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Glucagon-like peptide-1 receptor agonists (GLP-1RAs), including semaglutide, are effective 29 
treatments for obesity and type 2 diabetes (T2D). Large-scale clinical trials have shown that 30 

semaglutide confers substantial and clinically meaningful short-term cardiovascular benefits in 31 
both individuals with and without T2D (1). In addition, semaglutide improves adverse cardiac 32 
remodeling in obese patients with heart failure with preserved ejection fraction (HFpEF) (2), 33 

likely secondary to reversing obesity-related pathological changes. Moreover, we recently 34 
discovered that treatment with semaglutide reduces cardiac mass in both obese and normoweight 35 

mice even in the absence of pre-existing cardiac enlargement or dysfunction (3). Thus, while 36 
semaglutide has beneficial effects in the diseased or injured myocardium (2; 4), it may also 37 
reduce cardiac mass in otherwise healthy hearts. If this also occurs in humans, it suggests that 38 

there may be patients who would benefit from this reduction in cardiac mass and some patients 39 
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where semaglutide therapy could have detrimental effects. For the latter, preserving cardiac mass 1 
while maintaining adipose loss could maximize the therapeutic benefits of GLP-1RA therapy. 2 

3 
Previous work has shown that ketones play a major role in maintaining heart and skeletal muscle 4 

mass in normal physiology (5). Ketones are molecules that are produced by the liver from fatty 5 
acids and can be readily oxidized in the mitochondria of extrahepatic organs as a source of ATP. 6 
Recent studies have demonstrated that ketones play a major role in maintaining energy stability 7 

by reducing mitochondrial stress during decreased caloric intake, and that the loss of a key 8 
ketolytic enzyme, β-hydroxybutyrate dehydrogenase 1 (BDH1) in muscle contributes to skeletal 9 

muscle loss (6). Consistent with this, we show that transcript and protein levels of BDH1 are 10 
reduced in hearts from diet-indued obese mice following 3 weeks of semaglutide treatment 11 
(Figure 1A). Based on these findings, we speculated that the semaglutide-induced reduction in 12 

cardiac BDH1 decreased ketone utilization in the heart and contributed to the loss of cardiac 13 
mass. Consequently, we also surmised that promoting ketolytic flux via ketone therapy could 14 

prevent these effects. 15 
16 

To investigate the potential of ketone therapy to mitigate semaglutide-induced cardiac muscle 17 

loss, we fed mice a 60% high-fat diet (HFD) for 17 weeks to induce obesity (Figure 1A). 18 
Following this, mice were switched back to a regular chow diet to mimic the lifestyle 19 

intervention employed in the STEP1 clinical trial (7). Mice were then randomized to receive 20 
either vehicle (phospho-buffered saline), semaglutide (30 nM/kg/day, intraperitoneally), or 21 
semaglutide and ketone therapy. To establish an appropriate dosing regimen for the palatable 22 

ketone supplement bis-octanoyl (R)-1,3-butanediol (BO-BD; Qitone), we conducted a pilot study 23 
in normoweight mice and found that 0.114 g BO-BD/mL in drinking water produced sustained 24 

elevations in the primary ketone, β-hydroxybutyrate (Figure 1B). The HFD protocol resulted in 25 
an average bodyweight (BW) of 49.9 ± 3.8 g at the start of semaglutide treatment, which 26 
decreased by ~24% in the vehicle control group (due to the switch to regular chow diet), ~55% 27 

in the semaglutide-treated mice, and ~36% in mice given both semaglutide and BO-BD (Figure 28 
1B). While semaglutide-induced loss of BW was blunted with ketone co-therapy, whole body 29 

composition analysis using EchoMRI revealed that actual fat mass loss was not different 30 
between semaglutide treatment alone (Figure 1B). Instead, we show that the BW differences 31 
between these two groups could largely be accounted for by loss of lean mass (Figure 1B). 32 

Specifically, semaglutide-treated mice lost significantly more lean mass than vehicle-treated 33 
controls (−9.0 ± 0.3 g vs. −2.3 ± 1.3 g), and this effect was attenuated in semaglutide-treated mice 34 

also receiving ketone co-therapy (−3.0 ± 0.9 g) (Figure 1B). Consistent with this preservation of 35 
lean mass, we also show that ketone therapy effectively prevents excessive loss of cardiac mass 36 
(Figure 1C), without compromising any of the functional benefits of semaglutide as assessed by 37 

echocardiography. In agreement with our previous finding that in vivo semaglutide treatment 38 
reduces cardiomyocyte area (3), we also show that this reduction is significantly prevented by 39 

ketone co-therapy (Figure 1C). 40 
41 

Given that semaglutide reduces the expression of BDH1, we speculated that decreases in other 42 

mitochondrial proteins may also occur and that ketone therapy could prevent this. We first 43 
examined the transcript levels of Bdh1 and show that the semaglutide-induced decrease in Bdh1 44 

was prevented by ketone supplementation (Figure 1D). Additionally, we examined a panel of 45 
five genes encoding for proteins involved in the electron transport chain (ETC) that have 46 
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previously been shown to be upregulated with ketone treatment in muscle cells (Figure 1D) (8). 1 
We found that transcript levels of all five of these genes were significantly decreased in hearts 2 

from semaglutide-treated mice compared to vehicle-treated mice (dashed line) and restored in 3 
hearts from mice co-treated with semaglutide and ketones (Figure 1D). We also show that 4 

expression of Cox7a1, which encodes a mitochondrial protein essential for complex IV dimer 5 
stabilization and oxidative phosphorylation during muscle maturation (9), and is known to 6 
decline with age (10), is partially restored with ketone therapy (Figure 1D). In light of these 7 

findings, we performed transcriptomic analysis to gain a broader view of the mitochondrial genes 8 
differentially regulated by semaglutide and ketone co-treatment. Consistent with our targeted 9 

approach, unbiased transcriptomic analysis revealed a robust and consistent downregulation of 10 
numerous ETC-encoding genes spanning all four complexes following semaglutide treatment, an 11 
effect that was notably prevented with ketone co-administration (Figure 1D). Together, while 12 

multiple pathways are likely involved, these findings suggest that the loss of mitochondrial 13 
function may be one mechanism that contributes to the loss of cardiac mass with semaglutide 14 

treatment and that can be prevented by ketone co-therapy. 15 
16 

Overall, we show that ketone co-therapy during semaglutide-treatment allows for maintained fat 17 

loss, helps preserve lean and cardiac mass, and does not interfere with the beneficial cardiac 18 
remodeling necessary for maintaining cardiac function. While we further provide evidence that 19 

semaglutide may negatively impact cardiac mitochondrial function and that ketone co-therapy 20 
can prevent this from occurring, further research is needed to establish this conclusively. 21 
Nevertheless, we show that ketone therapy is a safe, efficacious, and highly feasible strategy for 22 

preserving cardiac and lean mass, making it a strong candidate for rapid deployment in clinical 23 
trials. 24 
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FIGURE LEGEND 1 
2 

Figure 1. The Effects of Ketone Co-therapy on Semaglutide-treated Obese Mice. (A) 3 
Cardiac transcript levels of Bdh1 (n = 6-7) in vehicle (V) and semaglutide-treated (S) obese 4 

mice; representative immunoblot of cardiac BDH1 expression and total protein stain (n = 4) in 5 
vehicle (-) and semaglutide-treated (+) obese mice; and study design. (B) Circulating β-6 
hydroxybutyrate levels of 8-week-old C57BL/6 normoweight male mice following addition of 7 

0.114 g/mL BO-BD to drinking water twice daily (n = 10); and changes in bodyweight, fat mass, 8 
and lean mass following initiation of vehicle (V), semaglutide (S) and semaglutide + ketone ester 9 

(S+K) (n = 5-7). (C) Relative heart weight (n = 5-7); left ventricular posterior wall thickness in 10 
diastole (n = 5-7); ejection fraction (n = 5-7); isovolumic relaxation time (n = 5-7); representative 11 
images of left ventricle sections stained with wheat germ agglutinin; and quantification of 12 

cardiomyocyte area (n = 865-2116) from all groups of mice. (D) Cardiac transcript expression of 13 
Bdh1, Atp5e, Uqcrq, Cox20, Smdt1, Uqcr11, and Cox7a1 relative to vehicle-treated mice (n = 5-14 

7); and RNA-seq heatmap of cardiac transcripts (n = 5). Data are shown as mean ± SEM. 15 
Statistical comparisons between 2 groups were performed using Mann-Whitney U test while 16 
comparisons between 3 groups were performed using one-way ANOVA followed by Tukey 17 

multiple comparisons test in GraphPad Prism 10. Mouse studies were approved by the University 18 
of Alberta Institutional Animal Care and Use Committee and conform to the Guide for the Care 19 

and Use of Laboratory Animals published by the National Institutes of Health. The University of 20 
Alberta adheres to the principles for biomedical research involving animals developed by the 21 
Council for International Organizations of Medical Sciences and complies with the Canadian 22 

Council on Animal Care guidelines. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. S+K 23 
= semaglutide and ketone-treated mice; S = semaglutide-treated mice; V = vehicle-treated mice. 24 
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Figure 1 2 
168x243 mm ( x  DPI) 3 ACCEPTED M

ANUSCRIP
T


