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ABSTRACT
Introduction: Endogenous Cushing’s syndrome (CS) is a rare, life-threatening endocrine disorder that is 
caused by chronic exposure to cortisol overproduction. Levoketoconazole (Recorlev), a 2S, 
4R stereoisomer of ketoconazole, is a steroidogenesis inhibitor under investigation for the treatment 
of CS.
Areas covered: This review covers the pharmacology, efficacy, and safety of levoketoconazole for the 
treatment of patients with endogenous CS.
Expert opinion: Based on the preclinical and clinical pharmacology findings, levoketoconazole appears 
to be the relevant enantiomer of ketoconazole for inhibition of steroidogenesis, with more potent 
inhibition of both cortisol and androgen synthesis relative to ketoconazole racemate and the 2R, 
4S stereoisomer dextroketoconazole. Results from the phase III SONICS study showed that levoketoco
nazole was effective in normalizing cortisol levels and improving biomarkers of cardiovascular risk in 
a significant percentage of patients. In addition, treatment with levoketoconazole showed improve
ments in subjective clinical assessments of clinician-rated CS clinical signs and symptoms, patient- 
reported quality of life, and depression symptom severity. Testosterone levels decreased significantly in 
women. Levoketoconazole had an acceptable safety profile with no unexpected safety signals. The 
favorable pharmacology, efficacy, and safety profile of levoketoconazole supports its use as medical 
therapy for CS, if approved.
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1. Introduction

1.1. Endogenous Cushing's syndrome

Endogenous Cushing’s syndrome (CS) is a rare, serious endo
crine disorder that is caused by chronic exposure to over
production of cortisol [1]. While the incidence of overt 
endogenous CS is 2.4 to 3.2 people per million annually with 
a mortality risk, if not appropriately treated, of approximately 
3.5 times greater than the general population [2–5], it is likely 
that mild disease is much more prevalent [6]. Cardiovascular 
events can, in part, explain the excess mortality in patients 
with active CS, which may persist even after cortisol normal
ization [7,8]. Because of the ubiquitous downstream effects of 
cortisol, chronic hypercortisolism leads to multisystem mor
bidities, including changes in physical appearance (central 
obesity, acne, hirsutism, skin fragility with striae), cardiovascu
lar complications (hypertension, venous thromboembolism, 
peripheral edema), metabolic disturbances (insulin resistance 
with impaired glucose tolerance), skeletal damage (osteope
nia, osteoporosis, skeletal fractures), impairment of reproduc
tive and sexual function (hypogonadism, menstrual 
irregularities, decreased libido, infertility), and neuropsychiatric 

disorders (depression, sleep disorders, cognitive disturbance) 
[9–11].

Endogenous CS results from chronic exposure to excess 
cortisol because of adrenocorticotrophic hormone (ACTH)– 
dependent or ACTH-independent etiologies [12]. ACTH- 
dependent CS accounts for 80–85% of overt CS cases; 
approximately 80–90% of these are attributed to Cushing’s 
disease (CD; ACTH-producing pituitary adenoma), and the 
rest result from extrapituitary neuroendocrine tumors caus
ing ectopic ACTH production [12,13]. ACTH-independent CS 
(15–20% of CS cases) results from autonomous adrenal 
overproduction of cortisol because of an adrenal adenoma, 
carcinoma, or bilateral hyperplasia. Mild adrenal cortisol 
excess or mild autonomous cortisol excess (MACE) describes 
a condition of ACTH-independent glucocorticoid overpro
duction from an adrenal mass, in the absence of overt 
clinical signs and symptoms of CS [14]. In patients with 
adrenal incidentalomas, MACE has been associated with 
cardiovascular, bone, and metabolic comorbidities typical 
of cortisol excess, as well as increased mortality risk [14,15].
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1.2. Treatment of Cushing's syndrome

The main goal of treatment of CS is to fully normalize 
cortisol production or its activity [16]. Surgical removal of 
the underlying lesion (pituitary, adrenal, or ectopic neuroen
docrine tumor resection) is typically the first-line treatment 
for CS. If surgical resection for ACTH-dependent CS is not an 
option or is unsuccessful, second-line treatment options 
include bilateral adrenalectomy, radiation therapy, and med
ical treatment; each of these treatment modalities has its 
advantages and drawbacks. CD may persist after surgery or 
recur after an initially successful surgery [17,18]. With radia
tion therapy, there is a considerable delay in therapeutic 
response, and radiation therapy for CD is associated with 
the risk of hypopituitarism, optic nerve damage, and the 
development of cerebrovascular disease or secondary 
tumors [19]. Bilateral adrenalectomy causes life-long adrenal 
insufficiency and increases the risk for adrenal crisis and 
corticotroph tumor progression (Nelson’s syndrome; only 
in patients with CD) [20]. Medical therapies that are cur
rently approved or commonly used off-label for CS have 
limitations in some patients with regard to safety, efficacy, 
or addressing various manifestations of CS [21,22]. In 
a multicenter study in the United States, about 30% of 
patients with CD did not achieve cortisol normalization 
despite multiple treatments, underscoring the unmet need 
for more effective treatment options [23].

Medical treatment can be used when surgery to remove 
the underlying lesion is delayed, contraindicated, declined, 
not feasible, or failed, or as a bridging treatment until 
radiation therapy becomes effective, though preoperative 
and primary medical therapy use are increasing [16,24]. 
Medical treatments for CS include pituitary-directed drugs 
(cabergoline, pasireotide), which are limited to patients with 
CD; adrenal steroidogenesis inhibitors (osilodrostat, ketoco
nazole, metyrapone, etomidate, mitotane); and glucocorti
coid receptor antagonists (mifepristone) [18,22].

1.3. Levoketoconazole

Levoketoconazole (Recorlev), the 2S,4R stereoisomer of keto
conazole, is an orally administered adrenal steroidogenesis 
inhibitor currently in development for the treatment of endo
genous CS [18]; a New Drug Application (NDA) was submitted 
to the US Food and Drug Administration (FDA) for this pur
pose in March 2021. Ketoconazole is approved in the United 
States as an azole antifungal drug at 200–400 mg/day [25] and 
used off-label for CS at higher doses (400–1200 mg/day) [1]. In 
contrast to the US indication, ketoconazole is currently 
approved by the European Medicines Agency (EMA) only for 
the treatment of endogenous CS [26]. The clinical evidence of 
ketoconazole use for the treatment of CS has been derived 
from retrospective and prospective observational studies, but 
due to safety concerns with respect to potential hepatotoxicity 
and prolongation of the QT interval, the US prescribing infor
mation includes a boxed warning [25,27–29].

Levoketoconazole, which is considered the eutomer of 
ketoconazole (i.e., the stereoisomer with desirable pharmaco
logic activity), was initially investigated as a potential treat
ment for diabetes mellitus type 2 (DM2) because it was 
hypothesized to reduce the cortisol-mediated contribution to 
hyperglycemia [30,31]. Levoketoconazole reduced hemoglo
bin A1c (HbA1c) and fasting blood glucose levels in patients 
with DM2 in a small, randomized, double-blind, placebo- 
controlled study [30]. Levoketoconazole is currently being 
evaluated as a medical therapy for endogenous CS. Here, we 
review the pharmacology, efficacy, and safety of levoketoco
nazole for the treatment of patients with endogenous CS.

2. Pharmacologic profile of levoketoconazole

2.1. Chemistry

Levoketoconazole is the 2S,4R stereoisomer of ketoconazole, 
a racemic mixture (Figure 1) [32]. Levoketoconazole is formu
lated as a 150 mg, immediate-release tablet.

2.2. Preclinical pharmacology

Levoketoconazole inhibits several enzymes in the steroido
genesis pathway in the adrenal cortex, including cytochrome 
P450 (CYP) enzymes: CYP11A1, CYP17A1, CYP11B1, and 
CYP11B2 [32–35] (Figure 2). The enantiomers of ketoconazole 
differ in their inhibitory potency toward these CYP enzymes 
[32,33]. In a study using human embryonic kidney (HEK) 293 
cells or Chinese hamster lung cells (V79) engineered to stably 
express human CYP enzymes, levoketoconazole was a more 
potent inhibitor than dextroketoconazole (the 2R, 
4S stereoisomer) and racemic ketoconazole [33] (Figure 2, 
Table 1). These data are consistent with levoketoconazole 
being the active component of ketoconazole for inhibition 
of cortisol biosynthesis [33]. In addition, the binding profile of 
levoketoconazole (Table 1) suggests that its effects on inhibi
tion of steroidogenesis extend beyond its affinities for the 
canonical ligand-binding pockets of these enzymes [33]. The 
greater potency of levoketoconazole in inhibiting cortisol 
synthesis, compared with ketoconazole, was also reported 

Article highlights 

● Levoketoconazole, the 2S,4R stereoisomer of ketoconazole, is in 
development for the treatment of Cushing’s syndrome (CS)

● Preclinical and clinical pharmacologic findings suggest that levoketo
conazole is a more potent inhibitor of cortisol synthesis, with poten
tially lower hepatic exposure and interference with metabolite 
elimination compared with the dextroketoconazole stereoisomer 
and the ketoconazole racemate; these attributes may improve its 
therapeutic index relative to ketoconazole

● Findings from the phase III SONICS study showed sustained clinical 
benefits of levoketoconazole in cortisol normalization and improve
ments in cardiovascular risk biomarkers

● Results from the SONICS study also showed subjective clinical bene
fits in clinician-rated clinical signs and symptoms of CS and patient- 
reported quality of life and depression symptom severity

● Treatment with levoketoconazole in SONICS led to sustained normal
ization of mUFC and improvement in glycemic control that was more 
pronounced in patients with diabetes mellitus type 2

● Levoketoconazole has an acceptable safety and tolerability profile, 
with no new safety signals reported during the SONICS study
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in a study with human adrenocortical carcinoma cells 
(HAC15) [36]. In preclinical animal studies, levoketoconazole 
was more potent in reducing serum corticosterone levels 
than dextroketoconazole or ketoconazole [34]. A greater 
potency of levoketoconazole in inhibiting adrenal cortisol 

synthesis compared with ketoconazole may allow for 
a lower levoketoconazole therapeutic dose in the treatment 
of CS. Levoketoconazole has a potential for reduced liver 
toxicity compared with ketoconazole [32]. Compared with 
dextroketoconazole, levoketoconazole is 12 times less potent 
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Figure 1. Chemical structure of levoketoconazole [32].

 Cholesterol

Pregnenolone

Progesterone

17-Hydroxy
Pregnenolone

CYP11A1

CYP17A1

CYP17A1

CYP17A1

CYP17A1

HSD3B2 HSD3B2 HSD3B2

CYP21A2 CYP21A2

CYP11B2 CYP11B1

CYP11B2

17-Hydroxy
Progesterone

11-Deoxycorticosterone

DHEA

Androstenedione

Testosterone

Corticosterone

11-Deoxycortisol

Cortisol

Aldosterone

Levoketoconazole 
1.6x Ketoconazole

Levoketoconazole 
2.1x Ketoconazole

Levoketoconazole 
2.1x Ketoconazole

Levoketoconazole 
2.7x Ketoconazole

Levoketoconazole 
1.2x Ketoconazole

Levoketoconazole 
1.2x Ketoconazole
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in inhibiting CYP7A1, which is a rate-limiting enzyme for bile 
acid synthesis [32,37] and a key pathway for removal of 
cholesterol from the body [38]. Furthermore, ketoconazole 
is known to be primarily eliminated via biliary excretion; 
therefore, a lower inhibition of bile acid synthesis by levoke
toconazole compared with dextroketoconazole may lead to 
less interference in biliary elimination of the drug and poten
tially other medications used concomitantly, which may 
impact the safety profile [28]. In addition to increased cho
lesterol degradation via inhibition of the CYP7A1 enzyme by 
levoketoconazole compared with ketoconazole, ketoconazole 
and its enantiomers also inhibit cholesterol synthesis by inhi
biting CYP51A1 (lanosterol 14α-demethylase) enzyme, which 
is also a critical enzyme for fungal survival. Levoketoconazole 
inhibits CYP51A1 with greater than 2-fold more potency than 
dextroketoconazole [32].

Similar to ketoconazole, levoketoconazole is a substrate and 
a potent inhibitor of a major drug-metabolizing enzyme, CYP3A4 
[28,39,40]. Levoketoconazole is about 2-fold more potent than 
dextroketoconazole in inhibiting CYP3A4-mediated metabolism 
of substrates [39,40], which might be relevant for drug–drug 
interactions.

Ketoconazole and its enantiomers inhibit testosterone produc
tion via the CYP17A1 enzyme [32]. In vitro, levoketoconazole 
showed more potent inhibition of testosterone production via 
the CYP17A1 enzyme compared with dextroketoconazole. 
However, as testosterone is a CYP3A4 substrate, levoketoconazole 
is approximately 2-fold more potent in inhibiting CYP3A4 enzyme- 
mediated testosterone metabolism than dextroketoconazole [40]. 
This combination of opposing effects indicates that clinical evalua
tion is needed to understand the net effect of levoketoconazole 
treatment on testosterone levels in men and women.

Finally, levoketoconazole has been shown to inhibit ACTH 
secretion in mouse pituitary tumor cells (AtT20) and corticotroph 
growth in a primary human pituitary adenoma culture [36]. These 
findings are consistent with the direct antisecretory effects on 
ACTH and growth inhibitory effects on neuroendocrine cells 
observed with ketoconazole [36,41–43].

2.3. Clinical pharmacology
The pharmacokinetics of levoketoconazole in humans were 
evaluated in five clinical studies; four in healthy volunteers 
and one in patients with type 2 diabetes mellitus (Table 2) 

[34,44,45]. The enantiomers in the ketoconazole racemic mix
ture are present in equal concentrations; however, 
a ketoconazole pharmacokinetic study showed that, following 
oral administration of ketoconazole (400 mg twice daily), the 
area under the curve (AUC) and the maximum serum concen
tration (Cmax) values of levoketoconazole exceeded those of 
dextroketoconazole by approximately 3-fold [46]. Consistently, 
in levoketoconazole pharmacokinetic studies in healthy volun
teers and patients with type 2 diabetes mellitus, the Cmax of 
levoketoconazole was approximately 3-fold higher compared 
with the dextroketoconazole enantiomer after single or multi
ple dosing with racemic ketoconazole 400 mg twice daily [34]. 
This differential bioavailability of the enantiomers may indi
cate lower hepatic or intestinal metabolism of levoketocona
zole. It is notable that there is no evidence of enantiomer 
interconversion in vivo; the serum concentration difference 
between levoketoconazole and dextroketoconazole, which 
was evident immediately after ketoconazole administration, 
remained constant during the course of drug elimination. 
Like ketoconazole, levoketoconazole is a weak base and there
fore requires acidic pH conditions to dissolve in aqueous 
solution. As a result, absorption of oral levoketoconazole is 
dependent on the presence of stomach acid, such that suffi
cient inhibition of stomach acid (with H2 receptor antagonists 
or proton pump inhibitors) can substantially diminish bioavail
ability, as has been observed for ketoconazole intestinal 
absorption [47,48]. In a food-effect study, a high-fat meal did 
not influence the Cmax of a single oral dose of levoketocona
zole 600 mg in healthy volunteers, but AUC values increased 
by approximately 30% (unpublished data).

Studies in healthy volunteers (Table 2) confirm findings 
from in vitro studies that levoketoconazole has the potential 
for drug-drug interactions [39,40,44,45]. Levoketoconazole at 
steady state increased exposure to CYP3A4 substrates: felodi
pine by approximately 10-fold and atorvastatin by approxi
mately 30% (unpublished data). Steady-state levels of 
levoketoconazole also increased metformin exposure by 
approximately 2-fold and reduced systemic clearance of met
formin by approximately 62% (unpublished data), presumably 
due to reduction in renal elimination of metformin attributed 
to inhibition of OCT2 and MATE1 transporters by levoketoco
nazole [49].

A pharmacodynamics assessment demonstrated 
a significant decrease in serum cortisol with levoketoconazole 

Table 1. Calculated IC50 values and spectral binding constants for ketoconazole enantiomers and its racemate toward different human steroidogenic 
P450 enzymes [33].

Enzyme
Levoketoconazole 

(2S, 4R isomer)
Dextroketoconazole 

(2R, 4S isomer)
Ketoconazole 

(racemic compound)

IC50 value, nmol/L
CYP11A1 1450 25,100 2270
CYP17A1 28 596 58
CYP11B1 52 1370 139
CYP11B2 150 472 176

Spectral binding constant (KS), nmol, mean ± SD
CYP11A1 840 ± 50 3030 ± 710 940 ± 210
CYP17A1 110 ± 10 220 ± 0 190 ± 0
CYP11B1 140 ± 10 200 ± 10 150 ± 60

IC50: half maximal inhibitory concentration; SD: standard deviation. 
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versus placebo (p < 0.005) or ketoconazole (p < 0.05) admin
istration in a study with healthy volunteers [34].

In summary, preclinical and clinical pharmacology find
ings suggest that levoketoconazole is a more potent inhibi
tor of cortisol synthesis compared with dextroketoconazole 
and may potentially have less hepatic exposure and less 
interference with metabolite elimination [32–34]. Using 
a higher-potency cortisol synthesis inhibitor rather than 
a lower-potency one (ie, levoketoconazole vs. ketoconazole) 
is preferable in CS, as it would expose the patient to a lower 
risk of drug exposure–related toxicities, including QT pro
longation and, perhaps, hepatic toxicity. Thus, levoketoco
nazole may have an improved therapeutic index relative to 
ketoconazole.

3. Clinical efficacy

The clinical development program for levoketoconazole for 
the treatment of endogenous CS includes three phase 3 multi
center studies: SONICS (Study Of levoketocoNazole In CS), 
a completed single-arm, open-label study (NCT01838551) 
[50]; LOGICS (LevOketoconazole to fill a Gap In CS), 
a recently completed double-blind, placebo-controlled, rando
mized withdrawal study (NCT03277690); and OPTICS (OPen- 
label Treatment In Cushing’s Syndrome), an ongoing open- 
label, long-term safety study (NCT03621280).

3.1. SONICS study

3.1.1. Study design
The SONICS study was designed based on experience from 
treating patients with CS with ketoconazole [51]. SONICS 
enrolled adults with confirmed CS and mean 24-hour urinary 
free cortisol (mUFC) ≥1.5 times the upper limit of normal 
(ULN). The study population consisted of patients with 
a moderate-to-severe CS phenotype. Enrolled patients were 
treated with oral levoketoconazole titrated to an individua
lized therapeutic dose in a dose titration phase (2–21 weeks) 
and then entered a 6-month maintenance phase followed by 
a 6-month extended evaluation phase. The levoketoconazole 
dose was adjusted in the dose titration phase based on mUFC 
response and tolerability from 150 mg twice daily to 
a maximum of 600 mg twice daily. This individualized dosing 
regimen of levoketoconazole was designed because the ther
apeutic dose needed for response with ketoconazole varies 
considerably among patients with CS [51]. The levoketocona
zole dose remained unchanged during the maintenance 
phase of SONICS unless adjustment was needed to maintain 
control of cortisol or because of safety and tolerability issues. 
The maintenance phase was designed to demonstrate dur
ability of the therapeutic response.

3.1.2. Cortisol normalization
Ninety-four patients enrolled and received ≥1 dose of levo
ketoconazole in the SONICS study, of whom 77 patients 
entered the maintenance phase [50]. Most patients had 
a diagnosis of CD (85%), and concurrent comorbidities of 
diabetes, hypercholesterolemia, and hypertension were Ta
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reported in 38%, 36%, and 71% of the patients, respectively. 
Most patients had moderate-to-severe hypercortisolism at 
baseline (75% had baseline mUFC ≥2.0 ULN). During treat
ment with levoketoconazole, mean mUFC decreased to 
approximately the ULN at month 1, and improvement was 
sustained until month 6 of the maintenance phase (Figure 3) 
[50]. At the end of the maintenance phase, mUFC was nor
malized in 30% of patients without a dose increase during 
the maintenance phase (study primary endpoint; 95% 
CI = 21–40%; p = 0.0154 vs. null hypothesis of ≤20%). The 
primary efficacy finding is strengthened by key elements of 
the study design, such as exclusion of patients with cyclic CS, 
no upper limit of mUFC levels at study entry, exclusion of 
inadequate urine samples from mUFC calculations, and 
assessments that were performed monthly and analyzed 
using a repeated-measures model. Further evidence of 
a conservative primary efficacy analysis in this study comes 
from the sensitivity and secondary analyses, which showed 
a greater efficacy than the primary analysis. When patients 
who needed a dose increase during the maintenance phase 
were included, 34 patients (36%) achieved normalization of 
mUFC, and 43 patients (46%) had ≥50% mUFC decrease or 
normalization. Therefore, among 55 patients completing the 
maintenance phase, 34 patients (62%) had normalized mUFC 
and 43 patients (78%) had ≥50% mUFC decrease or normal
ization, irrespective of dose increase. An indirect efficacy 
comparison between ketoconazole and levoketoconazole is 
complicated, due to the lack of comparably designed studies 
evaluating the efficacy of ketoconazole in CS. In retrospective 
studies in patients with CS receiving long-term treatment 
with ketoconazole, UFC normalization was reported in 45– 
49% of patients, whereas treatment was discontinued due to 
adverse events in 13–26% of patients and for lack of efficacy 
in up to 27% [51,52]. However, these retrospective studies 
have a number of methodological limitations, such as non
standardized methods to establish UFC normalization, lack of 
standardized follow-up, and difficulty in recovering all data.

In the SONICS study, although a clear dose-response rela
tionship was not observed with initial normalization and sus
tained maintenance of mUFC levels, the response rate (as 
assessed by mUFC normalization at month 6) was lower at 
the higher end of the levoketoconazole dose range [50]. 
Patients uptitrated to higher doses of the drug had higher 
average baseline mUFC levels. Therefore, therapeutic response 
appears to be dependent, at least in part, on baseline mUFC 
levels. Nonetheless, 9 (56%) of 16 patients with mUFC ≥5 ULN 
at baseline and a median dose of 750 mg/day had mUFC 
normalized at the end of the maintenance phase.

Measuring late-night salivary cortisol (LNSC) levels can help 
assess loss in the diurnal physiological rhythm of cortisol 
secretion [53,54]. Restoring the diurnal cortisol rhythm is of 
clinical importance in patients with CS, as the disruption of 
this rhythm is thought to result in comorbidities such as 
hypertension and impaired glucose metabolism [55,56]. In 
the SONICS study, a significant decrease in mean LNSC con
centration was observed from baseline to the end of month 1 
(p < 0.01) and remained significantly lower than baseline 

through month 6 (p < 0.05) [57]. However, LNSC was less 
commonly normalized (ranged from 4% to 19% of patients 
over time) than mUFC. As the cortisol rhythm is also affected 
by the dose and timing of therapy administration, salivary 
cortisol measurement at a single time point (late night for 
LNSC, a measure of nadir cortisol levels) during medical treat
ment may not adequately reveal improvements in diurnal 
cortisol rhythm [55,58]. Multiple measurements of salivary 
cortisol throughout the day, similar to the serum cortisol day 
curve used for metyrapone in some countries [59], may pro
vide a better marker for visualizing the change in diurnal 
cortisol rhythm; however, this information was not collected 
in the SONICS study.

3.1.3. Cardiovascular and metabolic comorbidities
Significant mean improvements from baseline to end of the 
maintenance phase were observed in cardiovascular and 
metabolic comorbidity biomarkers, such as fasting blood glu
cose, HbA1c, total and low-density lipoprotein cholesterol, and 
body weight (p < 0.0001) [50]. These improvements did not 
appear to be associated with changes in concomitant medica
tion use. Improvements in these risk biomarkers are important, 
as cardiovascular disease is the major cause of mortality and 
substantial morbidity in CS [7,8]. Also observed were a small 
but significant (p < 0.0001) mean decrease in HDL cholesterol 
and mean increase in triglycerides from baseline to end of 
maintenance [50]. No significant changes in blood pressure 
were noted in this study.

3.1.4. Subjective clinical assessments
The SONICS study evaluated subjective clinical assessments of 
therapy on symptoms associated with excess testosterone 
secretion, fluid retention, depression, and quality of life [50]. 
Despite generally mild symptom severity at baseline, signifi
cant mean improvements from baseline to end of the main
tenance phase were observed in clinician-rated clinical signs 
and symptoms of CS (acne, hirsutism [in women], and periph
eral edema; p < 0.05) [60]. These improvements were noted 
early during levoketoconazole treatment for hirsutism (day 1 
of maintenance; p < 0.0001) and acne (end of month 1 of 
maintenance; p < 0.05). Improvements in peripheral edema 
were observed at month 4 of maintenance (p < 0.01). In 
contrast, improvement on a 7-item composite score of 
Cushingoid appearance (moon facies, facial plethora, striae, 
bruising, and supraclavicular fat) and menstruation status in 
women (irregular menstruation or dysmenorrhea) did not 
reach statistical significance. With respect to patient-reported 
outcomes, significant improvements in quality of life 
(CushingQoL score; p < 0.0001) and depression severity (Beck 
Depression Inventory II; p < 0.01) were noted from baseline to 
end of maintenance with levoketoconazole treatment. 
Symptoms of depression improved with therapy even though 
they were mild in severity at baseline, and quality of life, which 
was moderately impaired at baseline, improved substantially. 
The moderate impairment of health-related quality of life 
reported by patients at study baseline exceeded the mild 
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severity of CS signs and symptoms that was recorded in 
investigator assessments.

3.1.5. Testosterone
Consistent with clinician-rated improvements in acne and hirsut
ism, significant mean reductions in testosterone levels were noted 
in women from baseline to month 6 (p < 0.001) [50] (Figure 4) [60]; 
this is similar to findings of reduction in testosterone with ketoco
nazole treatment in women with CS [61,62]. In contrast, mean 
testosterone level tended to increase in males with levoketocona
zole therapy, although the increase was not statistically significant 
and the number of patients was small [50]. Ketoconazole is known 
to decrease testosterone production transiently in males with 
a normal hypothalamus-pituitary-gonadal axis, and a few cases 
of hypogonadism and gynecomastia have been reported when 
the drug has been used as an antifungal [63–65]. However, case 
studies suggest that ketoconazole may function differently in male 
patients with CS (improvement or no change in testosterone 
levels) [66,67], as hypercortisolemia is known to suppress the 
hypothalamus-pituitary-gonadal axis [9]. Based on the findings 
from SONICS and the known effects of ketoconazole, interindivi
dual differences in testosterone response are likely in men treated 
with levoketoconazole.

3.1.6. Efficacy in a subgroup of patients with type 2 
diabetes mellitus
Diabetes mellitus is one of the comorbidities associated with 
CS, and management of these patients must address both 
excess cortisol and hyperglycemia [68,69]. Normalization of 
cortisol is sufficient, in some cases, to improve glycemic 

control and may also reverse diabetes [2,70]. In SONICS, effi
cacy and safety of levoketoconazole in patients with CS and 
diabetes mellitus (36 patients) were evaluated as exploratory 
analyses [71]. At the end of the maintenance phase, normal
ization of mUFC was observed in 34% and 25% of patients 
with and without diabetes mellitus, respectively, without 
a dose increase during the maintenance phase. In addition, 
the measures of glycemic control, HbA1c and fasting blood 
glucose levels, were improved in both subgroups, but change 
was more pronounced in patients with diabetes mellitus 
(Figure 5) [71].

4. Clinical safety

The levoketoconazole safety profile observed in the SONICS 
study was largely as expected based on safety information 
from studies in patients with type 2 diabetes and healthy 
volunteers, and from prior published clinical experience with 
ketoconazole [30,34,50]. Most of the adverse events reported 
were mild to moderate in intensity. The most commonly 
reported adverse events (≥15% of patients in the dose titra
tion and maintenance phases combined) were nausea (32%), 
headache (28%), peripheral edema (19%), hypertension (17%), 
fatigue (16%), diarrhea (15%), and increased alanine amino
transferase (ALT) levels (15%) [50].

Adverse events of special interest that were anticipated 
a priori and predefined were reported in 14 patients during 
dose titration or maintenance treatment: liver-related adverse 
events (n = 7), QT interval prolongation (n = 5), and adrenal 
insufficiency (n = 3) [50]. Serious adverse events were reported 
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in 14 patients, of which 4 were considered to be probably or 
definitely related to levoketoconazole: elevated liver function 
test results (1 patient), prolonged QT interval (2 patients), and 
adrenal insufficiency (1 patient). One patient died of colon 
cancer, which was considered unrelated to levoketoconazole 
treatment. Twelve patients discontinued from the dose titra
tion or maintenance phase because of adverse events, most 
commonly liver-related events (six patients).

Routine liver test abnormalities reported in the SONICS study 
suggest idiosyncratic, drug-related effects that were uncommon, 
mild to moderate in severity, and fully reversible without any 
clinical sequelae [50]. In all, 11% of patients had ALT more than 3 
times the ULN (including 3% with ALT >5x ULN), with the high
est ALT increases occurring by month 2 of maintenance treat
ment. This incidence of liver test abnormalities is lower than 
observed in a prospective observational compassionate registry 
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study of ketoconazole in CS in France, the most relevant com
parison data [50,72]. The incidence of ALT ≥5 times ULN 
assessed over 6 months of treatment with ketoconazole in 
patients who were ketoconazole treatment-naïve was 13% com
pared with 3% with levoketoconazole in the SONICS study 
(Table 3) [25,28,29,51,52,57,61–63,65–67,72–76]. Ketoconazole 
is known to prolong the QT interval and increase the risk of 
torsades de pointes, either by direct effect through the KCNH2 IKr 

channel or through drug–drug interaction with QT prolonging 
drugs [28,29,75]. Similar to ketoconazole, levoketoconazole was 
also shown to affect the KCNH2 IKr channel, but with less 
potency (unpublished data). The incidence of the adverse 
event of adrenal insufficiency ranged from 0% to 18.5% with 
ketoconazole treatment in patients with CS [51,52,62,72,76]. The 
low incidence of adrenal insufficiency observed with levoketo
conazole in the SONICS study may result from instructions to 
investigators to titrate levoketoconazole doses slowly (no more 
than 150 mg increments in dose every 2 weeks) and to advance 
patients to the maintenance phase immediately after first mUFC 
normalization in the dose titration phase [50].

As adrenal steroidogenesis is regulated by the hypothala
mus-pituitary-adrenal (HPA) axis, a reduction in the cortisol 
level is expected to result in a compensatory increase in ACTH 
through the negative feedback loop, as seen with other steroi
dogenesis inhibitors [53,77,78]. However, mean ACTH levels in 
the subset of patients with CD (85% of patients) increased 
modestly during dose-titration and remained elevated through 
the maintenance phase in the SONICS study [57]. Mean ACTH 
levels observed at the end of month 6 were less than 2-fold 
higher than those reported at baseline. Furthermore, there were 
no discontinuations from SONICS ascribed to tumor growth or 
pituitary enlargement, although longer follow-up is needed.

5. Conclusion

Levoketoconazole, a 2S, 4R enantiomer of the ketoconazole 
racemate, is a steroidogenesis inhibitor in development for the 
treatment of CS. Based on preclinical and clinical pharmacol
ogy findings, levoketoconazole may be a more potent inhibi
tor of cortisol synthesis when compared with ketoconazole or 
the other enantiomer of ketoconazole, dextroketoconazole. 
Furthermore, findings from pharmacokinetics studies suggest 
a preferred hepatic extraction of dextroketoconazole com
pared with levoketoconazole, which may lower the risk of 
hepatotoxicity with levoketoconazole. Therefore, these phar
macologic findings suggest that levoketoconazole may have 
an improved therapeutic index compared with ketoconazole. 
Results from the phase III SONICS study in patients with CS 
demonstrated that levoketoconazole treatment was effective 
in improving biochemical disease markers, such as normal
izing mUFC levels and improving LNSC, testosterone levels, 
and biomarkers of cardiovascular risk, in a significant percen
tage of patients. In addition, levoketoconazole treatment was 
associated with improvements in subjective clinical assess
ments; that is, clinician-rated CS clinical signs and symptoms 
and patient-reported quality of life and depression symptom 
severity. Levoketoconazole was generally well tolerated, with 

no unexpected safety signals reported during the SONICS 
study. The pharmacology, efficacy, and safety data suggest 
that levoketoconazole may improve overall outcomes of CS. 
The data support use of levoketoconazole as medical therapy 
for patients with CS, if approved.

6. Expert opinion

Patients with CS benefit from a tailored clinical management 
approach. Individual factors to consider include disease char
acteristics, comorbidities, and prior treatments. Medical ther
apy is an important part of CS management in some patients. 
Levoketoconazole is a steroidogenesis inhibitor in phase III 
development for the treatment of patients with CS. As of 
this writing, CS medications approved by both the FDA and 
the EMA are pasireotide, a somatostatin receptor ligand indi
cated for the treatment of adult patients with CD for whom 
pituitary surgery is not an option or has not been curative 
[79,80], and osilodrostat, a cortisol synthesis inhibitor with the 
same indication in the US [81] and approval in Europe for the 
treatment of endogenous CS in adults [82]. In the US, the 
glucocorticoid-receptor antagonist mifepristone is FDA- 
approved to control hyperglycemia secondary to hypercorti
solism in adults with endogenous CS [83], and in Europe, 
ketoconazole [26] and metyrapone [84] are approved as CS 
treatments. Regulatory approval of levoketoconazole would 
add another option to the treatment armamentarium for CS 
and further optimize pharmacotherapy.

6.1. Place of levoketoconazole in the treatment 
algorithm for Cushing's syndrome

For CS caused by pituitary, adrenal, or ectopic neuroendocrine 
tumors, surgery is the first-line treatment in most patients [16]. 
Options for second-line treatment of CD include medical ther
apy, repeat surgery, or radiotherapy (with a medical bridge 
until radiation takes effect). Treatment selection is guided by 
individual patient characteristics and treatment risk-benefit 
profiles [16,17]. As a cortisol synthesis inhibitor that affects 
multiple steps in the steroidogenesis pathway (Figure 2), levo
ketoconazole is appropriate for patients with endogenous CS 
of both pituitary (i.e., CD) or non-pituitary etiologies. More 
details are needed about the effects of levoketoconazole on 
the pituitary and adrenal glands. Mean ACTH levels increased 
less than 2-fold from baseline at the end of month 6 with 
levoketoconazole treatment in the SONICS study. This is in 
contrast with increases from baseline in mean ACTH levels 
observed with other adrenal steroidogenesis inhibitors such 
as osilodrostat (~3- to 4-fold) [85,86] metyrapone [77], and 
mitotane [78], and also with glucocorticoid receptor antago
nist mifepristone [87]. The modest rise in ACTH in patients 
with CD receiving levoketoconazole [57], and the preclinical 
findings of inhibitory effects on ACTH secretion and cortico
troph cell growth [36], suggest the possibility of direct anti
secretory effects on ACTH and/or a direct effect of tumor 
inhibition in the pituitary gland, similar to what has been 
reported with ketoconazole [42,62]. In addition, there is no 
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evidence that short- or long-term treatment with ketocona
zole has adverse effects on pituitary function in patients with 
CD or in healthy individuals or patients with other endocrine 
disorders [88–95].

Findings from the SONICS study indicate that levoketo
conazole may be effective in a wide range of patients across 
the spectrum of disease severity, disease duration, and pre
vious treatments [50]. In light of the beneficial effects on 
glycemic control, levoketoconazole may be particularly use
ful in patients with comorbidities such as diabetes or 
prediabetes.

Each medical therapy for CS has a unique safety profile, but 
comparisons across medications are challenging in the 
absence of head-to-head studies. Nonetheless, it appears 
that levoketoconazole has an advantageous antidiabetic pro
file compared with pasireotide, which is known to increase 
fasting glucose, HbA1c, and incidence of diabetes in treated 
patients [96,97]. Patients receiving levoketoconazole may have 
a lower risk of adrenal insufficiency, and women on this ther
apy may have lower testosterone levels compared with those 
receiving osilodrostat [81,86]. Furthermore, osilodrostat 
increases circulating levels of aldosterone precursors, which 
activate mineralocorticoid receptors and may cause hypokale
mia, edema, and hypertension in some patients [81,98]. As 
with ketoconazole, levoketoconazole has the potential for 
drug–drug interactions [39,40]. The efficacy and safety data 
for levoketoconazole support its use as a first-choice medical 
therapy for some patients with CS. However, clinical utilization 
of levoketoconazole, if it is approved by the regulatory agen
cies, will depend not only on the efficacy and safety profile but 
also on cost and insurance coverage.

6.2. Management of Cushing's syndrome with 
levoketoconazole

Before initiating treatment with levoketoconazole, patients 
with CS should be assessed for potential contraindications. 
Specific concerns include women who are pregnant or plan
ning to become pregnant and patients with QTc prolongation 
or moderate-to-severe hepatic impairment. Pretreatment 
assessment should include a hepatic panel, basic metabolic 
panel, and electrocardiogram (ECG). Consideration of drug– 
drug interactions and careful examination of the patient’s 
medication list are essential when prescribing levoketocona
zole, as this drug is a potent inhibitor and substrate of CYP3A4 
[39,40]. Drugs with narrow therapeutic windows that are 
major CYP3A4 substrates should not be administered with 
levoketoconazole. Medications that are weak or moderate 
CYP3A4 inhibitors or inducers should be avoided if alternative 
therapy is available or should be used with caution. Similarly, 
drugs that can cause QT prolongation should be avoided 
unless no acceptable alternative is available; in such cases, 
ECG monitoring will be important. It has been suggested 
that combinations of medications may be beneficial for 
patients with CS who need additional therapy [22,24,99]. 
Among the other medications for CS, there is a notable poten
tial drug–drug interaction between mifepristone (a CYP3A4 

inhibitor) and levoketoconazole. Based on its long half-life 
[83], we suggest discontinuing mifepristone at least 2 weeks 
before starting treatment with levoketoconazole, unless com
bined use is medically necessary. If levoketoconazole is 
approved for treatment of CS in the US, more specific recom
mendations about contraindicated medications and those that 
should be avoided, if possible, should be included in the 
prescribing information.

Another drug interaction issue that requires consideration 
is gastric acid inhibition. Because sufficient gastric acidity is 
required for absorption of oral levoketoconazole [47,48], 
agents that increase gastric pH (proton pump inhibitors, H2- 
receptor antagonists) should not be administered concomi
tantly. In patients who are treated with inhibitors of gastric 
acid secretion, substitution with short-acting antacids at least 
1 hour after levoketoconazole doses is suggested.

Although clinical trial data indicated that tumor size did not 
change in most patients during treatment with levoketocona
zole for up to 12 months [100], we recommend performing 
a baseline pituitary MRI for subsequent comparison in patients 
with CD before initiating levoketoconazole, if a recent study is 
not available.

As with other therapies for CS (except for the glucocorti
coid receptor antagonists) [16], the goal of levoketoconazole 
treatment is to normalize urinary free cortisol levels to ≤ULN 
and to further titrate the dose to treat comorbidities and 
eliminate clinical signs and symptoms associated with CS. To 
optimize efficacy and tolerability, the dose of levoketocona
zole should be titrated based on individual patient response. 
We suggest a titration regimen consistent with the one used 
in SONICS, starting at a dose of 150 mg twice daily with 
incremental adjustment every 2–3 weeks if UFC remains 
high, to a maximum dose of 600 mg twice daily. Patients 
should be clinically evaluated before each dose adjustment 
to assess therapeutic response, including 24-hour UFC mea
surement and assessment of LNSC. Dose increases in incre
ments of 150 mg/d are suggested, although larger increments 
could be envisioned in some patients with very high baseline 
UFC and many comorbidities requiring rapid control.

Monitoring for tolerability should include periodic liver 
function tests and ECG. In addition to monitoring of cortisol 
levels, patients should be evaluated clinically for adrenal insuf
ficiency. Patients should be educated about the cardinal symp
toms of adrenal insufficiency (nausea, vomiting, abdominal 
pain, fatigue, headache, dizziness) and instructed to immedi
ately report any such changes to their physician. Temporary 
medication interruption or dose reduction may be sufficient to 
address mild-to-moderate elevations in liver enzymes, prolon
gation of the QT interval, or symptoms of adrenal insufficiency, 
while more severe reactions may warrant drug discontinua
tion. Additionally, blood glucose and lipid levels should be 
monitored in patients taking levoketoconazole who are also 
being treated with medications for hyperglycemia and/or 
hyperlipidemia. Improvements in glycemic control and choles
terol levels observed in SONICS suggest that dose reduction of 
antidiabetic or cholesterol-lowering medications may be 
appropriate in some patients treated with levoketoconazole. 
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For men, testosterone should be monitored and replaced, if 
needed, as appropriate for each individual patient.

6.3. Future developments in research and practice

The results of the SONICS study, summarized above, and the 
recently completed LOGICS study is the basis of an NDA to the 
FDA for levoketoconazole. LOGICS was a phase III, double- 
blind, placebo-controlled, randomized withdrawal study that 
evaluated the efficacy and safety of levoketoconazole in 
patients who completed SONICS and patients with CS who 
were levoketoconazole treatment–naïve; 44 patients were 
enrolled in the randomized withdrawal phase [101].

Furthermore, we expect that other advances in surgery, 
radiotherapy, and medical therapy will also improve the treat
ment of CS. Advances in surgical methods may improve remis
sion rates, while new radiation techniques may improve the 
safety profile. Earlier diagnosis of disease recurrence could pro
vide an overall reduction in disease duration and severity, with 
better potential response to medical therapy. With the FDA 
approval of osilodrostat and the possible approval of levoketo
conazole, increased use of adrenal steroidogenesis inhibitors, 
including increased preoperative use, may occur if surgery is 
contraindicated or no tumor is seen on MRI. It will be important 
to determine whether preoperative use is beneficial for long- 
term outcomes, complications including hypercoagulability, or 
overall perioperative risks. To optimize the use of medical ther
apy, there is a need for improved parameters related to dosing 
and monitoring, for both efficacy and side effects. Specific issues 
to be addressed include decision-making regarding dose adjust
ment if UFC is normalized but LNSC remains elevated, and 
whether these medications should be dosed to clinical effect 
regardless of laboratory test values. Other forthcoming changes 
in the medical treatment of CS may include the increased use of 
combination medical therapies that target different compo
nents of the HPA axis and the clinical development of additional 
medications, including novel pituitary-directed therapies and 
a next-generation glucocorticoid receptor antagonist (relacori
lant) [18,24]. The increasing availability of effective medical 
therapies, such as levoketoconazole, will enhance treatment 
options and improve overall outcomes in patients with CS.
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