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An IL6 variant -174 G-C alters cardiac
hypertrophy but not cardiometabolic
responses to HFD in mice

Check for updates

LEWatson1,2,3 , M. Annandale2, CL MacRae1,3, J. Bai2, J. Dayaram2, N. Burgess2, C. Puliuvea4,
P. Kallingappa5, CPHedges1,3, RF D’Souza1,2,3, KLWeeks6,7, N. Fleming3,8, TLMerry1,3 & KMMellor2,3,9

Chronic elevations in interleukin-6 (IL6) signaling have been shown to exacerbate features of
cardiometabolic disease. A common variant in the IL6 promoter (location -174 G/C, identifier
rs1800795) is associated with increased circulating IL6, and increased cardiometabolic disease
incidence in some populations. This study’s objective was to isolate the impact of this gene variant on
cardiometabolic responses tometabolic stress, using knock-inmice with a GGwildtype or variant CC
genotype for themurine homolog of rs1800795.Male and female IL6 variant CCmice on a high fat diet
exhibited enhanced systemic IL6 levels but similar weight gain, energy expenditure, adipose tissue
inflammation, glucose homeostasis, and cardiac function relative to control GGmice. Sex differences
in the effect of the IL6 variant on cardiomyocyte dimensions were observed, with male variant mice
exhibiting smaller cardiomyocyte volume, and female variant mice exhibiting larger cardiomyocyte
volume with smaller raw heart mass relative to control GG mice. These findings suggest that, in a
controlled experimental setting, the IL6 promoter variant (−174 G/C) does not increase susceptibility
to cardiometabolic disease. Further work is required to understand the mechanistic link between this
IL6 variant and associated increased cardiometabolic risk observed in population studies.

Cardiometabolic disease affects approximately 20–25% of the adult
population worldwide1, with genetic variation playing a significant role
in influencing disease onset and progression2. Genetic variants impli-
cated in cardiometabolic and cardiovascular disease are increasingly
being targeted in precision medicine for improved diagnosis, screening,
and disease management3. Interleukin-6 (IL6) is a cytokine with pro-
inflammatory functions4. Increased circulating adipose-derived IL6
levels induce proliferation of adipose tissue macrophages5,6, associated
with adipose tissue expansion and systemic low-grade chronic inflam-
mation, a key factor in the development of insulin resistance7–9, and
atherosclerotic plaques10. Increased levels of circulating IL6 have addi-
tionally been associated with cardiomyocyte hypertrophy11 and
decreased cardiac contractile function12. In population studies, chroni-
cally elevated IL6 levels have been linked to increased mortality from
cardiovascular disease13,14.

A common variant in the IL6 promoter region (−174G/C, rs1800795)
hasup to42%prevalence15 and is associatedwith increasedcirculating IL6 in
patients with cardiovascular disease and in healthy subjects16. This IL6
variant has been associatedwith increased prevalence of elevated bodymass
index and increased risk of developing type 2 diabetes17–19. Further, the risk
of developing coronary artery disease is increased by 16% (for GC hetero-
zygotes) and 48% (for CC homozygotes) in a meta-analysis of multi-ethnic
studies20. In a recent study of >1000 cardiovascular disease cases in a Cau-
casian population, the homozygous CC genotype was associated with an
increased risk of death from adverse cardiovascular events over a 10-year
monitoring period21. In contrast, another recent meta-analysis suggested
that the IL6 variant C allele is associated with a decreased susceptibility to
type 2 diabetes in Asian populations22. Taken together, these studies suggest
that the IL6 variant may be a significant risk allele in the pathogenesis of
cardiometabolic disease. Because an association has not yet been fully
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elucidated from existing human studies, this highlights the need for animal
studies to determine a potential causative link.

We have previously reported that the IL6 variant C allele heightens
production and secretion of IL6 under acute exercise conditions in novel
knock-in mice with a wild-type GG or variant CC genotype for the murine
homolog (Il6) of rs180079523. There is additional evidence that the IL6 gene
displays increased promoter activitywhen theCallele variant is expressed in
fibroblast cells24. We suspect that the IL6 variant C allele may increase
production and/or secretion of IL6 under chronic metabolic stress condi-
tions and thus contribute to the development of cardiometabolic disease.
Therefore, the aim of our study was to utilize our knock-inmousemodel to
examine the effects of the Il6 variant, in a tightly controlled experimental
setting, on cardiometabolic responses to a high fat diet (HFD). We hypo-
thesized that under HFD conditions, mice with the variant C allele would
display greater impairment in cardiometabolic health due to alterations in
IL6 signaling.

RESULTS
The Il6 variant CC genotype does not increase weight gain or
impair body composition in HFD mice
Due to reported associations between the IL6 variant and increased body
mass index (BMI) in human studies17–19, we investigated whethermice with
the CC genotype gainedweight at a greater rate thanGGgenotypewhen fed
a high-fat diet (HFD). Therewas no effect of genotype on cumulativeweight
gain over the 10-week HFD intervention in male or female mice (Fig. 1A).
At the end of theHFD intervention,% totalweight gain and% fatmasswere
assessed with no genotype effect observed in either measure for males or
females (Fig. 1B, C). Additionally, no differences in fat distribution were
observedwith the IL6 variant in eithermale or femalemice, as subcutaneous
and gonadal (visceral) fat masses were similar between CC and GG mice
(Supplementary Table 1). Weights of liver, gastrocnemius, and tibialis
anterior muscles additionally remained similar between genotypes
(Fig. 1D). These data suggest that the Il6 variant does not exacerbate body
weight or fat mass gain in mice on an HFD.

The Il6 variant CC genotype does not impair energy expenditure
or substrate metabolism in HFD mice
We previously reported that the Il6 variant CC genotype does not alter
energy expenditure or substrate metabolism in young chow-fed mice23, –
but we speculated that this may be altered in response to a HFD interven-
tion. Energy expenditure over 48 h, when adjusted for body weight, was
similar between genotypes in bothmale (Fig. 2A) and female (Fig. 2B)mice.
Similarly, no effect of genotype was observed in whole-body substrate
metabolism(measured in respiratory exchange ratioof carbohydrate to fatty
acid oxidation) in mice of both sexes (Fig. 2C, D). Collectively, this suggests
that the variant is unlikely to alter either of these metabolic parameters in
isolation.

Il6 variant CC genotype increases systemic IL6 levels but does
not exacerbate adipose tissue inflammation in HFD mice of
either sex
Wepreviously reported that the Il6 variant did not alter basal circulating IL6
in sedentary chow-fedmice23. Given thatHFDhas been reported to increase
IL625, we theorized that an effect of the IL6 variant on IL6 levelsmay emerge
in the HFD setting of heightened systemic and tissue inflammation. Cir-
culating IL6 concentrations were elevated in HFDmale and female variant
mice (Fig. 3A), similar toprior evidence that the variant enhancedmuscle Il6
gene transcription and plasma IL6 levels following exercise23. However, no
effect of genotype was observed on subcutaneous and gonadal populations
of myeloid cells or macrophages in male or female mice (Fig. 3B, C).
Additionally, no effect on the ratio of M1:M2 macrophages was observed
between genotypes in subcutaneous and gonadal fat pads of male or female
mice (Fig. 3D). Overall, these data suggest that the Il6 variant may increase
systemic IL6 levels in HFD-fed mice but does not impact adipose tissue
inflammation in HFD-fed mice.

Glucose homeostasis is not impaired by the Il6 variant CC gen-
otype in HFD mice
Given the reported associations between the Il6 variant and impaired glu-
cose tolerance, we investigated the possible effects of the Il6 variant on
glucose homeostasis inmice on anHFD. Following a 6 h fast, similar fasting
blood glucose levels were observed between genotypes in both male and
female mice (Table 1). No differences in glucose or insulin tolerance were
observed between genotypes of male or female mice (Table 1, Fig. 4A, B).
These data suggest that the Il6 variant does not exacerbate HFD-induced
glucose or insulin handling in either male or female mice.

Cardiac function is not impaired by the Il6 variant CCgenotype in
HFD mice
Human studies have shown that the IL6 variant has been associated with an
increased risk of poor cardiovascular prognosis21, so we investigated the
effect of the Il6 variant on cardiac function parameters in HFD mice.
Overall, cardiac output and stroke volume remained consistent between
genotypes in both males and females (Table 2). Systolic function was
unaffected by Il6 genotype, with no differences observed in left ventricular
ejection fraction, fractional shortening, or end-systolic volume inbothmales
and females (Table 2). Similarly, diastolic functionwas also unaffectedby Il6
genotype, with no differences observed in the E/e’ ratio of early mitral valve
blood flow (E wave) to early mitral annulus tissue velocity (e’ wave), or in
end-diastolic volume in both males and females (Table 2). These data
suggest that the Il6 variant does not exacerbate HFD-induced cardiac dys-
function in either male or female mice.

The Il6 variant has differential effects on cardiomyocyte size in
male and female HFD mice
Pathological cardiac hypertrophy occurs in response to adverse metabolic
changes in the heart and generally precedes heart failure26. Although we did
not observe an effect of Il6 variant genotype on functional changes in the
heart in HFD mice, we sought to determine the effect of the variant on
changes in cardiac morphology that may be preceding functional change.
Surprisingly, the Il6 variant elicited differential effects on heart and cardi-
omyocyte size inmales and females. Overall, rawheart weights were smaller
in variant CC female mice (Fig. 5B), but remained consistent between
genotypes when adjusted for body weight (Fig. 5C). This, however, was
contradicted by an increase in cardiomyocyte area, length, width and
volume (Fig. 5D, Table 3). Increased cardiac Il6 mRNA expression was
observed in female CC variant mice, a trend that was also observed in male
CC variant mice but did not reach statistical significance (p = 0.0521,
Fig. 5E). We therefore estimated that female CC mice hearts contain fewer
numbers of cardiomyocytes (~10.4 million) than wild-type GG mice (~14
million) (Table 3). In the variantCCmales, however, total heartweights and
left ventricular mass remained similar with wild-type GG males (Table 3),
but a decrease was observed in cardiomyocyte area, length and volume
(Fig. 5, Table 3). We therefore estimated that male CC mice hearts contain
greater numbers of cardiomyocytes than wild-type GG mice (Table 3).

Discussion
The Il6 -174 G/C promoter variant has been shown to associate with
increased incidence of cardiometabolic disease. In this study, we utilized a
murine model of the IL6 -174 G/C promoter variant23 to examine its effect
on cardiometabolichealth in response to chronicmetabolic stress in a tightly
controlled experimental setting.We provide the first evidence that while the
Il6 promoter variant has some effect on systemic IL6 levels and cardiac
morphology, it has very little impact on the key features of cardiometabolic
disease. Variant and control mice exhibited a similar effect of the HFD on
weight gain, energy expenditure, substrate utilization, adipose tissue
inflammation, glucose homeostasis, and cardiac function. These findings
indicate that the Il6 -174 G/C genotype in isolation is unlikely to be a
significant risk factor for cardiometabolic disease and the association
between disease risk and the Il6 variant observed in human studies is more
complex.
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We observed interesting sex differences in cardiac hypertrophy in
response to the HFD in male and female variant CC mice. In males, car-
diomyocytes were smaller on average in variant mice, suggesting that these
mice were protected from HFD-induced cardiomyocyte hypertrophy.
Meanwhile, total heartweight and left ventricularmass remained consistent
between genotypes, so we estimated that variant CC males had greater
cardiomyocyte numbers on average. It has previously been demonstrated
that HFD feeding induces apoptosis of cardiomyocytes through the

inhibition of normal autophagy processes27. Although neither apoptosis nor
fibrosis were evaluated in the present study, our estimates of cardiomyocyte
number suggests that variant CC males may be protected against HFD-
induced apoptosis and further investigation is warranted. Conversely, the
opposite effect was observed in variant females, with larger cardiomyocytes
but smaller hearts corresponding to fewer cardiomyocytes. Interestingly,
estrogen signaling has been shown to be protective against cardiac hyper-
trophy, apoptosis and fibrosis through expression of estrogen receptors on

Fig. 1 | The Il6 variant CC genotype does not alter weight gain or body compo-
sition in HFD-fed mice. A Total weight gain of male and female mice during
10 weeks of HFD feeding. B Percentage gain in total body weight of male and female
mice following the 10 week HFD intervention.C Percentage gain in fat mass of male

and femalemice following the 10 weekHFD intervention (D) Tissue weights ofmale
and female mice following the 10 week HFD intervention. Data are presented as
individual values, mean ± SEM. n = 12–21 per group. Data were analyzed by mixed
effects model (A) and Student’s T-test (B–D).
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Fig. 2 | The Il6 variant CC genotype does not alter energy expenditure or sub-
strate metabolism in HFD-fed mice. A Energy expenditure over 48 h time course
for male mice adjusted for body weight+ average energy expenditure per light-dark
cycle. B Energy expenditure over 48 h time course for female mice adjusted for body
weight + average energy expenditure per light-dark cycle. C Respiratory exchange

ratios (RER) over 48 h time course (males) + average RER per light-dark cycle (D)
RER over 48 h time course (females) + average RER per light-dark cycle. Data are
presented as mean ± SEM. n = 8–10 per group. Data were analyzed by two-way
ANOVA with Tukey’s multiple comparison tests.
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the surface of cardiomyocytes28,29. Thus, our observation that female IL6
variant mice displayed cardiomyocyte hypertrophy relative to control mice
could be explained by a potential effect of the IL6 variant ondownregulation
of estrogen signaling. A link between decreased estrogen signaling and
increased IL6 levels and cardiovascular disease has been identified30,31, which
suggests that increased circulating and cardiac IL6 in the variant CC females

may be offsetting some of the protective effects of estrogen signaling on the
cardiomyocytes. Further investigation is required to confirm this speculative
mechanism. Thus, variant CC females may be predisposed to both HFD-
induced cardiomyocyte hypertrophy and apoptosis, offsetting the increased
cell size with increased cell death and resulting in smaller heart size.
Increased IL6 signaling is known to promote cardiac hypertrophy through

Fig. 3 | Il6 variant CC genotype increases systemic
IL6 levels but does not exacerbate adipose tissue
inflammation in HFD mice of either sex. A IL6
concentration (pg/ml) in the plasma of male and
female HFD mice. B Total adipose myeloid cell
population (% of CD45+ parent cell population) in
subcutaneous (sub) and gonadal fat pads of male
and female HFD mice. C Total macrophage cell
population (% of myeloid cell lineage) in sub-
cutaneous (sub) and gonadal fat pads of male and
female HFDmice.DM1 (pro-inflammatory) to M2
(anti-inflammatory) ratio of macrophages per gram
of individual fat pad weight in subcutaneous (sub)
and gonadal fat pads of male and female HFDmice.
Data are presented as individual values, mean ±
SEM. n = 8–10 per group. Data were analyzed by
Mann–Whitney U-test (A) and Student’s T-test
(B–D). Significance was determined at *p < 0.05,
**p < 0.01 and ***p < 0.001.
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increased oxidative stress and mitochondrial dysfunction caused by con-
tinuous activation of the gp130/STAT3 signaling pathway32. Additionally,
cardiomyocytes have been demonstrated to produce IL6 in response to
hypoxic and ischemic stress33,34. Both circulating and cardiac IL6 were ele-
vated in the Il6 variant mice (although cardiac Il6 mRNA did not reach
significance inmales) whichmay underlie the cardiac remodeling observed.
Quantification of cardiac-specific macrophages, apoptosis or fibrosis were
not performed in this study but would provide valuable insight into any
effects of the increased systemic IL6 signaling in cardiac inflammatory
responses. Further research iswarranted to assess the effect of this variant on
inflammatory responses in the heart.However, these observeddifferences in
cardiac hypertrophy in male and female variant mice were insufficient to
induce changes in cardiac function, with both systolic and diastolic function

remaining consistent betweengenotypes inmiceof both sexes after10weeks
on the HFD intervention. This is likely due to no observable differences in
left ventricle dimensions (end-diastolic and end-systolic volumes) between
genotypes that would likely have functional effects. Overall, these findings
suggest that the Il6 variant may alter cellular numbers and morphology in
the heart sex-specifically, possibly due to changes in intra-cardiac
IL6 signaling, and provides an important lead for further investigation.

Despite the observed alterations in cardiac hypertrophy, we detected
very little impact of the Il6 variant in other cardiometabolic health para-
metersmeasured inmale and femalemice. Interestingly, circulating IL6was
elevated inmale and female variantmice, but this did not have ameasurable
impact on adipose tissue inflammation, weight gain, energy expenditure,
glucose intolerance or cardiac function. We have previously reported that
the Il6 variant upregulates production and secretion of IL6 in muscle in
response to exercise23, therefore, it is likely that in a high fat diet setting of
elevated IL6 production25,35–37, the variant further enhances the production
and secretion of IL6 from adipose tissue, but not to a degree where this has
measurable effects on the adipose inflammatory response. It is worth noting
that male variant mice exhibited greater circulating IL6 levels than females
(averaging around 10-fold greater). This is consistent with previous asso-
ciations betweenmale sex and increased circulating IL6 levels in response to
inflammation reported in human studies38,39. Our observations support the
associations reported in existing literature between the human IL6 -174G/C
promoter variant and increases in circulating IL6 but contradict the asso-
ciation between this variant and increased prevalence of cardiometabolic
disease. Two recent Mendelian randomization studies identified 8 and 34
independent genetic variants in the IL6 and soluble IL-6 receptor (IL6R)

Table 1 | Glucose homeostasis is unchanged by the Il6 variant
CC genotype in HFD-fed mice

HFD Male HFD Female

GG control CC variant GG control CC variant

Fasted blood
glucose (mM)

10.1 ± 0.4 9.7 ± 0.4 9.3 ± 0.4 8.9 ± 0.5

Glucose tolerance
test AUC

1795 ± 48.3 1951 ± 72.1 1510 ± 48.3 1580 ± 50.4

Insulin tolerance
test AUC

940.6 ± 50.1 1045 ± 81.4 667.2 ± 50.1 665.5 ± 47.7

Data are presented as mean ± SEM. n = 12–21 per group. Data were analyzed by Student’s T-test.

Fig. 4 | Glucose homeostasis is unchanged by the Il6 variant CC genotype in HFD-fed mice. A Glucose tolerance curves for male and female mice. B Insulin tolerance
curves for male and female mice. n = 12–21 per group. Data are presented as mean ± SEM.
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gene respectively that potentially associate with cardiovascular disease
susceptibility14,40. We therefore speculate that the IL6 -174 G/C promoter
variantmay be amarker rather than a causative variant, and in isolation it is
unlikely to be a significant risk allele for the development of cardiometabolic
or cardiovascular disease. However, additive effects of other SNPs in the IL6
or IL6R genes may result in more dramatic alterations in IL6 signaling in
response to chronicmetabolic stress. Furthermore, some of the associations
reported are ethnicity-specific, with the IL6 -174 G/C promoter variant
being shown to have a detrimental effect on cardiometabolic risk in Cau-
casian populations21, but contradictorily a protective effect in Asian
populations22. Our observation that the male variant mice had a decreased
M1:M2 ratio in the subcutaneous fat could hint at a potential protective
effect of this variant underHFDconditions.However, as we did not observe
changes in weight gain, glucose homeostasis or cardiac function, we cannot
establish whether there is an overall benefit of the variant on cardiometa-
bolic health in our model. Therefore, further research is warranted to
investigate potential additive effects of different risk alleles in IL6 and IL6R
on prevalence of these diseases.

In our model, cardiomyocyte volume was calculated using a pre-
determined rendered cell volume constant derived from studies using rat
cardiomyocytes41. We have extrapolated this calculation for use in our
mice hearts as we did not have access to 3D cell culture imaging. The
average number of cardiomyocytes was then estimated using average
total heart weight adjusted for a pre-determined value that up to 85% of
an adult mouse heart volume is composed from myocytes42. Because we
are using two different assumptions to estimate the number of myocytes
in an ‘average’ heart per genotype and sex, and our calculation does not
account for any fibrosis or apoptosis that may be present in these hearts,
we are limited in the conclusions that can be drawn from these values.
Given that a key finding of this study relates to myocardial and cardio-
myocyte structural remodeling, assessing markers of cell death and col-
lagen deposition should be prioritized in further characterizing the effect
of the IL6 variant on the cardiac response to HFD. Our model is addi-
tionally limited by the length of time that the mice were exposed to the
HFD intervention. 10–12 weeks ofHFD feeding is well documented to be
sufficient in inducing obesity, insulin resistance and cardiac dysfunction
in C57 mice43,44. None of these parameters were affected by Il6 variant
genotype in our mice, but we did observe effects of the Il6 variant on
cardiac hypertrophy and circulating IL6. Thus, we speculate that ongoing
extended HFD intervention may potentially result in cumulative struc-
tural and functional impacts in the hearts of male and female mice that
are altered by Il6 variant genotype.

In conclusion, the Il6 promoter variant increases circulating IL6 and
alters cardiac hypertrophy in a sex-specific manner but has very little effect
onotherparameters of cardiometabolic health in bothmale and femalemice
under 10-week HFD conditions. This indicates that the IL6 -174 G/C
genotype is unlikely tobe a significant risk factor for cardiometabolic disease
in isolation and other factors (eg additional variants) may play a role in the
observed increased disease risk observed in human studies.

Methods
Experimental animals
All animal experiments were approved by theUniversity of Auckland Ethics
Committee (AECApprovalNumber2280) and compliedwith the guidelines
and regulations of the Code of Practice for the Care and Use of Animals for
Scientific Purposes. Knock-in mice with wild-type GG and variant CC
genotypes of a C57Bl/6 J background strain were developed by the Rodent
Genome Engineering Resources, Vernon Jansen Unit (VJU) at the Uni-
versity of Auckland, as previously described23. Animals were housed in a
temperature-controlled environment at 22 °C with 12-h light/dark cycles.
Upon weaning until 10 weeks of age, animals were fed chow diet (TekLad
Madison, WI USA) and water was provided ad libitum. At 10 weeks of age,
animalswere randomlyassigned to experimental groupsandwere fedahigh-
fat diet (60% fat by calorie content; SF13-092; Specialty Feeds, Australia) ad
libitum along with water. All in vivo phenotyping was performed once mice
had been on the high-fat diet intervention for 10 weeks, with a minimum of
48 h recovery time in between each phenotyping test. All phenotyping tests
were conducted during the light cycle (between 6am and 6pm).

Body composition
Body composition (fat mass) of the mice was assessed using an EchoMRI
(LLC, Houston, TX, USA).

Indirect calorimetry
Indirect calorimetry to assess energy expenditure and respiratory exchange
ratio was undertaken in individually housedmice using a Promethion Core
metabolic cage system (Sable Systems Las Vegas, NV USA). Mice were
acclimatized for 48 h before data were collected for 48 h. Mice had ad
libitum access to tap water and their study diet throughout both acclima-
tization and data recording phases. All data were recorded continuously
from 12 cages simultaneously and processed into 15min averages using
MacroInterpreter v.2.38.

Glucose and insulin tolerance tests
Insulin (ITT) andglucose (GTT) tolerance testswere performed in 6 h fasted
mice, by intraperitoneally injecting a bolus of insulin (0.75mU/g body
weight) or oral gavage of D-glucose (1.5mg/g body weight). Blood samples
were collected from tail vein bleeds at time points 0, 15, 30, 45, 60, 90,
120min post insulin/glucose bolus, and blood glucosewas determinedusing
a handheld glucometer (Accu-chek performa; Roche, Basal, Switzerland).

Echocardiography
Echocardiography was performed following 10 weeks of dietary interven-
tion. The mice were anaesthetized with isoflurane (4%, Baxter Healthcare)
mixed with oxygen and room air, andmaintained with 1.5–2.5% isoflurane
for the duration of the echocardiographic assessment (<45min per animal).
Transthoracic echocardiography was performed using the VEVO LAZR-X
3100 with a MX400 (21–44Hz) linear array transducer coupled to a digital
ultrasound system (FUJIFILMVisual Sonics).Micewere secured to a warm

Table 2 | Cardiac function is unchanged by the Il6 variant CC genotype in HFD-fed mice

HFD Male HFD Female

GG control CC variant GG control CC variant

Cardiac output (ml/min) 22.5 ± 1.2 22.4 ± 1.6 20.3 ± 1.0 19.6 ± 1.2

Stroke volume (µl) 43.8 ± 2.5 42.1 ± 2.9 38.8 ± 2.2 39.0 ± 1.7

Fractional shortening (%) 39.0 ± 1.6 42.2 ± 1.9 38.7 ± 2.1 36.7 ± 1.7

Ejection fraction (%) 69.9 ± 2.0 73.7 ± 2.2 69.4 ± 2.5 67.0 ± 2.2

E/e’ ratio 26.6 ± 1.1 28.2 ± 1.8 26.9 ± 1.3 28.0 ± 1.5

End-diastolic volume (µl) 62.7 ± 3.4 57.7 ± 4.6 56.2 ± 3.4 58.2 ± 1.7

End-systolic volume (µl) 18.9 ± 1.6 15.6 ± 2.2 17.5 ± 2.0 19.2 ± 1.5

Data are presented as mean ± SEM. n = 8–10 per group. Data were analyzed by Student’s T-test.
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Fig. 5 | The Il6 variant CC genotype has differential effects on cardiac and
cardiomyocyte size in HFD-fedmale and femalemice. A Representative images of
WGA-stained cardiomyocytes of male and female GG and CC mice. B Total heart
weights (raw values) of male and female GG and CC mice. C Total heart weights
(mg/g body weight) of male and female GG and CC mice. D Volume of

cardiomyocytes of male and female GG and CC mice, calculated by 7.59 × 10-3

×length (µm) × width (µm). E Cardiac IL6 mRNA expression levels in male and
female GG and CC mice. Data are presented as individual values ± SEM. n = 20–40
images derived from 3 animals per group. Data were analyzed by Student’s T-test.
Significance was determined at *p < 0.05 and **p < 0.01
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platform containing ECG lead pads throughout the procedure. All analyses
were performed by an investigator blinded to sex, genotype, and exercise,
using Vevo LAB software version 5.6.1 (FUJIFILM Visual Sonics).

M-mode echocardiography imaging. Left ventricular (LV) M-mode
two-dimensional echocardiography was performed in a parasternal
short-axis view at themid papillary level tomeasure LVwall and chamber
dimensions. LV volumes were derived from dimensions using the
Teichholz equation (end diastolic volume (EDV) = (7/(2.4+ LV internal
diameter at end-diastole (LVIDd))) x LVIDd; end systolic volume
(ESV) = (7/(2.4+ LVID at end-systole (LVIDs))) x LVIDs). Systolic
function parameters: % ejection fraction ((EDV –ESV)/EDV) x 100), and
% fractional shortening ((LVIDd - LVIDs)/(LVIDd) x100). At least 3
consecutive cardiac cycles were sampled per cineloop image and 3 images
per animal were analyzed and averaged.

Pulse wave Doppler and tissue Doppler imaging. Pulse wave Doppler
and tissue Doppler imaging were acquired from the apical 4 chamber
view to assess LV diastolic function parameters: velocity of mitral inflow
during early passive filling (E) and velocity ofmitral annulus during early
passive filling (e’) and E-wave deceleration time. At least 3 cardiac cycles
were sampled per cineloop image and 2–4 images per animal were ana-
lyzed and averaged.

Tissue and plasma collection
Mice were euthanized via CO2 inhalation. Blood was collected via cardiac
puncture (immediately following CO2 euthanasia) into tubes containing
EDTA and plasma was separated from whole blood by centrifuging at
6000 g for 5min. Tissues were rapidly dissected and weighed. Hearts were
washed in Kreb’s heart buffer (146mM NaCl, 4.69mM KCl, 0.35mM
NaH2PO4, 1.05mM MgSO4, 10mM HEPES, 11.1 mM D-Glucose, pH
7.40) and the cardiac mid-sections were dissected and fixed in 4% of par-
aformaldehyde (Sigma, cat#1.00496). Subcutaneous and gonadal fat pads
were collected in cold PBS.

Plasma analysis
Plasma IL6 concentrations were determined using a pre-coated Invitrogen
Mouse IL6 Enzyme-Linked Immunosorbence Assay (ELISA) High Sensi-
tivity Kit (ThermoFisher Scientific, Waltham, MA USA) according to the
manufacturer’s instructions.

Flow cytometry
To isolate the stromal vascular fraction, visceral (gonadal) and sub-
cutaneous fat pads were excised and chopped into fine pieces in 2 ml of
PBS, incubated in 6ml of digestion buffer (2mg collagenase B, 0.1 mM
CaCl, 0.5% bovine serum albumin, 0.1 mg DNAase in PBS) for 60min at
37 °C, 250 rpm, and washed through a 100 μm filter with FACS buffer
(PBS, 2% calf serum, 0.25M EDTA). The suspension was pelleted by
centrifugation (500 g, 10mins, 4 °C) and the resulting cell pellet was lysed
in red blood cell (RBC) lysing buffer for 5 min to remove residual RBCs,
and washed twice in FACS buffer by centrifuging at 300 g for 5 min.

The immune cell-enriched pellet was resuspended in 50 μL of FACS
buffer containing antibodies (Supplemental Table 1) and incubated on
ice for 30min (light protected). Excess unbound antibody was removed
by washing twice in FACS buffer by centrifuging at 300 g for 5 min. The
final pellet was then suspended in FACS buffer before being analyzed on
a Northern Lights Gating strategy is outlined in Supplemental Fig. 1.
Data was analyzed using FlowJo V 10.4.2.

Histology
Cardiac mid-sections were fixed in 4% of paraformaldehyde (Sigma,
cat#1.00496) andcryopreservedby soaking in10%sucroseuntil tissues sunk,
then 20%sucrose and then in 30%sucrose overnight prior to optimal cutting
temperature compound (OCT) embedding. Sections were cut (10 μm sec-
tions) and stained withWheat GermAgglutinin - Alexa Fluor™ 594 (WGA-
AF594) conjugate 1:100 (Sigma, cat#W11262). Tissue sections were imaged
using a Zeiss LSM 710 inverted confocal microscope under 40x oil magni-
fication. Cardiomyocyte dimensions were traced using ImageJ software
(NIH, Bethesda, USA). Cardiomyocyte volume was estimated using a pre-
viously determined volume constant of 7.59 × 10-3 for ratmyocytes41 that we
extrapolated for use in mice and adjusted for the value that up to 85% of an
adult mouse heart volume is composed from myocytes42.

Real-time polymerase chain reaction
mRNAwas isolated from frozen cardiac tissue usingQuick-RNAMiniPrep
Plus (Zymo Research Irvine, CA, USA) following the manufacturer’s
instructions. RNA concentration and quality were determined by spectro-
photometry (Nanodrop One; ThermoFisher Scientific, Waltham, MA,
USA) on mRNA from cardiac tissue. mRNA was reverse transcribed using
the High Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA). Quantitative real-time PCR was performed on a
QuantStudio 6 PCR System using the SYBR Select Master Mix (Applied
Biosystems, Foster City, CA, USA). Reactions were performed in triplicate
and relative quantification achieved using theDDCtmethodwith B2m (β-2
microglobulin) expression as an internal housekeeping control. All mRNA
fold changes are expressed as relative to the reference male & female ‘GG
control’ groups respectively. Primer sequences are listed in Supplementary
Table 3.

Statistical analysis
Statistical analysis was performed using Prism v.8.0.0 (GraphPad Software
Incorporated San Diego, CA USA) with statistical significance determined
as P < 0.05 and checked for normal distribution where appropriate using
the Shapiro-Wilk test. Specific statistical analysis used is indicated in the
figure legends.

Data availability
The datasets generated and analyzed during the current study are available
from the corresponding author on reasonable request.
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Table3 | The Il6variantCCgenotypehasdifferential effectsoncardiacandcardiomyocyte size inHFD-fedmaleand femalemice

HFD Male HFD Female

GG control CC variant GG control CC variant

Left ventricular mass (mg) 112.9 ± 6.6 119.4 ± 8.7 104.5 ± 5.6 92.5 ± 4.0

CM area (µm2) 1402 ± 97.1 1061 ± 86.0* 1104 ± 83.3 1358 ± 52.4**

CM length (µm) 82.6 ± 3.1 69.9 ± 3.2** 72.3 ± 4.0 82.6 ± 1.9*

CM width (µm) 18.1 ± 0.7 15.7 ± 0.9 16.2 ± 0.5 18.3 ± 0.4**

Estimated myocyte number 12,905,217 18,016,092 14,043,478 10,392,174

Myocyte number was estimated by myocardial mass/myocyte size and is a mean comparison for ‘average’ hearts in each group (all hearts, not an estimate per individual heart). Data are presented as
mean ± SEM. n = 20–40 images derived from 3 animals per group. Data were analyzed by Student’s T-test. Significance was determined at *p < 0.05 and **p < 0.01.
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