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A B S T R A C T

Background: Interleukin-6 (IL-6) is an attractive therapeutic target due to its diverse roles in the pathogenesis of 
conditions characterized by systemic inflammation. IL-6 has also been implicated in the pathophysiology of heart 
failure. This study aimed to investigate the impact of IL-6 receptor blockade with tocilizumab on the molecular 
pathways underlying systemic inflammation-induced left ventricular (LV) dysfunction in a collagen-induced 
arthritis (CIA) rat model.
Methods: Seventy-three Sprague-Dawley rats were divided into three groups: control (n=28), CIA (n=29), and 
CIA+IL-6 blocker (n=16). Inflammation was induced in the CIA and CIA+IL-6 blocker groups using bovine type 
II collagen emulsified in incomplete Freund’s adjuvant. After arthritis onset, the CIA+IL-6 blocker group received 
tocilizumab for six weeks. Circulating inflammatory markers, relative LV mRNA gene expressions, and LV sys
tolic and diastolic function were assessed.
Results: CIA rats developed LV diastolic and early-stage LV systolic dysfunction, which was not ameliorated by IL- 
6 blocker administration (p > 0.05). IL-6 blocker administration did not impact circulating inflammatory 
markers (all p > 0.05) or LV mRNA expression of inflammatory markers compared to the CIA group, nor did it 
reverse inflammation-induced increases in LV mRNA expression of genes involved in fibrosis and collagen 
turnover, regulation of titin phosphorylation, Ca2+ handling, mitochondrial function, or apoptosis (all p > 0.05). 
However, LV mRNA expressions of CD68 and LOX, genes involved in macrophage infiltration and collagen cross- 
linking, were increased in the CIA group (p = 0.03, p = 0.0004), but not in the CIA+IL-6 blocker group compared 
to controls (p > 0.05).
Conclusion: These results suggest that although IL-6 blockade by tocilizumab may prevent inflammation-induced 
collagen cross-linking, the current treatment regimen may not protect against inflammation-induced LV 
dysfunction. Therefore, the role of IL-6 in the molecular mechanisms of inflammation-induced LV dysfunction 
remains inconclusive.

1. Introduction

Despite the considerable pathophysiological variability in heart 
failure, an increasing body of evidence highlights the pivotal role of 
inflammation in developing left ventricular (LV) diastolic and systolic 
dysfunction [1]. A recent study assessing a broad range of biomarkers 
associated with various phenotypes of heart failure, including heart 
failure with preserved ejection fraction (HFpEF), found that inflamma
tory markers were most closely linked to heart failure cases leading to 

hospital admissions and mortality [2]. In the aforementioned study, 
tumour necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) were 
identified as two key cytokines among the independent predictors of 
adverse cardiac outcomes due to their elevated circulating concentra
tions [2]. IL-6, a multifunctional cytokine involved in immune regula
tion, haematopoiesis, acute phase response, and inflammation, was 
notably ranked among the top four predictive biomarkers for heart 
failure-related hospitalizations and mortality [2]. Although there is a 
strong association between elevated circulating IL-6 levels and adverse 
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cardiovascular outcomes [3,4], the role of IL-6 in cardiac health remains 
controversial [5]. IL-6 signalling has been proposed to have 
cardio-protective effects in response to acute injury or inflammatory 
conditions. Increased IL-6 signalling reportedly reduces oxidative stress, 
and activates anti-apoptotic mechanisms to safeguard against myocar
dial damage, thereby preserving heart tissue in acute injury [6–8]. 
However, chronic IL-6 signalling is linked to an increased risk of cardiac 
hypertrophy and the development of heart failure [5]. Furthermore, in 
patients with autoimmune diseases such as rheumatoid arthritis, 
elevated IL-6 levels are independently associated with left ventricular 
diastolic dysfunction, a subclinical condition that often precedes HFpEF 
[2]. Given its role in inflammation-related disease pathogenesis and 
heart failure, targeting IL-6 has been proposed as a promising thera
peutic strategy for managing HFpEF in inflammatory conditions [9].

Clinical studies on the cardiovascular effects of blocking circulating 
IL-6 are scarce and controversial. In this regard, some have cautioned 
against using IL-6 blockers in RA patients at risk for cardiovascular 
diseases, as it may increase the incidence of adverse cardiovascular 
events [10], while others suggested it was safe [11,12]. Moreover, in 
patients with other inflammatory conditions including peripheral artery 
disease and COVID-19, tocilizumab increased the risk for heart failure 
[13,14].Nevertheless, the molecular mechanisms whereby IL-6 receptor 
blockers impact cardiac structure and function in patients with LV 
dysfunction or HFpEF warrant investigation. In this regard, it has been 
suggested that IL-6 plays a crucial role in regulating cellular processes 
related to extracellular matrix remodelling, which may contribute to 
cardiac fibrosis and hypertrophy, common features of LV diastolic 
dysfunction [15]. Indeed, Mendelez et al. (2010) showed that intra
peritoneal IL-6 infusion in rats increased LV stiffness, a feature of LV 
diastolic dysfunction, which was largely attributed to LV fibrosis and 
concentric hypertrophy [16]. Others have supported the role of IL-6 in 
regulating collagen production and myocardial fibrosis [5,6]. 
Conversely, both in vivo [17,18] and in vitro [19] studies have indicated 
that cardiac hypertrophy or LV dysfunction may be independent of IL-6. 
Pre-clinical studies using IL-6 blockers have reported reduced fibrotic 
remodelling following myocardial infarction [20] and viral-induced 
myocarditis [21], while others have observed no significant effects of 
IL-6 blockade on cardiac remodelling and fibrosis [22]. These contro
versies highlight the need for a better understanding of the mechanisms 
of IL-6 blockade on cardiac remodelling in chronic inflammation.

Although extracellular matrix remodelling is a well-established 
mechanism in the development of LV diastolic dysfunction, car
diomyocyte compliance, regulated by the phosphorylation of the sar
comeric protein titin, is another major contributor to inflammation- 
induced LV passive stiffness [23]. One study demonstrated that block
ing IL-6 receptors following viral-induced myocarditis improved titin 
phosphorylation, leading to reduced myocyte stiffness [21]. However, 
these findings have not been replicated in models of chronic systemic 
inflammation. Moreover, IL-6 has been implicated in molecular path
ways that lead to dysregulated Ca2+ handling, mitochondrial dysfunc
tion, and apoptosis, which are key active processes underlying impaired 
LV relaxation and contribute to LV diastolic and systolic dysfunction 
[24–26]. In contrast, blocking IL-6 may have adverse effects, as LV 
systolic function was found to worsen in animals treated with IL-6 
blockers compared to those not receiving treatment [22]. Further
more, loss of IL-6 signalling has been associated with increased 
myocardial apoptosis [6,7]. Beyond its role in apoptosis, IL-6 is also 
involved in regulating the expression of sarcoplasmic/endoplasmic re
ticulum Ca2+ ATPase 2a (SERCA2a) in ventricular myocytes [25–27]. 
However, it remains uncertain whether these effects of IL-6 blockade 
translate into altered myocardial relaxation in vivo.

In summary, although IL-6 is strongly linked to adverse cardiovas
cular function in chronic inflammation, the therapeutic benefits of 
blocking IL-6 signalling on the cellular processes involved in LV 
dysfunction remain controversial. In this study, we hypothesized that 
blocking IL-6 signalling with tocilizumab in the collagen-induced 

arthritis (CIA) rat model could potentially modulate the expression of 
genes that regulate the cellular processes involved in both passive and 
active relaxation of inflammation-induced LV systolic and diastolic 
dysfunction.

2. Experimental methods and design

2.1. Animal treatment and sample collection

All experimental procedures received approval from the Animal 
Ethics Screening Committee of the University of the Witwatersrand 
(AESC approval: 2017/03/21C) and were conducted following the 
Guide for the Care and Use of Laboratory Animals. Three-month-old 
Sprague-Dawley rats were divided into three groups at random. Two 
groups underwent induction of systemic inflammation using a modified 
Chondrex collagen inoculation protocol [28]. Rats received a subcu
taneous injection at the base of the tail with Bovine type II collagen (2 
mg/ml in 0.05 M acetic acid, Chondrex catalogue #20021, Redmond, 
WA, USA) emulsified in incomplete Freund’s adjuvant (1:1 volume, 0.2 
ml, Chondrex catalogue #7002, Redmond, WA, USA). Booster injections 
(0.1ml) were given seven and twenty-one days after the initial immu
nization. The collagen-inoculated groups included the collagen-induced 
arthritis (CIA) group (n = 29) with no further treatment, and the CIA
+IL-6 blocker group (n = 16), which received the IL-6 receptor blocker 
tocilizumab (8 mg/kg) by intraperitoneal injection [29], administered 
weekly for six weeks. The tocilizumab dose was selected and adapted 
based on the European League Against Rheumatism’s recommended 
dose of 8 mg/kg [30]. All collagen-inoculated rats received daily doses 
of 1–4 mg/kg Tramazec for pain management. The control (con) group 
(n=28) received a subcutaneous saline injection (0.2ml). Tail cuff blood 
pressure was measured biweekly at midday using non-invasive blood 
pressure amplifiers (Biopac Systems, Santa Barbara, CA, USA) as 
described previously [31]. Arthritis scores and paw thickness were 
assessed in the rats’ hind paws using a 0–4 grading scale [32] and a 
digital calliper, respectively, as previously described [31]. The rats used 
in this study are part of a larger ongoing investigation to determine the 
cardiovascular effects of collagen-induced systemic inflammation [31]. 
In compliance with ethics committee guidelines to reduce animal usage, 
echocardiography data for a subset (n = 63) of the rats have been pre
viously published. In this study, 73 rats (con, 28; CIA, 29; CIA+IL-6 
blocker, 16) provided measurable STE and gene expression data.

2.2. Echocardiography

Rats were anesthetized with an intramuscular injection of ketamine 
(100 mg/kg) and xylazine (5 mg/kg). Echocardiography was then con
ducted using an ultrasound system (Acuson SC 2000, Siemens Medical 
Solutions, USA, Inc.) to assess left ventricular (LV) diastolic and systolic 
functions, as previously described [31,33]. LV diastolic function was 
evaluated using pulsed wave Doppler and Tissue Doppler Imaging. In 
brief, LV geometry was assessed with two-dimensional M-mode images. 
Concentric LV remodelling was determined by calculating relative wall 
thickness. Mitral inflow velocity was measured in the apical 
four-chamber view during early (E) and late diastole (A). Tissue Doppler 
Imaging measured tissue lengthening at the mitral annulus of the lateral 
wall during early (e’) and late (a’) diastole. As mitral inflow velocity (E) 
depends on loading conditions and heart rate, whereas e’ is relatively 
preload-independent, the E/e’ ratio was calculated to estimate left 
ventricular filling pressures [34]. Systolic function was assessed by 
calculating the ejection fraction using the Teicholz method and frac
tional shortening [35]. Speckle-tracking echocardiography (STE), a 
more sensitive measure of early-stage LV systolic dysfunction, was used 
to determine myocardial deformation (LV peak systolic strain and strain 
rate) and myocardial motion (LV velocity and displacement) in the 
apical four-chamber view. B-mode video loops were captured and 
selected based on video quality and well-defined endocardial and 
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epicardial borders. To minimize beat-to-beat variability, five consecu
tive cardiac cycles were analysed. Automatic border detection software 
traced the endocardial and epicardial borders, with manual adjustments 
to ensure optimal tracking frame-by-frame. Strain, strain rate, velocity, 
and displacement were calculated in the longitudinal plane across six 
anatomical regions. Global longitudinal strain, strain rate, displacement, 
and velocity were computed as the average of the six anatomical seg
ments over three consecutive cardiac cycles [36].

Following echocardiography, rats were terminated by thoracotomy 
whilst still under anesthesia. A blood sample was collected, the heart 
was removed and LV tissue was stored (-80◦C) in RNAlater® (catalogue 
# AM7021, Ambion, Sigma Aldrich, Germany).

2.3. Circulating inflammatory markers

Serum concentrations of IL-6 (catalogue # E-EL-R0015, Elabscience 
Biotechnology, USA) and C-reactive protein (catalogue # E-EL-R0022, 
CRP, Elabscience Biotechnology, USA) were measured in duplicate by 
sandwich enzyme-linked immunosorbent assay (ELISA).

2.4. Extraction of mRNA and preparation of cDNA

Rat LV samples were homogenized by sonication and total RNA was 
extracted using an Illustra™ Mini Spin RNA extraction kit (catalogue # 
45001163, GE Healthcare, Buckinghamshire, UK), according to the 
manufacturer’s instructions. The resulting RNA (2 µl) was used to 
reverse-transcribe messenger RNA to produce cDNA using SuperScript™ 
IV VILO™ cDNA synthesis master mix (18 µl, catalogue # 11756050, 
Thermo Fisher Scientific, Life Technologies, Carlsbad, USA).

2.5. Comparative gene expression RT-PCR

Comparative gene expression RT-PCR was carried out using a Ste
pOne Plus thermocycler (Thermo Fisher Scientific, Life Technologies, 
Carlsbad, USA). The reaction mixture included cDNA (~2 µg), pre- 
designed TaqMan® probe mixes for the reference gene (0.25 µl, 
Applied Biosystems), pre-designed TaqMan® probe mixes for each 
target gene (0.5 µl, TaqMan® gene expression assay, Applied Bio
systems), and TaqMan® fast advanced PCR master mix (5 µl, Applied 
Biosystems) in a total volume of 10 µl. The cycling protocol began with 
an initial hold at 50 ◦C for 2 min, followed by a hot start at 95 ◦C for 10 
min, and then 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Relative 
gene expression fold-change was calculated using the delta-delta Ct (2- 

ΔΔCt) method [37]. RefFinder [38] software determined the optimal 
reference genes for RT-PCR from a selected panel, identifying hypo
xanthine guanine phosphoribosyl-transferase 1 (Hprt1) as the most 
appropriate reference gene.

For the assessment of extracellular matrix remodelling and fibrosis, 
comparative gene expression of the following genes was assessed using 
TaqMan® probes (Applied Biosystems): Col1 which codes for collagen I 
protein (Rn01463848_m1), TGFβ (Rn99999016_m1), LOX which codes 
for lysyl oxidase protein (Rn01491829_m1), TNF-α (Rn00562055_m1), 
IL-6 (Rn01410330_m1), α smooth muscle actin (αSMA, 
Rn01759928_g1), CD68 (Rn01495634_g1), MMP2 (Rn01538170_m1) 
and MMP9 (Rn00579162_m1).

For the assessment of the pathways involved in titin phosphoryla
tion, comparative gene expression of the following genes was assessed 
using TaqMan® probes (Applied Biosystems): VCAM1 
(Rn00563627_m1), PTX3 which codes for pentraxin-3 protein 
(Rn01769850_m1), iNOS (Rn00561646_m1), PP1γ, which codes for 
protein phosphatase 1 (Rn04339209_m1), PP5, which codes for protein 
phosphatase 5 (Rn00669044_g1), sGCα2 (Rn00675050_m1) and sGCβ2 
(Rn01636981_m1), which code for the sGC alpha 2 and sGC beta 2 
subunits respectively.

To assess the contribution of active, energy dependent mechanisms 
of LV relaxation comparative gene expression of the following genes 

were assessed in LV tissues using TaqMan® probes (Applied Bio
systems): Myh6 which codes for α-MyHC (Rn00568304_m1), Myh7 
which codes for β-MyHC (Rn00568328_m1), iNOS (Rn00561646_m1), 
SOD2 which codes for superoxide dismutase 2 (Rn00690588_g1), SER
CA2a which codes for SERCA protein (Rn00568762_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).

2.6. Data analysis

Statistical analyses were conducted using SAS software, version 9.4 
(SAS Institute Inc.,). A priori calculation showed that 45 animals were 
required to achieve 80% power at an alpha level of 0.05 and a small 
effect size. Data are presented as mean ± SEM or median interquartile 
range (IQR), as appropriate. Rats with gene expression levels for 70 % or 
more of the target genes outside the detection limits of the gene 
expression assays were excluded from the analyses. Differences in nor
mally distributed variables between groups were assessed using mixed 
model analysis of variance (ANOVA) with group and sex as the main 
effects, followed by Tukey’s post-hoc tests. For non-normally distributed 
variables, group differences were determined using Kruskal–Wallis tests. 
As there were no differences in the molecular markers between males 
and females, results were combined. Results were considered statisti
cally significant if p ≤ 0.05.

3. Results

3.1. The effect of IL-6 blocker treatment on body mass, blood pressure, 
and circulating and left ventricular tissue inflammatory markers

The characterization of the control and CIA rats is reported else
where [31]. Briefly, for the partially overlapping subset of animals 
included in this study, body weight was lower in the CIA+IL-6 blocker 
group compared to the control (p < 0.001) and CIA (p = 0.01, Table 1) 

Table 1 
Body mass, blood pressure and circulating and tissue inflammatory markers in 
control, CIA and CIA+IL-6 blocker (tocilizumab) groups.

Control CIA CIA+IL-6 
blocker

(n = 28) (n = 29) (n = 16)

Female n (%) 12 (43) 16 (55) 8 (50)
Body weight (g) 459.8 ± 9.5 425.5 ± 8.8* 384.1 ±

11.4**#

SBP (mm Hg) 128 ± 2 130 ± 2 129 ± 2
DBP (mm Hg) 87 ± 1 88 ± 1 91 ± 2
Paw score 0 4 (3 – 6)**** 4.5 (2 – 7)****
Ankle joint thickness (mm) 8.6 ± 0.1 9.2 ± 0.1** 9.2 ± 0.2*
Tarsometatarsal joint 
thickness (mm)

5.0 ± 0.1 5.5 ± 0.1** 5.6 ± 0.2*

Circulating inflammatory marker concentrations
IL-6 (pg/ml) 16.42 ± 2.08 29.89 ± 2.05** 31.29 ±

2.74**
CRP (ng/ml) 0.10 ± 0.04 0.56 ± 0.03*** 0.66 ±

0.05***
Tissue inflammatory marker expressions (mRNA)
IL-6 0.85 (0.65 – 

0.93)
1.53 (0.85 – 
2.06)**

1.64 (0.76 – 
2.03)*

CD68 0.92 ± 0.05 1.12 ± 0.05* 0.97 ± 0.07
PTX-3 1.18 (0.43 – 

1.30)
2.40 (1.74 – 
4.06)***

2.22 (0.92 – 
2.97)**

Data presented as means ± SEM or median (interquartile range). CIA, collagen- 
induced arthritis, SBP, systolic blood pressure, DBP, diastolic blood pressure, IL- 
6, interleukin 6, CRP, C-reactive protein.

* p < 0.05 versus controls.
** p < 0.01 versus controls.
*** p < 0.0001 versus controls.
**** p < 0.00001 versus controls.
# p < 0.05 versus CIA.
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groups. There were no differences in systolic or diastolic blood pressure 
between the groups (all p > 0.05). Arthritis scores and ankle and tar
sometatarsal thickness were increased in the CIA+IL-6 blocker group 
compared to controls (all p < 0.05) and were not different from the CIA 
group (all p > 0.05). Tocilizumab had no effect on serum concentrations 
of IL-6 or CRP in the CIA+IL-6 blocker group compared to the control or 
CIA groups (both p > 0.05). Blocking circulating IL-6 did not prevent 
CIA-induced local LV tissue inflammation, as the mRNA expression of 
IL-6 and PTX-3 were greater in the CIA+IL-6 blocker group compared to 
the control group (p = 0.04 and p = 0.006, respectively) and were not 
different from the CIA group (p = 0.92 and p = 0.64, respectively; 
Table 1). The local mRNA expression of CD68, a marker of leukocyte and 
macrophage infiltration, was higher in the CIA group (p = 0.03) but not 
in the CIA+IL-6 blocker group (p = 0.83) compared to the controls.

3.2. The effect of IL-6 blocker treatment on left ventricular geometry, 
diastolic and systolic function

Blocking circulating IL-6 had no effect on the inflammation-induced 
changes in echocardiographic measures of LV geometry (Table 2). In the 
CIA+IL-6 blocker group, similar to the CIA group, the relative wall 
thickness (RWT), an indicator of LV remodelling and hypertrophy, was 
increased compared to the control group. This indicates that blocking 
circulating IL-6 did not inhibit LV concentric remodelling induced by 
collagen inoculation (Table 2). Similar to the CIA group, LV filling 
pressure (E/e’) was increased, while lateral e’, global longitudinal 
strain, and global longitudinal velocity were impaired in the CIA+IL-6 
blocker group compared to the control group (Table 2). Interestingly, 
the e’/a’ ratio, a measure of LV stiffness, was impaired in the CIA group 
(p = 0.03) but not in the CIA+IL-6 blocker group compared to the 
control group (p = 0.10). Ejection fraction and midwall fractional 

shortening, markers of systolic function, were not different between the 
groups (all p > 0.05). These results indicate that blocking circulating IL- 
6 may have improved inflammation-induced LV stiffness, but did not 
prevent impairments in LV relaxation or subclinical systolic dysfunction.

3.3. The effect of IL-6 blocker treatment on extracellular matrix gene 
expression

Treatment with tocilizumab did not offset the inflammation-induced 
increases in mRNA expression of pro-fibrotic genes. Compared to the 
control group, the CIA+IL-6 blocker group had significantly increased 
LV mRNA expression of TGFβ (p = 0.01, Fig. 1a), which was similar to 
the CIA group (p > 0.05). There were no differences in the LV mRNA 
expression of αSMA between the groups (Fig. 1b), indicating that neither 
the inflammatory protocol nor tocilizumab treatment resulted in the 
trans-differentiation of fibroblasts to myofibroblasts. Despite the un
changed expression of αSMA, the CIA+IL-6 blocker group had signifi
cantly increased LV mRNA expression of Col1 (p = 0.0004, Fig. 1c) 
compared to the control group, similar to the CIA group (p > 0.05 for 
both). These results show that blocking circulating IL-6 did not prevent 
the inflammation-induced stimulation of fibrosis, consistent with the 
increases in relative wall thickness (RWT, Table 2). The CIA group 
showed an upregulation in LOX mRNA expression compared to controls 
(p = 0.0004, Fig. 1d), while in the CIA+IL-6 blocker group it was not 
different from controls (p = 0.13). This suggests that blocking circu
lating IL-6 may have partially offset the inflammation-induced collagen 
cross-linking, which may have contributed to improvements in the e’/a’ 
ratio, and hence LV stiffness. Similar to the CIA group, LV relative mRNA 
expression of MMP2 was increased in the CIA+IL-6 blocker group 
compared to the control group (p = 0.005, Fig. 1e), indicating that 
blocking circulating IL-6 did not prevent the inflammation-induced 
upregulation of collagen turnover. There were no differences in rela
tive RNA expression of MMP9 between the groups (all p > 0.05, Fig. 1f).

3.4. The effect of IL-6 blocker treatment on expression of genes involved 
in microvascular inflammation, immune cell infiltration and nitric-oxide 
(NO) signalling pathways

The inflammation-induced increased LV relative mRNA expression 
of VCAM1 was not decreased by treatment with tocilizumab (p = 0.02 
versus control, p = 0.86 versus CIA, Fig. 2a), indicating that 
inflammation-induced microvascular inflammation is not offset by IL-6 
blocker treatment. Consistent with the increased VCAM1 expression, 
LV relative mRNA expression of iNOS was greater in the CIA+IL-6 
blocker group compared to the control group (p = 0.001) and not 
different from the CIA group (p = 0.24, Fig. 2b). Similar to the CIA 
group, the LV relative mRNA expression of sGCα2 and sGCβ2 were 
significantly decreased in the CIA+IL-6 blocker group compared to 
control group (p = 0.02 and p = 0.04, respectively; Fig. 2c and d), 
showing that blocking circulating IL-6 did not impact the inflammation- 
induced decreased in expression of the genes that code for subunits of 
sGC enzyme. These results are consistent with the impaired relaxation 
(e’) and increased filling pressures (E/e’) reported in the CIA+IL-6 
blocker rats (Table 2).

The LV mRNA expression of PP1γ, the protein phosphatase previ
ously implicated in titin phosphorylation, was not different between the 
three groups (p > 0.05; Fig. 3a). The LV mRNA expression of the protein 
phosphatase PP5 was significantly higher in the CIA+IL-6 blocker group 
compared to the control group (p = 0.02) but was not different from the 
CIA groups (p = 0.98; Fig. 3b), suggesting that IL-6 may not be involved 
in the cellular pathways whereby PP5 contributes to the dephosphory
lation of titin.

Table 2 
Echocardiographic measures of left ventricular myocardial remodelling, dia
stolic function and systolic function in control, CIA and CIA+IL-6 blocker 
(tocilizumab) groups.

Control 
(n = 25)

CIA 
(n = 27)

CIA+IL-6 
blocker 
(n = 16)

Myocardial remodelling ​ ​ ​
Relative wall thickness 0.62 ±

0.02
0.73 ±
0.02**

0.71 ± 0.03*

LV diastolic function
Lateral e’ (cm/s) 4.52 ±

0.10
3.61 ±
0.10***

3.62 ±
0.14***

e’/a’ 1.45 ±
0.06

1.23 ± 0.06* 1.28 ± 0.08

E/e’ 25.12 ±
1.01

31.39 ±
0.98**

29.86 ± 1.27*

LV systolic function
Ejection fraction (%) 83.0 ± 1.3 82.3 ± 1.3 81.0 ± 1.7
Midwall fractional shortening 
(%)

22.9 ± 0.7 22.1 ± 0.7 21.9 ± 0.9

Global longitudinal strain (cm/s) -19.4 ± 0.8 -16.9 ± 0.8* -16.3 ± 0.9*
Global longitudinal strain rate 
(%)

-3.43 ±
0.16

-3.33 ± 0.15 -3.06 ± 0.20

Global longitudinal velocity 
(cm/s)

0.58 ±
0.03

0.49 ± 0.03* 0.47 ± 0.04*

Global longitudinal 
displacement (mm)

0.28 ±
0.02

0.22 ± 0.02 0.21 ± 0.03

Data presented as means ± SEM. CIA, collagen induced arthritis; IL-6, inter
leukin-6; BW, body weight; LV, left ventricular; e’, peak velocity during early 
diastole; e’/a’, ratio of mitral annular lengthening in early and late diastole; E/ 
e’, ratio of early diastolic filling to peak velocity during early diastole.

* p < 0.05 compared to control.
** p < 0.01 compared to control.
*** p < 0.001 compared to control. Incomplete echocardiographic data pro

files whereby all measurements could not be obtained were excluded from sta
tistical analyses for control (n=3) and CIA (n=2) rats.
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3.5. The effect of IL-6 blocker treatment on expression of genes that play a 
role in Ca2+ handling, oxidative stress and apoptosis

The LV mRNA expression of SERCA2a and S100A1 in the CIA+IL-6 
blocker group were not different from the control (p = 0.42 and p = 0.98, 
respectively) or CIA groups (p = 0.99 and p = 0.90; Fig. 4a, and b), 
indicating that neither inflammation nor IL-6 blocker treatment 
impacted Ca2+ handling in LV tissues. The LV mRNA expressions of pro- 
apoptotic gene BAX, and anti-apoptotic gene Bcl-2, were not different 
between any of the groups (all p > 0.05, Fig. 4d, and e). Consistent with 

these findings, the ratio of BAX to Bcl-2 was also not different between 
the groups (all p > 0.05, Fig. 4f), showing that systemic inflammation 
and blocking circulating IL-6 did not impact apoptosis in LV tissues. 
Consistent with these results, the LV mRNA expression of SOD2, a 
marker of mitochondrial oxidative stress, was not different between any 
of the groups (all p > 0.05, Fig. 4c).

Fig. 1. LV expression of extracellular matrix genes. Rats were inoculated with collagen (CIA) and treated with an IL-6 blocker prior to measuring the relative mRNA 
expression of TGFβ (a), αSMA (b), Col1 (c), LOX (d), MMP2 (e), and MMP9 (f) in left ventricular tissues of control, CIA, and IL-6 blocker-treated rats. The relative 
mRNA expression results are presented in arbitrary units, normalized to the expression of the endogenous reference gene Hprt1, using the 2-ΔΔCt method. The data 
were obtained from duplicate real-time PCR experiments and are presented as means ± SEM. Rats with gene expression levels for 70 % or more of the target genes 
outside the detection limits of the gene expression assays were excluded from the analyses. Statistical significance is indicated as follows: * p < 0.05 vs. control; ** p <
0.01 vs. control; *** p < 0.001 vs. control.
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Fig. 2. LV expression of microvascular inflammation, immune cell activation and sGC subunit genes. Rats were inoculated with collagen (CIA) and treated with an 
IL-6 blocker prior to measuring the relative mRNA expression of VCAM1 (a), iNOS (b), sGCα2 (c), and sGCβ2 (d) in left ventricular tissues of control, CIA, and IL-6 
blocker-treated rats. Relative mRNA expression results are presented in arbitrary units, normalized to the expression of the endogenous reference gene Hprt1, using 
the 2-ΔΔCt method. Data were obtained from duplicate real-time PCR experiments and are presented as means ± SEM for VCAM1, sGCα2, and sGCβ2, and as median 
and interquartile range for iNOS. Data for sGCα2 and sGCβ2 were normalized relative to the control group. Rats with gene expression levels for 70% or more of the 
target genes outside the detection limits of the gene expression assays were excluded from the analyses. Statistical significance is indicated as follows: * p < 0.05 vs. 
control; ** p < 0.01 vs. control; *** p < 0.001 vs. control.

Fig. 3. LV expression of protein phosphatase genes. Rats were inoculated with collagen (CIA) and treated with an IL-6 blocker before measuring the relative mRNA 
expression of PP1γ (a) and PP5 (b) in left ventricular tissues of control, CIA, and IL-6 blocker-treated rats. The relative mRNA expression results are presented in 
arbitrary units, normalized to the expression of the endogenous reference gene Hprt1, using the 2-ΔΔCt method. Data were obtained from duplicate real-time PCR 
experiments and are presented as means ± SEM. Rats with gene expression levels for 70 % or more of the target genes outside the detection limits of the gene 
expression assays were excluded from the analyses. Statistical significance is indicated as follows: * p < 0.05 vs. control; ** p < 0.01 vs. control.
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3.6. The effect of IL-6 blocker treatment on expression of myocardial 
contractility genes

The relative mRNA expression of Myh6, the gene that codes for the 
fast-twitch isoform of myosin, was decreased in the CIA+IL-6 blocker 
group compared to the control group (p = 0.02) and was not different 
from the CIA group (p = 0.87; Fig. 5a). The relative mRNA expression of 
Myh7, the gene that codes for the slow-twitch isoform of myosin, was 
increased in the CIA+IL-6 blocker group compared to the control group 
(p = 0.002) and was not different from the CIA group (p = 0.74, Fig. 5b). 
Consequently, similar to the CIA group, there was a decreased ratio of 
Myh6/Myh7 in the CIA+IL-6 blocker group compared to the control 

group (p = 0.003; Fig. 5c). The increased expression of Myh7 is consis
tent with the findings of increased pro-fibrotic gene expression and 
relative wall thickness in the CIA+IL-6 blocker group. Moreover, these 
findings confirm our previous reports that a switch in myosin isoform 
expression may contribute to impaired myocardial deformation, as we 
showed impaired global longitudinal strain and velocity in the CIA+IL-6 
blocker group (Table 2).

4. Discussion

IL-6 exerts diverse effects on different types of cardiac cells, partic
ularly cardiomyocytes and cardiac fibroblasts. In cardiomyocytes, IL-6 is 

Fig. 4. LV expression of calcium handling, mitochondrial dysfunction and apoptotic genes. Rats were inoculated with collagen (CIA) and treated with an IL-6 blocker 
before measuring the relative mRNA expression of SERCA2a (a), S100A1 (b), SOD2 (c), BAX (d), Bcl-2 (e), and the BAX/Bcl-2 ratio (f) in left ventricular tissues of 
control, CIA, and IL-6 blocker-treated rats. The relative mRNA expression results are presented in arbitrary units, normalized to the expression of the endogenous 
reference gene Hprt1, using the 2-ΔΔCt method. Rats with gene expression levels for 70 % or more of the target genes outside the detection limits of the gene 
expression assays were excluded from the analyses. Data were obtained from duplicate real-time PCR experiments and are presented as means ± SEM.

Fig. 5. LV expression of myocardial contractility genes. Rats were inoculated with collagen (CIA) and treated with an IL-6 blocker before measuring the relative 
mRNA expression of Myh6 (a), Myh7 (b), and the Myh6/Myh7 ratio (c) in left ventricular tissues of control, CIA, and IL-6 blocker-treated rats. The relative mRNA 
expression results are presented in arbitrary units, normalized to the expression of the endogenous reference gene Hprt1, using the 2-ΔΔCt method. Data were obtained 
from duplicate real-time PCR experiments and are presented as means ± SEM. Rats with gene expression levels for 70 % or more of the target genes outside the 
detection limits of the gene expression assays were excluded from the analyses. Statistical significance is indicated as follows: * p < 0.05 vs. control; ** p < 0.01 
vs. control.
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implicated in signaling pathways that lead to hypertrophy and survival, 
such as the p42/p44-MAPK and PI3K pathways, which are independent 
of JAK/STAT activation [39]. In contrast, IL-6 in cardiac fibroblasts 
plays an important role in stimulating cellular activities that contribute 
to fibrosis and remodeling [40]. Fibroblast-derived IL-6 has been shown 
to exacerbate adverse cardiac remodeling post-myocardial infarction by 
promoting the production of pro-fibrotic factors like IL-11[41]. Another 
study elucidated a signaling pathway where the Cadherin-11-IL-6 
interaction between cardiac fibroblasts and cardiomyocytes promotes 
ventricular remodeling, highlighting the intricate interplay between 
these cell types in cardiac pathophysiology [42]. Despite several studies 
showing that IL-6 is a key stimulus for cardiac fibrosis in various animal 
and cell culture models [17,18,43,44], our results showed that blocking 
circulating IL-6 did not prevent the inflammation-induced upregulation 
of pro-fibrotic genes including TGFβ, Col1, and MMP2. Others have also 
reported that fibrosis may be independent of IL-6 signaling [16,22,43]. 
The increased expression of pro-fibrotic genes in the CIA and CIA+IL-6 
blocker groups in the current study may have contributed to the 
increased RWT, indicative of LV concentric remodeling [16,22,43,45]. 
This increased pro-fibrotic gene expression is consistent with our pre
vious report of increased cardiac collagen volume observed using his
tology [33], indicating the development of LV fibrosis in the CIA model. 
The LV fibrosis and increased RWT in the current study are consistent 
with the increased expression of Myh7, the gene that codes for β-MyHC, 
in both the CIA+IL-6 blocker and CIA groups. This upregulation of 
β-MyHC may have contributed to the impaired LV global longitudinal 
strain and velocity in these rats [33,46,47]. These changes in myocardial 
deformation and motion are indicators of early impairments in LV 
myocardial contractility, despite preserved ejection fraction. Moreover, 
none of the genes involved in Ca2+ handling, apoptosis, or oxidative 
stress were impacted by blocking circulating IL-6. As these genes were 
also not affected in the CIA group, it remains uncertain whether these 
processes are a cause or a consequence of LV diastolic or early-stage 
systolic dysfunction [47].

Evidence suggests that CD68 expression can be influenced by IL-6 
signaling, indicating that IL-6 signaling could precede increased CD68 
expression in inflammatory environments. Several studies have 
demonstrated a correlation between IL-6 levels and CD68 expression. 
For instance, IL-6 expression levels were positively correlated with 
tumor-associated macrophages that expressed CD68 on the cell surface, 
in patients with gastric cancer [48]. Similarly, in rats administered 
monocrotaline, which induces pulmonary arterial hypertension and 
systemic inflammation, IL-6 levels and CD68 expression were increased 
in lung tissues, further supporting the suggestion that IL-6 may drive 
macrophage recruitment or activation, which in turn express CD68 [49]. 
Although evidence for a co-regulation between LOX and IL-6 has been 
shown in pulmonary fibrosis, this has not previously been reported in 
cardiac tissue [50]. Nevertheless, we have previously shown a signifi
cant association between the mRNA expression of CD68 and LOX, the 
gene that codes for the collagen cross-linking enzyme lysyl oxidase [51]. 
This suggests that increased LOX expression may be linked to immune 
cell infiltration. In the present study, we observed a partial attenuation 
of inflammation-induced upregulation of both CD68 and LOX LV mRNA 
expression following IL-6 blocker treatment, suggesting that IL-6 
signaling may indeed be involved in the regulation of macrophage 
infiltration and collagen cross-linking. The potential for IL-6 to enhance 
macrophage presence in inflamed tissues, as shown by previous studies, 
suggests that our findings of the partial reduction in CD68 expression 
following IL-6 blockade could reflect diminished macrophage recruit
ment or activation. Furthermore, increased expression of LOX, and 
hence, increased collagen cross-linking [51], has been independently 
linked to increased myocardial stiffness [52]. However, the partial 
attenuation of LOX expression with blocking IL-6 was not sufficient to 
prevent the inflammation-induced decreases in LV relaxation (lateral e’) 
or increases in filling pressures (E/e’), which, like the e’/a’ ratio, are 
also indicators of LV diastolic dysfunction [53–55]. Considering we have 

previously shown that fibrosis is unlikely to be the main contributor to 
LV diastolic dysfunction [56], these results further support a central role 
for titin phosphorylation in the development of LV diastolic dysfunction. 
We showed that blocking circulating IL-6 did not prevent the 
inflammation-induced upregulation of the genes involved in the path
ways of titin phosphorylation including VCAM1, iNOS, sGCα2 or sGCβ2. 
These results suggest that tocilizumab did not impact the 
inflammation-induced NO-cGMP-PKG signalling pathway, previously 
implicated in titin hypophosphorylation [45]. Furthermore, blocking 
IL-6 also did not prevent the inflammation-induced upregulation of PP5, 
which we have reported as possibly having an important regulatory role 
in titin phosphorylation [57]. In contrast, a previous study showed 
improved titin phosphorylation when blocking circulating IL-6 in a 
model of Coxsackie virus B3 (CVB3)-induced myocarditis [21]. These 
authors reported that blocking circulating IL-6 reduced downstream LV 
tissue immune cell infiltration and activation [21], which may have 
disrupted signalling pathways involved in titin phosphorylation. In the 
present study, although CD68 mRNA expression was reduced following 
IL-6 blocker treatment, it did not offset microvascular inflammation or 
LV tissue cytokine upregulation, which are the main drivers of titin 
hypo-phosphorylation [23].

Although treatment with the IL-6 blocker partially prevented 
collagen cross linking and LV stiffness in the present study, it was largely 
unable to prevent inflammation-induced LV diastolic and early systolic 
dysfunction. These negative results in the CIA+IL-6 blocker group may 
be explained by several reasons. IL-6 signalling is rather complex, and 
several studies have reported that it has both detrimental and protective 
effects in the heart [5]. These contrasting effects depend on whether IL-6 
interacts with the soluble or the membrane-bound form of its receptor 
[1]. In this regard, IL-6 is a member of the gp130 cytokine family that 
includes several other cytokines that have been implicated in the path
ophysiology of cardiovascular diseases, including IL-11, leukaemia 
inhibitory factor, and cardiotrophin-1. These cytokines signal via the 
common signalling receptor subunit gp130 [1,58,59], accounting for 
their overlapping biological functions [1,58–61]. Although the IL-6R 
was believed to be specific for IL-6, other cytokines belonging to the 
gp130 cytokine family may also bind to the IL-6R and induce signalling 
[60]. Indeed, activation of gp130 signalling, in the absence of IL-6, has 
been associated with myocardial remodelling [43].

Further, IL-6 may signal through different mechanisms. Classic IL-6 
signalling involves the binding of IL-6 cytokines to their receptors (IL- 
6Rs) on the cell surface. This binding leads to the association of IL-6/IL- 
6R complexes with gp130, causing dimerization and the initiation of a 
signalling cascade [1,59]. However, IL-6 can also signal in the absence of 
cell surface IL-6R. Disintegrin and metalloprotease proteases cleave 
IL-6Rs from cell surfaces, generating a soluble form of the IL-6R (sIL-6R). 
Most soluble receptors in the body act as antagonists by competing with 
membrane-bound receptors for the ligand [1]. In contrast, sIL-6R acts as 
an agonist in cells that are not exclusively stimulated by IL-6. The sIL-6R 
binds IL-6, initiating gp130 signalling in cells that do not express IL-6R 
on their surface [1,62]. This mechanism, known as trans-signalling, 
extends the cellular actions of IL-6. The pro- and anti-inflammatory ef
fects of IL-6 have been linked to these different signalling pathways, 
with trans-signalling implicated in pro-inflammatory signalling, while 
the classic signalling mechanism may be responsible for 
anti-inflammatory signals [58]. Therefore, it has been suggested that the 
in vivo role of IL-6 depends on the activation of different receptors in 
various experimental inflammatory models [1]. Indeed, IL-6 signalling 
via the gp130 pathway has been associated with the activation of 
cellular mechanisms that promote cardiac protection and prevent 
ischemia/reperfusion injury following myocardial infarction [63,64]. 
IL-6 has also been shown to exert protective anti-apoptotic actions that 
help maintain mitochondrial function in myocytes, suggesting a role in 
preserving cardiac tissue integrity [63–65]. Although the relative con
tributions of these IL-6 signalling pathways in heart failure have not 
been systematically studied, reports indicate that the adverse effects of 
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IL-6 on cardiac remodelling are dependent on the presence of sIL-6R [16,
66].

It is therefore not surprising that the use of anti-IL-6 therapeutics is 
complicated by the classic- versus trans-signalling mechanisms of IL-6 
action. Tocilizumab functions by inhibiting IL-6 interactions with both 
soluble and membrane-bound forms of its cognate receptor, thereby 
downregulating IL-6-mediated signalling [66,67]. This means that 
tocilizumab blocks both classic- and trans-signalling pathways and 
therefore, may block both pro- and anti-inflammatory activities of IL-6 
[58,66,67]. Hence, in the current study, blocking IL-6 with tocilizu
mab may have impacted both the pro- and anti-inflammatory signalling 
pathways.

Another consideration is that tocilizumab is a human monoclonal 
antibody, and hence we cannot exclude drug-induced immunogenic 
effects in the current rodent model [20–22,68]. Nevertheless, several 
previous studies have successfully used tocilizumab in rodent models. In 
this regard, intraplanar injections of tocilizumab in the CIA model have 
shown improvements in synovitis and joint inflammation [69]. Other 
studies that have used chronic intraperitoneal administration of tocili
zumab at the same dose as the current study (8mg/kg) have reported 
reduced inflammation-induced bone loss [70], ameliorated 
inflammation-induced cognitive performance and anxiety-like behav
iour [70], a reduction in inflammation-induced endometriosis and 
improved metabolic profiles [33,71]. In the present study, the admin
istration of the IL-6 blocker, tocilizumab, did not alter the 
inflammation-induced increases in serum IL-6 concentrations. However, 
it is well-accepted that IL-6 receptor inhibition is usually accompanied 
by increased serum activity of the cognate ligand [56,57]. Although IL-6 
blockers disrupt IL-6 signal transduction by competitively binding 
membrane-bound and soluble receptors, when tocilizumab binds to IL-6 
receptors, it hinders the clearance of IL-6 from circulation [58].

This study has further limitations. Despite reporting only mRNA 
expression of pro-fibrotic markers in LV tissues, our group has previ
ously demonstrated increased collagen volume fraction in LV tissue 
using histology in the same CIA rat model [33]. Although mRNA 
expression may not reflect functional protein expression, echocardiog
raphy served as the measure of cardiac function in the current study. 
However, it would be interesting to investigate the correlation between 
echocardiographic measures and protein expression in future studies. 
Importantly, tocilizumab is usually not a first-line therapy in the man
agement of RA, and is frequently used in combination with other 
anti-rheumatic or anti-inflammatory drugs. Therefore, future studies 
should investigate the impact of tocilizumab on cardiac function when 
used in combination with these other agents.

5. Conclusion

In conclusion, tocilizumab treatment prevented inflammation- 
induced molecular changes in markers of collagen cross-linking but 
did not affect LV fibrosis, titin phosphorylation, or calcium handling. 
Tocilizumab was not effective in reducing circulating cytokine concen
trations and was largely ineffective in ameliorating the inflammation- 
induced upregulation of genes involved in the cellular pathways asso
ciated with LV diastolic dysfunction. These results suggest that at a 
dosage of 8 mg/kg with a treatment duration of once a week for 6 weeks 
the current treatment regimen, the IL-6 blockade by tocilizumab may 
not be protective against the molecular pathways underlying 
inflammation-induced cardiac LV systolic and diastolic dysfunction.
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[21] Savvatis K, Müller I, Fröhlich M, Pappritz K, Zietsch C, Hamdani N, et al. 
Interleukin-6 receptor inhibition modulates the immune reaction and restores titin 
phosphorylation in experimental myocarditis. Basic Res Cardiol 2014;109(6): 
449–63.

[22] Hartman MHT, Vreeswijk-Baudoin I, Groot HE, Van De Kolk KWA, De Boer RA, 
Mateo Leach I, et al. Inhibition of interleukin-6 receptor in a murine model of 
myocardial ischemia-reperfusion. PLoS One 2016;11:e0167195.

[23] Lewinter MM, Granzier HL. Cardiac titin and heart disease. J Cardiovasc 
Pharmacol 2014;63:207–12.

[24] Faria A, Persaud SJ. Cardiac oxidative stress in diabetes: mechanisms and 
therapeutic potential. Pharmacol Ther 2017;172:50–62.

[25] Gloss B, Villegas S, Villarreal FJ, Moriscot A, Dillmann WH. Thyroid hormone- 
induced stimulation of the sarcoplasmic reticulum Ca2+ ATPase gene is inhibited 
by LIF and IL-6. Am J Physiol Endocrinol Metab 2000;278:E738–43.

[26] Tanaka T, Kanda T, Takahashi T, Saegusa S, Moriya J, Kurabayashi M. Interleukin- 
6-induced reciprocal expression of SERCA and natriuretic peptides mRNA in 
cultured rat ventricular myocytes. J Int Med Res 2004;32:57–61.

[27] Wu C-K, Lee J-K, Chiang F-T, Yang C-H, Huang S-W, Hwang J-J, et al. Plasma levels 
of tumor necrosis factor-α and interleukin-6 are associated with diastolic heart 
failure through downregulation of sarcoplasmic reticulum Ca2+ ATPase. Crit Care 
Med 2011;39:984–92.

[28] Jasemian Y, Svendsen P, Deleuran B, F D-H. Refinement of the collagen induced 
arthritis model in rats by infrared thermography. J Adv Med Med Res 2011;22: 
469–77.

[29] Taskin MI, Gungor AC, Adali E, Yay A, Onder GO, Inceboz U. A humanized anti- 
interleukin 6 receptor monoclonal antibody, Tocilizumab, for the treatment of 
endometriosis in a rat model. Reprod Sci 2016;23:662–9.
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[51] Páramo JA. New mechanisms of vascular fibrosis: role of lysyl oxidase. Clín 
Investig Arterioscler (Engl Ed) 2017;29:166–7.

[52] Gonzalez-Santamaria J, Villalba M, Busnadiego O, Lopez-Olaneta MM, Sandoval P, 
Snabel J, et al. Matrix cross-linking lysyl oxidases are induced in response to 
myocardial infarction and promote cardiac dysfunction. Cardiovasc Res 2016;109: 
67–78.

[53] Nishimura RA, Tajik AJ. Evaluation of diastolic filling of left ventricle in health and 
disease: doppler echocardiography is the clinician’s Rosetta stone. J Am Coll 
Cardiol 1997;30:8–18.

[54] Smiseth OA. Evaluation of left ventricular diastolic function: state of the art after 
35 years with Doppler assessment. J Echocardiogr 2018;16(2):55–64.

[55] Zerbib Y, Maizel J, Slama M. Echocardiographic assessment of left ventricular 
function. J Emerg Crit Care Med 2019;3:33.

[56] Manilall A, Mokotedi L, Gunter S, Le Roux R, Fourie S, Flanagan CA, et al. 
Inflammation-induced left ventricular fibrosis is partially mediated by tumor 
necrosis factor-α. Physiol Rep 2021;9:e15062.

[57] Manilall A, Mokotedi L, Gunter S, Le Roux R, Fourie S, Flanagan CA, et al. 
Increased protein phosphatase 5 expression in inflammation-induced left 
ventricular dysfunction in rats. BMC Cardiovasc Disord 2022;22(1):539.

[58] Rose-John S. IL-6 trans-signaling via the soluble IL-6 receptor: importance for the 
pro-inflammatory activities of IL-6. Int J Biol Sci 2012;8:1237–47.

[59] Rose-John S. Interleukin-6 Family cytokines. Cold Spring Harb Perspect Biol 2018; 
10:a028415.

[60] Garbers C, Hermanns HM, Schaper F, Müller-Newen G, Grötzinger J, Rose-John S, 
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