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α-Galactosylceramide and its analog OCH differentially affect
the pathogenesis of ISO-induced cardiac injury in mice
Xin Chen1, Jie Liu1, Jie Liu1, Wen-jia Wang1, Wen-jing Lai2, Shu-hui Li3, Ya-fei Deng4, Jian-zhi Zhou5, Sheng-qian Yang1, Ying Liu6,
Wei-nian Shou6, Da-yan Cao1 and Xiao-hui Li1

Immunotherapies for cancers may cause severe and life-threatening cardiotoxicities. The underlying mechanisms are complex and
largely elusive. Currently, there are several ongoing clinical trials based on the use of activated invariant natural killer T (iNKT) cells.
The potential cardiotoxicity commonly associated with this particular immunotherapy has yet been carefully evaluated. The present
study aims to determine the effect of activated iNKT cells on normal and β-adrenergic agonist (isoproterenol, ISO)-stimulated
hearts. Mice were treated with iNKT stimulants, α-galactosylceramide (αGC) or its analog OCH, respectively, to determine their effect
on ISO-induced cardiac injury. We showed that administration of αGC (activating both T helper type 1 (Th1)- and T helper type 2
(Th2)-liked iNKT cells) significantly accelerated the progressive cardiac injury, leading to enhanced cardiac hypertrophy and cardiac
fibrosis with prominent increases in collagen deposition and TGF-β1, IL-6, and alpha smooth muscle actin expression. In contrast to
αGC, OCH (mainly activating Th2-liked iNKT cells) significantly attenuated the progression of cardiac injury and cardiac
inflammation induced by repeated infusion of ISO. Flow cytometry analysis revealed that αGC promoted inflammatory macrophage
infiltration in the heart, while OCH was able to restrain the infiltration. In vitro coculture of αGC- or OCH-pretreated primary
peritoneal macrophages with primary cardiac fibroblasts confirmed the profibrotic effect of αGC and the antifibrotic effect of OCH.
Our results demonstrate that activating both Th1- and Th2-liked iNKT cells is cardiotoxic, while activating Th2-liked iNKT cells is
likely cardiac protective, which has implied key differences among subpopulations of iNKT cells in their response to cardiac
pathological stimulation.
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INTRODUCTION
Depending on the type and progressive stage of cancer,
treatment largely involves five therapeutic procedures, namely,
surgical therapy, radiotherapy, conventional chemotherapy, tar-
geted therapy, and immunotherapy [1]. Cardiotoxicity has been
recognized as a major complication of cancer therapies other than
surgical therapy and radiotherapy, as supported by the clinical
observation that cancer survivors more commonly die from
treatment-induced cardiotoxicity than from cancer recurrence
[1, 2]. For example, severe left ventricular dysfunction and heart
failure have been found to be associated with cancer treatment
with doxorubicin [3], ipilimumab [4], nivolumab [5], and other
immunotherapies [6]. Thus, the cardiotoxicity of all cancer
therapeutic drugs, including recent quickly developed novel
immunotherapies, must be tested.
Invariant NKT cells (iNKT) cells, also known as type I NKT cells,

are a major group of NKT cells in humans and mice [7]. By
utilizing invariant T-cell receptor (TCR) alpha chains (Vα24-Jα18
in humans and Vα14-Jα18 in mice) with limited TCR beta chains

to recognize lipid antigens presented by CD1d, iNKT cells can be
readily identified [8]. Previously, it was demonstrated that
iNKT cells are critical for the immune response to both viral
infection and tumor development. Upon activation by lipid
antigens or cytokines (IL-12/IL-18) [9], iNKT cells secrete large
amounts of cytokines, such as IL-4, IL-10, and IFN-γ (i.e., a
mixture of T helper type 1 (Th1) and T helper type 2 (Th2)
cytokines), to subsequently mediate their regulatory or proin-
flammatory functions [7]. Unlike peptide-MHC-restricted T cells,
iNKT cells become mature upon leaving the thymus and acquire
full effector function without priming [7, 8]. These properties
make iNKT cells important for the first line of defense and thus
critical for establishing both innate and adaptive immunity. The
quantity and/or function of iNKT cells are highly relevant to the
overall survival rate of cancer patients [10, 11]. It has been
shown that the iNKT cell agonist α-galactosylceramide (αGC)
potently induces tumor clearance in mouse models [11, 12].
Several clinical trials of strategies that enhance the antitumor
immunity of iNKT cells via direct αGC administration or adoptive
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transfer of iNKT cells (activated by αGC or modified by chimeric
antigen receptor activation in vitro) are ongoing and have
shown potentially promising results [13–19]. However, whether
activated iNKT cell-based immunotherapies are cardiotoxic
remains unknown. Our current study aimed to determine
whether activated iNKT cells promote or enhance cardiac injury
at baseline and under pathological stimulation by the β-
adrenergic agonist isoproterenol (ISO). We found that αGC
stimulation promoted ISO-induced cardiac injury, while its
analog OCH, another iNKT agonist, prevented ISO-induced
cardiac injury. In vitro studies revealed that coculture with
OCH-treated primary macrophages induces reduced collagen
secretion by fibroblasts, while αGC treatment promoted
collagen synthesis. Our results suggest that αGC-based iNKT
cell activation as an immunotherapy may have cardiotoxic
effects in pathologically stimulated hearts, which implies that it
may induce adverse effects in cancer patients with chronic
cardiac injury.

MATERIALS AND METHODS
Animals
All animal procedures and protocols conformed to the US National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 85–23, revised 1996) and were
approved by the ethics committee of Army Medical University.
C57BL/6J mice were obtained from the Experimental Animal
Center of Army Medical University and maintained at the animal
center under specific pathogen-free conditions. All mice were
given free access to standard laboratory mouse chow and tap
water and housed on a 12-h light/dark cycle.

Mouse models of progressive and short-term cardiac injury
Progressive cardiac injury: 8–10-week-old male C57BL/6 mice
were subcutaneously infused with 5 mg/kg per day ISO for
1 week. Saline infusion was used as the control. αGC (3 μg/
mouse) or OCH (3 μg/mouse) was intraperitoneally injected
every other day 2 h before ISO treatment. IL-6 neutralizing
antibody (50 μg/mouse) [20] or control IgG was intravenously
injected via the tail vein once 2 h before establishment of the
animal model of progressive cardiac injury. The mice were then
sacrificed 7 days after ISO treatment.
Short-term cardiac injury: as previously reported [21], mice were

subcutaneously injected with a single dose of ISO (5 mg/kg of
body weight) or saline (5 mL/kg of body weight). αGC or OCH was
intraperitoneally injected once 2 h before ISO treatment. The mice
were then sacrificed at 72 h after ISO treatment.
No animals died prior to the end of the study.

Western blotting
Western blotting was performed as previously reported. Briefly,
total protein was extracted and quantified, and equal amounts of
protein were loaded on gels and subjected to SDS-PAGE. The
proteins were then transferred to PVDF membranes (Bio-Rad) for
blocking followed by primary and corresponding secondary
antibody incubation and visualization with a chemiluminescence
detection system. GAPDH (Cell Signaling Technology) was used as
an internal control for protein loading. Only proteins from the left
ventricle were subjected to Western blotting.

Flow cytometry
The cardiac immune cell detection protocol was adopted from
previously reported protocols [22, 23]. Mice were euthanized
with isoflurane, and the hearts were perfused with 20mL of cold
PBS. The harvested hearts were then finely minced and digested
by shaking for 30min at 37 °C. Then, the digested mixture was
filtered through a 70-μm cell strainer and centrifuged for further
staining.

Histology
Harvested hearts were fixed in 4% formaldehyde and embedded
in paraffin. Then, each heart was sectioned and stained with
hematoxylin–eosin or Masson trichrome (Sigma) according to the
manufacturer’s instructions. Microscopy images were analyzed
with NIH ImageJ software.

Cytokine determination
Cardiac cytokine concentrations were determined by a com-
mercialized multiplex immunoassay (Bio-Rad, stock number:
M6000007NY), and the concentrations of the chemokines
monocyte chemoattractant protein-1 (MCP-1) and macrophage
inflammatory protein-1α (MIP-1α) were determined with a
commercialized ELISA kit (Cloud-Clone). Heart tissues were
mechanically homogenized in PBS and then subjected to two
freeze-thaw cycles. The homogenates were centrifuged for 10
min at 10,000 × g, and the supernatants were immediately
assayed following the manufacturer’s instructions.

Echocardiography
Mice subjected to different treatments were anesthetized with
2.5% isoflurane on a temperature-controllable surgical table until a
stable heart rate of 400–500 beats per minute was reached. Then,
the mice were subjected to echocardiography with a high
resolution Micro-Ultrasound system (Vevo 2100) as previously
reported [24]. Briefly, two-dimensional short-axis images were
obtained with a mechanical scan probe. Short-axis images were
further analyzed to derive M-mode images at the midpapillary
level. Fractional shortening (FS) and ejection fraction (EF) were
calculated by Vevo Analysis software according to the manufac-
turer’s instructions.

Cardiac fibroblast isolation and cell (co)culture
Two-day-old C57BL/6 mice were subjected to a cardiac fibroblast
isolation protocol. Briefly, the hearts were harvested, rinsed with
PBS, and cut into fine pieces. Then, the hearts were digested (600
U/mL collagenase II with 60 U/mL DNase I, Sigma), and
erythrocytes were lysed (BD Bioscience) and filtered through a
70-μm cell strainer (BD Bioscience) to obtain a single-cell
suspension of fibroblasts. Peritoneal macrophages were isolated
as previously reported [25]. Peritoneal macrophages were isolated
at 72 h after α-GC or OCH treatment and then cocultured with
fibroblasts in a Transwell system (106 macrophages cocultured
with 5 × 104 fibroblasts). Fibroblasts and macrophages were
treated directly with α-GC (100 ng/mL) [26]. The coculture
supernatants were then analyzed by collagens I and III (R&D
Systems), MCP-1, and MIP-1α (Cloud-Clone) ELISA kits according to
the manufacturer’s instructions.

Statistics
The results are presented as the mean ± SD. Statistical analysis
of differences between the means of two independent groups
was performed by Student’s t test, whereas one-way ANOVA was
used for multigroup comparisons (using LSD for intergroup
comparisons). Statistical significance was defined as P < 0.05 or
P < 0.01. Statistical analysis was performed with SPSS 22.0.

RESULTS
Activation of iNKT cells by αGC accelerates progressive ISO
stimulation-induced cardiac fibrosis in mice
First, we tested whether activated iNKT cells have a detrimental
effect on normal cardiac function and morphology. αGC (3 μg/
mouse) was administered to 8-week-old mice once every other
day for a month. Echocardiography is considered a first-line
imaging method for cardiac function evaluation both clinically [27]
and in mouse models. FS is the ratio of the diameters of the left
ventricle at end diastole and end systole. EF is the percentage of
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blood pumped out of the heart as it contracts. As demonstrated in
Fig. 1 by morphological staining and echocardiography, we found
no observable changes in the hearts of αGC-treated mice
compared to those of wild type mice. To determine whether
activated iNKT cells impact the heart under pathological stress, we
used a pathological cardiac hypertrophy model. Under chronic
stimulation of the β-adrenergic pathway with ISO, an irreversible
pathological response that resulted in prominent cardiac hyper-
trophy and myocardial fibrosis was induced in the mouse heart. To
determine whether αGC treatment enhances cardiac injury under
this stress condition, experimental mice received ISO (5 mg/
kg per day) stimulation for 7 days, and αGC (3 μg/mouse)
treatment was administered every other day for a total of three
times. As expected, ISO stimulation resulted in cardiac hyper-
trophy and an increase in inflammatory cell infiltration compared
to that induced by saline treatment (Fig. 2a–c). However,
compared to those of ISO-treated mice, the hearts of ISO/αGC-
cotreated mice presented with a significant increase in the
severity of collagen deposition despite similar heart weights
(Fig. 2a–c). Western blotting was used to analyze myofibroblast
activation using alpha smooth muscle actin (α-SMA) and TGF-β1
as molecular markers. We found slightly upregulated expression of
α-SMA and significantly enhanced expression of TGF-β1 in the
ISO/αGC-cotreated group compared with the ISO alone-treated
group (Fig. 2d–f). Cardiac function was evaluated by echocardio-
graphy. Our data indicated more severe impairment in cardiac
function in hearts from ISO/αGC-cotreated mice than in those
from mice treated with ISO alone (Fig. 2g–i).
As previously reported, ISO treatment is sufficient to induce the

myocardial expression of several proinflammatory cytokines,
which is important for promoting the progression of cardiac
injury and cardiac remodeling [28]. As αGC stimulates NKT cells to
produce both Th1- and Th2-like immune reactions, the levels of a
panel of Th1 and Th2 cytokines (IL-1β, IL-6, IL-10, IL-17A, TNF-α,
and IFN-γ) were analyzed to further evaluate cardiotoxicity
induced by αGC treatment. αGC treatment was found to promote
the elevation of cardiac IL-6 and IFN-γ expression induced by
chronic ISO stimulation, while the expression of TNF-α, IL-1β, IL-
17A, and IL-10 remained unchanged (Fig. 3). These results suggest
that αGC treatment under β-adrenergic stimulation can result in
enhanced inflammation and cardiotoxicity.

Activation of TH2-like iNKT cells by OCH attenuates progressive
ISO stimulation-induced cardiac fibrosis in mice
Previously, it was shown that αGC stimulates iNKT cells to acti-
vate both Th1- and Th2-like immune responses, while OCH, a

sphingosine-truncated analog of αGC, mainly stimulates the Th2-
like immune response. Given the roles of the immune response in
cardiac fibrosis at different stages, specifically the Th2-like
immune response, which is thought to exert regulatory effects
in early cardiac fibrosis [29, 30], we tested the role of Th2-like NKT
cell activation in the pathogenesis of cardiac fibrosis in response
to chronic ISO treatment. As demonstrated in Fig. 4, compared to
ISO treatment alone, OCH treatment significantly reduced heart
hypertrophy and fibrosis in response to ISO stimulation (Fig. 4a–c).
Consistently, TGF-β1 and α-SMA expression was reduced to
normal levels in OCH-treated hearts, suggesting that the activation
of myofibroblasts was inhibited by OCH (Fig. 4d–f). Echocardio-
graphy further indicated that OCH treatment partly rescued the
impairment of cardiac function caused by ISO (Fig. 4g–i). In
addition, OCH treatment significantly suppressed the upregulation
of IL-6 and TNF-α expression induced by ISO treatment (Fig. 5).
These results suggest that Th2-like NKT cell activation is able to
reduce chronic ISO-induced cardiac injury.

αGC and OCH differentially regulate the pathogenesis of ISO-
induced cardiac injury
In the clinic, rapid overactivation of sympathetic activity is
strongly associated with the common fight-or-flight response.
To test the effects of αGC and OCH on the cardiac response to
acute β-adrenergic stimulation, we administered αGC or OCH to
mice treated with a single dose of ISO (5 mg/kg) [21] and then
evaluated heart injury based on the degree of cardiac collagen
deposition. As shown in Fig. 6, consistent with the results
produced by chronic ISO treatment, αGC significantly promoted
ISO-induced cardiac collagen deposition, while OCH signifi-
cantly blocked this elevation. In addition, αGC treatment did
not promote ISO-induced cardiac weight gain, while OCH
treatment restored the relative cardiac weight (Fig. 6c).
Regarding cardiac cytokine concentrations, αGC treatment did
not alter the cardiac IL-6 concentration at 72 h after ISO
treatment, while OCH partly reversed the ISO-induced cardiac
IL-6 elevation (Fig. 6d). The cardiac concentrations of IL-17A and
IL-10 remained unchanged (Fig. S1), and IL-1β was not
detectable by the assay. In addition, the cardiac concentrations
of IFN-γ and TNF-α were surprising, as the expression patterns
of IFN-γ and TNF-α generally did not appear to correspond
with the observed morphological changes (Fig. 6e, f). IL-6, one
of the most commonly changed cytokines in our current
experimental setting, is a well-known proinflammatory
cytokine that has been reported to be a potential therapeutic
target in myocardial infarction (ClinicalTrials.gov Identifier:

Fig. 1 Effects of long-term αGC treatment on cardiac morphology and function. 3 μg of αGC was administered to 8-week-old mice once
every other day for 1 month. a HE staining and Masson’s trichrome staining were performed to evaluate cardiac morphology.
b Echocardiography was performed to evaluate cardiac function. The data are expressed as the mean ± SD.
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NCT03004703) and in experimental myocarditis [31]. Thus, we
administered an IL-6 neutralizing antibody to animals subjected
to αGC-induced cardiotoxicity. As shown in Fig. 7, morpholo-
gical staining revealed that IL-6 neutralization only partly
reversed αGC-induced cardiotoxicity, suggesting the complex-
ity of this kind of cardiac injury. In addition, these results further
support the notion that the Th1-like response promotes early
progression in cardiac injury, while the Th2-like response
inhibits this progression.

Cardiac macrophages in αGC-induced cardiotoxicity
The importance of cardioimmunology in health and disease is
now widely recognized, and macrophages are the dominant
cardiac leukocytes [32, 33]. Previous reports have revealed that
cardiac-infiltrated macrophages promote pressure overload-
induced cardiac remodeling [34, 35]. Since αGC-induced
cardiotoxicity significantly changes the cardiac inflammatory
status, we hypothesized that αGC-induced cardiotoxicity may be
closely related to the composition of macrophages. As shown

Fig. 2 iNKT cells activated by αGC accelerate progressive ISO stimulation-induced cardiac fibrosis in mice. WT C57BL/6 mice received ISO
(5mg/kg per day) alone for 7 days or together with αGC (3 μg/mouse) every other day. a HE staining and Masson’s trichrome staining were
performed, and the fibrotic area/LV percentage (b) and ratio of heart weight to body weight (c) were calculated. d, e, f Whole-heart lysates
were subjected to immunoblotting with the indicated antibody. GAPDH was used as the loading control. The data are expressed as a ratio of
the experimental value to the mean value of the saline group. g, h, i Echocardiography was performed to evaluate cardiac function. The data
are expressed as the mean ± SD. *P < 0.05 and **P < 0.01.
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previously, C-C chemokine receptor type 2 (CCR2) labels cardiac-
infiltrated adult monocyte-derived macrophages [34, 36]. Flow
cytometry showed that compared with saline treatment, ISO
stimulation significantly increased the infiltration of CCR2+

macrophages, and αGC treatment slightly aggravated this
infiltration (Fig. 8a, b). In contrast, unlike saline, OCH treatment
reversed chronic ISO stimulation-induced macrophage infiltra-
tion to a normal level (Fig. 8b). The levels of MCP-1 and MIP-1α,
the two most important chemokines that mediate cardiac
macrophage infiltration [37], were also determined by ELISA kits.
Our results revealed the same tendency: αGC promoted the
expression of MCP-1 and MIP-1α, while OCH inhibited ISO-
induced promotion of chemokine expression (Fig. 8c, d). In
addition, a single injection of αGC alone resulted in progressive
cardiac macrophage infiltration, which peaked at 72 h after ISO
treatment, in a time-dependent manner (Fig. S2a). Interestingly,
a single injection of OCH decreased macrophage infiltration first
and then promoted infiltration (Fig. S2b). Short-term αGC or
OCH treatment did not affect the relative weight of cardiac
tissues (Fig. S2c, d). It has been shown that the first several
hours of cardiac macrophage infiltration are critical for the
promotion of ISO-induced cardiac injury [21]. Thus, our findings
may explain the contradiction between the activation of IFN-γ
and TNF-α and cardiac morphological phenotypes. A single
injection of αGC or OCH did not affect the relative weight of
the heart.
To confirm the role of macrophages in αGC-induced cardio-

toxicity in vitro, primary peritoneal macrophages were isolated,
purified, stimulated with αGC or OCH, and cocultured with mouse
primary cardiac fibroblasts (Fig. 9b). Flow cytometry revealed that
αGC pretreatment increased the proportion of CCR2+ macro-
phages, while OCH pretreatment did not change the proportion of
CCR2+ macrophages (Fig. 9a). In this coculture system, we found
that αGC pretreatment significantly promoted macrophage

migration, while there was no significant macrophage migration
following OCH pretreatment (Fig. 9c). In the supernatant of the
cocultures, the concentrations of collagen I, collagen III, MCP-1,
and MIP-1α were determined by ELISA. αGC treatment signifi-
cantly promoted collagen III, MCP-1, and MIP-1α secretion, while
OCH significantly decreased collagen III and MCP-1 secretion
(Fig. 9d–f). The collagen I level was unchanged in the coculture
supernatant regardless of pretreatment (Fig. 9d). Direct treatment
of primary cardiac fibroblasts or primary peritoneal macrophages
with αGC did not promote the secretion of collagen I, collagen III,
MCP-1, or MIP-1α (Fig. S3). These results suggest that αGC-induced
cardiotoxicity is closely related to the cardiac composition of
macrophages.

DISCUSSION
Oncocardiology is a newly established research field aimed at
minimizing cardiovascular risk and preventing cardiovascular
disease in cancer treatment. Cardiotoxicity in cancer treatment
was initially reported as early as the 1960s, when cardiovascular
dysfunction associated with the use of daunomycin was
documented [38]. Recently, a phase I clinical trial in which
neuroblastoma was treated with GD2-CAR-NKT cells was per-
formed [39]. The initial finding suggested that the treatment lead
to cardiomegaly, a clear sign of cardiotoxicity (NCT03294954).
Consistently, our present study revealed that therapies involving
iNKT cell activation by αGC may promote cardiotoxicity in hearts
exposed to pathological β-adrenergic signaling activation. The
findings suggest the importance of cardiac pathological surveil-
lance in iNKT cell-based cancer immunotherapy.
According to published epidemiological studies, more than half

of patients with cancer therapeutic-related cardiac dysfunction die
within 2 years of treatment [40, 41]. Although the underlying
mechanisms associated with some chemotherapy-mediated

Fig. 3 Cytokine expression patterns after administration of ISO (5mg/kg per day) alone for 7 days or with αGC (3 μg/mouse) every other
day. Whole-heart lysates were subjected to multiplex immunoassays to determine the protein concentrations of IL-6 (a), IFN-γ (b), TNF-α (c),
IL-1β (d), IL-17A (e), and IL-10 (f). The data are expressed as the mean ± SD. *P < 0.05 and **P < 0.01.
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cardiotoxicities have been well studied, the full spectrum of
immunotherapy-induced cardiac injuries is poorly defined. To our
knowledge, the present study revealed for the first time that iNKT
cell activation-based tumor immunotherapy could be potentially
harmful to the heart if care is not taken. As it was demonstrated
that αGC-promoted cardiotoxicity can be partly inhibited by an IL-
6 neutralizing antibody, it is highly likely that the cardiotoxicity of
iNKT cell activation is largely due to the promotion of prior cardiac
injury mediated by pathogenic cytokines. This finding is consistent
with the clinical observation that potentially life-threatening
cytokine release syndrome (CRS) is the main adverse effect of
chimeric antigen receptor T-cell therapy. CRS [42, 43], which is
characterized by signs of supraphysiological levels of inflamma-
tory cytokines, is the most common toxic effect of CAR-T therapy

and has a remarkably high incidence rate (70%–90%) [44]. In
addition, in accordance with previously published literature [31],
we also found that blocking cytokine release was potentially
cardio-protective. However, our work also revealed that, unlike
CAR-T therapy, NKT cell activation might profoundly affect innate
immune cell infiltration of cardiac tissues, which could be another
critical driver of cardiac injury. A previous report by Xiao et al.
demonstrated that cardiac innate immune cell dysfunction is
secondary to ISO stimulation-induced IL-18 release [21]. Therefore,
the relationship between CRS and cardiac immune cell infiltration
in the setting of immunotherapy needs to be further determined.
Interestingly, our study also suggested that the activation of

Th2-like iNKT cells is beneficial to the heart. Taking advantage of
different cell-surface markers and signature transcription factors,

Fig. 4 iNKT cells activated by OCH attenuate progressive ISO stimulation-induced cardiac fibrosis in mice. WT C57BL/6 mice received ISO
(5mg/kg per day) alone for 7 days or with OCH (3 μg/mouse) every other day. a HE staining and Masson’s trichrome staining were performed,
and the fibrotic area/LV percentage (b) and ratio of heart weight to body weight (c) were calculated. d, e, fWhole-heart lysates were subjected
to immunoblotting with the indicated antibody. GAPDH was used as the loading control. The data are expressed as a ratio of the experimental
value to the mean value of the saline group. g, h, i Echocardiography was performed to evaluate cardiac function. The data are expressed as
the mean ± SD. *P < 0.05 and **P < 0.01.
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Fig. 6 αGC and OCH differentially regulate the pathogenesis of cardiac injury induced by a single dose of ISO. WT C57BL/6 mice were
pretreated with αGC or OCH and then received ISO (5mg/kg per day) only once. a HE staining and Masson’s trichrome staining were
performed, and the fibrotic area/LV percentage (b) and ratio of heart weight to body weight (c) were calculated. Whole-heart lysates were
subjected to multiplex immunoassays to determine the protein concentrations of IL-6 (d), IFN-γ (e), and TNF-α (f). The data are expressed as
the mean ± SD. *P < 0.05 and **P < 0.01.

Fig. 5 Cytokine expression patterns after administration of ISO (5mg/kg per day) alone for 7 days or with OCH (3 μg/mouse) every other
day.Whole-heart lysates were subjected to multiplex immunoassays to determine the protein concentrations of IL-6 (a), IFN-γ (b), TNF-α (c), IL-
1β (d), IL-17A (e), and IL-10 (f). The data are expressed as the mean ± SD. *P < 0.05 and **P < 0.01.
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functional iNKT cell subsets can be distinguished. Generally, two
major iNKT subsets have been identified: one is proinflammatory
iNKT cells (NKT1 and NKT17 cells), which are analogous to Th1 and
Th17 cells and mainly secrete IL-2, IL-17, IL-22, TNFα, and IFNγ; the
other is regulatory iNKT cells (NKT2, NKT10, and NKTFH cells),
which are analogous to Th2, Th10, and regulatory T cells (TReg) and
mainly secrete IL-4, IL-10, IL-13, and IL-21 [7]. This functional
heterogeneity of iNKT cells explains why NKT cells play opposite
roles in different immune-related diseases. For example, iNKT cell
activation helps fight hepatitis C virus infection through rapid
expansion and IFNγ production [45], while hepatic iNKT cell
accumulation and IL-13 production promote nonalcoholic steato-
hepatitis and hepatic fibrosis [46].
In a mouse model of myocardial ischemia/reperfusion-

induced cardiac injury, reports have revealed that αGC treat-
ment ameliorates postinfarct cardiac remodeling [46, 47]. In
addition, αGC administration has also been reported to
attenuate angiotensin II-induced cardiac remodeling in mice.
Both of the independent groups behind these studies noted
that the protective role of iNKT cell activation in cardiac
remodeling may occur via IL-10 signaling [48]. Our current
study revealed that αGC administration promoted ISO-induced
cardiac injury. Although the mechanism of ISO-induced cardiac
fibrosis is complex, the initiation of cardiac injury induced by ISO
is closely related to myocyte necrosis [49]. Necrotic myocytes
then initiate cardiac inflammation (mainly Th1-like reactions)
and collagen synthesis and deposition. Based on such observa-
tions, targeting early stage inflammation is thought to be
beneficial for preventing the progression of cardiac fibrosis
[29, 30, 50]. As the previously developed iNKT cell agonist αGC

stimulates the release of a mixture of proinflammatory and
regulatory cytokines while OCH stimulation results in the release
of primarily regulatory cytokines, we believe that regulatory
cytokines may limit ISO-induced cardiac injury. In addition, as
regulatory cytokines inhibit antitumor immunity, we anticipate
that it would be difficult to treat cardiac injury with these
cytokines.
Some limitations of the present study are worth mentioning.

First, the number and functional subsets of iNKT cells are
different between humans and mice [7, 8]. In mice, iNKT cells
can account for up to 20%–50% and 10%–25% of the T cells in
the liver and adipose tissue, respectively. Significantly less
proportions (<2%) of iNKT cells can also be found in the murine
thymus, spleen, and blood. Only adipose tissue exhibits a
comparable frequency of iNKT cells in humans, while in other
human organs (the liver and blood), there are much fewer
iNKT cells than in mouse organs. Limited by sample accessibility,
the subsets of iNKT cells in humans are less well documented as
well. Second, αGC administration was not performed in a tumor-
bearing context in the present study, and the cardiotoxicity of
proinflammatory NKT activation remains to be further con-
firmed. Third, in situ cardiac iNKT cell identification was not
performed because of technical limitations. We and another
group found that current techniques for iNKT cell identification
are poor [51]. Further studies utilizing genetically modified mice
for in situ iNKT cell observation during the pathogenesis of
cardiac remodeling are needed.
Our study indicates that the activation of iNKT cells by αGC

promotes and OCH alleviates, cardiac injury induced by β-
adrenergic stimulation, suggesting that there are key differences

Fig. 7 αGC-induced acceleration of progressive ISO stimulation-induced cardiac fibrosis was partly reversed by an IL-6 neutralizing
antibody. WT C57BL/6 mice received ISO (5 mg/kg per day) alone for 7 days or together with αGC (3 μg/mouse) every other day following
IL-6 neutralizing antibody (50 μg/mouse) pretreatment. a HE staining and Masson’s trichrome staining were performed, and the ratio of
heart weight to body weight (b) and fibrotic area/LV percentage (c) were calculated. The data are expressed as the mean ± SD. *P < 0.05
and **P < 0.01
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Fig. 8 Cardiac macrophages in αGC-induced cardiotoxicity. a–c Hearts were harvested frommice stimulated with ISO (5mg/kg per day) alone
for 7 days or together with αGC or OCH every other day. a FACS was used to analyze the proportions of macrophages and adult monocyte-
derived macrophages (infiltrated) in the hearts. b The percentage of CCR2-positive macrophages among CD11b+F4/80+ cells was calculated.
c, d Whole-heart lysates were subjected to ELISA immunoassays to determine the protein concentrations of MCP-1 and MIP-1α. The data are
expressed as the mean ± SD. *P < 0.05 and **P < 0.01.

Fig. 9 The effect of iNKT cell activation on naive fibroblast cells. αGC- or OCH-stimulated primary peritoneal macrophages were isolated,
purified, and cocultured with mouse primary cardiac fibroblasts. a The percentage of CCR2-positive macrophages among CD11b+F4/80+ cells
was calculated. b Schematic diagram of the coculture system. c Representative image of migrated cells. The protein concentrations of collagen
I (d), collagen III (d), MCP-1 (e), and MIP-1α (f) in the supernatants of cardiac fibroblasts were determined at the indicated time points with a
commercialized ELISA kit. The data in graphs represent the mean ± SD. **P < 0.01.
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among subpopulations of iNKT cells in their response to cardiac
pathophysiological stimulation. Thus, it is important to evaluate
the potential cardiotoxicity of various potential cancer treat-
ments based on the strategy of iNKT cell activation.
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