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Abstract

Metabolic heart disease (MHD), which is strongly associated with heart failure with preserved
ejection fraction (HFpEF), is characterized by reduced mitochondrial energy production and
contractile performance. In this study, we tested the hypothesis that an acute increase in ATP
synthesis, via short chain fatty acid (butyrate) perfusion, restores contractile function in MHD.

Isolated hearts of mice with MHD due to consumption of a high fat high sucrose (HFHS) or on
control diet (CD) for 4 months were studied using 3P NMR spectroscopy to measure high energy
phosphates and ATP synthesis rates during increased work demand. At baseline, HFHS hearts had
increased ADP and decreased free energy of ATP hydrolysis (AG-atp), though contractile
function was similar between the two groups. At high work demand, the ATP synthesis rate in
HFHS hearts was reduced by over 50%. Unlike CD hearts, HFHS hearts did not increase
contractile function at high work demand, indicating a lack of contractile reserve. However,
acutely supplementing HFHS hearts with 4mM butyrate normalized ATP synthesis, ADP, AG_a7p,
and contractile reserve.

Thus, acute reversal of depressed mitochondrial ATP production improves contractile dysfunction
in MHD. These findings suggest that energy starvation may be a reversible cause of myocardial
dysfunction in MHD, and opens new therapeutic opportunities.
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Butyrate Improves Cardiac Energetics and Contractile Function in Obesity
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h fat high sucrose (HFHS) feeding negatively impacted cardiac energetics

(decreased ATP synthesis and decreased |A Garp|) and cardiac function which was unmasked
further by increasing demand for cardiac workload (rate pressure product). Acute perfusion of
HFHS hearts with butyrate increased the rate of ATP synthesis and improved cardiac energetics
and contractile function thus correcting the lack of contractile reserve in energetically impaired
HFHS hearts and indicating a causal relationship between cardiac energetics and cardiac function.
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Introduction

While energetic deficits are well described in the failing heart, the temporal and causal
relationship between a chronic energetic deficit and contractile dysfunction is debated.13
Moreover, little information is available on whether energetic defects are reversible, or if
they contribute to decreased cardiac performance in chronic myocardial disease.2:4® Thus,
the hemodynamic consequences of myocardial energetic abnormalities are incompletely
understood. In addition, it remains unclear whether targeted strategies for improving
mitochondrial ATP synthesis may reverse chronically depressed contractile performance.

1,2,6,7

The free energy of ATP hydrolysis (AG-arp) is an important measure of myocardial
energetics and describes the chemical potential in a molecule of ATP to perform work.8-12 A
decline in AG_atp is a consequence of an increase in ADP,% and precedes contractile
dysfunction induced by pharmacologicl3 or ischemicl# inhibition of ATP synthesis.
Therefore, AG-a7p decreases when ADP increases and can be diminished even when [ATP]

is preserved,

as is frequently found in chronic heart disease.113.15 Once AG_atp is
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decreased, regardless of the cause, the heart has reduced contractile reserve and is at risk for
acute mechanical failure during challenges such as an abrupt increase in work demand,
hypoxia, ischemia, or arrhythmia.1:12 Worsening of energetics in diseased hearts is
frequently thought to be due to diminished contribution of fatty acids to oxidative
metabolism.26:16-18 Genetic models that prevent this decrease!®-21 or chronic interventions
that increase utilization of other substrates, such as glucose20-22 or ketones23, improve
pathologic cardiac remodeling and function in models of myocardial hypertrophy19.22.24 and
progressive heart failure.18:25

Metabolic heart disease (MHD), a consequence of metabolic syndrome, is characterized by
LV hypertrophy (LVH), contractile dysfunction, and mitochondrial dysfunction.26 Mice fed
a high fat high sucrose (HFHS) diet mimic human MHD?272° and display decreased
myocardial ATP synthesis, increased ADP and decreased AG-a7p. Moreover, they are
unable to appropriately increase contractile performance in response to increased work
demand, indicating a lack of contractile reserve.25 In our prior experiments, supplementation
with long chain fatty acids (LCFA) did not rescue contractile or energetic dysfunction in
hearts from HFHS mice; thus we were not able to establish causality between energy
production and contractile dysfunction.26 Butyrate, a short chain fatty acid (SCFA), is an
efficient mitochondrial fuel that bypasses the highly regulated LCFA import mechanisms,
directly enters the mitochondrial matrix and undergoes p-oxidation.30-32 Here, we test the
hypothesis that cardiac contractile performance in MHD can be improved by rapidly
normalizing ATP synthesis, ADP and AG_gp Via butyrate perfusion.

Experimental animals.

WT male C57BL/6J mice 8 weeks of age were fed ad /ibitum either a control diet (CD) or
HFHS diet for 4 months as previously described.26:33:34 The protocol was approved by the
Institutional Animal Care and Use Committee of the Boston University School of Medicine.

Simultaneous measurement of LV contractile function and high energy phosphates by 31p
nuclear magnetic resonance (NMR) spectroscopy.

Left ventricular (LV) contractile function was assessed in a Langendorff heart preparation as
previously described.20-26:35 Hearts were perfused with Krebs-Henseleit (KH) buffer
containing 10 mM glucose, 0.5mM pyruvate, +/- 4mM butyrate and +/- 200 uM 4-
bromocrotonic acid (BCA) to inhibit B-oxidation. A water-filled balloon was inserted into
the LV to measure LV pressure and adjust LV volume. LV developed pressure (DevP) was
calculated as: DevP = systolic pressure (LVVSP) — end diastolic pressure (LVEDP). Perfused
hearts were placed in a 10 mm glass tube in a 9.4T vertical bore magnet and maintained at
37°C throughout the protocol. After stabilization, balloon volume was adjusted to achieve an
LVEDP of 8 to 9 mmHg, and held constant during the protocol. LV workload was changed
by increasing the concentration of CaCls, in the KH from 2 to 4 mM, increasing the pacing
rate from 450 to 600 bpm, or both. Work performed was estimated as the rate pressure
product (RPP) = DevP x heart rate.26 [ATP], [phosphocreatine] (PCr), and [inorganic
phosphate] (Pi), were measured using 3P NMR Varian spectrometer at 161.4 MHz and
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corrected for saturation.20:26:35 Each 31p NMR spectrum resulted from the average of 208
free induction decay signals over 8 min. Intracellular pH (pH;), cytosolic free [ADP], and the
free energy of ATP hydrolysis (AG-arp) Was calculated (Eq 1: JAG-a7p | (kd/mol) = |AG? +
RT In ([ADP][P;)/[ATP]) where AG? (-32 kJ/mol) represents the AG _a7p at standard
conditions of molarity and temperature. The free [ADP] was calculated using the creatine
kinase equation which was assumed to be at equilibrium and where Keq = 1.66 x 10°M 1 as
previously described?8 (Eq 2: [ADP] = ([ATP][Cr])/([PCr][H*])Keq).

After NMR spectroscopy, while still beating, the hearts were immediately freeze clamped
and stored at —80°C for subsequent analysis of total creatine concentration by HPLC36 to
allow for ADP and AG-a7p calculations.6

ATP synthesis rate.

The rate of ATP synthesis was measured with the 2-site saturation transfer technique by
applying a low-power, narrow-band radiofrequency pulse to saturate y-ATP resonance and
measure changes in the Pi resonance. The Pj is solely in the intracellular space as there is no
phosphate in K-H buffer. These measurements were performed at increased work demand
(hearts paced at 450 bpm, 4mM Ca?* in the perfusate). Spectra were acquired with (Moo)
and without (M) a selective 4.8-second saturating pulse.82026 The unidirectional pseudo—
first-order rate constant of ATP synthesis was calculated as ks = (Mg-M©0)/T1 Mg and flux=
ks [Pi], where T1 is the intrinsic longitudinal relaxation time for Pi,3” Mg and Moo are
magnetizations of Pi at 0 and 4.8 seconds of y-ATP saturation, respectively. Each spectrum
resulted from averaging a total of 256 scans, interleaved between blocks of 8Mg and 8M o
scans. The measurements were acquired in 44 min.2% To eliminate the effect of the direct
attenuation of the observed resonance by the gamma-ATP targeted saturation pulse, during
the Mg acquisition, an RF pulse of the same power was used and targeted at an equal
frequency offset downfield from the observed resonance. Therefore, the symmetrical
irradiation that was targeted at the same offset on the opposite side of the Pi resonance
allowed us to control for “spillover” RF effects.

Statistical analysis.

Results

Results are presented as mean + SD. Comparisons between groups were performed using
unpaired t-tests, Mann-Whitney non-parametric tests or 2-way or repeated measures
ANOVA, as appropriate. All statistical analyses were performed using GraphPad Prism
software. P-value < 0.05 was considered significant.

Butyrate improves the rate of ATP synthesis in HFHS hearts.

At increased work demand (4mM Ca2*, 450 bpm), the rate of ATP synthesis in HFHS hearts
was only 44% that of CD hearts (Figure 1A). Perfusion of HFHS hearts with KH + 4mM
butyrate increased the ATP synthesis rate by 2-fold compared to HFHS hearts not perfused
with butyrate (p<0.001) and 1.3x that of KH perfused CD hearts without butyrate (p<0.05).
To test the specificity of the butyrate effect, ATP synthesis was measured during butyrate
infusion under the same workload conditions with and without pretreatment with BCA, an
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inhibitor of B-oxidation.30 The butyrate-induced improvement in ATP synthesis was
completely prevented by pretreatment with BCA (Figure 1A). Representative nuclear
magnetic resonance spectra of the 2-site saturation transfer technique show the
disappearance of the saturated »-ATP peak at M, (Figure 1B-D). Subsequent exchange
between the saturated »-ATP and Pi results in a reduction in the Pi peak at M. In CD and
HFHS + butyrate hearts, the reduction in the Pi peak at Moo is greater (Figure 1B, D) than
in HFHS hearts without butyrate (Figure 1C) indicative of higher ATP synthesis rates in CD
and HFHS + butyrate hearts. An observed reduction in the p-ATP peak between Mg and Moo
is likely due to nuclear Overhauser effects as previously described.38

Butyrate normalizes abnormally elevated ADP in HFHS hearts.

The [ATP] was similar in hearts from HFHS- and CD-fed mice throughout the protocol
(Figure 2A). In CD hearts, [PCr] decreased with increasing work demand. In HFHS hearts,
[PCr] was lower at all work demand levels (vs. CD hearts) (Figure 2B). The [PCr]/[ATP]
was also significantly lower at all work demand levels (Figure 2C), however, total [Cr]
(Supplementary Figure 1) and intracellular pH (Figure 2D) were the same for all groups.
Calculated cytosolic free [ADP] was higher in HFHS hearts at baseline and at all levels of
work demand (Figure 2E). In HFHS hearts, the addition of 4 mM butyrate to the perfusate
normalized [PCr], [PCr]/[ATP] and [ADP] such that they were similar to CD hearts at all
work levels. Neither the decrement in HFHS heart energetics nor the improvement resulting
from acute butyrate perfusion was due to changes in contractile efficiency, as the cost of
contraction (amount of ATP synthesized per work performed) was the same in all groups
(Figure 2F).

Butyrate increases |AGatp | in HFHS hearts.

The absolute value of free energy of ATP hydrolysis |AGaTp | was lower in HFHS hearts at
baseline and at all levels of increased work demand. Perfusion with butyrate corrected |
AG atplin HFHS hearts (Figure 3A).

Butyrate normalizes contractile reserve in HFHS hearts.

In hearts from CD mice, developed pressure and the rate pressure product (RPP) increased
progressively with increased work demand, whereas in HFHS hearts these increases were
markedly blunted (Figure 4 A, B). LVEDP was manually set to be identical in the HFHS and
CD hearts under baseline conditions, but increased more in HFHS hearts at each increased
level of work demand (Figure 4C). At the highest work demand (4mM Ca2*, 600 bpm),
LVEDP was increased in HFHS hearts compared to CD hearts (21.5 £ 2 mmHg vs. 13.2 £
2.1 mmHg; p < 0.01). Butyrate perfusion prevented all the abnormalities in contractile
function unmasked by high work demand in the HFHS hearts: developed pressure, RPP, and
LVEDP were similar to CD hearts at all work levels (Figure 4 A-C).

To test the rapidity of the butyrate effect, acute infusion of butyrate in CD did not further
increase developed pressure at high work demand (4mM Ca?*, 450 bpm), (Figure 4D). In
HFHS hearts, acute infusion of butyrate rapidly (within 2 minutes) increased developed
pressure to the level of CD hearts (Figure 4E). Additionally, as in Figure 1, to test the
specificity of the butyrate effect, HFHS hearts were perfused with and without pretreatment
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with BCA, an inhibitor of -oxidation.3? The butyrate-induced improvement in developed
pressure was prevented by pretreatment with BCA (Figure 4F).

The combined effect of butyrate on energetics and contractile function is particularly
striking when |AGa7p | is plotted against work performed (RPP) (Figure 3B). Butyrate
perfusion moved the [AGatp |/ RPP relationship in HFHS hearts upwards and rightwards by
simultaneously improving both energetics and contractile function and correcting the lack of
contractile reserve in energetically impaired HFHS hearts.

Discussion

The main finding of this study is that an immediate doubling of ATP synthesis is sufficient
to cause an improvement in contractile function in mice with MHD. Perfusion with butyrate,
an efficient mitochondrial energy substrate, rapidly corrected mitochondrial ATP synthesis,
high energy phosphate concentration including ADP and importantly, |AGatp |- Moreover,
doubling in ATP supply resulted in a complete restoration of contractile reserve and
normalization of diastolic function at high work demand. The ability of butyrate to acutely
and rapidly improve myocardial function suggests a direct causal relationship between the
impairment in energetics and cardiac dysfunction.

Failing heart is energy starved.

It has been well established that the failing heart is energy starved3®-41, However, whether
the energetic changes that are observed in chronic myocardial disease are the primary cause
of pump dysfunction or a contributing factor secondary to chronic metabolic remodeling
remains unanswered.1-24.15 As we have previously shown, an increase in ADP drives the
decrease in |JAG-arp| in HFHS hearts at baseline and the deficit worsens with increased work
demands.26:35 Whether the energy deficit reflected by the decrease in |AG_arp| is sufficient
to contribute to contractile dysfunction is unclear. This question is salient given that [ATP]
and [Pi] remained unchanged in HFHS hearts compared to CD, thus making increased
[ADP] the driver of the decrease in |AG-aTp| (see methods Eq 1).

Decreased |[AGaTp | in MHD is too low to support normal diastolic and systolic function.

In CD hearts, increased work demand is matched by a progressive increase in contractile
function. In contrast, HFHS hearts have a markedly blunted developed pressure and RPP
response across a range of work demand. Thus, an increase in work demand revealed a
marked impairment in contractile reserve in HFHS hearts as evidenced by failure to
appropriately increase systolic function. The inability to increase contractility in HFHS
hearts was even more notable given that HFHS hearts had a higher LV end-diastolic pressure
(LVEDP) with increasing work demand. These results are relevant to the clinical setting in
which the lack of contractile reserve and increased diastolic filling pressures are observed in
patients with heart failure with preserved ejection fraction (HFpEF)28, a clinical syndrome
that is frequently caused by MHD, and contributes to exertional or workload-related
symptoms in these patients.28:4243 In our study, with increased work in HFHS hearts, |
AG_p7p|decreased below the value of 52 kJ/mol; a critical value for normal Sarcoplasmic
Reticulum Calcium ATPase (SERCA) function (Figure 3B).13:26.44 SERCA is a major
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regulator of calcium homeostasis and contractility in the heart and thus SERCA dysfunction
may contribute to both diastolic dysfunction and loss of contractile reserve with increased
work demand.12:45

Butyrate rapidly enters mitochondria and supports [3-oxidation.

To test the relationship between decreased |AG-atp| and contractile dysfunction, we sought
to acutely improve ATP synthesis and |AG-a7p|by perfusing hearts with the SCFA, butyrate,
an efficient substrate for energy production. Although the substrates in the perfusion
conditions (glucose and pyruvate) do not entirely reflect the /nvivo substrate selection and
hormonal milieu, we had previously observed that perfusion with a mixture of LCFAs did
not rescue contractile function in HFHS hearts thus suggesting a “bottleneck” for LCFA
utilization by the mitochondria.28 Nevertheless, since the perfusion conditions do not
precisely match the /n vivo conditions, it may be difficult to predict the effect of increased
circulating butyrate in this model. The observed difference between LCFA and SCFA likely
reflects the ability of butyrate to bypass the highly regulated LCFA transport mechanisms of
the mitochondria which are altered in chronic heart failure.19:30 Therefore, unlike LCFA,
butyrate enters the mitochondria directly to undergo R-oxidation and produce reducing
equivalents (NADH and FADH2). Thus, butyrate can rapidly replenish flux through the
electron transport chain resulting in improved ATP synthesis. The beneficial effect of
butyrate perfusion was evident within approximately 2 minutes, and was associated with
increased ATP production which corrected [PCr], [ADP] and AG_-atp. The rapid effect of
butyrate was due to increased 3-oxidation since concomitant BCA perfusion prevented the
butyrate-induced increase in ATP synthesis rate.

Butyrate increases |AGatp | sufficiently to support SERCA and normalize diastolic function
and contractile reserve.

The improvement in energetics was temporally related to improvements in both systolic and
diastolic function with increased developed pressure, rate pressure product, and LVEDP at
elevated work demands. The acute effect of butyrate perfusion was not due to an
improvement in contractile efficiency as the cost of contraction (amount of ATP synthesized
per unit of work performed) was not different between the groups (Figure 2F), suggesting
that butyrate did not decrease the demand for ATP. Importantly, butyrate perfusion improved
|AG-aTp|to > 52 kd/mol, thereby, potentially, fully satisfying SERCA AG-atp requirements
as well as the AG._a1p requirements of other ATP dependent contractile and cellular
processes such as Na/K ATPase (JAG-arp|~ 48 kd/mol) and myosin ATPase (JAG-atp|~ 47
kd/mol).32:46

In addition, the decrease in PCr in HFHS group (Figure 2B, C) did not seem to be due to a
decrease in the concentration of creatine which was not different from CD group
(Supplementary Figure 1). Using chemical exchange saturation transfer (CEST) of creatine,
Pumphrey et al have previously shown decreased cardiac creatine in a mouse model of high
fat diet.4” The differences in our results may be due to differences in technique (HPLC vs
CEST), diet/model and length of feeding. Further studies into how cardiac creatine changes
over time in models of obesity and its relation to energetics are warranted.
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Evidence for contractile benefit of butyrate.

The contractile benefit of butyrate perfusion seems to be due to its effect on increased ATP
production and lowering [ADP] based on: 1) a rapid increase in contractile function within 2
minutes from the introduction of butyrate to the perfusate 2) a simultaneous increase in both
|AG TP | @nd contractile function rather than a reciprocal change that might be expected if
other mechanisms were involved (e.g. an inotropic effect or a change in calcium sensitivity)
3) the complete prevention of the butyrate effect on both ATP synthesis and contractile
function with BCA, an inhibitor of 3-oxidation.

Causal link for energetics and cardiac function in MHD.

Prior studies have modulated the metabolic remodeling that occurs in heart failure with
varying levels of success.8:19.24.48 However, these interventions have occurred over weeks or
months introducing the possibility of cardiac remodeling and thus making a temporal and
causal relationship between the changes in energetics and cardiac function uncertain.#9:50
Our current study, in contrast, is performed over a very brief time frame eliminating the
possibility that other adaptive mechanisms, such as changes in protein expression,16:17 could
explain the results, and thus providing a causal link between energetics and cardiac function.

Magnitude of our energetic intervention.

In recent years, attention has been given to modulating cardiac metabolism in heart failure
by varying the source of energy substrates.6:18:23:51.52 The |ogic applied in our study was
similar: to utilize a carbon source (butyrate) that easily enters the mitochondrial matrix and
produces the highest amount of reducing equivalents for ATP synthesis when oxidized. The
doubling in the rate of ATP production with butyrate in our study is noteworthy. In prior
studies, perfusion of hearts from db/ab mice or mice post thoracic aortic constriction with
the ketone R-hydroxybutyrate caused no improvement in cardiac work23:53, However, in
these studies the estimated ATP production increased by approximately 20%. The smaller
increase in ATP synthesis with B-hydroxybutyrate in these studies may reflect differences in
perfusate concentration and/or that B-hydroxybutyrate produces a single reducing equivalent
(NADH) when converted to acetoacetate®, whereas both NADH and FADHS are produced
from butyrate through B-oxidation prior to entering the TCA cycle30. A subsequent study
showed that chronic ketone infusion improved hemodynamics in tachy-mediated
cardiomyopathy in canines, though energetics was not assessed.2> Additionally,
manipulating pyruvate dehydrogenase complex so as to increase pyruvate flux into the
mitochondria may be another beneficial strategy and is being investigated with pyruvate
dehydrogenase kinase inhibitors.>* These observations suggest that the magnitude of the
increase in ATP production may determine the impact on cardiac function to a greater extent
than the choice of provided substrate as long as substrate transport into mitochondria is not
limited. The comparison between ketones and SCFA as energy substrates for the heart is also
important given their different sites of production in the body (liver for ketones vs. gut
microbiome for butyrate)®®. Thus, this work widens therapeutic target possibilities for MHD.
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Energetic limitations may be an important cause of contractile dysfunction which leads to
exercise intolerance and symptoms in patients with HFpEF due to MHD. As recently noted,
the application of mitochondria-targeted therapies for heart failure has lagged.>® Our data
provide direct evidence that contractile dysfunction is due to decreased ATP production in
the HFHS model of MHD and can be ameliorated by methods which restore ATP
production. We have previously shown that reactive oxygen species (ROS) damage
mitochondrial electron transport chain proteins contributing to decreased ATP synthesis in
the same HFHS model and that quenching ROS with mitochondrial catalase prevents
oxidative mitochondrial damage3*3> and both energetic and contractile dysfunction.3® In the
short time-frame of the current study, it is unlikely that our acute intervention fixed the
adversely remodeled mitochondrial machinery, but rather provided a superior carbon source
sufficient to boost ATP synthesis to normal levels. Accordingly, these findings suggest that
strategies to improve energy production may be an effective approach for the treatment of
MHD. Whether these findings apply more broadly to other forms of heart disease remains to
be investigated.
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Abbreviations

BCA bromocrotonic acid

CD control diet

CEST chemical exchange saturation transfer
Cr creatine

DevP left ventricular developed pressure
AG_ATP free energy of ATP hydrolysis
HFpEF heart failure with preserved ejection fraction
HFHS high fat high sucrose

KH Krebs-Henseleit

LCFA long chain fatty acid

LVH left ventricular hypertrophy
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Figure 1: 3P NMR magnetization transfer measured ATP synthesis in CD and HFHS hearts
during high work demand.

CD and HFHS hearts were perfused with KH buffer containing 10 mM glucose, 0.5 mM
pyruvate and 4 mM Ca?* while paced at 450 bpm. (A) ATP production was reduced in
HFHS hearts. Adding 4mM butyrate to HFHS KH perfusion increased ATP production and
this increase was abolished with the addition of 4-bromocrotonic acid (BCA), an inhibitor of
B-oxidation. Representative 31P NMR magnetization transfer spectra collected from CD (B),
HFHS (C) and HFHS+butyrate (D) hearts at 0 seconds (Mg) and 4.8 seconds (Moo) after a
saturating pulse was applied to y-P of the ATP. The peaks are assigned (from left to right) as
Pi, PCr, »-ATP, a-ATP and B-ATP. Note the disappearance of the »-ATP peak (saturated) at
Moo. The exchange of the saturated [y-P] between ATP and Pi resulted in reduced Pi peak
area. Both CD hearts and HFHS + butyrate hearts have a larger decrease (reflecting higher
rates of ATP synthesis) than HFHS hearts. CD (n = 7), HFHS (n = 8), HFHS + butyrate (n =
4), HFHS + butyrate + BCA (n = 4); ** p < 0.01 vs CD, ### p <0.001 vs HFHS.
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Figure 2: 3P NMR measured energetics in isolated hearts from mice fed CD and HFHS diets.
A stress protocol was performed with incremental increases in pacing rate and calcium

content in 4 stages over 64 min. The measured or calculated values for ATP (A), PCr (B),
PCr/ATP (C), pH (D) and ADP (E) during this stress protocol are shown. Butyrate corrected
all energetic abnormalities in the KH perfused hearts from HFHS fed mice. At the highest
workload, the amount of ATP synthesized to perform work (Cost of Contraction) was the
same for the three groups (F). This demonstrates that diet and metabolic substrate perfusion
did not change the amount of ATP required to perform contractile work. (n=6-7); ** p<0.01

HFHS vs. CD and HFHS + butyrate.
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Figure 3: Butyrate improves the free energy of hydrolysis of ATP in HFHS hearts.
The absolute value of free energy of ATP hydrolysis, [AGarp |, was lower in HFHS hearts at

all levels of work demand. Perfusion with butyrate prevented the detrimental decrease in |A
Gatpl (A). The lack in contractile reserve is revealed when |A Gap |is plotted against the
work performed (RPP), where, at the highest workloads, the |A Garp | fell below the free
energy required for sarcoplasmic reticulum ATPase (SERCA) function. This deficit in
contractile reserve was fully restored to normal values upon perfusion with butyrate even at
the highest work demand (B), n=6-7; **p<0.01.
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Figure 4: Butyrate-improved energetics leads to normalization of hemodynamic function in
HFHS hearts.

In hearts from CD fed mice, there was an increase in developed pressure (A) and rate
pressure product (B) at progressively higher work demand. This was blunted in hearts from
mice fed a HFHS diet, indicative of a lack of contractile reserve. LV end diastolic pressure
(LVEDP) increased with each progressive increase in workload in HFHS hearts compared to
CD hearts indicative of impaired relaxation (C). Acute perfusion with butyrate prevented the
detrimental contractile and relaxation changes seen in HFHS hearts. Representative raw
tracings at high workload (4mM Ca?* and paced at 450 bpm) show no significant change in
cardiac contractility in CD hearts with butyrate (D) but a significant improvement in HFHS
hearts within 2 minutes of initiation of butyrate (E). Inhibition of B-oxidation with BCA
prevented the acute butyrate-induced improvement in contractility (F). n= 6-7; **p < 0.01.
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