
inoculated rats, indicating that TNF-a mediates the
inflammation-induced changes in MyHC isotype expression.
Taken together, our results suggest that increased circulating
TNF-a stimulates a change in MyHC expression that affects
contractile function and leads to early-stage systolic dysfunc-
tion. This, in turn, suggests that TNF-a contributes to early-
stage pathogenesis of HFpEF by disrupting LV systolic,
rather than diastolic, function.

It has been suggested that decreased expression of
SERCA2a, which results in decreased Ca2+ uptake from
the cytoplasm into the SR, contributes to the development
of LV diastolic dysfunction21,44 and it has been reported
that LPS-induced severe acute inflammation decreased
SERCA2a expression.45 We found no change in the
mRNA expression of SERCA2a or S100A1 in CIA rats,
suggesting that decreased SERCA2a expression is not
the main contributor to inflammation-induced impaired
myocardial diastolic relaxation. This is consistent with
the work of Pironti et al22 (2018) who showed no change
in SERCA2a protein expression in mice with collagen
antibody-induced arthritis, although cardiomyocytes from
these mice showed impaired Ca2+ transients. The activity
of the SERCA2a protein is regulated by phospholamban,
which inhibits SERCA2a Ca2+ transport in its dephos-
phorylated state.23 Thus, although we have shown no
change in SERCA2a expression, there may be changes in
the regulation of SERCA2a protein function that may alter
Ca2+ transients independently of a change in its mRNA
expression.

It is well known that TNF-a directly stimulates the extrin-
sic apoptosis pathway,46 which is believed to cause cardiomyo-
cyte loss and ultimately lead to impaired myocardial contractility
in heart failure with reduced ejection fraction.47 TNF-a exposure
caused apoptosis in primary rat cardiomyocytes48 and overex-
pression of TNF-a has been linked to a dilated heart associated

FIGURE 2. Expression of calcium handling genes in LV tissue and a cardiomyocyte cell line. Rats were inoculated with collagen
(CIA) and subsequently treated with a TNF-a blocker (CIA+anti-TNF-a) before measurement of relative mRNA expression of
SERCA2a (A) and S100A1 (B) in LV tissue. mRNA expression of SERCA2a (C) was measured in AC16 cells without (open symbols) or
with 10 ng/mL of TNF-a (filled symbols). Results are presented in arbitrary units normalized for the expression of the endogenous
reference gene, Hprt1 for LV tissue and GAPDH for AC16 cells, using the ΔΔCt method. Data are means 6 SEM. For the AC16 cells,
each data point represents the mean 6 SEM for 3 independent experiments performed in quadruplicate.
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FIGURE 3. Expression of apoptotic genes in LV tissue and a cardiomyocyte cell line. Rats were inoculated with collagen (CIA) and
subsequently treated with a TNF-a blocker (CIA+anti-TNF-a) before measurement of relative mRNA expression of BAX (A, B), Bcl-2
(C, D) and the ratio of BAX/Bcl-2 (E, F) in LV tissue (left panel) and in AC16 cells without (open symbols) or with 10 ng/mL of TNF-
a (filled symbols) (right panel). Results are arbitrary units normalized for the expression of the endogenous reference gene, Hprt1
for LV tissue and GAPDH for AC16 cells, using the ΔΔCt method. Data are means 6 SEM. For the AC16 cells, each data point
represents the mean 6 SEM for 3 independent experiments performed in quadruplicate. *P , 0.05 versus control, **P , 0.01
versus control.
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with systolic dysfunction with evidence of myocyte apoptosis
in vivo.49 It has also been suggested that increased mitochondrial
reactive oxygen species (ROS) production50,51 and cytoplasmic
Ca2+ concentrations activate the intrinsic apoptosis pathway.52,53

We showed no changes in LV mRNA expression of the pro-
apoptotic BAX or the anti-apoptotic Bcl-2 genes among any of
the rat groups.

Although excess production of ROS stimulates apopto-
sis by disrupting mitochondrial integrity, physiological
increases in ROS modulate many cellular signaling pathways,
including expression of the ROS-neutralizing enzyme, SOD2,
which prevents conversion of superoxide to highly reactive
free radicals.54 TNF-a also directly increases SOD2 expres-
sion via activation of the NFkB transcription factor.52,55 In
the present study, the unchanged SOD2 expression in the CIA
rats suggests that the increased circulating TNF-a in the CIA
rats may not be sufficient to activate SOD2 expression in LV
tissue. In contrast to the unchanged mRNA expression in CIA
rats, mice with collagen antibody-induced arthritis showed
increased local expression of SOD2 protein in heart tissue,
along with impaired LV fractional shortening, a marker of
myocardial systolic function.22 In the present study, TNF-a
stimulated increased expression of SOD2 in AC16 cells.
Although it has been suggested that TNF-a also stimulates
mitochondrial ROS production in cardiomyocytes,56 it is
likely that the TNF-a-stimulated SOD2 expression protects
against ROS-induced apoptosis, as shown by the minimal
changes in BAX expression and BAX/Bcl-2 ratio in AC16
cells. In summary, as we have shown no changes in LV
mRNA expression of any genes that affect active processes
of LV diastolic function, namely SERCA2a, S100A1, SOD2,
BAX, and Bcl-2, we cannot draw any firm conclusions about
the effects of increased systemic inflammation on the active
process of LV diastolic function.

Although increased circulating TNF-a has been re-
ported to contribute to development of HFpEF,34,35 we have

shown that increased circulating TNF-a does not mediate LV
diastolic dysfunction in CIA rats.18 In contrast, although the
CIA rats showed preserved ejection faction and unchanged
fractional shortening, they showed impaired global longitudi-
nal strain and global longitudinal velocity, indicating early-
stage impairment of systolic function, similar to the preclin-
ical systolic dysfunction observed in HFpEF patients. The
changes in myocardial deformation (global longitudinal
strain) and motion (global longitudinal velocity) were pre-
vented by TNF-a blockade in the CIA+anti-TNF-a rats.
These results show that increased systemic inflammation,
and in particular increased circulating TNF-a, impair global
longitudinal strain and global longitudinal velocity before the
development of overt systolic dysfunction and reduced ejec-
tion fraction. This suggests that increased circulating TNF-a
is an important contributor to inflammation-induced early-
stage systolic dysfunction that may underlie development of
HFpEF. We have previously shown that increased circulating
TNF-a increases LV expression of profibrotic genes, LV
fibrosis and extracellular matrix remodeling,18 even though
it does not mediate the LV diastolic dysfunction in CIA rats18

(also see Table 1). The TNF-a dependence of fibrosis, but not
LV diastolic dysfunction, implies that the fibrosis present in
CIA rats does not contribute to the LV diastolic dysfunction
that is present in the CIA rats and the CIA+anti-TNF-a rats
(Table 1). Because it has been suggested that interstitial myo-
cardial fibrosis may impair regional systolic function by
decreasing heart wall motion and velocity,57 the impaired
systolic function in our CIA rats may arise, in part from
TNF-a-mediated fibrosis.

Myocardial fibrosis has been associated with changes in
expression patterns of MyHC isoforms.58 The myosin motor
molecule, a major component of the sarcomere, consists of 4
light chains and 2 heavy chains, of which there are 2 iso-
forms, a-MyHC encoded by the Myh6 gene and b-MyHC
encoded by Myh7.58 The proportion of the heavy chain

FIGURE 4. Expression of SOD2 in LV tissue and a cardiomyocyte cell line. Rats were inoculated with collagen (CIA) and sub-
sequently treated with a TNF-a blocker (CIA+anti-TNF-a) before measurement of relative mRNA expression of SOD2 in LV tissues
(A) and in AC16 cells without (open symbols) or with 10 ng/mL of TNF-a (filled symbols) (B). Results are arbitrary units normalized
for the expression of the endogenous reference gene, Hprt1 for LV tissue and GAPDH for AC16 cells, using the ΔΔCt method. Data
are means 6 SEM. For the AC16 cells, each data point represents the mean 6 SEM for 3 independent experiments performed in
quadruplicate. ****P , 0.0001 versus control.
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FIGURE 5. Echocardiographic measures of LV systolic function. Rats were inoculated with collagen to induce systemic inflam-
mation (CIA) followed by treatment with a TNF-a blocker (CIA+anti-TNF-a) before STE measures of systolic function, ejection
fraction (A), midwall fractional shortening (B), global longitudinal strain (C), global longitudinal strain rate (D), global longitudinal
velocity (E), and global longitudinal displacement (F) were measured. Data are means 6 SEM. *P , 0.05 versus control.
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isoforms in LV tissues varies among species with small mam-
mals having mostly a-MyHC, whereas healthy adult human
LV has mostly b-MyHC with a-MyHC making up 7.2% of
heavy chain protein and 33.3% of heavy chain mRNA expres-
sion.59,60,62 The heavy chain isoform expression ratio varies
in different regions of the LV wall and with physiological and
pathophysiological conditions in humans and rodents.58–64 It
has been reported that the increased b-MyHC protein expres-
sion occurs primarily in myocytes located close to areas of
fibrosis58,61,65. Failing human hearts have been shown to have
severely decreased expression of the a-MyHC isoform,59,60,62

decreasing the a-MyHC/b-MyHC ratio. In patients with heart
failure, b-blocker treatment was shown to increase a-MyHC
mRNA expression and decrease b-MyHC expression, result-
ing in an increased a-MyHC/b-MyHC ratio that correlated
with improved systolic function.66,67 Hypothyroidism,
advancing age, pressure overload, and immune system acti-
vation increase b-MyHC expression in rodent models,
decreasing the a-MyHC/b-MyHC ratio, whereas exercise
and k-opioid receptor agonist treatment have the opposite
effect.58,62,63,68 Inflammatory cytokines have also been shown
to alter the ratio of a-MyHC to b-MyHC expression.22,23 We
have shown that CIA rats had decreased LV expression of
Myh6 and increased expression ofMyh7, suggesting that early
changes in MyHC isoform expression may precede the
changes in contractile function that ultimately lead to systolic
dysfunction and heart failure. We showed that blocking cir-
culating TNF-a prevented the inflammation-induced shift in
MyHC isoform expression observed in CIA rats. This shows
that TNF-a is the major cytokine that mediates the
inflammation-induced change in MyHC isoform expression.
The changes in MyHC isoform expression are consistent with
the changes in global longitudinal strain and velocity that are
induced by inflammation and inhibited by blockade of circu-
lating TNF-a. Therefore, the TNF-a-dependent changes in
the MyHC isoform may underlie the TNF-a-dependent myo-
cardial deformation and impaired motion.

LIMITATIONS
The main limitation of this study is the measurement of

mRNA expression, which may not always correlate with

protein expression and function, such as regulation of Ca2+

transients and the production and clearance of ROS, which
must be investigated in future studies. The AC16 cells are
dedifferentiated and therefore changes in gene expression
may not fully mirror changes that happen in fully differenti-
ated mature cardiomyocytes.39,40 Because the effect of anti-
TNF-a treatment was not evaluated in saline-treated rats,
some of the effects reported may result from effects on base-
line TNF-a in addition to counteracting the effects of CIA.
The smaller sample size of the CIA+anti-TNF-a group
reduces statistical power when comparisons are made with
this group.

CONCLUSION
In conclusion, we have shown that systemic inflamma-

tion and TNF-a blockade have minimal effects on the expres-
sion of genes that are important in the active relaxation
component of LV diastolic function. Although we cannot
confirm that active processes of LV relaxation are not
affected, our results are consistent with a previous suggestion
that impaired Ca2+ sequestration and cardiomyocyte loss are
more characteristic of heart failure with a reduced ejection
fraction than of HFpEF.46,69 In contrast, we have shown that
collagen-induced systemic inflammation impaired early-stage
LV systolic function and the ratio of a-MyHC/b-MyHC iso-
form expression, suggesting that disruption of MyHC isoform
expression alters myocardial structure and function, which
results in impaired systolic function. The prevention of the
inflammation-induced alteration of MyHC isoform expression
and LV systolic dysfunction by blockade of circulating TNF-
a shows that increased circulating TNF-a may be a primary
mediator of early-stage inflammation-induced LV systolic
dysfunction. Hence, the contribution of increased circulating
TNF-a to the early-stage pathogenesis of HFpEF is most
likely via initiation of changes in cardiac muscle contractile
properties that are characteristic of early-stage systolic
dysfunction.
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