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Hepatic FGF21 preserves thermoregulation and
cardiovascular function during bacterial

inflammation
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Sickness behaviors, including anorexia, are evolutionarily conserved responses to acute infections. Inflammation-induced
anorexia causes dramatic metabolic changes, of which components critical to survival are unique depending on the type of
inflammation. Glucose supplementation during the anorectic period induced by bacterial inflammation suppresses adaptive
fasting metabolic pathways, including fibroblast growth factor 21 (FGF21), and decreases survival. Consistent with this
observation, FGF21-deficient mice are more susceptible to mortality from endotoxemia and polybacterial peritonitis. Here, we
report that increased circulating FGF21 during bacterial inflammation is hepatic derived and required for survival through the
maintenance of thermogenesis, energy expenditure, and cardiac function. FGF21 signaling downstream of its obligate
coreceptor, B-Klotho (KLB), is required in bacterial sepsis. However, FGF21 modulates thermogenesis and chronotropy
independent of the adipose, forebrain, and hypothalamus, which are operative in cold adaptation, suggesting that in bacterial
inflammation, either FGF21 signals through a novel, undescribed target tissue or concurrent signaling of multiple KLB-

expressing tissues is required.

Introduction

Physiobehavioral responses to infection such as anorexia are
part of a collection of sickness behaviors that are evolutionarily
conserved (Murray and Murray, 1979; Adamo, 2005; Ayres and
Schneider, 2009). Anorexia of acute illness has traditionally
been considered maladaptive in the face of a presumed hyper-
catabolic state. However, anorexia of infection can be adaptive
depending on the organism and pathogen (Ayres and Schneider,
2009; Wang et al., 2016; Weis et al., 2017; Wang et al., 2018). We
found that the effect of glucose supplementation on survival
varies depending on the type of infection. In bacterial infection,
glucose supplementation promotes mortality without impacting
pathogen burden or inflammatory magnitude. This detrimental
effect of glucose supplementation on bacterial infection is re-
capitulated without active pathogens by using LPS. The capacity
for an organism to survive an infection requires both disease
resistance, which coordinates pathogen clearance, and disease
tolerance, which reflects the organism’s ability to limit tissue
damage and organ dysfunction caused by the infection (Ayres
and Schneider, 2012; Medzhitov et al., 2012; Soares et al., 2014).

Sepsis is a life-threatening inflammatory syndrome due to
dysregulated host response to an infection (Singer et al., 2016).
Identifying metabolic pathways that participate in mechanisms
of disease tolerance could lead to potential therapeutic targets to
limit organ dysfunction and improve survival in sepsis. A major
metabolic consequence of anorexia is a switch from fed to
fasting metabolic pathways, including a shift from glucose me-
tabolism to the utilization of alternative fuels. We found that
glucose supplementation during LPS sepsis suppresses several
core components of fasting metabolism, including fibroblast
growth factor 21 (FGF21), an endocrine FGF hormone that me-
diates adaptive responses to metabolic stresses, including star-
vation (Fisher and Maratos-Flier, 2016).

FGF21 is a member of the endocrine FGF family that includes
FGF15/19 and FGF23. FGF21 requires the coreceptor B-Klotho
(KLB) for downstream ERK signaling via FGF receptors
(Ogawa et al., 2007; Adams et al., 2012; Ding et al., 2012). FGF21
plays an important role in mediating adaptive responses to
metabolic stresses. Basally, FGF21 is expressed in the liver,
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pancreas, and adipose tissue. Starvation increases hepatic FGF21
production, promoting ketogenesis and gluconeogenesis while
inhibiting somatic growth (Potthoff et al., 2012). Overexpression
of FGF21 in mice extends lifespan (Zhang et al., 2012) at the cost
of female infertility and growth defects (Ding et al., 2012; Owen
et al., 2013), suggesting that FGF21 functions as a trade-off in
starvation adaptation to growth and reproduction.

As FGF21 functions as an adaptation hormone to metabolic
stressors (Fisher and Maratos-Flier, 2016), we hypothesized that
FGF21 may also act as a protective adaptation hormone to other
challenges that lead to metabolic stress, such as infection and
inflammation. We recently showed that circulating levels of
FGF21 increase in mice injected with LPS (Wang et al.,, 2016),
similar to what has been observed in septic patients (Gariani
et al,, 2013; Li et al., 2018; Ebrahimi et al., 2019). Fgf2l-/~ mice
are more susceptible to death from endotoxemia, and treatment
with FGF21 initiated after induction of bacterial inflammation
can prolong their survival (Wang et al., 2016). Our findings
suggest that increased FGF21 levels may represent an adaptive
response that is critical for surviving other organismal chal-
lenges such as bacterial infections and could represent a novel
therapeutic modality in bacterial sepsis. However, the origin of
circulating FGF21 during bacterial inflammation and how FGF21
supports survival in bacterial infection are not well understood.
Prior work suggested that the source of FGF21 during bacterial
inflammation was not likely the liver and that the mechanism of
FGF21 protection was due to ketone production (Feingold et al.,
2012). However, we found that Fgf21-/~ mice do not exhibit any
defect in ketogenesis during LPS sepsis or have any significant
differences in classic inflammatory markers (Wang et al., 2016).
In this study, we investigated the tissue source and the effector
function of circulating FGF21 during bacterial inflammation.
Here, we show that during bacterial inflammation, circulating
FGF21 is liver derived, is required for survival, and maintains
thermoregulation and cardiovascular function.

Results and discussion

Circulating FGF21 during bacterial inflammation is hepatic in
origin and required for survival

Given that treatment with recombinant FGF21 after LPS chal-
lenge can rescue FGF21-deficient mice from LPS-induced mor-
tality (Wang et al., 2016), we examined whether constitutive
overexpression of FGF21 could protect mice from LPS-associated
mortality. Surprisingly, mice with transgenic overexpression of
FGF21 driven by the liver-selective apolipoprotein E promoter
(Fgf21-Tg; Inagaki et al., 2007) were not protected from endo-
toxemia and exhibited a trend toward increased mortality (Fig. 1
A). The lack of benefit of constitutively high levels of FGF21
suggests that regulated induction and timing of FGF21 activity
may be critically important in promoting survival during en-
dotoxemia. Indeed, we found that plasma FGF21 levels do not
increase until later time points after LPS challenge (Fig. 1 B).
Despite an early suppression, hepatic Fgf21 mRNA expression
was induced to similar levels as fasting at later time points after
LPS challenge, concurrent with the rise in plasma FGF21 (Fig. 1, C
and D). We next explored the mechanism of hepatic Fgf2l
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expression in response to LPS. Regulation of FGF21 expression is
context dependent. Several highly conserved metabolic and
cellular stress response pathways, including peroxisome
proliferator-activated receptor a (PPARa) and the integrated
stress response, can lead to the expression of Fgf2l. PPARa reg-
ulates hepatic Fgf21 transcription during fasting (Badman et al.,
2007; Inagaki et al., 2007). Similar to fasting, the up-regulation
of hepatic Fgf21 and increased circulating levels of FGF21 in re-
sponse to LPS challenge are also PPARa dependent (Fig. 1, E-G).
To determine whether the change in hepatic Fgf2l expression
resulted in the increase in plasma FGF21 protein levels, we
generated a mouse with hepatic-specific Fgf21 deletion (Alb-Cre;
Fgf21/1, referred to as Fgf21A', Fig. 1 H). Fgf21*™"” mice failed to
increase plasma FGF21 levels after LPS challenge, definitively
proving that plasma FGF21 during bacterial inflammation is
hepatic in origin (Fig. 1I).

To determine the significance of hepatic FGF21 production
during bacterial inflammation, we next investigated the effect of
hepatic deletion of Fgf21 on the survival of mice during endo-
toxemia. Similar to Fgf2I-/~ mice (Wang et al., 2016), Fgf212L
mice were also more susceptible to mortality from LPS (Fig. 1]),
suggesting that hepatic FGF21 production is required for sur-
vival. As LPS challenge models the sterile inflammation that
accompanies bacterial infection, the increased mortality in
FGF21-deficient mice in the absence of live bacteria suggests that
FGF21 supports survival through promoting disease tolerance.
To determine whether FGF21 contributes to disease resistance,
we employed cecal ligation and puncture (CLP), a polybacterial
infection model. While Fgf21* mice were more susceptible to
mortality after CLP (Fig. 1 K), the bacterial load was no different
between Fgf21**” and WT controls (Fig. 1 L), suggesting that
hepatic FGF21 confers protection against bacterial inflammation
through promoting disease tolerance rather than bacterial
clearance.

We next examined the effect of FGF21 deficiency on physi-
ological and metabolic parameters in response to bacterial in-
flammation. FGF21 is known to promote thermogenesis in cold
adaptation (Fisher et al., 2012; Ameka et al., 2019) and increase
energy expenditure (Owen et al., 2014). Consistent with these
known functions of FGF21, Fgf21*l"” mice exhibited decreased
body temperatures after CLP as well as high- and low-dose LPS
challenge (Fig. 2 A). The suppressed body temperatures in
Fgf212L" after LPS challenge are also associated with decreased
energy expenditure and oxygen consumption (Fig. 2, B and C).
FGF21 also plays a major role in glucose and lipid metabolism,
interacting with several metabolic mediators, including adipo-
nectin, glucocorticoids, and thyroid hormone (Potthoff et al.,
2009; Holland et al., 2013; Domouzoglou et al., 2014; Liang
et al., 2014; Patel et al., 2015). During bacterial sepsis, multiple
metabolic changes occur, including dysglycemia, hyperlipide-
mia, dysthermia, and sick euthyroid syndrome (Van Wyngene
et al., 2018). We reasoned that if FGF21 modulates metabolic
pathways, it may limit metabolic derangement or support pro-
tective metabolic pathways in bacterial sepsis. However, we
found no difference in blood glucose, free fatty acids, adipo-
nectin, corticosterone, or thyroid hormone levels in LPS sepsis
between WT and Fgf21-/~ mice (Fig. 2, D-G; and Fig. S1, A and B).
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Figure 1. Increased circulating FGF21 during bacterial inflammation is hepatic in origin and required for survival. (A) Kaplan-Meier survival curve after
12.5 mg/kg i.p. LPS for WT and Fgf21-Tg mice. n = 10-11/group; pooled data from two independent experiments. (B) WT mice were challenged with 12.5 mg/kg
i.p. LPS. Plasma FGF21 levels were measured by ELISA, n = 4-5/time point. Data are from one of two independent experiments with similar results. (C) Relative
abundance (RA) of mRNA expression in whole-liver tissue 4 h after PBS vehicle (VEH) or 12.5. mg/kg i.p. LPS challenge in WT mice, shown relative to Rpl13a. n =
5-6/group; pooled data are from two of four independent experiments with similar results. (D) mRNA expression in whole-liver tissue, shown relative to
Rpl13a, 18 h after PBS vehicle (Fed), 15 mg/kg i.p. LPS, or fasting in WT mice, n = 4/group; data are from one of six independent experiments with similar results.
(E) mRNA expression of whole-liver tissue, shown relative to Rpl13a, 20 h after PBS vehicle or 15 mg/kg i.p. LPS in WT and Ppara™~ mice. n = 3-7/group; data
are from one of three independent experiments with similar results. (F) mRNA expression of whole-liver tissue, shown relative to Rpl13a, from ad libitum-fed or
24 h fasted WT and Ppara~~ mice. n = 5-6/group; data are from one of three independent experiments with similar results. (G) Plasma FGF21 levels by ELISA
18 h after PBS vehicle or 15 mg/kg i.p. LPS in WT and Ppara=~ mice. n = 4-5/group; data are from one of two independent experiments. (H) mRNA expression
in whole tissue from Fgf21Vl and Fgf2141" mice, shown relative to Rpl13a. n = 3-5/group; data are from one of two independent experiments. BAT, brown
adipose tissue; eWAT, epididymal white adipose tissue. (I) Plasma FGF21 levels measured by ELISA 20 h after 5 mg/kg i.p. LPS or PBS vehicle in Fgf211! and
Fgf218t" mice. Vehicle n = 4-6/group; LPS n = 8-12/group; pooled data are from three independent experiments. (J) Kaplan-Meier survival curve after
10 mg/kg i.p. LPS for Fgf21f/f and Fgf214" mice. n = 5-6/group; data are from one of three independent experiments with similar results. (K) Kaplan-Meier
survival curve after CLP for Fgf21 and Fgf212t" mice. n = 9-13/group; pooled data are from two independent experiments. (L) CFUs cultured from mouse
peritoneal lavage fluid and blood 24 h after CLP, n = 7-9/group; pooled data are from two independent experiments. **, P < 0.01; ***, P < 0.001; ****, P <
0.000, log-rank (Mantel-Cox) test (A, ], and K); two-sided, unpaired t test (C and L); one-way ANOVA with Dunnett’s multiple comparisons test (D); two-way
ANOVA with Sidak’s multiple comparisons test (E-I). Data are expressed as mean + SEM.

We previously reported that the increased mortality in bacterial sepsis. Interestingly, we found that FGF21-deficient
FGF21-deficient mice is not associated with increased inflam- animals did not exhibit significant differences in hepatocyte
mation (Wang et al., 2016). We next examined injury bio- injury (similar alanine aminotransferase activity and acute-phase
markers of organs known to be susceptible to injury during response), cardiomyocyte injury (normal troponin levels), or
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Figure 2. FGF21 deficiency results in decreased body temperature after LPS challenge. (A) Rectal temperatures of Fgf21f and Fgf2121" mice 24 h after
CLP, LPS high dose (10 mg/kg i.p.), and LPS low dose (5 mg/kg i.p.). n = 4-11/group; data are from one of two independent experiments (CLP, LPS high dose),
and pooled data are from three independent experiments (LPS low). (B and C) Energy expenditure (EE) and oxygen consumption (VO,) before and after
2.5 mg/kg i.p. LPS challenge in Fgf21"fl and Fgf212" mice. n = 4/group; data are from one of two independent experiments with similar results. (C) Area under
the curve (AUC) from B. (D-H) WT and Fgf21/~ mice were challenged with 12.5 mg/kg i.p. LPS. (D) Blood glucose. n = 5/group; data are from one of four
independent experiments with similar results. (E) Plasma free fatty acids (FFAs) by enzymatic assay. n = 5/group; data are from one of two independent
experiments with similar results. (F) Plasma adiponectin measured by ELISA. n = 5/group; data are from one of two independent experiments with similar
results. (G) Plasma corticosterone measured by ELISA. n = 3-4/group; data are from one of two independent experiments with similar results. (H) Alanine
aminotransaminase (ALT) activity measured by enzymatic activity assay and troponin measured by ELISA 24 h after LPS. n = 8-9/group; pooled data are from
two independent experiments. (1) Plasma creatinine measured by HPLC 24 h after PBS vehicle (VEH) or 10 mg/kg i.p. LPS in WT and Fgf21~/~ mice, n = 6-9/
group; pooled data are from two independent experiments. (J) Plasma lipase and amylase activity measured by enzymatic assay before and after LPS 5 mg/kg
i.p. challenge; data are from one of two independent experiments with similar results. (K) mRNA expression in whole-liver tissue 20 h after vehicle or 5 mg/kg
i.p. challenge, shown relative to Rpl13a. n = 7-8/group; pooled data are from two independent experiments. Data are expressed as mean + SEM. *, P < 0.05, **;
P < 0.01; ***, P < 0.001; ****, P < 0.0001; two-way ANOVA with Sidak’s multiple comparisons test (A, C-G, and I-K) or unpaired two-sided t test (H).
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kidney injury (similar creatinine levels) compared with WT con-
trols during endotoxemia (Fig. 2, H, I, and K). Other known bio-
markers for severity of illness in sepsis, including blood lactate,
acidosis, and hypoxia, were measured and found to not signifi-
cantly differ between WT and FGF21-deficient animals (Fig. S1, C
and E). As FGF21 regulates pancreatic exocrine function and
pharmacologic FGF21 can limit injury from pancreatitis (Coate
et al., 2017; Hernandez et al., 2020), we next examined plasma
amylase and lipase activity and found they were no different in
FGF21-deficient mice (Fig. 2 ]), suggesting that the protective effect
of FGF21 in endotoxemia is unlikely to involve the pancreas. Thus,
FGF21 mediates protection from endotoxemia through a mecha-
nism that does not involve overt cellular damage.

KLB is required for survival in endotoxemia

As FGF21 signaling downstream of FGF receptors requires the
coreceptor KLB (Ding et al., 2012), we next examined whether
KLB is necessary for the protective effect of FGF21 in bacterial
inflammation using whole-body Klb knockout (KIb~/-) mice.
Indeed, we found that KIb~/~ mice were more susceptible to
mortality from endotoxemia and exhibited lower body temper-
atures after LPS challenge compared with heterozygous Klb*/-
littermate controls (Fig. 3, A and B). As FGF21-deficient and KLB-
deficient animals are unable to maintain body temperature
during endotoxemia, we next tested whether FGF21 was acting
on the adipose tissue or centrally in the brain. To test the effect
of FGF21 on adipose tissue, we generated mice with adipose-
specific deletion of KIb (Adiponectin-Cre;KIbf/fL, KlbAAdipo),
Klb?4dire mice had no difference in mortality after LPS, nor had
any difference in body temperature compared with KIb™f lit-
termate controls (Fig. 3, C and D). While FGF21 may have a direct
effect on adipose tissue for thermogenesis (Fisher et al., 2012),
there are other nonadipose effects mediated via the central
nervous system during acute cold exposure and pharmacologic
dosing (Owen et al., 2014; BonDurant et al., 2017; Ameka et al.,
2019). Many of the central effects of FGF2l, including its effects
on female reproduction, circadian behavior, metabolism, thirst
response to ketogenic diet and alcohol, sweet and alcohol pref-
erence, and food choice during protein restriction, have been
reported to act via KLB expression in CamK2A-expressing
neurons, mainly in the suprachiasmatic nucleus (SCN) of the
hypothalamus, in studies using the Camk2a-Cre;KIbf mouse
model (KIbACamk2a, Bookout et al., 2013; Owen et al., 2013; Owen
et al., 2014; Talukdar et al., 2016; Song et al., 2018; Hill et al.,
2019). Surprisingly, KIb2C@™22 mice exhibited no difference in
body temperature or mortality in response to LPS challenge
compared with KIbf/! littermate control mice (Fig. 3, E and F).
While liver KLB expression is high, downstream FGF receptor
signaling via KLB in the liver is thought to be primarily activated
by FGF15 (human orthologue FGF19) due to its preferential af-
finity for FGFR4, which is expressed in the liver (Kurosu et al.,
2007). As it is unclear whether in other contexts, such as bac-
terial sepsis, FGF21 could signal via liver KLB, we generated
animals with hepatic-specific deletion of Klb (Alb-Cre;KIb/1,
KIbAL»). KIbA™ mice also had similar survival and body tem-
perature in response to LPS compared with their WT Kb/
littermates (Fig. 3, G and H). These data suggest that in bacterial
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sepsis, KLB is required for survival; however, the mechanism by
which FGF21 acts to promote survival is either independent of
the well-described FGF21 target tissues of the brain, adipose, and
liver or involves FGF21 signaling on multiple KLB-expressing
tissues.

FGF21 deficiency results in decreased body temperature and
heart rate in LPS endotoxemia

Sepsis physiology is characterized by hemodynamic instability
driven by reduced systemic vascular resistance and cardiac
dysfunction, which leads to shock and organ dysfunction
(Drosatos et al., 2015). As a result of shunting of blood and de-
creased cardiac output, low body temperature could be reflective
of severe heart failure (Casscells et al., 2005). As recent studies
of cardiomyopathy and cardiac ischemia suggest that FGF21 can
act on the heart to limit cardiac injury (Planavila et al., 2013;
Patel et al., 2014), we considered the possibility that FGF21 may
affect cardiac function during bacterial sepsis. Fgf21! and lit-
termate control mice underwent echocardiograms at baseline
and again 18 h after LPS challenge, when plasma FGF21 peaks
(Fig. 1 B). Despite normal troponin levels, Fgf2I*'"" mice have
decreased heart rate and cardiac contractility (Fig. 4, A-C). As
pharmacologic dosing of FGF21 has been reported to increase
blood pressure (Kim et al., 2017; Turner et al., 2018), we next
asked whether FGF21 has an effect on blood pressure during
bacterial sepsis. Ambulatory telemetry confirmed the decreased
heart rate in Fgf21*I"" mice after LPS observed by echocardiog-
raphy; however, there was no significant difference in blood
pressure (Figs. 4 D and S2 A), suggesting that the decrease in
ejection fraction is primarily reflecting the decrease in heart
rate. Treatment with recombinant FGF21 in Fgf2IAL" mice in-
creased body temperature and heart rate, although the differ-
ence in heart rate did not reach statistical significance (Fig. 4,
E-G). FGF21 deficiency had no overt effect on markers of cardiac
inflammation, fatty acid oxidation, acute stress response path-
ways, and cardiac cell apoptosis after LPS challenge (Fig. S3,
A-D). While heart failure often results in relative tachycardia,
decreased blood pressure, and end-organ damage due to de-
crease perfusion, Fgf21L" mice were able to preserve their blood
pressure with the lack of other end-organ damage (lack of dif-
ference in liver and kidney injury biomarkers) suggesting the
possibility of a primary autonomic defect resulting in a brady-
arrhythmia increasing the risk of sudden cardiac death (Vaseghi
and Shivkumar, 2008). Moreover, the absence of elevated tro-
ponin levels and other direct cardiac damage-related bio-
markers in FGF21-deficient animals suggests an indirect effect
on the heart.

To explore whether FGF21 acts directly or indirectly on the
heart, we next determined whether there is direct FGF21 sig-
naling in the heart. Prior reports suggest that KLB is expressed
in the heart (Liu et al., 2013; Planavila et al., 2013; Patel et al.,
2014). However, we found that relative to other tissues, Klb
expression in the heart is extremely low and is further decreased
after LPS challenge (Fig. 4 H). Acute treatment with FGF21 did
not activate ERK signaling in the heart (Fig. 4 I), further sup-
porting an indirect effect of FGF21 on the heart. Instead, we
found ERK signaling in the aorta and the hindbrain (Fig. 4 I).
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(D) Rectal temperatures. (E and F) Kb and Camk2a-Cre;KIbf! (KIbA“emk2a) mice were challenged with 15 mg/kg i.p. LPS, n = 8-11/group; pooled data are from
two independent experiments. (E) Kaplan-Meier survival curve. (F) Rectal temperatures. (G and H) Kb/ and Alb-Cre;KIb/ (KIbAL") mice were challenged with
10 mg/kg i.p. LPS, n = 9-10/group; pooled data are from two independent experiments. (G) Kaplan-Meier survival curve. (H) Rectal temperatures. Data are
expressed as mean + SEM. *, P < 0.05; log-rank (Mantel-Cox) test (A, C, E, and G) or two-way ANOVA with Sidak’s multiple comparisons test (B, D, F, and H).

Using a KLB-TdTomato (KIbT4™™) reporter mouse (Coate et al.,
2017), we found KLB expression in the aorta by Western blot.
Similar to prior reports of in situ hybridization of Klb in the
brain (Bookout et al., 2013), we found KLB-expressing cells in
the area postrema (AP) and the nucleus of the solitary tract (NTS;
Fig. 4, ] and K). Moreover, ERK activation in KLB-expressing cells
in the AP was observed following acute FGF21 treatment (Fig. 4 J).
Consistent with a lack of phenotype in the KIbA@ mice in
which Kib is deleted from the SCN, we found that cFos, a marker of
neuron activation, colocalized with KLB more in the AP than the
NTS, but not with KLB-expressing cells in the SCN after LPS
challenge (Fig. 4 K). Moreover, the KIb*@m2 mouse model does
not effectively delete Kb in the hindbrain (Bookout et al., 2013).

Huen et al.
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These data collectively suggest that hepatic FGF21 promotes
survival during bacterial inflammation by maintaining body
temperature and heart rate independent of FGF21 signaling in
the forebrain, hypothalamus, and the adipose tissue, which are
operative in adaptation to cold and caloric deprivation. The
mechanism by which FGF21 acts during bacterial sepsis may
involve direct FGF21 action on multiple tissues, or it may involve
an alternative FGF21 target tissue, including the endothelium,
which can control systemic vascular tone and contribute to
cardiac function via endothelial factors (Premer et al., 2019), and
regions of the hindbrain, the AP and NTS, known to regulate
autonomic control of physiological systems, including the car-
diovascular system (Price et al., 2008; Coote and Spyer, 2018).
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Figure 4. FGF21 deficiency causes bradycardia during LPS endotoxemia. (A and B) Echocardiography performed on Fgf21fl and Fgf214* mice before
(baseline) and 18 h after 5 mg/kg i.p. LPS. n = 10/group; pooled data are from three independent experiments. (B) Representative echocardiogram windows. (C)
Plasma troponin in Fgf21¥f and Fgf21t" mice 20 h after PBS vehicle or 5 mg/kg i.p. LPS. Vehicle n = 3/group; LPS n = 10-12/group; pooled data are from three

Huen et al.
Protective role of FGF21 in bacterial inflammation

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20202151

70f13


https://doi.org/10.1084/jem.20202151

independent experiments. (D) Ambulatory blood pressure and heart rate of Fgf21¥f and Fgf212L mice measured by in vivo telemetry before and after 2 mg/kg
i.p. LPS. n = 4/group; pooled data are from three independent experiments. Mean arterial pressure and heart rate measured every minute and shown as mean =
SEM within each group. (E-G) Fgf214* mice were challenged with LPS 5 mg/kg i.p. Recombinant mouse FGF21 10 ng i.v. or PBS vehicle was administered
starting at 6 h after LPS and then every 6 h for three doses. n = 9-10/group; pooled data are from two independent experiments. Experimental workflow
shown in E. (F) Rectal temperatures and areas under the curve (AUC). (G) Heart rate by echocardiography was performed at 20 h after LPS injection. (H) Klb
mRNA expression in whole tissue from WT mice, shown relative to Rpl13g; inset shows RA of heart Klb after PBS vehicle or LPS treatment. n = 3-4/group;
results of one of two independent experiments with similar results are shown. gPCR Ct values are as follows: brown adipose tissue (BAT), 22; white adipose
tissue (WAT), 22; liver, 23; aorta, 25; heart, 30 at baseline, 32 after LPS. FB, forebrain; MB, midbrain; HB, hindbrain; Sm Int, small intestine; DRG, dorsal root
ganglia. (I) Whole-tissue protein lysates from KIb"¥™™ mice immunoblotted for RFP (to detect KLB-TdTomato), p-ERK, and total ERK 10 min after 1 mg/kg i.p.
recombinant human FGF21 (rhFGF21). The hindbrain region, including AP and NTS, was grossly dissected. Pancreas tissue was included as a positive control.
Representative blots from one of three independent experiments are shown. (J) Brains from KIb™"™ mice were harvested 10 min after 1 mg/kg i.p. rhFGF21
treatment. 50-micron fixed brain vibratomed sections were immunostained for RFP and p-ERK. Representative images of the AP from one of two independent
experiments are shown. Scale bars represent 20 um. (K) Brains from KIb¥™™ mice were harvested 18 h after 15 mg/kg i.p. LPS or PBS vehicle. 50-micron fixed
brain vibratomed sections were immunostained for RFP and cFos. Representative images from one of three independent experiments are shown. PVN,
paraventricular nucleus. Scale bars represent 200 um. *, P < 0.05; ***, P < 0.001; two-way ANOVA with Sidak’s multiple comparisons test (A and C), two-way

ANOVA (D), or unpaired two-sided t test (F and G). Data are expressed as mean + SEM.

Studies of decerebrate rats suggest that the hindbrain can also
contribute to both thermogenesis and heart rate control inde-
pendent of the forebrain and the hypothalamus (Hermann et al.,
2006; Nautiyal et al., 2008). The coupling of heart rate and body
temperature phenotypes in FGF21-deficient mice is therefore of
interest due to the presence of LPS-activated KLB-expressing
cells in the hindbrain. Moreover, activation of the cholinergic
nervous system, including the AP and NTS regions, has been
described in rodent models of sepsis and is associated with
bradycardia and a significant decrease in heart rate variability
(HRV), a measure of sympathovagal balance (Fairchild et al.,
2009; Fairchild et al., 2011). Consistent with these published
studies, we also found that both Fgf21/fl and Fgf21*I™ mice ex-
hibit a decrease in HRV (Fig. S2, B and C). However, compared
with WT animals, FGF21-deficient mice exhibit more brady-
cardia and increased HRV. While this observation appears to be
inconsistent with clinical data that suggest that decreased HRV
associates with poor prognostic indicator of sepsis (Ahmad et al.,
2009), rodent models of acute bacterial infection with contin-
uous electrocardiography suggest a more complex relationship
between risk of mortality and HRV. While nonsurviving mice
had lower HRV overall compared with survivors, nonsurviving
mice also exhibited periods of increased HRV and bradycardia
before death (Fairchild et al., 2011).

Limitations, caveats, and open questions

Further research is needed to determine whether KLB-
expressing regions in the AP and NTS participate in coordinat-
ing FGF2l-mediated thermogenic and compensatory cardiac
responses to bacterial inflammation. One compelling hypothesis
based on our data is that the hypothermia, excessive bradycar-
dia, and periods of increased HRV observed in FGF21-deficient
mice may reflect an imbalance of parasympathetic and sympa-
thetic activity resulting from abnormal signaling in the hind-
brain. One limitation of our study is that the in vivo telemetry
devices used in our studies are unable to report electrocardi-
ography. Therefore, determination of heart rhythm and stan-
dard measurement of HRV by R-R interval were not possible. We
did not observe any differences in respiratory rate, oxygenation,
or ventilation after LPS challenge between FGF21-deficient and
WT animals (Fig. S1, D and E). However, the lack of differences
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in respiration does not rule out altered autonomic outflow, as
our measurement method via pulse oximetry may not be sen-
sitive enough to detect a difference in respiratory rate (Grimaud
and Murthy, 2018) and HRV is considered the best-available
index to estimate sympathovagal balance (Goldberger, 1999).
Future studies targeting KLB-expressing neurons in the hind-
brain with more accurate and precise continuous measurements
of temperature, electrocardiographic waveforms, HRV, and
respiratory rate are needed.

In summary, we have identified hepatic FGF21 as a thermo-
genic and chronotropic factor acting independent of the
forebrain and hypothalamus in bacterial inflammation. The
regulation of hepatic FGF21 expression in endotoxemia is PPARa
dependent as it is in fasting. A growing body of evidence (Wang
et al,, 2016; Rao et al., 2017; Weis et al., 2017) supports the con-
cept that in response to specific challenges, certain physio-
logical responses that have often been considered maladaptive,
such as anorexia of acute illness or metabolic derangements of
sepsis, are in fact coordinated defense mechanisms to promote
survival and tissue protection. Our study further supports the
concept that metabolic reprogramming through endocrine fac-
tors, such as FGF21, is a critical component of disease tolerance.
Sepsis remains a deadly condition lacking therapeutic options.
FGF21 may represent a promising therapeutic target; however,
further research in understanding its dynamic expression and
mechanism of action is needed.

Materials and methods

Mice

All animal experiments were performed in accordance with
institutional regulations after protocol review and approval by
Institutional Animal Care and Use Committees at Yale Univer-
sity and University of Texas (UT) Southwestern Medical Center.
Fgf21/- (Potthoff et al., 2009), Fgf214L* (generated from Fgf21/f
[Potthoff et al., 2009] and Alb-Cre from The Jackson Laboratory;
stock 003574), Fgf21-Tg (Inagaki et al., 2007), KIb~/~ (Ding et al.,
2012), KIbT4T™ (Coate et al., 2017), KIbAAdire (Lan et al., 2017), and
KIbACamk2e mice (Bookout et al., 2013) were generous gifts from
Drs. David J. Mangelsdorf (University of Texas Southwestern
Medical Center, Dallas, TX) and Steve Kliewer (University of
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Texas Southwestern Medical Center, Dallas, TX). C57BL/6]
(stock 000664) and Ppara~/~ (Pparat™<So/], stock 008154) mice
were purchased from The Jackson Laboratory. Klb~/~ mice were
maintained on a mixed (129Sv/C57BL/6) background, as Fgfi5~/~
and Klb~/~ mice are embryonic lethal on a pure C57BL/6 back-
ground (Kong et al., 2014). All other mouse strains were main-
tained on a C57BL/6 background.

For the LPS endotoxemia, mice were injected i.p. with the
indicated dose of LPS derived from Escherichia coli 055:B5
(Sigma-Aldrich) diluted in 100 pl PBS. LPS dosing varies across
experiments due to mouse strain and LPS batch/lot differences.
An ~50% lethal dose of LPS is determined empirically for each
mouse strain and LPS batch. Core body temperature was mea-
sured by rectal probe thermometry (Physitemp TH-5 Thermalert).

CLP was performed similar to standard protocols (Toscano
et al,, 2011). Briefly, mice were anesthetized with a ketamine/
xylazine (120 mg/kg; 16 mg/kg) mixture and given perioperative
and postoperative buprenorphine (0.1 mg/kg) for analgesia. An
~1-cm midline laparotomy was performed, and the cecum was
exposed. The cecum was ligated with 4-0 silk suture (Ethicon)
1 cm from the tip of the cecum and perforated through and
through with a 25-gauge needle. The cecum was gently squeezed
to extrude a small amount of fecal contents and returned back
into the peritoneum. The peritoneal wall was closed using 4-0
chromic gut (CP Medical). The skin was closed with surgical glue
and staples. Mice were given 1 ml sterile saline subcutaneously
and temporarily placed on a heating pad to aid in recovery.

Recombinant FGF21 (R&D Systems) was used for FGF21 res-
cue and signaling experiments. For recombinant FGF21 rescue
experiments, FGF21 supplementation was done by retro-orbital
injection of 10 ng recombinant mouse FGF21 in 100 pl PBS per
injection starting at 6 h after LPS injection and administered
every 6 h for three doses. For acute FGF21 signaling experiments,
an i.p. injection of recombinant human FGF21 (1 mg/kg i.p.)
was used.

Quantification of bacterial load

Bacterial titers of peritoneal lavage fluid and blood from mice
24 h after CLP were determined as previously described
(Medina, 2010). Briefly, peritoneal lavage fluid (5 ml sterile PBS)
and blood were serially diluted, plated on blood agar (tryptone
soya agar with 5% sheep blood) plates (Thermo Fisher Scien-
tific), and incubated at 37°C for 18 h.

Plasma cytokine, metabolite, and tissue injury marker analysis

Blood glucose was determined by whole blood obtained by tail
vein prick and measured using a glucometer (OneTouch). For
other tests, whole blood was harvested from mice by retro-
orbital bleeding, and plasma was isolated using lithium hepa-
rin coated plasma separator tubes (BD). Plasma Troponin-I
concentration (Life Diagnostics), alanine aminotransferase ac-
tivity (Cayman Chemical), B-hydroxybutyrate (Cayman Chem-
ical), Adiponectin (Abcam), nonesterified free fatty acids (Wako
Diagnostics), FGF21 (R&D Systems and BioVendor), corticoster-
one (Enzo), thyroid-stimulating hormone, free T4 (LSBio), and
lipase and amylase activity (Sigma-Aldrich) were assayed using
kits according to manufacturers’ protocols. Venous blood gas
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and lactate levels were measured using the i-STAT1 Handheld
Analyzer (Abaxis; cartridges CG4+ and CG8+). Plasma creatinine
was assayed using HPLC at the George M. O'Brien Kidney Center
at Yale.

Metabolic chamber

Energy expenditure and oxygen consumption after LPS chal-
lenge was measured by indirect calorimetry using metabolic
cages (Sable Systems International; Promethion). A 2-d period of
acclimation was followed by 2 d of steady-state recording before
experimentation. After 2 d of baseline recordings, LPS was ad-
ministered ip., and mice were returned to the metabolic
chambers. Recordings were continued for another 48 h after LPS
challenge.

Cell culture

To generate positive controls for caspase-3 Western blots,
Hepal-6 cells (ATCC; CRL-1830) were maintained in DMEM
(Corning; 10-013-CV) with 10% FBS (VWR) and 1% penicillin-
streptomycin (Sigma-Aldrich). Staurosporine (Cayman Chemi-
cal) was administered at 5 uM for up to 24 h.

RNA extraction and quantification

For tissue RNA extraction, tissues were harvested into RNA Bee
RNA isolation reagent (Tel Test) and disrupted by bead ho-
mogenization in Lysing Matrix D tubes using a FastPrep-24 5G
homogenizer (MP Biomedicals) or in Fisherbrand Pre-Filled
Bead Mill Tubes using a Fisherbrand Bead Mill 24 Homoge-
nizer (Fisher Scientific). RNA was extracted using the RNeasy or
Direct-Zol Kits according to manufacturer’s protocol (Qiagen or
Zymo Research, respectively). cDNA synthesis was performed
using Moloney murine leukemia virus reverse transcription
(Clontech) with oligo(dT) primers. Quantitative RT-PCR (qRT-
PCR) reactions were performed on either a CFX96/CFX384 Real-
Time System (Bio-Rad) or QuantStudio 7 Flex (Applied Biosystems)
using PerfeCTa SYBR Green SuperMix (Quanta Biosciences) or
iTaqTM Universal SYBR Green Supermix (Bio-Rad), and transcript
levels were normalized to Rpl3a. Primers used for qRT-PCR are
cataloged in Table 1.

Western blot

Tissue samples were harvested and snap frozen in liquid ni-
trogen. Frozen tissues were bead homogenized in RIPA buffer
(Teknova) supplemented with the Halt protease and phospha-
tase inhibitor cocktail (Thermo Fisher Scientific), according to
the manufacturer’s protocols. Equal amounts of protein were
loaded per well (Bio-Rad). Protein was transferred onto acti-
vated polyvinylidene fluoride membrane (Bio-Rad) and then
blocked in 5% milk in TBST (20 mM Tris, 150 mM NaCl, and
0.05% Tween 20) for 30 min. Membranes were incubated with
primary antibodies overnight at 4°C. Primary antibodies used
include anti-RFP (Rockland; 600401379), p-ERK (Cell Signaling
Technology [CST]; 4370), total ERK (CST; 4695), and caspase-3
(CST; 9662). Membranes were washed three times with TBST
and then incubated with secondary antibodies for 1 h at room
temperature. After washing, protein was visualized using en-
hanced chemiluminescence reagent (Bio-Rad).
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Table 1. Primers used for qRT-PCR

Gene Forward primer Reverse primer

Becnl 5'-CCCCAGGCAGCATTGATTTC-3’ 5'-AGCAGCTGGAGTTGGATGAC-3’
Bnip3 5'-TCGACTTGACCAATCCCATATCC-3' 5'-TCCCAGACACCACAAGATACC-3’
Cat 5'-TTCAGTGACCGAGGGATTCC-3’ 5'-TTCCTGAGCAAGCCTTCCTG-3’
Ccl2 5'-AGGTGTCCCAAAGAAGCTGT-3’ 5'-ACAGAAGTGCTTGAGGTGGT-3'
Cd36 5'-ACACACCACCATTTCTTCTCC-3" 5'-GCTCCTTGGCATGGTAGAGA-3’
Cptla 5'-TTATGTGAGTGACTGGTGGGAGG-3’ 5'-ATGGGTTGGGGTGATGTAGAGC-3’
Cptlb 5'-AGGCTCCAGGGTTCAGAAAG-3’ 5’-AACATGTACCGCCTAGCCAT-3’
Crp 5'-AGCTTCTCTCGGACTTTTGGT-3' 5'-AATCGTACTTCAGCACCACCC-3'
Ddit3 5'-TCTCATCCCCAGGAAACGAAG-3’ 5'-TGTGCGTGTGACCTCTGTTGG-3’
Edn 5'-CCAAGGAGCTCCAGAAACAG-3’ 5'-GGTGAGCGCACTGACATCTA-3'
Fgf21 5"-CCTCTAGGTTTCTTTGCCAACAG-3’ 5'-AAGCTGCAGGCCTCAGGAT-3’
Hmox1 5'-CATCCAAGCCGAGAATGCTG-3’ 5’'-CCTCAGGGAAGTAGAGTGGGG-3’
Il1a 5'-ACCCGACTTTGTTCTTTGGTG-3' 5’'-GAGAAGACCAGCCCGTGTTG-3'
I1b 5'-CAGTTGTCTAATGGGAACGTCA-3’ 5'-GCACCTTCTTTTCCTTCATCTTT-3'
Il 5'-GACTTCCATCCAGTTGCCTTCTTGG-3' 5'-CCAGTTTGGTAGCATCCATCATTTCT-3’
I17a 5'-ACTACCTCAACCGTTCCACG-3' 5'-TTCCCTCCGCATTGACACAG-3'
117f 5'-ACGTGAATTCCAGAACCGCT-3' 5'-TGATGCAGCCTGAGTGTCTG-3’
118 5'-GACAAAGAAAGCCGCCTCAA-3' 5'-TCATTTCCTTGAAGTTGACGCA-3’
Klb 5'-GATGAAGAATTTCCTAAACCAGGTT-3' 5’-AACCAAACACGCGGATTTC-3'
Nos2 5'-GAATCTTGGAGCGAGTTGTGG-3' 5'-CAGGAAGTAGGTGAGGGCTTG-3’
Pdk4 5'-TGCCTGACCGCTTAGTGAACAC-3’ 5'-CTTGAGCCATTGTAGGGACCAC-3'
Ppargcla 5'-GTAAATCTGCGGGATGATGG-3' 5'-GGGTCAAAATCGTCTGAGTTG-3’
Rpl13a 5'-GAGGTCGGGTGGAAGTACCA-3’ 5'-TGCATCTTGGCCTTTTCCTT-3'
Saal 5'-CTGACATGAAGGAAGCTAACTGGA-3' 5'-GCCGAAGAATTCCTGAAAGGC-3'
Saa2 5'-AGGAAGCTGGCTGGAAAGAT-3’ 5'-CAGTATTTGGCAGGCAGTCC-3’
Sod2 5'-CAGCCTGAACCTTGGACTCC-3' 5'-ACAACTCAGGTCGCTCTTCAG-3'
Tgfbl 5'-TGAGTGGCTGTCTTTTGACG-3’ 5'-GGTTCATGTCATGGATGGTG-3’
Tnfa 5'-TCTGTCTACTGAACTTCGGGGTG-3' 5'-ACTTGGTGGTTTGCTACGACG-3’
Ucp2 5'-TGCACTCCTGTGTTCTCCTG-3' 5’-GGGACCTTCAATCGGCAAGA-3'
Ulk1 5'-TTGACTCGGATGTTGCTGGG-3' 5'-GTGGAGACCTGGCTGACTAC-3'

Cardiorespiratory measurements
Transthoracic echocardiography was recorded in awake mice
using VisualSonics Vevo 2100 small-animal echocardiography
machine. Views were taken in planes that approximated the
parasternal short-axis view in humans. Ejection fraction, frac-
tional shortening, and heart rate were obtained from M-mode
parasternal short-axis measurements. Ultrasound images were
recorded and analyzed by an experienced technologist with
expertise in mouse ultrasound imaging. The technologist was
blind to the treatments and genotypes of the mice in this study.
Breath rate and blood oxygen saturation were measured by
pulse oximetry using the MouseOx Plus (Starr Life Sciences).
Ambulatory continuous blood pressure and heart rate
measurements were performed by the Animal Physiology and
Phenotyping Core within the George M. O’Brien Kidney Center
at Yale. Briefly, a blood pressure transducer (DSI; TA11-PA-C10)
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was surgically implanted under anesthesia into one carotid ar-
tery. Mice were allowed to recover for 7 d before recording of
baseline values and then given 2 mg/kg i.p. LPS. Measurements
were recorded every minute.

Immunostaining of mouse tissues

Brains from KIb™¢™™ mice were harvested 18 h after 15 mg/kg i.p.
LPS or PBS vehicle and fixed in 10% neutral buffered formalin
overnight. Fixed brains were then vibratomed (50-micron sec-
tions). Brain sections were immunostained for RFP (Rockland;
600401379), cFos (Santa-Cruz Biotechnology; C-10, sc-271243),
and phospho-p44/42 MAPK (CST; 9106, Erk1/2, Thr202/Tyr204)
antibodies. Images of immunostained sections were acquired
using the Axio Scan.Z1 (Zeiss) and LSM 880 confocal microscope
(Zeiss). Images were processed using Zen 2.3, Blue Edition
(Zeiss).
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Hearts were harvested and fixed in 10% neutral buffered
formalin overnight. Hearts were embedded in paraffin and
sectioned in the 4-chamber view by the UT Southwestern Histo
Pathology Core. Terminal dUTP nick-end labeling (TUNEL)
staining of the heart sections was performed using the
CardioTACS In Situ Apoptosis Detection Kit (R&D Systems)
following manufacturer’s instructions. For TUNEL staining
quantification for each individual mouse heart, 20 random
nonoverlapping fields per ventricle and 10 random nonover-
lapping fields per atria were taken at 400x magnification on a
Nikon Eclipse 80i microscope using a Nikon DS-Fi3 camera by
an investigator blinded to the experimental manipulation. The
total number of Nuclear Fast Red-positive cells and TACS Blue
(TUNEL)-positive cells per high-power field were quantified
using ImageJ to generate a final percent TUNEL-positive count.
Due to the low frequency of TACS Blue (TUNEL)-positive cells,
validation of TUNEL-positive cells was done manually by a
blinded investigator. Positive (TACS-nuclease-treated sections)
and unlabeled (terminal deoxynucleotidyl transferase enzyme
omitted) controls were used to confirm TUNEL-positive and
background TACS Blue labeling, respectively.

Statistics

Statistical information is indicated in figure legends. Statistical
analyses were performed using Prism 8.0 (GraphPad Software).
Where appropriate, Student’s t test or ANOVA (one or two way)
with multiple comparison analysis (Dunnett’s or Sidak’s, re-
spectively) was used. Kaplan-Meier survival curves were com-
pared using log-rank Mantel-Cox test. A P value < 0.05 was
considered statistically significant.

Online supplemental material

Fig. S1 supplements Fig. 2 and shows sepsis biomarkers that do
not differ between WT and FGF21-deficient mice. Fig. S2 sup-
plements Fig. 4 D and shows the hourly averages of the differences
in heart rate and blood pressure as well as the minute-to-minute
HRV after LPS challenge. Fig. S3 shows the lack of evidence of a
direct FGF21 effect on the heart during endotoxemia, as FGF21
deficiency did not result in any differences in cardiac markers of
inflammation, fatty acid oxidation, acute stress response, or cell
apoptosis.
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Figure S1. FGF21-deficient mice do not have defects in thyroid hormone axis or differences in lactate levels or blood gases after LPS challenge. (A
and B) C57BL/6) (WT) and Fgf21~/~ mice were challenged with LPS 10 mg/kg i.p., n = 9-10/group; pooled data are from two independent experiments. (A)
Thyroid-stimulating hormone (TSH) measured by ELISA. (B) Free thyroxine (T4) measured by ELISA. (C) Venous blood lactate measured by the i-STAT1

Handheld Analyzer CG4+ cartridge 24 h after 12.5 mg/kg i.p. LPS in WT and Fgf21~/~ mice; n =

4-5/group. Data are from one of two independent experiments.

(D) Respiratory rate and O, saturation measured before and after LPS challenge in WT and Fgf21~/~ mice; n = 5/group. Data are from one of two independent
experiments with similar results. (E) Venous blood gas measured by the i-STAT 1 Handheld Analyzer CG8+ cartridge 24 h after PBS vehicle (VEH) or 12.5 mg/kg
i.p. LPS in WT and Fgf21~/~ mice; n = 3-9/group. Pooled data are from two independent experiments. Unpaired two-sided t test (A-C) or two-way ANOVA with

Sidak’s multiple comparisons test (D and E). Data are expressed as mean + SEM.
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Figure S2. FGF21 deficiency results in depressed heart rate and increased heart rate variability during endotoxemia. Ambulatory blood pressure and
heart rate measured by in vivo telemetry before and after 2 mg/kg i.p. LPS, related to Fig. 4 D. (A) Hourly averages of heart rate and mean arterial pressure

after LPS injection in Fgf21f/fl vs Fgf214L". Floating bars represent minimum and maximum hourly averages per genotype group. (B and C) Telemetry
measurements were recorded every minute. Heart rate differences between each recording are shown. (B) Minute-to-minute HRV before and after LPS

injection. (C) Minute-to-minute HRV after LPS injection, with Fgf212t" (red curve) graphed in front to show the difference. n = 4/group; pooled data are from
three independent experiments. ****, P < 0.0001, two-way ANOVA. Data are expressed as mean + SEM.
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Figure S3. Effects of FGF21 deficiency on cardiac markers of inflammation, fatty acid oxidation, acute stress response, and cell apoptosis during
endotoxemia. Fgf21f/fl and Alb-Cre;Fgf21f! (Fgf214L¥) mice given vehicle or 5 mg/kg i.p. LPS treatment, whole heart tissue harvested 20 h after vehicle or LPS
treatment. (A) RA of mRNA expression, shown relative to Rpl13a. Vehicle (Veh), n = 7/group; LPS, n = 14-15/group. mRNA data are pooled from four inde-
pendent experiments. (B) Whole heart tissue protein lysates immunoblotted for caspase-3. Positive control (+ctrl) generated from Hepal-6 cells treated with 5
M staurosporine for 24 h. Representative blot from one of two independent experiments. (C) Quantification of TUNEL-positive cells per 400x-power field. n =
5/vehicle group, n = 6/LPS group; data are pooled from two independent experiments. Data are expressed as mean percentage of TUNEL-positive cells per
total cells per high-power field (hpf). (D) Representative images of heart sections from the left ventricle using TACS Blue Labeling to stain TUNEL-positive cells
and Nuclear Fast Red heart to stain nuclei. Terminal deoxynucleotidyl transferase enzyme was omitted for the unlabeled negative control. TACS-nuclease

treatment was used for the positive control. Scale bars represent 100 pm. Two-way ANOVA with Sidak’s multiple comparisons tests were not statistically
significant (A and C). Data are expressed as mean + SEM.
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