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Abstract 

Background  It has been suggested that administration of exogenous ketone supplements (EKSs) not only increases 
blood ketone body levels but also decreases blood glucose level and modulates isoflurane-induced anesthesia in 
different rodents, such as Wistar Albino Glaxo Rijswijk (WAG/Rij) rats. Thus, we investigated whether administration 
of EKSs can modulate the isoflurane anesthesia-generated increase in blood glucose level and the time required to 
recover from isoflurane-induced anesthesia.

Methods  To investigate the effect of EKSs on isoflurane anesthesia-induced changes in blood glucose and R-β-
hydroxybutyrate (R-βHB) level as well as recovery time from anesthesia, we used KEMCT (mix of ketone ester/KE and 
medium chain triglyceride/MCT oil in a 1:1 ratio) in WAG/Rij rats. First, to accustom the animals to the method, water 
gavage was carried out for 5 days (adaptation period). After adaptation period, rats of first group (group 1) were 
gavaged by water (3 g/kg), whereas, in the case of second group (group 2), the diet of animals was supplemented 
by KEMCT (3 g/kg, gavage) once per day for 7 days. One hour after the last gavage, isoflurane (3%) anesthesia was 
induced for 20 min (group 1 and group 2) and the time required for recovery from anesthesia was measured by 
using righting reflex. Subsequently, blood levels of both R-βHB and glucose were also evaluated. Changes in blood 
glucose and R-βHB levels were compared to control, which control glucose and R-βHB levels were measured on 
the last day of the adaptation period (group 1 and group 2). Time required for recovery from isoflurane anesthesia, 
which was detected after 7th KEMCT gavage (group 2), was compared to recovery time measured after 7th water 
gavage (group 1).

Results  The KEMCT maintained the normal glucose level under isoflurane anesthesia-evoked circumstances prevent-
ing the glucose level elevating effect of isoflurane. Thus, we demonstrated that administration of KEMCT not only 
increased blood level of R-βHB but also abolished the isoflurane anesthesia-generated increase in blood glucose level. 
Moreover, the time required for recovery from isoflurane-evoked anesthesia increased significantly in KEMCT treated 
animals.
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Conclusions  Putative influence of elevated blood ketone body level on isoflurane-evoked effects, such as modula-
tion of blood glucose level and recovery time from anesthesia, should be considered by anesthesiologists.

Keywords  Isoflurane anesthesia, Ketone supplement, Ketosis, Glucose, Recovery time, WAG/Rij rat

Background
Inhalational (volatile) anesthetics, such as isoflurane 
(1-chloro-2,2,2-trifluoroethyl difluoromethyl ether) can 
easily cross the blood–brain barrier and neuronal mem-
brane and are able to evoke general anesthesia [1–3]. 
Under isoflurane-evoked anesthesia, blood glucose level 
was increased likely through both impaired glucose clear-
ance and increased glucose production [4, 5]. It has also 
been demonstrated that hyperglycemic effect of isoflu-
rane anesthesia may generate different side effects [6–9].

Exogenous ketone supplements (EKSs), such as ketone 
salts (KSs) and ketone esters (KEs), as well as their mix 
with medium chain triglycerides (MCTs; e.g. KEMCT) 
are able to increase and maintain blood level of ketone 
bodies (e.g., β-hydroxybutyrate/βHB) and decrease blood 
glucose level in animal models and human [10–13]. It 
has been suggested that EKSs can modulate not only 
sleep, but also sleep-like effects and isoflurane-induced 
anesthesia [14–16]. Indeed, EKSs, such as KE, KS and 
KEMCT delayed the onset of isoflurane-induced light 
phase of anesthesia (immobility) in rodents, such as 
WAG/Rij (Wistar Albino Glaxo Rijswijk) rats [17]. This 
last influence was modulated likely by EKSs-generated 
increase in adenosine levels, thereby increase in activ-
ity of adenosine A1 receptors (A1Rs) [18]. Moreover, it 
was also suggested that A1Rs could increase the time 
required for recovery from inhalational anesthesia [19, 
20] and insulin sensitivity [21, 22]. Consequently, theo-
retically, administration of EKSs may modulate both the 
time required for recovery from isoflurane anesthesia and 
isoflurane-induced increase in blood glucose level. How-
ever, influence of EKSs on the time required for recovery 
from isoflurane anesthesia (emergence from anesthesia) 
and isoflurane anesthesia-generated increase in blood 
glucose level were not investigated yet. 

Righting reflex is a postural response of animals evoked 
by sensory signals from visual, vestibular and somatosen-
sory systems and carried out through reticulospinal and 
vestibulospinal tracts [23]. By this reflex, animals can 
reorient themselves when placed on their back or side 
(i.e. their paws/feet will be oriented towards the ground 
again) [1]. Loss of righting reflex is used as a behavioral 
indicator of general anesthesia, whereas recovery (return) 
of righting reflex is an indicator of emergence from anes-
thesia in animal studies [1, 23, 24]. Thus, building on 
our previous studies on EKSs-evoked effects on isoflu-
rane anesthesia-induced influences in a well-established 

model of human absence epilepsy WAG/Rij rat [17, 18, 
25], we investigated the effect of KEMCT administra-
tion on both the time required for recovery from isoflu-
rane anesthesia by using righting reflex and isoflurane 
anesthesia-generated changes in blood glucose levels in 
WAG/Rij rats.

Methods
Animals
Treatments of animals were carried out based on the 
Hungarian Act of Animal Care and Experimenta-
tion (1998, XXVIII, Sect.  243), European Communi-
ties Council Directive (86/609/EEC) and EU Directive 
2010/63/EU. The experiments were approved by the 
Animal Care and Experimentation Committee of the 
Eötvös Loránd University (Savaria University Centre) 
and National Scientific Ethical Committee on Animal 
Experimentation (Hungary) under license number VA/
ÉBÁF-ÁO/00279–4/2021.

Male WAG/Rij rats (n = 24; 10 months old, 302–331 g; 
breeding colony of WAG/Rij rats: Eötvös Loránd Univer-
sity, Savaria University Centre) were housed in groups (4 
animals in a group) under standard laboratory conditions 
(12:12  h light—dark cycle; light was on between 08.00 
AM and 08.00 PM). We provided free access to food and 
water and air-conditioned room at 22 ± 2  °C. The rats 
were euthanized after the day of the last treatment by iso-
flurane. All efforts were made to minimize not only pain 
and suffering, but also the number of animals used.

Treatment groups and design of experiments
KE (1,3-butanediol – acetoacetate diester) was developed 
by D’Agostino et  al. [11] (University of South Florida, 
USA) and Savind, Inc. (Urbana, USA) whereas MCT oil 
(containing approximately 60% caprylic triglyceride and 
40% capric triglyceride) was purchased from Now Foods 
(Bloomingdale, IL, United States).

We demonstrated previously the tolerability and effec-
tiveness of KEMCT (mix of KE and MCT oil in a 1:1 
ratio) given by intragastric gavage [18, 26–28]. KEMCT 
administered once per day by intragastric gavage for 
7 days effectively induced ketosis in our previous studies 
[18, 27, 28]. Therefore, in this study, rats were fed with 
standard rodent chow diet (ad libitum access to normal 
rat chow) and received 3.0 g/kg body weight/day KEMCT 
by gavage for 7 days.
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Similar to our previous studies [17, 29, 30], the 
7 days gavage treatment was preceded by water gavage 
for 5 days to accustom the animals to gavage. After this 
adaptation period, animals were randomly assigned 
into 2 groups with 12 animals in each group. Animals 
of first group (group 1) were gavaged by water (3 g/kg), 
whereas rats of second group (group 2) were gavaged 
by KEMCT (3  g/kg) once per day for 7  days. To gen-
erate anesthesia, isoflurane-air mixture (3% isoflurane 
in isoflurane – air mixture) was used as previously 
described [17, 18, 24]. One hour after the last (7th) gav-
age, isoflurane anesthesia was induced in an airtight 
anesthesia chamber for 20 min (group 1 and group 2) 
to ensure enough time to both loss of righting reflex 
and develop significant increase in blood glucose level 
by isoflurane [5]. After 20  min, the time required for 
recovery (emergence) from isoflurane-evoked anes-
thesia was measured by using righting reflex [1, 24]. 
Righting reflex was tested by placing rats on their 
backs in the middle of a Plexiglas box (100 × 60  cm 
with 40 cm high wall) immediately after termination of 
isoflurane anesthesia. When all paws of animals were 
oriented towards the ground it was considered that 
rats were recovered from isoflurane-generated anes-
thesia (recovery time: the time from the termination of 
isoflurane anesthesia to recovery from righting loss). 
Experiments were carried out in the daytime at the 
room temperature (22 ± 2  °C) [24]. Recovery process 
was video-recorded by a blinded observer.

Detection of blood R‑βHB and glucose levels 
and measurement of body weight
Blood was taken from the tail vein of rats. A commer-
cially available glucose and ketone monitoring system 
(Precision Xtra™, Abbott Laboratories, USA) was used 
for monitoring of blood glucose and R-βHB levels [10, 
29]. Control glucose and R-βHB levels were measured on 
the last (5th) day of the adaptation period 90  min after 
the gavage (control; group 1 and group 2). Moreover, 
glucose and R-βHB levels were also measured 90  min 
after the last (7th) water gavage combined with isoflurane 
anesthesia (group 1; on awake animals, several min after 

recovery from anesthesia), first KEMCT gavage (group 
2) and last (7th) KEMCT gavage combined with isoflu-
rane anesthesia (group 2; on awake animals, several min 
after recovery from anesthesia).

Body weight of rats were measured on last (5th) day of 
the adaptation period (control) and after the last (7th) day 
of water (group 1) or KEMCT (group 2) gavage.

Statistics
All data were presented as the mean ± standard error 
of the mean (S.E.M.). Blood glucose and R-βHB lev-
els and body weight on last (7th) day of gavage were 
compared to control (control levels were measured on 
the last/5th day of the adaptation period; group 1 and 
group 2). Time required for recovery (recovery time) 
from isoflurane anesthesia, which was detected after 
7th KEMCT gavage combined with isoflurane anesthe-
sia (group 2), was compared to recovery time measured 
after 7th water gavage and isoflurane anesthesia (group 
1). GraphPad Prism version 9.2.0 (using a two-way 
ANOVA with Tukey’s multiple comparisons test and 
Šídák’s multiple comparisons test and t-test) was used 
for data analysis [17]. Results were considered signifi-
cant when p < 0.05.

Results
Effect of KEMCT treatment on isoflurane 
anesthesia‑induced changes in blood glucose and R‑βHB 
levels and on body weight
Significant increase in both blood glucose (p < 0.0001) 
and blood R-βHB level (p = 0.0005) were generated 
by isoflurane-evoked anesthesia, compared to control 
(group 1) (Fig.  1A and 1B, respectively; Table  1). After 
first KEMCT treatment (group 2), blood level of glu-
cose and R-βHB decreased (p < 0.0001) and increased 
(p < 0.0033), respectively, compared to control (Fig.  1C 
and 1D; Table 1). We demonstrated that 7th KEMCT gav-
age abolished the isoflurane anesthesia-evoked increase 
in blood glucose level (compared to control, p = 0.2805) 
(Fig.  1A and 1C; Table  1). In other words, the KEMCT 
was able to maintain the normal (control) glucose level 
under isoflurane anesthesia-generated circumstances 
preventing the glucose level elevating effect of isoflurane. 

Fig. 1  KEMCT-evoked influences on isoflurane anesthesia-generated changes in blood glucose and R-βHB levels and recovery time. Blood 
glucose and R-βHB levels significantly increased after isoflurane-evoked anesthesia (7th water gavage + isoflurane anesthesia: 7thW and Isoflu; 
group 1) (A and B). KEMCT (mix of ketone ester/KE and medium chain triglyceride/MCT oil in a 1:1 ratio) treatment for 7 days abolished the 
isoflurane-generated increase in blood glucose level (7th KEMCT gavage + isoflurane anesthesia: 7thK and Isoflu; group 2) (C). After both 1st 
KEMCT treatment (1stK) alone (without anesthesia) and 7th KEMCT treatment combined with isoflurane anesthesia (7thK and Isoflu; group 2), 
blood R-βHB levels were increased (D). In KEMCT treated animals (7thK and Isoflu; group 2) the time required for recovery from isoflurane-evoked 
anesthesia significantly increased, compared to water gavaged and isoflurane-anesthetized animals (7thW and Isoflu; group 1) (E). Abbreviations: 
7thK and Isoflu, 7th KEMCT gavage and isoflurane anesthesia; 7thW and Isoflu, 7.th water gavage and isoflurane anesthesia; **p < 0.01; ***p < 0.001; 
****p < 0.0001

(See figure on next page.)
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Moreover, the last (7th) KEMCT gavage significantly 
increased the level of blood R-βHB after isoflurane anes-
thesia (p < 0.0001) (Fig. 1D; Table 1). KEMCT-generated 

effects on blood glucose (after 1st gavage) and R-βHB 
(after 1st gavage and 7th gavage combined with isoflurane 
anesthesia) levels were similar to our previous results (in 

Fig. 1  (See legend on previous page.)
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which experiments, isoflurane anesthesia was not used in 
combination with EKSs) [27]. 

Similar to our previous studies [18, 27, 28] body 
weight of animals did not change significantly after 
water (group 1) and KEMCT (group 2) treatment, 
compared to control (control/water treated, group 
1: 318.6 ± 2.69  g/319.7 ± 1.66  g, p = 0.9263; control/
KEMCT treated, group 2: 319.8 ± 2.45  g/312.9 ± 2.52  g, 
p = 0.0963). 

Effect of KEMCT gavage on recovery time 
Time required for recovery (recovery time) from iso-
flurane-evoked anesthesia significantly increased in 
KEMCT treated animals (group 2), compared to water 
gavaged animals (group 1) (water gavaged/KEMCT gav-
aged: 251.6 ± 9.14 s/308.8 ± 14.32 s, p = 0.0028) (Fig. 1E).

Discussion
In this study, we first demonstrated that isoflurane 
anesthesia-evoked increase in blood glucose level was 
abolished by administration of KEMCT. Moreover, we 
extended our previous results on EKSs-generated effects 
in WAG/Rij rats showing that KEMCT treatment sig-
nificantly increased the time required for recovery from 
isoflurane-induced anesthesia.

It has been suggested that ketosis may generate an 
increase in adenosine level [31] and modulation of sleep 
and sleep-like processes [16, 32]. Moreover, it was dem-
onstrated that adenosine has a role in the isoflurane-
generated anesthetic influence [32, 33]. For example, 
isoflurane is able to activate A1Rs [34] and infusion of 
adenosine decreased the requirement for isoflurane dur-
ing surgery [35]. A non-selective antagonist of adenosine 

receptors theophylline reversed the cerebral effects of 
isoflurane [36] and caffeine accelerated the recovery from 
isoflurane anesthesia in humans and mouse [20, 37, 38]. 
It was also demonstrated that a selective A1R antagonist 
DPCPX (8-cyclopentyl-1,3-dipropylxanthine) decreased, 
whereas a selective adenosine A2A receptor (A2AR) 
antagonist ZM 241,385 (4-(2-[7-amino-2-(2-furyl)[1,2,4]
triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol) did 
not shorten the time required to recovery from isoflurane 
anesthesia (resumption of righting) [20]. Moreover, it was 
also demonstrated that administration of an A1R agonist 
N-p-sulfophenyl adenosine increased the time required 
for recovery from isoflurane-induced anesthesia in mice 
may be via A1Rs [19]. Thus, based on results above, 
KEMCT-evoked ketosis may be able to increase the time 
required to recover from isoflurane-induced anesthesia 
(Fig. 1E) through A1Rs. It was also demonstrated that a 
selective A2AR antagonist preladenant accelerated the 
recovery from isoflurane anesthesia in rats [39], suggest-
ing that the role of A2ARs in KEMCT-generated effects 
on recovery time is also possible. However, our results 
strengthen the previous suggestion that inhibition of 
both A1Rs and A2ARs may be an efficient therapeutic 
tool for promoting emergence from inhalational anesthe-
sia [40].

It has been demonstrated previously that administra-
tion of EKSs by intragastric gavage can increase blood 
ketone body (e.g. R-βHB) levels [10, 11, 29] (Fig.  1D). 
Increased blood level of ketone bodies under general (e.g. 
isoflurane) anesthesia was demonstrated in patients due 
to surgical stress and/or preoperative fasting [41, 42], and 
it was suggested that general anesthesia was likely safe for 
patients in ketosis [42, 43]. In this study, moderate, but 

Table 1  Effect of KEMCT treatment on isoflurane anesthesia-evoked changes in blood R-βHB and glucose levels

Abbreviations: 7thK and Isolfu, 7th KEMCT gavage and isoflurane anesthesia; 7thW and Isoflu, 7th water gavage and isoflurane anesthesia; KEMCT (mix of ketone ester/
KE and medium chain triglyceride/MCT oil in a 1:1 ratio); ns, non-significant
** p < 0.01
*** p < 0.001
**** p < 0.0001

Treatments Glucose (mg/dl) R-βHB (mmol/l)

Water gavage (3 g/kg) (Group 1; Fig. 1A and B)

  Control (measured on the last day of the adaptation period) 83.33 ± 2.867 0.79 ± 0.034

  After 7th gavage and isoflurane anesthesia (7thW and Isoflu) 143.58 ± 4.177 1.08 ± 0.048

    Compared to Control (significance level/p value) ****/ < 0.0001 ***/0.0005

KEMCT gavage (3 g/kg) (Group 2; Fig. 1C and D)

  Control (measured on the last day of the adaptation period) 85.58 ± 1.786 0.81 ± 0.023

  After 1st gavage 62.83 ± 2.306 1.93 ± 0.182

    Compared to Control (significance level/p value) ****/ < 0.0001 **/ < 0.0033

  After 7th gavage and isoflurane anesthesia (7thK and Isolfu) 90.75 ± 2.850 3.56 ± 0.339

    Compared to Control (significance level/p value) ns/0.2805 ****/ < 0.0001
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significant increase in R-βHB level was measured several 
min after recovery from isoflurane-induced anesthesia 
(Fig.  1B) without surgical stress, fasting or administra-
tion of ketogenic compounds. These results suggest that 
KEMCT treatment could generate increase in blood 
R-βHB level on the 7th day of KEMCT administration 
combined with isoflurane anesthesia (Fig.  1D), which 
KEMCT-induced effect may be slightly enhanced by iso-
flurane anesthesia-generated influence on blood βHB 
level. 

Hyperglycemia and insulin resistance (impaired insu-
lin sensitivity) may be in association with immuno-
suppression, infectious complications, cardiovascular 
problems, increased risk in neurocognitive dysfunction 
and ischemic brain damage, and could worsen prognosis 
and mortality in surgical patients [6–9]. Insulin resist-
ance and hyperglycemia may result from surgery-evoked 
stress [6]. However, isoflurane anesthesia further exacer-
bates the surgical stress-provoked hyperglycemic reac-
tion and impairs glucose tolerance and hyperglycemia 
without surgical stress [5, 44–46]. This is likely medi-
ated through isoflurane-evoked facilitation of opening of 
ATP-sensitive potassium channels in pancreatic β-cells 
(resulting decrease in release of insulin and glucose uti-
lization) [46, 47]. It has also been concluded that activa-
tion of ATP-sensitive potassium channels by isoflurane 
in pancreatic β-cells could impair both insulin secretion 
and glucose tolerance resulting hyperglycemia-generated 
decrease in alleviating influences of isoflurane [47, 48]. 
Thus, under isoflurane-evoked anesthesia, continuous 
monitoring and tight control of blood glucose level and 
perioperative maintenance of normoglycemia may be 
necessary to prevent the hyperglycemia-generated neuro-
logical damage [49, 50]. Strategies to mitigate isoflurane-
induced metabolic derangement may involve IV fluid 
and insulin administration [6, 51], but a rationale may 
also exist for EKSs (as an adjuvant therapy). This treat-
ment may be helpful in stabilizing glycemia (Fig. 1C) for 
the anesthesiologists, and perhaps for the neuroprotec-
tive effect of ketosis [52]. In relation to putative mecha-
nism of action, EKSs, such as KE not only increase blood 
ketone body level, but also decrease both blood glucose 
and insulin level [53], suggesting that EKS-induced keto-
sis can increase insulin sensitivity [54]. Moreover, it has 
also been demonstrated that activation of A1Rs may 
increase insulin sensitivity [21, 22], overexpression of 
A1Rs could protect from insulin resistance in mice [55], 
whereas impaired glucose tolerance and insulin sensitiv-
ity was detected in A1R KO mice [56]. Moreover, it was 
also demonstrated that not only direct facilitation (open-
ing) of ATP sensitive potassium channels, but also A1R-
evoked activation of ATP sensitive potassium channels 
may contribute to the isoflurane anesthesia-generated 

cardioprotection [48, 57, 58]. Consequently, as ketosis 
(βHB) may increase adenosine level [31], KEMCT-gener-
ated ketosis could modulate not only the time required 
for recovery from isoflurane-induced anesthesia and 
effect of isoflurane on blood glucose level, but also allevi-
ating influences (e.g. cardioprotective effect) of isoflurane 
through A1Rs. 

One limitation of our study is that we narrowed our 
focus on the putative adenosinergic mechanism of 
KEMCT-generated effects on isoflurane anesthesia-
evoked influences. However, it has been demonstrated 
that administration of the KEMCT can generate ketosis 
[18, 27, 28] (Fig. 1D), which may increase adenosine levels 
[31]. Enhanced adenosine levels can modulate the ketone 
supplements-evoked influences on (i) sleep (sleep-like) 
effects [16, 32], (ii) isoflurane-generated anesthesia [32, 
33, 40] and (iii) insulin sensitivity [21, 22] likely through 
A1Rs. Thus, we could propose that the adenosinergic sys-
tem may be one of the main factors by which KEMCT 
can exert its effects on isoflurane anesthesia. Moreover, 
it is likely that there are multiple factors, which can con-
tribute to KEMCT-evoked effects such as the delay in 
emergence from anesthesia. For example, another poten-
tial factor may be the respiratory changes induced by 
ketosis or the mild acidosis caused by an increase in βHB 
levels after administration of EKSs [13]. Changes in respi-
ration play a key role in elimination of inhalational anes-
thetics [59]. Thus, if the animal respiration was changed 
during KEMCT-induced ketosis, the elimination and the 
time required for recovery from isoflurane anesthesia will 
be altered. However, new studies are needed to explore 
different factors (e.g. changes in both activity of A1Rs 
and respiratory physiology), by which EKSs may be able 
to alter isoflurane anesthesia-generated effects.

Conclusion
EKSs-evoked ketosis can modulate anesthesia-gener-
ated effects, and these modulatory influences of keto-
sis may be clinically and surgically relevant. Indeed, the 
EKS formulation given as KEMCT abolished the isoflu-
rane-induced increase in blood glucose level whereas 
increased the time required for recovery from isoflurane-
induced anesthesia. The last result suggests that admin-
istration of EKSs may modulate the requirement for 
isoflurane during surgery. Moreover, isoflurane anesthe-
sia-induced increase in blood glucose level may decrease 
neuroprotective effects of isoflurane, thus, administration 
of EKSs (as an adjuvant therapy) can preserve and pre-
vent some isoflurane-evoked alleviating influences and 
side effects, respectively. However, the effect of ketosis on 
alteration of blood glucose level under isoflurane- and, 
theoretically, other anesthetics-evoked anesthesia should 
be taken into account by anesthesiologists. For example, 
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considerations should be taken when patients may be 
in self-induced ketosis due to its use as a medical ther-
apy (epilepsy) or as a required fasting prior to anesthe-
sia administration associated with medical procedures. 
Monitoring of not only blood ketone body level, but also 
glucose level pre-, intra-, and postoperatively in humans 
undergoing isoflurane anesthesia and maintenance of 
proper blood glucose level may be crucial to avoid poten-
tial harmful metabolic changes and their pathological 
consequences generated by interactions between EKSs-, 
isoflurane-, and other drugs-evoked effects. These results 
support the need for further male and female animal 
studies to demonstrate the exact mechanism of action of 
EKSs on isoflurane-generated increase in blood glucose 
level and recovery time from anesthesia. Furthermore, 
considering the expanding use of nutritional and sup-
plemental ketosis additional studies in human subjects of 
different genders under normal and pathological condi-
tions are needed to understand the implications of these 
findings.
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