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Chapter 6

Summary, conclusions, and perspectives



This thesis represents the intricate journey between physiology and phar-
macology. Our primary aim was to investigate the effects of different pharma-
cotherapies on antinociception and ventilatory control. Additionally, we delved
into the inherent variabilities in patient phenotypes within the population to
gain a deeper understanding of the individual effects of analgesics and the ven-
tilatory effects of disease, particularly type 2 diabetes mellitus (T2DM).

Summary of the main findings

In chapter 1, we briefly introduce the reader to recent advancements in the
use of ketamine in clinical practice (for pain management and depression),
and the ventilatory depressant effect of opioids and alterations in ventilatory
control in T2DM are discussed. Our goal was to highlight current challenges
in pain management, emphasize the importance of considering risk factors and
side effects, and propose strategies for investigating new or alternative therapies.

In chapter 2, we examined the pharmacokinetics of oral-thin-film (OTF) ad-
ministration of 50 mg and 100 mg S -ketamine and its major metabolites. These
films were rapidly absorbed, with bioavailabilities of 26% and 29%, respectively,
and exhibited relatively small variability in their pharmacokinetics. Therapeu-
tic plasma concentrations for antinociception were achieved. The majority of
S -ketamine was metabolized into S -norketamine, with about half further me-
tabolized into S -hydroxynorketamine. These findings were attributed to the
swallowing of the active substance, gastrointestinal absorption of the majority
of S -ketamine, and a significant first-pass effect.

In the complementary chapter 3, we investigated the pharmacodynamics of
the aforementioned oral-thin-film. Both dosages exhibited antinociceptive ef-
fects with a rapid onset (approximately 30 minutes) and lasting effects of at
least two hours. Psychotomimetic side effects, such as drug-high, followed a
similar pattern. Our model did not detect contributions of S -norketamine and
S -hydroxynorketamine to the antinociceptive or drug-high effects. We conclude
that this administration form of S -ketamine may be suitable for the treatment
of acute pain and breakthrough pain, a proposition that warrants further clini-
cal studies.

Moving on to chapter 4, where we examined the respiratory effects of a biased
ligand at the µ-opioid receptor, oliceridine. We observed a lower potency of the
respiratory depressant effect induced by oliceridine compared to morphine, a
lower C 50 for respiratory depression for both opioids in the elderly population,
a shortened onset/offset of respiratory depression with oliceridine, and differ-
ences in oliceridine's pharmacokinetic profiles due to CYP2D6 polymorphisms
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and phenotype variations. We could not relate the ventilatory effects to the
antinociceptive effects, a critical aspect for evaluating the harm-benefit profile
of this pharmacologic compound. We relate our inability to generate opioid-
induced antinociception to the specific patient population that was examined
by us (our population was insensitive to cold water stimuli). Elderly individuals
have difficulty scoring nociception, particularly when exposed to opioids. This
may be related to a series of age-related changes in physiology, such as reduced
C-fiber density in the skin, alterations in central pain processing as well as
cognitive changes. Additionally, obesity negatively affects the proper scoring of
nociceptive stimuli.

Finally, in chapter 5, we compared hypoxic sensitivity between patients
with T2DM with healthy controls and studied the effects of hyperinsulinemia
on hypoxic sensitivity. During fasting, we observed no differences between
these two groups, however, intriguingly, during euglycemic-hyperinsulinemia
significant changes emerged. Heightened hypoxic sensitivity was observed in
healthy controls, but not in insulin-resistant individuals. Moreover, during
hyperinsulinemia, hyperoxic inhibition increased in patients with T2DM,
indicating increased carotid body discharge in this group. This suggests
that T2DM negatively affects the carotid bodies with an indication of insulin
resistance of that particular organ, albeit the carotid system seems to be in a
hyper-excitable state.

Clinical perspectives

All topics discussed above merit further studies. Regarding chapter 2 and
chapter 3, it is important to start clinical trials with the S-ketamine oral-
thin-film in patients, either in patients in acute pain (including breakthrough
pain) as well as with therapy-resistant depression. The high levels of S -
hydroxynorketamine may hold promise for the management of the latter,
as it has been identified as an active substance following (R,S )-ketamine
administration.1,2 Besides a possible benefit of this particular administration
form, we need to explore the ideal ketamine compositions (pure enantiomer
or racemic ratio), efficacy and safety of different dosing regimens, which
are expected to differ depending on the indication.3,4,5 Equally important
is to determine the side effect profile for each indication. This may, for
example, be done using utility function analysis, an approach that calculates
the likelihood of benefit versus the likelihood of harm, as a function of effect-site
concentration.6 We expect that due to the production of high concentrations
of the hydroxynorketamine the utility function may be particularly positive
when the S -ketamine OTF is used in the treatment of depression, while a lesser
positive function, or even a negative function, may be expected in the treatment
of acute pain, an effect that relies mostly on the ketamine concentrations in the
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brain and spinal cord.7 Finally, we need to be aware of the fact that we recently
showed that ketamine benefit and harm (i.e. its schizotypical adverse effects)
are intricately connected, and when none of these adverse effects occur the
likelihood of a benefit (pain relief or anti-depressive effects) is reduced.8

The results of chapter 4, the effect of the biased ligand oliceridine on ven-
tilatory control in elderly volunteers, agrees with evidence in animal models
that shows the reduced duration and magnitude of respiratory depressant effect
of oliceridine, compared to morphine.9 Also, clinical studies in postoperative
patients point in that direction.10 Whether these underlying features can be
attributed to biased agonism or low intrinsic efficacy remains disputed among
molecular researchers.11 Considering the burden of perioperative respiratory
effects, we need to realize that with proper monitoring the number of serious
respiratory depression events following surgery is limited. For example, the
PRODIGY trial, an observational study in more than 1,300 postoperative pa-
tients on opioids, showed that while 46% of patients had at least one respiratory
event, there were just very rare incidences of the need for naloxone reversal,
reintubation, or admittance to the intensive care unit because of opioid treat-
ment.12 Still, less than 20% of patients exclusively treated with oliceridine in
the postoperative period have a respiratory event, and most of such events are
not related to the opioid treatment per se, but relate to ventilation/perfusion
(V̇ A/Q̇) mismatch and concomitant hypoxemia.12 Further studies are needed to
determine what the pharmacoeconomic advantage is of treatment with oliceri-
dine in comparison to commonly used opioids and other analgesics such as
morphine or hydromorphone. These generic opioids are cheap, effective, and
albeit with a higher tendency to affect the ventilatory control system than
oliceridine, are considered a safe drug when used appropriately in the perioper-
ative setting. Furthermore, while outside the scope of this thesis, other actions
are necessary beyond innovations in biomedical research, to reduce deaths and
prevent further escalation of the opioid crisis around the globe. These include
reforming regulatory systems, informed prescribing, and advancements in opi-
oid stewardship. Additionally, efforts should be put towards preventing chronic
pain and preventing substance use disorder by modification of risk factors at
both individual and population levels.

Finally, in chapter 5, the effect of insulin on ventilatory control is examined.
The two main observations, carotid body insulin resistance in T2DM coupled
with a carotid body that seems to be in a basal hyper-excitable state are im-
portant findings that have important health-related effects.13,14 The lack of
increase in hypoxic response upon exposure to insulin in patients with T2DM,
is relevant although an appreciable hypoxic response remained; the magnitude
of the hypoxic response is quite variable among individuals. Still, the inability
to enhance the response is a clear sign of insulin resistance. The carotid body
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is considered the watchdog of the brain and a proper insulin response is needed
to control the glucose exposure to the brain. Carotid body insulin resistance
falls within the general concept of insulin resistance in T2DM. However, the
hyperexcitability of the carotid body in T2DM is an important observation
that may be linked to health outcome measures such as hypertension, cardiac
arrhythmias, and heart failure.15 Carotid body denervation or destruction has
earlier been suggested as a treatment of a hyperexcitable carotid body related
diseases, such as treatment-resistant hypertension, heart failure, myocardial
infarction, and ventricular tachycardia.16,17 Hence, our data suggest that pa-
tients with T2DM might be at an increased risk for such adverse health issues.
While carotid sinus nerve denervation in T2DM may be a bridge too far due
to adverse effects, electronic modulation has been shown to restore metabolic
homeostasis in animal models.18 Given the high prevalence of T2DM, further
studies are warranted to determine the risks of a hyperexcitable carotid body in
T2DM, determine how this is associated with alterations in ventilatory control,
and evaluate preclinical therapeutic approaches.

In conclusion, the research conducted in this thesis has expanded our knowledge
of pharmacology and pathophysiology on the control of breathing, both in health
and disease. We anticipate that these findings will contribute to improved health
outcomes and enhanced safety in pain management and foster further research.

125





6

References

1. Abdallah CG, Sanacora G, Duman RS, Krystal JH. Ketamine and rapid-
acting antidepressants: a window into a new neurobiology for mood disorder
therapeutics. Annu Rev Med. 2015; 66: 509–523
doi: 10.1146/annurev-med-053013-062946.

2. Highland JN, Zanos P, Riggs LM, Georgiou P, Clark SM, Morris PJ, al. et.
Hydroxynorketamine: pharmacology and potential therapeutic applications.
Pharmacol Rev. 2021; 73: 763–791
doi: 10.1124/pharmrev.120.000149.

3. Fjendbo Galili S, Nikolajsen L, Papadomanolakis-Pakis N. Subanaesthetic
single-dose ketamine as an adjunct to opioid analgesics for acute pain
management in the emergency department: a systematic review and meta-
analysis. BMJ Open. 2023; 13: e066444
doi: 10.1136/bmjopen-2022-066444.

4. Jonkman K, Dahan A, Donk T van de, Aarts L, Niesters M, Velzen M van.
Ketamine for pain. F1000Research. 2017;
doi: 10.12688/f1000research.11372.1.

5. Nikolin S, Rodgers A, Schwaab A, Bahji A, Zarate C. J, Vazquez G, Loo C.
Ketamine for the treatment of major depression: a systematic review and
meta-analysis. eClinicalMedicine. 2023; 62: 102127
doi: 10.1016/j.eclinm.2023.102127.

6. Boom M, Olofsen E, Neukirchen M, Fussen R, Hay J, Groeneveld GJ, Aarts
L, Sarton E, Dahan A. Fentanyl utility function: a risk-benefit composite
of pain relief and breathing responses. Anesthesiology. 2013; 119: 663–674
doi: 10.1097/ALN.0b013e31829ce4cb.

7. Sleigh J, Harvey M, Voss L, Denny B. Ketamine - More mechanisms of
action than just NMDA blockade. Trends in Anaesthesia & Critical Care.
2014; 4: 76–81
doi: 10.1016/j.tacc.2014.03.002.

127

http://doi.org/10.1146/annurev-med-053013-062946
http://doi.org/10.1124/pharmrev.120.000149
http://doi.org/10.1136/bmjopen-2022-066444
http://doi.org/10.12688/f1000research.11372.1
http://doi.org/10.1016/j.eclinm.2023.102127
http://doi.org/10.1097/ALN.0b013e31829ce4cb
http://doi.org/10.1016/j.tacc.2014.03.002


References

8. Olofsen E, Kamp J, Henthorn TK, Velzen M van, Niesters M, Sarton
E, al. et. Ketamine psychedelic and analgesic effects are connected.
Anesthesiology. 2022; 136: 792–801
doi: 10.1097/ALN.0000000000004176.

9. Hill R, Sanchez J, Lemel L, Antonijevic M, Hosking Y, Mistry SN, Kruegel
AC, Javitch JA, Lane JR, Canals M. Assessment of the potential of novel
and classical opioids to induce respiratory depression in mice. British
Journal of Pharmacology. 2023;
doi: 10.1111/bph.16199.

10. Ayad S, Demitrack MA, Burt DA, Michalsky C, Wase L, Fossler MJ,
Khanna AK. Evaluating the Incidence of Opioid-Induced Respiratory
Depression Associated with Oliceridine and Morphine as Measured by the
Frequency and Average Cumulative Duration of Dosing Interruption in
Patients Treated for Acute Postoperative Pain. Clinical Pharmacokinetics.
2020; 59: 755–764
doi: 10.1007/s40261-020-00936-0.

11. Stahl EL, Bohn LM. Low intrinsic efficacy alone cannot explain the
improved side effect profiles of new opioid agonists. Biochem. 2021;
doi: 10.1021/acs.biochem.1c00466.

12. Karcz M, Papadakos PJ. Respiratory complications in the postanesthesia
care unit: A review of pathophysiological mechanisms. Journal of Clinical
Medicine Research. 2013; 5: 21–29
doi: PMID:26078599.

13. Kim LJ, Polotsky VY. Carotid Body and Metabolic Syndrome: Mechanisms
and Potential Therapeutic Targets. International Journal of Molecular
Sciences. 2020; 21:
doi: 10.3390/ijms21145117.

14. Sacramento JF, Andrzejewski K, Melo BF, Ribeiro MJ, Obeso A, Conde
SV. Exploring the Mediators that Promote Carotid Body Dysfunction in
Type 2 Diabetes and Obesity Related Syndromes. International Journal of
Molecular Sciences. 2020; 21:
doi: 10.3390/ijms21155545.

15. Iturriaga R. Translating carotid body function into clinical medicine. The
Journal of Physiology. 2018; 596: 3067–3077
doi: 10.1113/JP275335.

16. Dahan A, Nieuwenhuijs D, Teppema L. Plasticity of central chemoreceptors:
effect of bilateral carotid body resection on central CO2 sensitivity. PLOS
Medicine. 2007; 4: e239
doi: 10.1371/journal.pmed.0040239.

128

http://doi.org/10.1097/ALN.0000000000004176
http://doi.org/10.1111/bph.16199
http://doi.org/10.1007/s40261-020-00936-0
http://doi.org/10.1021/acs.biochem.1c00466
http://doi.org/PMID:26078599
http://doi.org/10.3390/ijms21145117
http://doi.org/10.3390/ijms21155545
http://doi.org/10.1113/JP275335
http://doi.org/10.1371/journal.pmed.0040239


6

References

17. Timmers HJ, Wieling W, Karemaker JM, Lenders JW. Denervation of
carotid baro- and chemoreceptors in humans. The Journal of Physiology.
2003; 553: 3–11
doi: 10.1113/jphysiol.2003.052415.

18. Sacramento JF, Chew DJ, Melo BF, Donega M, Dopson W, Guarino MP,
Robinson A, Prieto-Lloret J, Patel S, Holinski BJ, Ramnarain N, Pikov
V, Famm K, Conde SV. Bioelectronic modulation of carotid sinus nerve
activity in the rat: a potential therapeutic approach for type 2 diabetes.
Diabetologia. 2018; 61: 700–710
doi: 10.1007/s00125-017-4533-7.

129

http://doi.org/10.1113/jphysiol.2003.052415
http://doi.org/10.1007/s00125-017-4533-7



