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Abstract 17 
 18 
Volatile anesthetics (VAs) are widely used in medicine, but the mechanisms underlying their effects remain ill-19 
defined. Though routine anesthesia is safe in healthy individuals, instances of sensitivity are well-documented, and 20 
there has been significant concern regarding the impact of VAs on neonatal brain development. Evidence indicates 21 
that VAs have multiple targets, with anesthetic and non-anesthetic effects mediated by neuroreceptors, ion channels, 22 
and the mitochondrial electron transport chain. Here, we characterize an unexpected metabolic effect of VAs in 23 
neonatal mice. Neonatal blood ß-hydroxybutarate (ß-HB) is rapidly depleted by VAs at concentrations well below 24 
those necessary for anesthesia. ß-HB in adults, including animals in dietary ketosis, is unaffected. Depletion of ß-HB 25 
is mediated by citrate accumulation, malonyl-CoA production by acetyl-CoA carboxylase, and inhibition of fatty 26 
acid oxidation. Adults show similar significant changes to citrate and malonyl-CoA, but are insensitive to malonyl-27 
CoA, displaying reduced metabolic flexibility compared to younger animals. 28 
 29 
Introduction 30 
 31 
Volatile anesthetic agents (VAs) have been routinely used for general anesthesia for over 150 years; their 32 
development represented a major advance in human medicine (1). Despite their prevalence, the precise targets of 33 
VAs, and mechanisms underlying their pleiotropic effects, are largely undefined. While most intravenous 34 
anesthetics appear to work through one or a small number of functional targets, such as neuroreceptors, VAs have 35 
been shown to interact with and impact a wide range of molecules and physiologic functions. Competing hypotheses 36 
currently exist to explain the precise anesthetic mechanisms of VAs, but general disruption of membrane bound 37 
proteins, either selectively or en masse, is a common feature among favored models (2-4). 38 
 39 
In addition to their desired neurologic effects (e.g. analgesia, paralysis, amnesia, and sedation), VAs have a range of 40 
both beneficial and detrimental off-target effects in various organ systems, including immune modulation, tumor 41 
enhancement, and cardioprotection (5-7). As in the case of anesthesia, the mechanisms underlying VA effects in 42 
non-neuronal tissues are enigmatic more often than not. Defining the mechanisms of VA action in a given setting is 43 
complicated by the diverse physiologic and molecular effects of VAs – it has been remarkably difficult to isolate 44 
and define individual mechanistic pathways involved in the effects of VAs. Experimental approaches to studying 45 
VAs are hampered by their weak interactions with targets and the limitations of volatile (gaseous), poorly water 46 
soluble, agents, which together preclude many of the tools used to study intravenous anesthetic agents. 47 
 48 
Routine anesthesia with VAs is considered to be safe in healthy individuals, but anesthetic sensitivity and toxicity 49 
have been demonstrated in certain clinical populations defined by either age or genetic makeup. In many cases, the 50 
precise underpinnings of hypersensitivity remain poorly understood. Known sensitive populations include those with 51 
genetic defects in mitochondrial electron transport chain complex I (ETC CI), which lead to profound 52 
hypersensitivity to VAs, or individuals with mutations in the ryanodine receptor RYR1, who can experience 53 
malignant hyperthermia upon exposure to VAs (8, 9). Additionally, in recent years there has been a recognition that 54 
neonatal mammals, and developing invertebrate animals, are sensitive to CNS damage as a result of extended or 55 
repeat exposure to VAs; this concept of potential anesthetic induced neurotoxicity represented a paradigm shift in 56 
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pediatric anesthesia (10, 11). While the clinical relevance of paradigms used to study these phenomena are an area 57 
of active debate, and many distinct mechanisms have been proposed to mediate these toxic effects of VAs, it is clear 58 
that VA exposure can induce CNS injury under certain conditions (10, 12, 13). Mechanistic studies defining the 59 
differential effects of VAs on neonates versus older animals have not been available.  60 
 61 
Here, we identify a surprising and previously undocumented metabolic effect of VAs specific to neonatal animal. 62 
Our data reveal both the mechanism of this effect and the nature of the difference between the neonatal and 63 
adolescent mice in response to VA exposure. 64 
 65 
 66 
Results 67 
 68 
 69 
Metabolic status of neonatal mice is rapidly disrupted by volatile anesthesia exposure 70 
 71 
Neonatal mice (post-natal day 7, P7) are in a ketotic state compared to adolescent (post-natal day 30, PD30) or 72 
young adult (P60) animals, as has been previously reported (Fig. 1) (13-17). Steady-state blood ß-hydroxybutyrate 73 
(ß-HB) is ~2 mM in P7 pups, below 1 mM in P30 mice, and approximately 0.5 mM in P60 animals In contrast, 74 
neonatal animals have low average resting glucose relative to adolescent and adult animals, with an average glucose 75 
of ~160 mg/dL at P7 compared to ~230 and ~260 mg/dL in P30 and P60 animals, respectively.  76 
 77 
We recently reported that exposure of P7 neonatal mice to an anesthetizing dose of 1.5% isoflurane leads to a 78 
significant reduction in circulating levels of the ketone ß-HB by 2 hours of exposure (13), a physiologic effect of 79 
anesthesia that had not been previously reported. To further investigate this phenomenon, we assessed ß-HB levels 80 
as a function of exposure time in P7 mice (see Methods). Exposure to isoflurane resulted in an extremely rapid 81 
reduction in circulating ß-HB, with an effect half-life of less than 12 min and a significant reduction compared to 82 
baseline by 7.5 min of exposure (Fig. 1C). After reaching a valley of ~1mM by 30 minutes of exposure, ß-HB 83 
remained low to 2 hours. Littermate neonates removed from their parents and placed in control conditions 84 
(conditions matching anesthesia exposed, but in ambient air, see Methods) show a slight decrease in ß-HB at 30 min 85 
followed by a time-dependent increase in blood ß-HB up to 2 hours. Pairwise comparisons of isoflurane and control 86 
exposed animals demonstrates highly significant reductions in ß-HB in the isoflurane exposed group at each 87 
timepoint (Fig. 1D). 1.5% isoflurane also led to a significant increase in lactate by 60 minutes (see Fig. S1; see also 88 
ETC CI). 89 
 90 
While isoflurane rapidly depleted circulating ketones in neonates, isoflurane anesthesia had no impact on this 91 
circulating ketone in older (P30) animals (Fig. 1E-F). Moreover, both control (fasted) and isoflurane exposed P30 92 
mice show a slight but statistically significant increase in ß-HB by 2 hours (Fig. 1E). 93 
 94 
P7 neonatal mice exposed to 1.5% isoflurane anesthesia fail to maintain normal blood glucose homeostasis (Fig. 95 
1G-H) (13). Following an initial increase in glucose in the 1.5% isoflurane exposed pups, blood glucose falls more 96 
rapidly in isoflurane exposed animals than in controls; both groups are significantly lower than baseline by 60 97 
minutes and continue to fall (Fig 1G). Blood glucose levels are lower in the isoflurane group than fasted (control 98 
treated) pups at 60 and 120 minutes (Fig 1H), falling to ~35 mg/dL by 2 hours of isoflurane exposure, substantially 99 
below the ~100 mg/dL observed in controls. In contrast to neonates, isoflurane anesthesia has no impact on 100 
circulating glucose levels in 30-day old animals exposed for up to 2 hours; glucose is also maintained over this time 101 
in control exposed animals (Fig 1I-J).  102 
 103 
In accordance with standard practice in pre-clinical rodent studies and veterinary medicine, anesthesia exposures 104 
were performed using 100% oxygen as a carrier gas. We considered the possibility that the oxygen concentration in 105 
this exposure may itself influence glucose or ketone metabolism. To test this, we exposed P7 neonates to 100% 106 
oxygen without anesthesia, finding that oxygen alone had no impact on either circulating ß-HB or glucose (Fig. S2).  107 
 108 
 109 
ß-hydroxybutyrate loss contributes to hypoglycemia 110 
 111 
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Glucose and ß-HB are two key circulating metabolic substrates in neonates; a reduced availability of one of these 112 
factors might lead to an increased demand for the other. Given that progressive hypoglycemia follows the rapid loss 113 
of ß-HB, we hypothesized that this reduction in ß-HB may contribute to a subsequent acceleration of glucose 114 
depletion. To explore this possibility, we tested whether ß-HB supplementation could attenuate the loss of 115 
circulating glucose or whether exogenous glucose could prevent ß-HB loss. Intraperitoneal (IP) injection with 2 g/kg 116 
of glucose at the start of anesthetic exposure substantially raised blood glucose levels at each measured timepoint, as 117 
expected (Fig. 1K, L), but did not attenuate ß-HB loss (Fig. 1M, N). Conversely, an IP bolus of ß-HB (20 µmol/g) 118 
at the start of isoflurane exposure, which significantly increased blood ß-HB levels compared to controls (Fig. 1 O, 119 
P), led to a partial but significant attenuation of isoflurane induced hypoglycemia (Fig. 1 Q-R). At 1-hour ß-HB 120 
treated mice have blood glucose levels not significantly different from baseline (Fig. 1Q), and at 2-hours, glucose 121 
levels in ß-HB treated mice are midway between those of isoflurane exposed and control exposed animals (Fig. 1Q), 122 
indicating that ß-HB loss contributes to anesthesia induced hypoglycemia in neonates.  123 
 124 
 125 
Effects of VAs on dietary induced ketosis 126 
 127 
We next considered the possibility that VAs may affect dietary ketosis or fasting induced ketogenesis. During short-128 
term fasting (see Fig. 1C), neonates show a significant an increase in blood ß-HB by 2 hours. Extending the 129 
exposure length, we found there is a similar absolute value increase in ß-HB between 60 to 240 minutes whether 130 
neonates are control or 1.5% isoflurane exposed (the isoflurane group at a much lower point at 60 minutes) (Fig. 131 
2A). Consistent with this finding, adult animals, which start with low ß-HB relative to neonates, show a statistically 132 
significant increase by 180 minutes of either control conditions or exposure to 1.5% isoflurane, with no difference 133 
between the two groups (Fig. 2B). Together, these data show that ß-HB induction by fasting is insensitive to VAs, 134 
suggesting that the mechanisms underlying the acute impact of VAs on neonatal ß-HB may not involve those 135 
pathways involved in fasting induced ketogenesis. 136 
 137 
To determine whether isoflurane also effects ketone levels in the setting of dietary ketosis in older mice, we next 138 
anesthetized adolescent animals raised on a ketogenic diet to with 1.5% isoflurane (see Methods). These animals 139 
have high baseline ß-HB, as expected, but their ß-HB levels were completely insensitive to 1.5% isoflurane (Fig. 140 
2C-D). This particular metabolic effect of isoflurane (loss of circulating ß-HB) is specific to the neonatal setting. 141 
 142 
 143 
ß-HB loss in response to isoflurane exposure is specific to neonates 144 
 145 
Given the surprising dichotomy of effects on ß-HB in neonatal mice compared to ß-HB in the setting of adolescent 146 
animals in dietary ketosis, we next defined the period of this metabolic sensitivity to isoflurane. Baseline ß-HB and 147 
glucose concentrations in mice ranging from age P7 to P30 (Fig. 2E-F). Baseline ß-HB shows a distinct demarcation 148 
as a function of age: high levels up until P17, followed by markedly lower levels starting at P19 (Fig. 2F). In 149 
contrast, steady state glucose levels gradually increase as a function of age from P7 to P30 (Fig. 2F-G) with no clear 150 
shift at P17/P19.  151 
 152 
Next, we exposed animals to control conditions or 1.5% isoflurane anesthesia for 1 hour and assessed blood ß-HB 153 
(Fig. 2I). Isoflurane exposure resulted in a dramatic depletion of circulating ketones by 1 hour of exposure 154 
throughout the neonatal period of P7-P17, with ß-HB reaching a plateau of ~0.5-1 mM in each case. Mice P19 or 155 
older show low blood ß-HB; isoflurane did not significantly alter levels. Median values by treatment group and age 156 
indicate that while isoflurane significantly reduces ß-HB in mice up to P17 there is no significant overall effect in 157 
animals P19 or older (Fig 2J). 158 
 159 
As discussed, glucose in P7 neonates is only modestly reduced by 1-hour of 1.5% isoflurane exposure, but markedly 160 
low by 2 hours, whereas P30 animals maintain their blood glucose. To define the period of neonatal glucose 161 
sensitivity, we exposed mice of various ages to 2-hours of 1.5% isoflurane or control conditions. Isoflurane exposure 162 
led to a depletion of glucose during the prenatal period up to post-natal day 13 (Fig. 2K-L).  163 
 164 
 165 
ß-HB depletion is uncoupled from sedation and common among volatile anesthetic agents 166 
 167 
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We previously observed that blood ß-HB is depleted in P7 animals exposed to 1% isoflurane for over 2 hours (13). 168 
To determine if ß-HB is acutely depleted by non-anesthetizing concentrations of isoflurane, we exposed P7 neonatal 169 
mice to 1% isoflurane and assessed circulating metabolites. We found the loss in circulating ß-HB is similar in both 170 
rate (i.e. half-life of effect) and final effect size in P7 neonates exposed to either 1% or 1.5% isoflurane (Fig 3A-B). 171 
We further found, remarkably, that the impact of 0.2% isoflurane, the lowest setting on many standard clinical 172 
isoflurane vaporizers and well below the EC50, on circulating ß-HB was as or more potent than 1.5%, 173 
demonstrating a robust uncoupling of the anesthetic effects of isoflurane from its impact on neonatal circulating ß-174 
HB. Critically, the lower concentrations of isoflurane (1% and 0.2%) did not cause the transient increase in blood 175 
glucose seen in the 1.5% isoflurane exposed animals, also uncoupling this transient glycemic event from the loss of 176 
circulating ß-HB (Fig. 3C). 177 
 178 
To determine whether the metabolic effects we observed are common among chemically and structurally distinct 179 
VAs, or specific to isoflurane, we tested the impact of halothane and sevoflurane. As with sub-anesthetic 180 
concentrations of isoflurane, sub-anesthetic doses of both halothane (1%) and sevoflurane (2%) rapidly reduced ß-181 
HB in P7 mice (Fig. 3D) (see (13) for sevoflurane EC50). 182 
 183 
 184 
Brief exposure to isoflurane impairs fat metabolism 185 
 186 
Mammalian milk is high in fatty acids and low in carbohydrates and, accordingly, neonatal animals rely heavily on 187 
fat metabolism (18). Fatty acid oxidation (FAO) provides acetyl-CoA both to supply the tricarboxylic acid (TCA) 188 
cycle and to drive hepatic ketogenesis. Ketogenesis occurs in the liver and provides circulating ketone bodies, 189 
including ß-HB, for utilization by peripheral tissues. Targeted metabolomic analysis of liver tissue demonstrated that 190 
ß-HB is depleted in liver by 30 minutes of exposure to low doses (1% and 0.2%) isoflurane, consistent with a 191 
hepatogenic origin of the ß-HB depleting effects of VAs (Fig. 4A).  192 
 193 
Given the importance of FAO in driving neonatal metabolism, including ketone synthesis, we next assessed whether 194 
VAs have an impact on overall free fatty acid (FFA) levels in plasma and livers of P7 neonates exposed to 1% 195 
isoflurane or control conditions for 30 minutes. We focused on low concentration (here using 1%) isoflurane, rather 196 
than 1.5%, in this assay and much of the remainder of this work to avoid both the glycemic impact and deep 197 
sedation of 1.5% isoflurane (see Fig. 1, (13)). This allows for isolation of the ß-HB phenomena, avoiding these other 198 
effects of VAs. 1% isoflurane had no impact on plasma FFAs (Fig. 4B), and liver FFAs trend upward (Fig. 4C), 199 
indicating that a short exposure to VAs does not impair uptake or distribution of plasma and liver FFAs.  200 
 201 
Next, we performed acylcarnitine profiling to determine whether VAs impact FAO. FFAs are activated by covalent 202 
linkage with coenzyme A to form acyl-CoA’s (19). Acyl-CoA’s are then conjugated to carnitine via carnitine 203 
palmitoyltransferase-1 (CPT1), allowing FA’s to enter the mitochondria through the carnitine shuttle (20). Carnitine 204 
shuttling is necessary for long-chain FA transport across the membrane, while short chains can enter by diffusion. 205 
We found that plasma acylcarnitines are broadly reduced by both 1.5% and 1% isoflurane (Fig. 4D), with reductions 206 
observed in the majority of species detected. Liver acylcarnitines are also broadly depleted by both concentrations of 207 
isoflurane (Fig. 4E).  208 
 209 
Larger acylcarnitine species arise exclusively from FAO, while lower molecular weight acylcarnitines can result 210 
from FAO, amino acid catabolism (C3, C5, and C4-OH), or ketone catabolism (C4-OH). C3, C5, and C4-OH were 211 
all significantly reduced in plasma, with no difference between 1% and 1.5% isoflurane (Fig. 4F). These data are 212 
consistent with isoflurane impacting FAO broadly, such as at the CPT1 reaction, rather than through impairing a 213 
specific FFA generating pathway or alternate acylcarnitine precursor pathway, such as amino acid catabolism. The 214 
lack of a dose-dependency further supported our use of 1% isoflurane in subsequent metabolic studies. 215 
 216 
C2, acetylcarnitine, is the product of the conjugation of free carnitine with acetyl-CoA, and reflects overall acetyl-217 
CoA pools. High mitochondrial acetyl-CoA is reflected by increased C2, and plays a role in inhibition of FAO by 218 
driving malonyl-CoA generation by acetyl-CoA carboxylase (ACC) (19, 21, 22) (see diagram in Fig. 5A), which 219 
exists in both cytoplasmic (ACC1) and mitochondrial (ACC2) isoforms (23). While plasma C2 was reduced by 220 
roughly 50% by 30 minutes of exposure to isoflurane in a dose-independent manner (Fig. 4F), hepatic C2 was 221 
significantly increased by 1.5% isoflurane (Fig. 4G), indicating that the mitochondrial acetyl-CoA pool in isoflurane 222 
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exposed liver is increased over controls. Free carnitine was also significantly reduced in plasma, whereas hepatic 223 
free carnitine was unchanged (Fig. 4F-G). 224 
 225 
 226 
Volatile anesthetics acutely impair the TCA cycle 227 
 228 
VAs have been shown to directly inhibit the activity mitochondrial electron transport chain complex I (NADH 229 
ubiquinone oxidoreductase). Since this enzymatic complex consumes NADH, inhibition can increase the ratio of 230 
reduced nicotinamide adenine dinucleotide, NADH, versus the oxidized form, NAD+ (24, 25). Three enzymatic 231 
reactions in the TCA cycle are directly regulated by this redox pair, and increased NADH/NAD+ inhibits TCA cycle 232 
flux (26-28). TCA cycle impairment can lead to cataplerosis, the removal of TCA cycle intermediates via production 233 
of amino acids to prevent mitochondrial matrix accumulation of TCA cycle intermediates. It can also impair 234 
pyruvate entry into the TCA cycle, with a concomitant increase in lactate production. Consistent with these data, 235 
plasma and liver amino acid profiling, which was obtained with the acylcarnitine data, revealed a specific increase in 236 
the anaplerotic/cataplerotic amino acids alanine and asparagine/aspartate (indistinguishable by the mass-spec 237 
method) in liver and alanine in plasma (Fig. 5B-F); levels of other amino acids decreased. These data provide strong 238 
evidence of cataplerosis in the face of impaired TCA cycle function in isoflurane exposed animals (29, 30).  239 
 240 
To directly assess whether isoflurane exposure leads to TCA cycle perturbations, we next performed targeted 241 
metabolomics of TCA cycle and glycolytic metabolites from liver of P7 animals exposed to 30 minutes of 1% 242 
isoflurane or control conditions. While glycolytic intermediates were largely unchanged (Fig. 5G, Fig. S3)), lactate 243 
was significantly increased, additional evidence of a TCA cycle backup (Fig. 5H). In glycolysis, only 244 
phosphoenolpyruvate was significantly changed (reduced), though the implications of this finding are unclear (Fig. 245 
5I). Pyruvate was unchanged, and the majority of TCA cycle intermediates show only non-significant trends 246 
upward. However, critically, citrate and isocitrate showed a striking and significant elevation in the 1% isoflurane 247 
exposed group, with citrate increased 100% by isoflurane exposure (Fig. 5J-Q). These data demonstrate that even 248 
brief exposure to the 1% isoflurane results in marked, yet specific, changes to hepatic TCA intermediates in P7 249 
neonates.  250 
 251 
 252 
Mechanism of VA induced ß-HB depletion in neonates  253 
 254 
In addition to driving lactate increases and cataplerosis, accumulation of the TCA cycle intermediate citrate has been 255 
shown to regulate FAO through citrate mediated activation of ACC. Acetyl-CoA availability and high citrate drive 256 
ACC activity; ACC produces the potent CPT1 inhibitor and fatty acid synthesis precursor malonyl-CoA, providing a 257 
FAO rheostat linked to citrate and acetyl-CoA levels (31) (see Fig. 5A). In normal conditions, this rheostat provides 258 
a switch between fat metabolism and synthesis linked to energetic status of the TCA cycle and acetyl-CoA. 259 
Considering together the impact of isoflurane on acylcarnitines and citrate, we next considered the possibility that 260 
TCA cycle inhibition, accumulation of citrate, production of malonyl-CoA, and subsequent inhibition of FAO at 261 
CPT1 may be driving the VA induced depletion of ß-HB in P7 neonates. Consistent with this model, targeted 262 
metabolomic analysis confirmed that very low dose 0.2% isoflurane for 30 min, which depletes ß-HB (see Fig. 3), 263 
results in a significant increase in hepatic malonyl-CoA in P7 neonates (Fig. 6A).  264 
 265 
Next we assessed whether blocking FAO through inhibition of CPT1 could lead to a depletion of blood ß-HB in 266 
neonates. We administered 5 mg/kg etomoxir, a potent and irreversible pharmacologic inhibitor of CPT1, or 100 267 
𝜇mol/kg malonyl-CoA, the endogenous inhibitor generated by ACC, to P7 neonatal pups by IP injection and 268 
assessed circulating ß-HB following treatment. Strikingly, both etomoxir (Fig. 6B) and malonyl-CoA (Fig. 6C) led 269 
to a rapid and robust depletion of blood ß-HB levels, similar to VA exposure. These data clearly demonstrate that 270 
acute FAO inhibition leads to depletion of blood ß-HB in neonates, consistent with VAs impacting circulating ß-HB 271 
through the citrate/ACC/malonyl-CoA/CPT1 pathway. 272 
 273 
Finally, to directly assess causality of this pathway in this metabolic effect of VAs, we treated P7 neonatal animals 274 
with the ACC inhibitor ND-646 prior to 1% isoflurane exposure to determine whether inhibition of the enzyme 275 
responsible for malonyl-CoA production could attenuate the depletion of ß-HB induced by VA exposure. Given the 276 
potential caveats associated with attempting to abrogate the effects of an inhaled pharmacologic agent by injecting a 277 
competing pharmacologic compound, we performed this experiment using two slightly different paradigms: 1) 278 
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comparison of animals treated for 15 minutes with ND-646 with or without simultaneous exposure to 1% isoflurane; 279 
2) pre-treatment of animals for 15 minutes with either ND-646 or vehicle solution followed by exposure to 1% 280 
isoflurane (i.e. a pre-treatment with ND-646). In each case, mice from individual litters were equally distributed 281 
between treatments. In paradigm 1, ß-HB levels were not lower in mice treated with ND-646 then exposed to 282 
isoflurane when compared to animals treated with ND-646 but not exposed to isoflurane (Fig. 6D). In paradigm 2, 283 
ß-HB was significantly higher in animals pre-treated with ND-646 compared to those pre-treated with vehicle 284 
solution (Fig. 6E). Taken together, these data provide causal evidence that ACC driven generation of malonyl-CoA 285 
and a resulting inhibition of FAO drives the loss of blood ß-HB in VA exposed neonatal mice (for reference, see 286 
model in Fig. 6). 287 
 288 
 289 
Causes of neonatal specificity  290 
 291 
Given these data, we next sought to further define the mechanisms of the neonatal specificity of the ß-HB depletion 292 
resulting from VA exposure. We first performed targeted metabolomic analysis of malonyl-CoA and TCA cycle 293 
intermediates in adult (P30) mice fed a ketogenic diet, which we had found have high ß-HB levels insensitive to 294 
VAs (see Fig. 1). We postulated that adult mice may have higher basal levels of malonyl-CoA or citrate relative to 295 
neonates, resulting in a relative insensitivity to changes induced by VAs. Adult mouse malonyl-CoA levels are not 296 
significantly different compared to neonates at baseline (Fig. 6F – see legend), while exposure to 30 minutes of 1% 297 
isoflurane results in a significant increase in malonyl-CoA in livers of adult mice on a ketogenic diet (Fig. 6F). 298 
Furthermore, hepatic citrate concentrations trend lower in adults compared to neonates, with no difference between 299 
diet groups, while 30 minutes of 1% isoflurane significantly raised citrate in both dietary conditions (Fig. 6G). 300 
These data reveal, unexpectedly, that the impact of isoflurane on hepatic citrate and malonyl-CoA is as robust in P30 301 
animals as in neonates. The metabolic impact of VAs is the same at both ages at this point in the citrate/malonyl-302 
CoA/CPT1 pathway. 303 
 304 
Next, we treated ketogenic P30 mice with etomoxir and malonyl-CoA at the same doses used in neonates to 305 
determine whether ß-HB production is less sensitive to regulation through CPT1 at this age. Treatment with the 306 
potent and irreversible CPT1 inhibitor etomoxir resulted in a rapid reduction in circulating ß-HB, as seen in neonates 307 
(Fig. 6H). In striking contrast, treatment with malonyl-CoA had no impact on ß-HB levels in ketogenic adults, with 308 
ß-HB trending upward to 30 minutes. Together with the findings that citrate and malonyl-CoA are robustly 309 
increased by isoflurane in adults as in neonates (Fig. 6F-G), these data show that FAO regulation through CPT1 310 
plays the same overall role in ß-HB in ketogenic adults as in neonates but adults are insensitive to regulation of FAO 311 
by the endogenous inhibitor malonyl-CoA, in striking contrast to the effects in neonates. 312 
 313 
These findings indicate that the age-specificity of blood ß-HB depletion in response to exposure to VAs is the result 314 
of a rapid metabolic flexibility in neonates not present in adult animals. Based on this, and our model that the 315 
regulation of ß-HB is mediated by increased citrate in the presence of abundant acetyl-CoA, we reasoned that ß-HB 316 
levels should be acutely impacted by glucose administration, which feeds acetyl-CoA and the TCA cycle. This 317 
response would be the same in both neonates and adults, but neonates should be more sensitive to regulation by 318 
glucose compared to adults. Consistent with this model, we found that 2 g/kg IP glucose, but not 1 or 0.5 g/kg, 319 
results in a rapid depletion of blood ß-HB in P30 ketotic mice (Fig. 6J-K). In neonates, blood ß-HB was still 320 
depleted at glucose doses of 1 or 0.5 g/kg, while the effect was attenuated by 0.2 mg/kg (Fig. 6L-M). Neonates are 321 
between 4 and 10-fold more sensitive to acute metabolic changes in glucose availability, strongly supporting our 322 
models for the actions of VAs and the age-specificity of their effects (Fig. 6N). 323 
 324 
Role of ETC CI 325 
 326 
VAs have been shown to impair ETC function and directly inhibit ETC CI (32-37). ETC CI inhibition leads to an 327 
increased NADH/NAD+ ratio, which can impair TCA cycle flux at the reversible steps where NADH is generated 328 
and NAD+ is consumed (see Fig. 6N). Given these data, we performed various experiments aimed defining the 329 
precise role ETC CI inhibition and NADH redox shifts which mediate the effects of VAs, as detailed below: 330 
 331 
First, we assessed NADH and NAD+ in liver of control and isoflurane exposed animals (P7 and P30) through 332 
targeted metabolomics, finding no differences in NAD+, NADH, or the ratio between the two (Fig. S4A-C).  333 
 334 
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The NAD+ precursor nicotinamide riboside (NR) has been found to attenuate multiple outcomes arising from ETC 335 
CI impairment in vitro and in vivo, through rescue of NAD redox (38-43). To further test the role NADH/NAD+ in 336 
the rapid depletion of ß-HB, we injected P7 neonates with saline or 500 mg/kg NR, a dose reported to acutely 337 
increase NAD+ (44), 30 min prior to exposure to 1% isoflurane (Fig. S4D). NR failed to attenuate the loss of ß-HB, 338 
but, rather, seemed to exacerbate the effect. 339 
 340 
Given the caveats of measuring redox molecules, we further considered the role of ETC CI using pharmacologic and 341 
genetic approaches. Treatment of P7 neonates with 0.5 mg/kg rotenone led to lactate and glucose changes similar to 342 
that seen with 1.5% isoflurane, but ß-HB was unchanged (Fig. S4E-G). Lowering the dose to 0.1 mg/kg resulted in 343 
no overt effects on blood metabolites by 30 min, while increasing to 5 mg/kg led to an increase in all measured 344 
metabolites, including ß-HB.  345 
 346 
Finally, we assessed ß-HB levels in P17 neonatal control and Ndufs4(KO) mice. Ndufs4 is a structural/assembly 347 
component of ETC CI, and mitochondrial CI driven respiration is reduced in Ndufs4(KO) animals (45-49). This age 348 
was chosen in order to take advantage of the fact that neonatal mice still had high blood ß-HB (see also Fig. 2) while 349 
Ndufs4(KO) mice can be readily identified by a unique hair-loss phenotype. To our surprise, baseline ß-HB levels 350 
were significantly higher in Ndufs4(KO) neonates than in their control littermates (Fig. S4H). Together, these data 351 
suggest that ETC CI is not the direct target of VAs mediating the acute ß-HB effect in neonate, but may contribute 352 
to the increased lactate observed in VA exposed animals.  353 
 354 
 355 
Discussion 356 
 357 
In this study, we have identified rapid depletion of circulating ß-HB as a previously unreported metabolic 358 
consequence of VA exposure, defined the age-specificity of this finding, determined it is fully uncoupled from 359 
sedation, and elucidated the both the mechanism underlying ß-HB depletion and the underpinnings of the neonate 360 
specificity. Our data provide important new insights into the impact of VAs in neonates, and a particularly sensitive 361 
population. Ketone bodies are critical metabolites in neonatal and infant mammals, accounting for as much 362 
approximately 25% of basal neonatal energy consumption, while ketone consumption rates in neonate brain are four 363 
times, and infants five times, that of adults (14, 50). In the process, we have also demonstrated that short term 364 
exposure to low-dose VAs results in substantial perturbations to hepatic metabolism, including leading to elevated 365 
citrate and malonyl-CoA, even in adult mice and irrespective of diet. These data have shed fresh light on the 366 
physiologic effects of VAs, but significant questions remain unanswered which will require further study.   367 
 368 
 369 
ETC CI 370 
 371 
Together, these data suggest ETC CI inhibition may play a role in mediating some metabolic effects of VAs, such as 372 
VA induced lactate production, but the precise role ETC CI in ß-HB regulation remains uncertain. Tissue specificity 373 
in drug actions may play a role in the differences between VAs and rotenone, with VAs preferentially impairing 374 
function in ß-HB producing, vs consuming, tissues, or differences in the pharmacokinetics/dynamics of inhibition. 375 
The precise nature of ETC CI inhibition may also be distinct, with differential metabolic effects confounding the 376 
impact of rotenone. The Ndufs4(KO) data may indicate that chronic reduction in ETC CI function leads to 377 
compensatory increases in ß-HB output. Each of these questions will need to be addressed in order to fully 378 
understand the role of ETC CI in the metabolic effects of VAs.   379 
 380 
 381 
Direct target of VAs 382 
 383 
ETC CI may play a key role in the accumulation of citrate and subsequent metabolic changes, as discussed. 384 
Aconitase and IDH are responsible for the conversion of citrate to isocitrate and isocitrate to alpha-ketoglutarate, 385 
respectively. The energetically costly IDH reaction is tightly regulated, the most sensitive step of the TCA cycle to 386 
regulation by NADH redox (51-53). Accordingly, the TCA cycle block at this NADH consuming step is consistent 387 
with altered NADH homeostasis within the mitochondria, which would result from ETC CI inhibition. Our findings 388 
could, however, also be consistent with a more direct action of VAs on mitochondrial TCA cycle enzymes. The lack 389 
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of detectable NADH redox shifts in liver and the impacts of rotenone and Ndufs4 deficiency seem to support this 390 
possibility (Fig. S4). 391 
 392 
While our data do not reveal the identity of the direct target of VAs in this paradigm, we successfully uncoupled 393 
sedation from the hepatic citrate/malonyl-CoA/FAO/ß-HB pathway. Moreover, since they occur at such low doses, 394 
these off-target effects cannot be avoided by simply turning down the dose of anesthetic. Whether any metabolic 395 
effects of VAs in neurons are similarly uncoupled from sedation remains to be determined.  396 
 397 
The underpinnings of the age-related change in responsiveness to malonyl-CoA will require further study. The most 398 
likely culprit is CPT1, which has three isoforms – CPT1a, CPT1b, and CPT1c (54). CPT1a is predominant most 399 
tissues, including liver, but is absent from muscle and brown adipose tissue, where CPT1b is the main form; CPT1c 400 
is expressed in the brain, and appears to play a role in feeding behavior (55-59). Any development-related changes 401 
in CPT1 expression, isoform preference, or post-translational modifications modulating activity could lead to the 402 
altered sensitivity to malonyl-CoA, and would provide intriguing insight into the developmental regulation of FAO. 403 
Similarly, while genetic defects in CPT1 and CPT2 have been shown to underlie pathogenic responses to VAs, 404 
including rhabdomyolysis, hyperkalemia, metabolic acidosis, and even acute renal failure and cardiac arrest (60-62), 405 
the role of CPT1 has not been directly probed in relation to anesthesia in normal patients or in genetic mitochondrial 406 
disease. Further study of CPT1 in these settings seems warranted given its importance in the impact of VAs on 407 
neonatal metabolism. 408 
 409 
Finally, our data have major implications to any research utilizing anesthesia prior to assessing metabolic endpoints. 410 
We have clearly demonstrated that exposure to VAs has a rapid and significant impact on many metabolites 411 
including ß-HB, citrate, malonyl-CoA, and acylcarnitines. Some of these extend to adult animals and are likely to 412 
occur in other vertebrates, including humans, as well. Our data indicate that great caution should be used when 413 
considering the use of VAs in experiments involving metabolic endpoints, as even brief exposure at low dose can 414 
have striking metabolic consequences. 415 
 416 
 417 
Materials and Methods 418 
 419 
Ethics statement and animal use 420 
 421 
All experiments were approved by the Animal Care and Use Committee of Seattle Children’s Research Institute 422 
(Seattle, WA). Experiments utilize the C57Bl/6 strain, originally obtained from Jackson laboratories (Bar Harbor, 423 
ME), or the Ndufs4(KO) strain, originally obtained from laboratory of Dr. Richard Palmiter at the University of 424 
Washington (49). All treatment group assignments were randomized. Animal numbers for each dataset are noted in 425 
the associated figure legends. Ndufs4(KO) mice were bred by heterozygous mating and genotyped using the Jackson 426 
laboratory PCR method. Animals used for Ndufs4(KO) P17 data were identified by the hair-loss phenotype which 427 
occurs in the Ndufs4(KO) animals. Ndufs4 is a recessive defect, and heterozygosity results in no reported 428 
phenotypes, including no detectable defects in ETC CI activity, so controls for this dataset include both 429 
heterozygous and wildtype mice.   430 
 431 
Cages were checked for weanlings every 1-2 days. Neonatal animal ages are within a 24-hour window of the 432 
indicated age - for example, all ‘P7’ neonates are 7 - 8 post-natal days old. P30 animals were between 30 and 35 433 
days old, and P60 animals were between P60 and 65 days old. No differences in any metabolic endpoints are 434 
anesthesia sensitivities were identified within these defined age ranges. In pilot studies, we found no differences 435 
between male and female animals. All neonatal experiments were performed on an equal (randomized) mixture of 436 
male and female pups. All adolescent/adult experiments were performed on male animals. 437 
 438 
When possible, blood point-of-care measures were collected from animals which were used for tissue collection for 439 
metabolite studies, maximizing our replicate numbers for point of care data.  440 
 441 
All experiments contain data from animals from two or more litters to avoid any litter or parenting effects.  442 
 443 
All animals were euthanized by decapitation (neonates) or cervical dislocation followed by decapitation (adults) 444 
following animal care regulations. 445 
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 446 
Anesthetic exposures and control conditions 447 
 448 
We chose anesthetic conditions consistent with standard of care in veterinary medicine and published mouse 449 
neonatal anesthesia literature (see (13)). Isoflurane (Patterson Veterinary, 14043070406), halothane (Sigma, B4388), 450 
or sevoflurane (Patterson Veterinary, 14043070506), were provided at concentrations indicated using a routinely 451 
maintained and tested isoflurane vaporizer (Summit Anesthesia Solutions, various models) at a flow-rate of 3–4 452 
liters/min through a humidifier in-line. Vaporizers were routinely calibrated by a commercial service and 453 
performance was monitored using an in-line volatile anesthetic concentration sensor (BC Biomedical AA-8000 454 
analyzer). 100% oxygen was used as the carrier gas, as detailed. The plexiglass exposure chamber and humidifier 455 
were pre-warmed to 38  ̊ C and maintained at this temperature throughout the exposure using a circulating water 456 
heating pad (Adroit Medical, HTP-1500); the temperature of the heating pad was verified using a thermometer. ‘No 457 
anesthesia’ controls were treated identically to isoflurane exposed animals – this included removal from parents at 458 
neonatal ages and fasting, with no access to water, in a normal mouse cage on a 38  ̊C heating pad for the duration of 459 
the ‘control’ exposure for all ‘control’ treated animals. 460 
 461 
Animal diets 462 
 463 
Breeders (parents of experimental neonatal mice) were fed PicoLab Lab Diet 5053, control fed adult mice were fed 464 
PicoLab Diet 5058.  465 
 466 
To avoid weaning stress and associated weight loss, ketogenic adult mice were gradually acclimated to the ketogenic 467 
diet (Envigo, Teklad TD.96335) starting at weaning (P21) using the following protocol: 3 days (starting at weaning) 468 
on a 50/50 mix (by weight) of ketogenic diet and ground normal mouse diet (PicoLab Diet 5058), followed by 3 469 
days of 75/25 ketogenic/normal, then 3 days of 85/15. Finally, mice were moved to a 95% (by weight) ketogenic 470 
diet. Mice were used for experiments 3-5 days after this final dietary change. 471 
 472 
 473 
Point of care blood data 474 
 475 
Longitudinal collection of blood data is physically impossible in P7 neonatal mice due to their extremely small size. 476 
Each blood value measurement therefore represents a single animal euthanized at the timepoint designated. Animals 477 
were rapidly euthanized by decapitation, and blood was analyzed immediately. Point-of-care blood data (glucose, ß-478 
HB, and lactate) collected from animals aged P17 or older were collected using a minimally invasive tail-prick 479 
method, with multiple measures taken from the same animals during time-course data collection.  480 
 481 
Except where indicated otherwise, blood glucose was measured using a Prodigy Autocode glucose meter (product 482 
#51850–3466188), blood β-HB was assessed using a Precision Xtra XEGW044 meter with β-HB assay strips, and 483 
blood lactate was measured using Nova Biomedical assay meter (Product #40828).  484 
 485 
 486 
Sample collection and storage 487 
 488 
All tissues and blood collected for metabolite analysis were flash-frozen in liquid phase nitrogen and stored at -80, 489 
or in dry ice (during shipment), until use. Blood used for metabolite analyses was collected using heparinized 490 
syringes (Pro-Vent, 4629P-2) and either frozen whole (whole-blood), or, for plasma, samples were briefly spun in a 491 
set-speed table-top centrifuge (Thermo MySpin6 or similar) to pellet blood cells and plasma was moved to a new 492 
tube then flash frozen.  493 
 494 
 495 
Blood and tissue metabolite analyses 496 
 497 
Free fatty acids were quantified using the Abcam Free Fatty Acid Quantification Kit (Abcam, ab65341), following 498 
manufacturer’s protocol. 499 
 500 
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Acyl-carnitines were analyzed by the Duke Molecular Physiology Institute Metabolomics Laboratory (Duke 501 
University, Durham, NC, USA), as previously described (63, 64). Briefly, samples were cryohomogenized under on 502 
dry ice using a cryopulverizer (BioSpec) chilled in liquid nitrogen. Frozen powdered tissue was transferred to a tube 503 
on dry ice, weighed in a cold analytical scale (Denver Instruments), and homogenized in 50% aqueous acetonitrile 504 
containing 0.3% formic acid, to final concentration of 50 mg/ml homogenate. Plasma samples were mixed with 50% 505 
aqueous acetonitrile containing 0.3% formic acid to a final concentration of 50 uL plasma/mL total volume. Samples 506 
were shipped to Duke, where targeted quantitative tandem flow injection mass spectrometry (MS/MS) was used to 507 
detect of 60 metabolites (45 acylcarnitines and 15 amino acids). For MS/MS analyses. Samples were spiked with a 508 
cocktail of heavy-isotope internal standards (Cambridge Isotope Laboratories, MA, USA; CDN Isotopes, Canada) 509 
and deproteinated with methanol. Supernatant was dried and esterified with hot, acidic methanol (acylcarnities) or n-510 
butanol (amino acids). Tandem MS/MS using a Waters TQD (Milford, MA, USA) was used to quantitatively assess 511 
acylcarnitine and amino acid ester concentrations. Samples were tested in random order, and samples were blinded 512 
to the metabolomic facility. 513 
 514 
Samples for TCA cycle, glycolysis, and related analytes, including malonyl-CoA, were flash frozen in liquid 515 
nitrogen and shipped to Creative Proteomics (Shirley, NY, USA) for processing and analysis. All samples were 516 
blinded and run in a random order. Briefly, samples were homogenized in mass-spec grade water at 2 μL/mg using 517 
an MM 400 mill mixer for three cycles, one minute each. Methanol was added to 8 μL/mg raw starting material, and 518 
homogenization was repeated. Samples were vortexed, sonicated, and centrifuged to clear insoluble material. Clear 519 
supernatant was transferred to new tubs for analysis as follows:  520 
 521 
Carboxylic Acids Analysis: 20 μL of each standard solution or each clear supernatant, was mixed with 20 μL of an 522 
internal standard, 20 μL of 200 mM of 3-NPH solution and 20 μL of 150 mM of EDC solution. This mixture was 523 
allowed to react at 30°C for 30 min. After reaction, 120 μL of water was added to each solution and 10 μL of the 524 
resultant solutions was injected into a C18 UPLC column to quantitate the carboxylic acids by UPLC-MS. 525 
 526 
Cofactors Analysis: 20 μL of the supernatant of each sample was mixed with 180 μL of an internal standard solution 527 
containing isotope-labeled AMP, ATP, NAD and NADH. 10 μL of each sample solution or each standard solution 528 
was injected into a C18 column to quantitate the cofactors by UPLC-MS. 529 
 530 
LC parameters: Mobile Phase A: 5mM tributylamine buffer, mobile Phase B: methanol. The column temperature 531 
was held at 50°C. The efficient gradient was from 15% B to 60% B in 20 min, with a flow rate of 0.25 mL/min. 532 
Metabolites are quantified using a Thermo Ultimate 3000 UHPLC coupled to an AB Sciex 4000 QTRAP instrument 533 
operated in the mode of multiple-reaction monitoring (MRM)/MS. 534 
  535 
 536 
Pharmacologic agent treatment 537 
 538 
All agents were administered as intraperitoneal injection at the doses indicated, with working concentrations set so 539 
that injection volumes always equaled 100 μL /10 g mouse weight. ND-646 was manufactured by MedChemExpress 540 
and purchased through Fisher Scientific (cat. #501871896). Malonyl-CoA (cat. #M4263), etomoxir (cat. #E1905), 541 
rotenone (cat. #R8875), beta-hydroxybutyrate (cat. #54965), and glucose (cat. #G7021) were obtained from Sigma. 542 
Beta-hydroxybutyrate and glucose were dissolved in 1X phosphate buffered saline (PBS) (Corning, 10010023). The 543 
remaining agents, other than ND-646, were dissolved in DMSO (Sigma, D8418) or water to 1000X stocks and 544 
diluted to 1X in 1XPBS (Corning, 10010023) before injection. Rotenone was prepared immediately before use, as 545 
the higher dose rapidly falls out of solution upon dilution to 1X. ND-646 was dissolved to 2.5 mg/mL in 10% 546 
DMSO/40%PEG400//5%Tween-80/45% 1X PBS, as per manufacturer recommendations. and this mixture was used 547 
for injection at 100 μL / 10g to achieve a 25 mg/kg dose. Vehicle treated animals for the ND-646 experiments 548 
received this vehicle solution with no ND-646 added. 549 
 550 
 551 
Statistical analyses 552 
 553 
All statistical analyses were performed using GraphPad Prism as detailed in figure legends.  554 
 555 
 556 
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Figures 558 

 559 
 560 
Figure 1. Isoflurane exposure disrupts circulating glucose and beta-hydroxybutyrate in neonatal mice. (A) 561 
Blood 𝛽-hydroxybutyrate (𝛽-HB) concentration in neonatal post-natal day 7 (P7), adolescent post-natal day 30 562 
(P30), and young adult post-natal day 60 (P60) mice. n=17, 19, and 9, respectively. ****p<0.0001 by pairwise t-test. 563 
ANOVA ****p<0.0001. (B) Blood glucose in P7, P30, and P60 mice. n=14, 13, and 9, respectively. ****p<0.0001 564 
by pairwise t-test. ANOVA ****p<0.0001. (C-D) Blood 𝛽-HB in P7 neonatal mice exposed to 1.5% isoflurane or 565 
control conditions for 0 to 120 minutes. (C) Pairwise comparisons shown between baseline (time =0) and respective 566 
treatment timepoints. *p≤0.05, ****p<0.0001 by two-tailed pairwise t-test. (D) Bar-graphs with individual 567 
datapoints for pairwise comparisons between treatments at 30, 60, and 120 minutes. ****p<0.0001 by two-tailed 568 
pairwise t-test. (E-F) Blood 𝛽-HB in P30 adolescent mice exposed to 1.5% isoflurane or control conditions for 0 to 569 
120 minutes. (E) Control and isoflurane exposed groups both show a modest but significant increase in 𝛽-HB over 570 
baseline by 2-hours of exposure, *p≤0.05. (F) Isoflurane exposure did not significantly alter 𝛽-HB levels relative to 571 
time-matched control conditions. (G-H) Blood 𝛽-HB in P7 neonatal mice exposed to 1.5% isoflurane or control 572 
conditions for 0 to 120 minutes. (G) Pairwise comparisons shown between baseline (time =0) and respective 573 
treatment timepoints. *p≤0.05, **p<0.005, ***p<0.0005, ****p<0.0001 by two-tailed pairwise t-test. (H) Bar-574 
graphs with individual datapoints for pairwise comparisons between treatments at 30, 60, and 120 minutes. *p≤0.05, 575 
**p<0.005. (I-J) Blood glucose levels in P30 mice exposed to control conditions or 1.5% isoflurane anesthesia for 576 
up to 120 minutes. (I) Blood glucose levels did not significantly change compared to baseline. (J) Bar-graphs of data 577 
in (I) with individual datapoints for pairwise comparison of blood glucose levels by treatment. No significant 578 
changes observed. (K-L) Blood glucose in P7 mice provided glucose by IP injection at the start of anesthetic 579 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 9, 2020. ; https://doi.org/10.1101/2020.12.08.415950doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.08.415950
http://creativecommons.org/licenses/by/4.0/


exposure plotted as a function of time. (K) Control exposed and 1.5% isoflurane exposed data from (G) shown for 580 
reference. Pairwise comparisons shown between baseline (T=0) values and 15, 30, and 60-minute timepoints in 581 
1.5% isoflurane (+) glucose treatment group, ****p<0.0001 by pairwise t-test. (L) Bar-graphs of (K) with individual 582 
datapoints for pairwise comparisons of blood glucose in mice exposed to 1.5% isoflurane or 1.5% isoflurane (+) 583 
glucose. ****p<0.0001 by two-tailed pairwise t-test. (M-N) Blood 𝛽-HB levels in mice provided glucose by IP 584 
injection at the start of anesthetic exposure, plotted as a function of time. (M) Control exposed and 1.5% isoflurane 585 
exposed data from (C) shown for reference. Pairwise comparisons shown between baseline (T=0) and 15, 30, and 586 
60-minute timepoints in 1.5% isoflurane (+) glucose treatment group, ****p<0.0001. (N) Bar-graphs of (M) with 587 
individual datapoints for pairwise comparisons of blood 𝛽-HB in mice exposed to 1.5% isoflurane or 1.5% 588 
isoflurane (+) glucose. Glucose administration did not attenuate the loss of 𝛽-HB in response to isoflurane exposure. 589 
(O-P) Blood 𝛽-HB levels in mice provided 𝛽-HB by IP injection at the start of anesthetic exposure. (O) Control 590 
exposed and 1.5% isoflurane exposed data from (C) shown for reference. Pairwise comparisons shown between 591 
baseline (T=0) and 60 and 120-minute timepoints in 1.5% isoflurane (+) 𝛽-HB treatment group, ****p<0.0001. (P) 592 
Bar-graphs of (O) with individual datapoints for pairwise comparisons of blood 𝛽-HB in mice exposed to 1.5% 593 
isoflurane or 1.5% isoflurane (+) glucose. ****p<0.0001. (Q-R) Blood glucose levels in mice provided 𝛽-HB by IP 594 
injection at the start of anesthetic exposure, plotted as a function of time. (Q) Control exposed and 1.5% isoflurane 595 
exposed data from (G) shown for reference. Pairwise comparisons shown between baseline (T=0) and 60 and 120-596 
minute timepoints in 1.5% isoflurane (+) 𝛽-HB treatment group, ****p<0.0001, n.s. – not significant. (R) Bar-597 
graphs of (Q) with individual datapoints for pairwise comparisons of blood 𝛽-HB in mice exposed to 1.5% 598 
isoflurane or 1.5% isoflurane (+) glucose or baseline. *p<0.05. For all data, error bars represent standard error of the 599 
mean (SEM). ANOVA p-value for 1-hour dataset *p=0.0083; ANOVA for 2-hour dataset **p=0.0033. (A-R) For all 600 
data, n≥3 per time/treatment. Each data-point in bar-graphs represents an individual animal. See methods for 601 
additional details. 602 
 603 
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 604 
Figure 2. Anesthesia sensitivity of ketosis is unique to neonatal ketogenesis. (A) Blood 𝛽-HB concentration in 605 
P7 mice exposed to 1.5% isoflurane anesthesia for 1-4 hours. One-way ANOVA *p<0.0001; *p<0.05, **p<0.005, 606 
***p<0.005, ****p<0.0001 by pairwise t-test. (B) Blood 𝛽-HB concentration in P30 adolescent mice at baseline 607 
compared to 180 minutes of exposure to 1.5% isoflurane or control conditions. One-way ANOVA **p<0.005; 608 
*p<0.05, **p<0.005 by pairwise t-test. (C-D) Blood 𝛽-HB in P30 mice raised on a ketogenic diet and exposed to 609 
1.5% isoflurane. (C) No significant differences observed at any exposure time compared to baseline within the same 610 
group. (D) Bar graphs with individual datapoints from (C), pairwise comparisons to control fed mice and control fed 611 
mice exposed to either 1.5% isoflurane or control conditions. One-way ANOVA ****p<0.0001. ****p<0.0001, 612 
*p<0.05 by pairwise t-test. Control data also appear in Fig 1E-F. (E) Baseline blood 𝛽-HB levels in mice as a 613 
function of age. One-way ANOVA ****p<0.0001. Comparisons to P7: *p<0.05, ****p<0.0001 by pairwise t-test. 614 
(F) Median blood 𝛽-HB values by age compared between post-natal periods P7-P17 and P17-P30 ages. 615 
****p<0.0001 by pairwise t-test. (G) Baseline blood glucose levels in mice as a function of age. One-way ANOVA 616 
**p<0.005. Comparisons to P7: *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001 by pairwise t-test. (H) Median 617 
blood glucose values by age compared between post-natal periods -P7-P17 and P17-30 ages. *p<0.05 by pairwise t-618 
test. (I) Pairwise comparisons of blood 𝛽-HB in mice exposed to 1-hour of 1.5% isoflurane or control conditions at 619 
various post-natal ages. One-way ANOVA ****p<0.0001. Pairwise comparisons by treatment at each age: *p<0.05, 620 
****p<0.0001 by pairwise t-test. Treatments non-significantly different where p-values not indicated. (J) Median 𝛽-621 
HB values in each age and treatment group from panel (I) grouped by post-natal period: P7-P17 and P17-P30. One-622 
way ANOVA ****p<0.00001, ***p<0.0005 by pairwise t-test. (K) Pairwise comparisons of blood glucose in mice 623 
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exposed to 2-hours of 1.5% isoflurane or control conditions at various post-natal ages. One-way ANOVA 624 
****p<0.0001. Pairwise comparisons by treatment at each age: *p<0.05, **p<0.005 by pairwise t-test. Treatments 625 
non-significantly different where p-values not indicated. (L) Median 𝛽-HB values in each age and treatment group 626 
in (K) grouped by post-natal period: P7-P17 and P17-P30. One-way ANOVA **p<0.005. Pairwise comparison 627 
**p<0.005 by pairwise t-test. (A-L) In all graphs, each data-point represent values derived from an individual 628 
animal, with the exception of F, H, J, and L panels, where individual datapoints represent the mean values at 629 
different ages, as indicated. In the P30 datasets, multiple time-points were collected per animal using the tail-prick 630 
method, whereas all neonate datapoints represent one animal with no repeat measurements (see Methods). 631 
  632 

 633 
 634 
Figure 3. Metabolic effects of volatile anesthetics are uncoupled from sedation and properties common to 635 
multiple VA compounds. (A) Blood 𝛽-HB levels in P7 mice exposed to varying levels of isoflurane as a function 636 
of time exposed. 1.5% and baseline as in Figure 1C shown for comparison. Pairwise comparisons versus baseline 637 
*p<0.05, ****p<0.0001 by pairwise t-test. p-values color coded to indicate exposure condition. (B) Blood 𝛽-HB 638 
levels in P7 mice exposed to varying concentrations of isoflurane for 7.5, 15, 30, or 60 min. Median values in 639 
baseline and 60 min control treated groups indicated by horizontal lines. (C) Blood glucose levels in P7 mice 640 
exposed to varying concentrations of isoflurane for 15 or 30 minutes. ***p<0.0005, *p<0.05 by pairwise t-test. (D) 641 
Blood 𝛽-HB levels in P7 mice exposed to sub-anesthetic concentrations of isoflurane, halothane, or sevoflurane for 642 
15 or 30 min. ****p≤0.0001, ***p=0.0003 by pairwise t-test. 643 
 644 
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 645 

Figure 4. Brief exposure to isoflurane impairs fatty acid metabolism. (A) 𝛽-HB concentration in whole liver of 646 
P7 mice exposed to 30 minutes fasting (n=4), 1% isoflurane (n=3), or 0.2% isoflurane (n=4). ANOVA p<0.05, 647 
*p<0.05 by pairwise t-test. (B) Free fatty acid concentrations in blood of P7 neonatal mice exposed to 30 min of 648 
fasting (n=6) or 1% isoflurane (n=7). Not significantly different by pairwise t-test. (C) Free fatty acid concentrations 649 
in liver of P7 neonatal mice exposed to 30 min of fasting (n=6) or 1% isoflurane (n=7). Not significantly different 650 
by pairwise t-test. (D) Profiling of plasma acylcarnitines in P7 neonatal mice exposed to 30 minutes of fasting, 1% 651 
isoflurane, or 1.5% isoflurane, n=5 per treatment group (each column is one animal). Heat map rows (individual 652 
acylcarnitine species) normalized to 30-minute fasted control group median values, with relative levels indicated by 653 
color map, below. (E) Profiling of liver acylcarnitines in P7 neonatal mice exposed to 30 minutes of fasting, 1% 654 
isoflurane, or 1.5% isoflurane, n=5 per treatment group (each column is one animal). Heat map rows (individual 655 
acylcarnitine species) normalized to 30-minute fasted control group median values. Relative levels indicated by 656 
color map, below. (F) Plasma concentrations of major acylcarnitine species C2, C3, C5, and C4-OH, from panel (D), 657 
and free carnitine. *p<0.05, **p<0.005, and ***p<0.0005 by pairwise t-test. Treatment group as indicated by color 658 
and datapoint shape indicated in legend. (G) Liver concentrations of major acylcarnitine species C2, C3, C5, and 659 
C4-OH, from panel (E), and free carnitine. (A-G) *p<0.05, **p<0.005, and ***p<0.0005 by pairwise t-test. 660 
Treatment group as indicated by color and datapoint shape indicated in legend.  661 
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 662 

 663 

Figure 5. Isoflurane exposure leads to cataplerosis and citrate accumulation. (A) Schematic of mitochondrial 664 
metabolism of glucose and fatty acids. The cataplerotic amino acids alanine and aspartate/asparagine (ASX) are 665 
generated when TCA cycle flux is impaired, and lactate is generated under conditions where glucose entry into the 666 
TCA cycle is disrupted (blue text). Citrate plays a key role in mediating feedback inhibition by activating acetyl-667 
CoA carboxylase (ACC) to generate malonyl-CoA, which is an inhibitor of CPT1. CPT1 activity is necessary in 668 
order to enable entry of fatty acids into the mitochondria for fatty acid oxidation (FAO). Multiple steps of the TCA 669 
cycle consume NADH and are inhibited by NAD+ (purple). (B) Profiling of plasma amino acids in P7 neonatal mice 670 
exposed to 30 minutes of 1% isoflurane, 1.5% isoflurane, or control conditions. Columns represent individual 671 
animals, with each metabolite normalized to the 30-minute fasted group. (C) Bar graphs of alanine data from (B). 672 
ANOVA ***p-value <0.0005. **p<0.005, ***p<0.0005 by pairwise t-test. (D) Profiling of liver amino acids in P7 673 
neonatal mice exposed to 30 minutes of 1% isoflurane, 1.5% isoflurane, or control conditions. Columns within the 674 
heat map represent individual animals, with each metabolite normalized to the 30-minute fasted group.  (E) Bar 675 
graphs of alanine data from (D). ANOVA ***p-value <0.0005. ***p<0.0005 by pairwise t-test. (F) Bar graphs of 676 
aspartate/asparagine data from (D). ANOVA ****p-value <0.0001. ****p<0.0001 by pairwise t-test. (G) Profiling 677 
of glycolysis intermediates in P7 neonatal mice treated exposed to 30 minutes 1% isoflurane or control conditions. 678 
Columns within the heat map represent individual animals; each row (metabolite) is normalized to the 30-minute 679 
fasted group.  (H-Q) Lactate (H), PEP (I), pyruvate (J), and TCA cycle intermediates in liver of P7 neonatal mice 680 
treated exposed to 30 minutes 1% isoflurane or control conditions (K-Q). *p<0.05, **p<0.005, ***p<0.0005 by 681 
pairwise t-test. ŧ - one outlier in the control group (value 6.61) detected by Grubbs test and removed (a=0.1) (see 682 
Fig. S3). 683 
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Figure 6. Mechanism of ß-HB depletion in neonates. (A) Hepatic malonyl-CoA concentrations in P7 neonates 686 
exposed to 30 minutes of 0.2% isoflurane or control conditions. *p<0.05 by pairwise t-test. (B) Blood ß-HB in P7 687 
neonatal mice treated with 5 mg/kg etomoxir by IP injection. ****one-way ANOVA p<0.0001, ****p<0.0001 by 688 
pairwise t-test. (C) Blood ß-HB in P7 neonatal mice treated with 100 𝜇mol/kg malonyl-CoA by IP injection. 689 
****one-way ANOVA p<0.0001, ****p<0.0001 by pairwise t-test. (D) Blood ß-HB in P7 neonatal mice treated 690 
with 20 mg/kg ND-646 followed by 15 min exposure to 1% isoflurane or control conditions. n.s. – not significant. 691 
(E) Blood ß-HB in P7 neonatal mice treated with ND-646 or vehicle solution 15 min prior to a 15 min exposure to 692 
1% isoflurane. *p<0.05 by pairwise t-test. (F) Hepatic malonyl-CoA in P30 animals raised on control or ketogenic 693 
diet and exposed to 30 minutes of 1% isoflurane or control conditions. ***p<0.0005 by pairwise t-test. (G) Hepatic 694 
citrate in P30 animals raised on control or ketogenic diet and exposed to 30 minutes of 1% isoflurane or control 695 
conditions. *p<0.05, **p<0.005 by pairwise t-test. (H) Blood ß-HB in P30 mice raised on a ketogenic diet treated 696 
with 5 mg/kg etomoxir by IP injection. *one-way ANOVA p<0.05; **p<0.01 by pairwise t-test. (I) Blood ß-HB in 697 
P30 mice raised on a ketogenic diet treated with 100 𝜇mol/kg malonyl-CoA by IP injection. *one-way ANOVA 698 
p<0.05; *p<0.05 by pairwise t-test. (J) Blood ß-HB in P30 mice raised on a ketogenic diet and treated with 2, 1, or 699 
0.5 g/kg glucose by IP injection. **p<0.05 by pairwise t-test, comparison to baseline (t=0). (K) Bar graph of 30-700 
minute data in (J) to show individual datapoints. **one-way ANOVA p-value<0.005; **p<0.005 by pairwise t-test. 701 
(L) Blood ß-HB in P7 mice treated with 1, 0.5, or 0.2 g/kg glucose by IP injection. **p<0.05 by pairwise t-test, 702 
comparison to baseline (t=0). (M) Bar graph of 30-minute data in (L) to show individual datapoints. *one-way 703 
ANOVA p-value<0.05; *p<0.05 by pairwise t-test. (N) Schematic of the metabolic processes underlying the effects 704 
of VAs with targets of relevant pharmacologic agents indicated. (O) Model of VA action on circulating ß-HB in 705 
neonates and the differential effects in P30 mice. 706 

707 
Figure S1. Blood lactate in control or isoflurane exposed P7 mice. (A) Blood lactate as a function of time in mice 708 
exposed to control conditions or isoflurane for up to 2 hours. *p<0.05, ***p<0.0005 vs baseline (t=0) by pairwise t-709 
test. (B) Bar graphs of 60-minute data from (A). One-way ANOVA p<0.05. *p<0.05, **p<0.05 by pairwise t-test. 710 
(C) Bar graphs of 120-minute data from (A). One-way ANOVA p<0.0001. ***p<0.001 by pairwise t-test.  711 

 712 
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Figure S2. Oxygen 714 
concentration does not impact circulating glucose or 𝛽-HB. (A) Blood 𝛽-HB as a function of time in P7 mice 715 
exposed to control conditions in either air or 100% oxygen for up to 2 hours. No significant differences were 716 
observed at any timepoint. (B) Blood glucose as a function of time in mice exposed to control conditions in either air 717 
or 100% oxygen for up to 2 hours. No significant differences were observed at any timepoint. N ≥ 3 at each 718 
timepoint. 719 

 720 
 721 
 722 

Figure S3. 723 
Additional glycolysis intermediates in 1% isoflurane exposed neonates. (A-H) Glycolysis intermediates in Fig. 724 
5G heatmap. Outlier in (B) indicated in blue. (I) Lactate data from Fig. 5H with outlier indicated in blue. (B, I) 725 
Outliers determined by GRUBBS test with a=.1. N=4 animals per group. 726 
 727 
 728 
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729 
Figure S4. ETC CI and the metabolic response to VAs. (A) Whole-liver NADH concentrations in P7 and P30 730 
mice exposed to 30 min of 1% isoflurane or control conditions. Isoflurane exposure did not significantly alter 731 
NADH at either age. (B) Whole-liver NAD+ concentrations in P7 and P30 mice exposed to 30 min of 1% isoflurane 732 
or control conditions. Isoflurane exposure did not significantly alter NAD+ at either age. (C) Whole-liver 733 
NADH/NAD+ ratio (from data in A and B) in P7 and P30 mice exposed to 30 min of 1% isoflurane or control 734 
conditions. Isoflurane exposure did not significantly alter the NADH/NAD+ ratio at either age. (D) Blood 𝛽-HB 735 
concentration in mice treated with 500 mg/kg nicotinamide riboside (NR) or saline and collected immediately or 736 
exposed to 15 min of 1% isoflurane. 30 min fasted median (see Fig. 1) shown for reference. NR treatment led to an 737 
exacerbation of 𝛽-HB loss in the isoflurane exposed mice. Data represent animals from two litters split among 738 
treatments. **p<0.01 by pairwise t-test. (E) Blood glucose in P7 mice treated with 5, 0.5, or 0.1 mg/kg rotenone. 739 
Control treated and 1.5% isoflurane exposed data from Fig. 1 shown for reference. **p<0.005, ****p<0.0001 by 740 
pairwise t-test vs control treated. Only 30 min timepoint comparison shown. (F) Blood 𝛽-HB from P7 mice treated 741 
with 5, 0.5, or 0.1 mg/kg rotenone. Control treated and 1.5% isoflurane exposed data from Fig. 1 shown for 742 
reference. *p<0.05, ****p<0.0001 by pairwise t-test vs control treated. Only 30 min timepoint comparison shown. 743 
(G) Blood lactate from P7 mice treated with 5, 0.5, or 0.1 mg/kg rotenone. Control treated and isoflurane exposed 744 
data from Fig. S1 shown for reference. **p<0.005, ****p<0.0001 by pairwise t-test vs control treated. Only 30 min 745 
timepoint comparison shown. (H) Blood 𝛽-HB from ad-libitum fed P17 neonatal Ndufs4(KO) and control 746 
(heterozygous or wildtype) mice. **p<0.005 by pairwise t-test. (A-H) n≥3 animals for every timepoint, biological 747 
replicates indicated in bar graphs. 748 
 749 
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