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Introduction: Sphingolipid metabolism has been implicated in many diseases including cancer, pathologic inflammation, viral 
infection, neurologic pathologies and metabolic pathologies, including obesity and diabetes. We have previously shown that opaganib 
(aka ABC294640) inhibits three key enzymes in the sphingolipid metabolism pathway: sphingosine kinase-2, dihydroceramide 
desaturase and glucosylceramide synthase. We and others have demonstrated anticancer, anti-inflammatory and antiviral activities 
of opaganib in multiple experimental models. Furthermore, opaganib has been studied in clinical trials with patients having cancer or 
severe Covid-19. In the present studies, the effects of opaganib in the well-established model of High-Fat Diet (HFD)-induced obesity 
have been studied.
Methods: Male or female C57BL/6 mice were fed Control Diet (CD) or HFD and treated with vehicle or opaganib by oral gavage 
once daily, 5 days per week. Body weights were monitored and glucose tolerance was measured periodically for up to 16 weeks. In 
some experiments, obese HFD-fed mice were treated with vehicle, opaganib alone, semaglutide alone or opaganib plus 
semaglutide.
Results: Treatment with opaganib markedly suppressed weight gain in male mice fed the HFD but not in mice given the CD. 
Compared with mice given CD, mice on the HFD demonstrated poor glucose tolerance at 8, 12 and 16 weeks, consistent with the 
progression of obesity. Importantly, opaganib treatment of the HFD-fed mice abolished this developing glucose intolerance at all times 
of measurement. Opaganib treatment also reduced the elevation of hemoglobin A1c and the deposition of inguinal fat in HFD-fed 
mice. Similar results were obtained with female mice, indicating equivalent efficacy of opaganib in both sexes. Additionally, opaganib 
and semaglutide were equally effective in promoting body weight loss and improving glucose tolerance in obese mice. Opaganib 
administered either concurrently with semaglutide or as a single drug following cessation of semaglutide treatment eliminated weight 
rebound.
Conclusion: Overall, the data indicate that opaganib effectively suppresses the loss of metabolic control in mice on HFD, suggesting 
that opaganib may be useful alone or in combination with existing therapies for weight management and improve conditions associated 
with obesity and diabetes.

Plain Language Summary: Opaganib is a first-in-class clinical-stage drug that alters the metabolism of certain sphingolipids that 
regulate key cellular processes. In studies described herein, we present data for the first time demonstrating that opaganib suppresses 
weight gain in male and female mice fed a high-fat diet, and that this is associated with improved glucose tolerance and decreased 
deposition of fat. Opaganib also promotes weight loss in obese mice, alone and in combination with semaglutide and prevents weight 
gain rebound after removal of semaglutide. Therefore, opaganib may be useful alone or in combination with existing therapies for 
weight management and improve conditions associated with obesity and diabetes. 
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Introduction
Metabolic disease, including obesity and type 2 diabetes (T2D), constitutes a major progressive health crisis, particularly in 
Western nations. Although the clinical pathology and physiology of these conditions are well described, the molecular 
mechanisms underlying the disease process remain incompletely understood. Sphingolipids are key signaling regulators in 
tissues affected by diabetes and are essential components in the molecular etiology of this disease (reviewed in1–3). Sphingosine 
kinases (SphKs) are enzymes that catalyze the phosphorylation of sphingosine to form sphingosine 1-phosphate (S1P). S1P is 
a bioactive sphingolipid involved in various cellular processes such as cell proliferation, survival, migration and inflammation 
(reviewed in4,5). In the context of diabetes and obesity, the roles of sphingolipids are multifaceted, including insulin resistance, β- 
cell disruption, adipocyte function, inflammation and immune regulation, vascular complications and energy metabolism.6–9 In 
particular, the dysregulation of SphKs and the resulting alterations in S1P production can contribute to the pathogenesis of obesity 
and diabetes. Targeting sphingolipid metabolism pathways, therefore may offer therapeutic strategies for managing diabetes and 
obesity and their associated complications.

Opaganib [3-(4-chlorophenyl)-N-(pyridin-4-ylmethyl)-1-adamantane carboxamide, hydrochloride salt; also known as 
ABC294640] is an orally active, isozyme-selective inhibitor of SphK2, and is competitive with respect to sphingosine.10,11 

Opaganib depletes S1P and elevates ceramide in tumor cells, suppresses signaling through pERK, pAKT and NFκB, and 
promotes apoptosis.10–14 Because it acts as a sphingosine mimetic, opaganib also inhibits DES1, thereby increasing levels of 
dhCer15 and promoting autophagy in cells. Opaganib has antitumor activity in a wide range of mouse models (reviewed in4) 
and has shown promise in oncology16,17 and Covid-1918–20 clinical trials. Additionally, opaganib has in vivo anti- 
inflammatory activity in several rodent models, including: ulcerative colitis, Crohn’s disease, colitis-driven colon cancer, 
vascular permeability, rheumatoid arthritis, osteoarthritis, liver transplantation, hepatic ischemia-reperfusion injury and acute 
kidney injury (Reviewed in18), as well as bacterial pneumonia,21 lupus nephritis,22 psoriasis,23 renal fibrosis,24 pulmonary 
fibrosis25 and gastrointestinal acute radiation syndrome.26 Because the sphingolipid-metabolizing enzymes inhibited by 
opaganib are centrally involved in metabolic dysregulation in diabetes, we assessed the effects of opaganib on obesity and 
glucose tolerance in HFD-fed mice. The resulting data provide evidence that this first-in-class clinical drug targeting the 
sphingolipid pathway effectively suppresses the deleterious effects of HFD in both male and female mice. Therefore, opaganib 
may be useful alone or in combination with existing therapies for weight management and improve conditions associated with 
obesity and diabetes.

Materials and Methods
Materials
Opaganib (GMP-grade) was synthesized according to French et al.10 Male and female C57BL/6J mice (8-week-old, average 
25.3 g for males and 19.0 g for females) and male Diet-Induced Obese (DIO) C57BL/6 mice (16-week old, average 43.2 g) 
were purchased from Jackson Laboratories (Bar Harbor, ME, USA). High-fat diet (HFD) in which 60% of calories are derived 
from fat (D12492) was purchased from Research Diets (New Brunswick, NJ, USA). Control Diet (CD) was standard rodent 
chow which contains 5% crude fat. Semaglutide (HY-114118) was purchased from MedChemExpress (Monmouth Junction, 
NJ, USA).

Obesity Models
Animal studies have been carried out in accordance with the Guide for the Care and Use of Laboratory Animals by the US 
National Institutes of Health with oversight from the Penn State College of Medicine IACUC. After acclimation for 1 week, 
mice were placed on HFD or CD ad libitum. Typically, HFD-fed mice were randomized into treatment groups (number of 
mice per group is described later for each experiment) receiving Vehicle (0.375% Tween in PBS) or 100 mg/kg opaganib by 
oral gavage (0.1 mL volume) once per day 5-days per week (Monday-Friday) for up to 16 weeks. Similarly, CD mice were 
administered 0 (Vehicle) or 100 mg/kg opaganib by gavage once per day 5-days per week. Food consumption was monitored 
by weighing the chow remaining for each cage twice weekly. Mice were weighed twice per week, and every animal was 
monitored for signs of toxicity such as respiratory difficulties or gastrointestinal distress. The dose of opaganib used in these 
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studies has been broadly used in murine models of cancer and inflammation and known to be safe. At the end of 16 weeks, 
mice were euthanized by CO2 asphyxiation followed by cervical dislocation.

To assess the reversibility of HFD-induced pathology, treatment crossover experiments were performed. Specifically, 
at week 8 or 9, some of the HFD-Vehicle and HFD-Opaganib mice were crossed over to the opposite treatment regimen, 
and the remaining mice were maintained on their original treatments. Consequently, the experimental groups after 
crossover included: HFD-Vehicle → Vehicle; HFD-Vehicle → Opaganib; HFD-Opaganib → Vehicle and HFD-Opaganib 
→ Opaganib. Mice were maintained and monitored for an additional 8 weeks.

In some experiments, DIO-mice (16 or 18-weeks on HFD) were randomized into treatment groups receiving Vehicle, 
100 mg/kg opaganib by oral gavage, 40 μg/kg semaglutide in water by intraperitoneal injection or opaganib plus semaglutide. 
All treatments were administered daily 5-days per week (Monday-Friday), and all mice were provided with both HFD and CD 
ad libitum for 8 weeks. The health of each mouse was assessed daily, and mice were weighed twice per week.

Blood Glucose Analyses
To measure blood glucose levels, mice were fasted overnight (12 ± 1 hr) while drinking water was continued to be 
provided ad libitum. In the morning, 2 µL of blood was obtained from the tails following a lancet prick and analyzed 
using a Metene TD-4116 glucose monitoring system. For glucose tolerance testing, fasted mice were administered 
a volume of 7.5 x body weight (in kg) of a 25% glucose solution in water (w/v) via intraperitoneal injection. Tail blood 
(2 μL) was then collected at 15, 30, 60 and 120 minutes after the glucose injection and blood glucose levels were 
determined. Glucose concentrations were then plotted, and the area under the curve (AUC) for increases in the plasma 
glucose levels were calculated using GraphPad Prism 5.0.

Additional Analyses
Hemoglobin A1c (HbA1c) levels were determined from 5 µL of tail blood using an A1CNOW Self Check system monitor 
(PTS Diagnostics, Whitestown, IN). In some experiments, the inguinal fat pads were removed at sacrifice and weighed.

Statistical Analyses
Comparisons among treatment groups were conducted as one-way analyses of variance with Tukey’s post test or 
unpaired t-tests using GraphPad Prism 5.0. Differences are considered statistically significant when p < 0.05. Error 
bars in the Figures represent the mean ± SEM of the treatment groups calculated with GraphPad Prism 5.0.

Results
Opaganib Suppresses HFD-Induced Body Weight Gain by Male Mice
As shown in Figure 1, male mice given the control diet (CD) experienced a slight loss of body weight when the study 
was initiated but recovered to maintain essentially the starting body weight throughout the 8-week period. Treatment with 
100 mg/kg opaganib did not affect body weights of the CD-fed mice. In contrast, vehicle-treated mice given a high-fat 
diet (HFD) progressively increased body weight, averaging a 41% gain by Week 8 (Figure 1). In contrast, opaganib- 
treated mice on the HFD increased body weight by only 11% by Week 8, with the difference becoming increasingly more 
statistically significant over time (p<0.001 at Day 54). Food consumption was measured twice weekly and normalized for 
the number of mice in each cage. As shown in Figure 2, mice treated with opaganib and fed the CD consumed 6% less 
than vehicle-treated controls (p<0.005) over the course of the experiment. Interestingly, vehicle-treated mice fed the HFD 
ate less food than vehicle-treated CD mice even though they had much greater increases in body weight. Over the course 
of the experiment, opaganib-treated mice ate 17% less HFD than the vehicle-treated controls (p<0.0001).

Opaganib Suppresses HFD-Induced Loss of Glucose Tolerance in Male Mice
Glucose tolerance tests were performed to assess the effects of HFD and opaganib on glucose metabolism. Male mice 
were fed either HFD or CD and treated with either vehicle or 100 mg/kg opaganib daily 5 days/week for 8 weeks. At that 
time, mice were fasted overnight and blood samples we obtained by tail prick with a lancet and analyzed using a glucose 
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monitor. As shown in Figure 3, the average fasting blood glucose levels of HFD-fed mice were slightly lower than fasting 
glucose levels in CD mice (135 and 178 mg/dL, respectively). Fasting blood glucose levels in CD-fed mice and HFD-fed 
mice treated with opaganib were 23% and 20% lower than vehicle-treated mice on the same diet. HFD-Vehicle mice had 

Figure 1 Effect of opaganib-treatment on body weight gain. Left Panel: Male C57BL/6J mice were given a CD and treated with either Vehicle (●, n = 3) or 100 mg/kg 
Opaganib (▼, n = 3) once daily, 5 days/week. Right Panel: Mice were given a HFD and treated with either Vehicle (●, n = 9) or 100 mg/kg Opaganib (■, n = 9) once daily, 5 
days/week. In each case, mice were weighed on the indicated days and the mean ± SEM values are shown. For mice on the HFD, the statistical significance of differences 
reached *p < 0.05 at Day 29, **p <0.01 at Day 43 and *** p <0.001 at Day 54.

Figure 2 Effect of opaganib on food consumption. Food consumption for animal described in Figure 1 was calculated twice weekly and normalized for the number of mice 
per cage for mice given either CD (Left Panel) or HFD (Right Panel) and treated with either Vehicle (▲, ●) or 100 mg/kg Opaganib (▼, ■) once daily, 5 days/week (n = 3 for 
CD groups and n = 9 for HFD groups). The mean values for food consumption per mouse are shown.

Figure 3 Effect of opaganib on HFD-induced glucose intolerance. Left Panel: Male C57BL/6J mice were given a CD and treated with either Vehicle (▲, n = 3) or 100 mg/kg 
Opaganib (▼, n = 3) or a HFD and treated with either Vehicle (●, n = 8) or 100 mg/kg Opaganib (■, n = 9) once daily, 5 days/week. Blood glucose levels were measured and 
values indicate the mean ± SEM at the indicated time of sampling. HFD-Opaganib was significantly reduced (p < 0.05 for time = 15 min and p < 0.001 for all other time 
points) compared with HFD-Vehicle. Right Panel: Mean ± SEM values for the blood glucose concentration AUCs are shown. ### p < 0.001 vs CD-Vehicle and *** p <0.001 vs 
HFD-Vehicle.
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substantially poorer glucose tolerance than did HFD-Opaganib mice, with AUCs of 27,387 and 17,339 mg*min/dL, 
respectively (37% decrease with opaganib, p < 0.001). Blood glucose AUCs of CD-fed mice given opaganib were 
slightly lower than CD-Vehicle mice, suggesting that opaganib increases glucose clearance even in the absence of the 
HFD-challenge. Overall, HFD-feeding resulted in impairment of glucose tolerance within 8 weeks, and opaganib- 
treatment reduced the fasting blood glucose levels and substantially improved glucose tolerance.

Opaganib Restores Glucose Tolerance to HFD-Fed Male Mice
To assess the ability of opaganib to improve glucose tolerance in mice already obese from HFD feeding, subsets of mice 
were crossed over to the opposite treatment after 8 weeks on HFD. As shown in Figure 4, male mice that were obese 
from 8 weeks of HFD-Vehicle further increased body weight by 20.4% when maintained on HFD and given Vehicle for 
an additional 8 weeks. Cross-over to Opaganib-treatment reduced this weight gain to 11.1%. Conversely, non-obese 
HFD-Opaganib mice gained 22.1% body weight when opaganib treatment was removed, while HFD-Opaganib mice that 
continued to receive opaganib demonstrated only 8.1% increases in body weight (P < 0.001 on Day 36 after crossover 
and beyond). Thus, opaganib treatment suppressed HFD-induced body weight gain through the entire 16-week period, 
resulting in average body weights of 41.5 and 29.5 g for HFD-Vehicle and HFD-Opaganib mice.

Glucose tolerance tests were performed at Week 12 and Week 16, ie at 4 weeks and 8 weeks after crossover to the 
opposite treatment. As shown in Figure 5, the HFD-Vehicle → HFD-Vehicle group had very similar glucose kinetics and 
AUCs at Week 12 as HFD-Vehicle mice at Week 8. However, the glucose exposure substantially increased at the Week 
16 time point indicating further loss of glucose control as the mice continued on the HFD. Similarly, the HFD-Opaganib 
→ HFD-Opaganib mice had markedly better glucose tolerance and AUCs than the HFD-Vehicle mice at both 12 and 
16 weeks (41% decreases at both time points). Importantly, mice that received HFD-Vehicle for 8 weeks and then crossed 
over to HFD-Opaganib had much better glucose kinetics and AUCs (47% and 33% decreases at 12 and 16 weeks, 
respectively) than mice that continued receiving HFD-Vehicle after the crossover point. This indicates that opaganib 
improves glucose clearance even in obese mice that had previously demonstrated impaired glucose tolerance. This 
models the human clinical situation in which an obese patient would be treated with opaganib with the goal of improving 
their glucose tolerance even if their poor diets are maintained. Interestingly, mice in the HFD-Opaganib → HFD-Vehicle 
treatment group maintained significantly improved glucose tolerance compared with HFD-Vehicle → HFD-Vehicle mice 
for at least 8 weeks after removal of the opaganib treatment suggesting that opaganib provides a sustained improvement 
in glucose tolerance even after removal of the drug.

Figure 4 Effect of opaganib on body weight of HFD-induced obese mice. HFD-Vehicle and HFD-Opaganib mice were randomized to subgroups given HFD and either the 
original or the opposite treatment from Week 8 to 16. Left Panel: Body weights (mean ± SEM) of HFD-Vehicle → HFD-Vehicle (n = 3) and HFD-Vehicle → HFD-Opaganib (n 
= 5) are shown. Right Panel: Body weights of HFD-Opaganib → HFD-Vehicle (n = 5) and HFD-Opaganib → HFD-Opaganib (n=4) are shown. *** p < 0.001 vs HFD-Opaganib 
→ HFD-Vehicle on the same day.
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Opaganib Improves Long-Term Glucose Control and Reduces Fat Deposition in 
HFD-Fed Male Mice
Hemoglobin A1c (HbA1c) levels were measured at 16 weeks to assess the effects of HFD and opaganib on long-term 
glucose control. As shown in Figure 6, HbA1c levels in mice fed CD were all below the lower limit of detection (4%); 
whereas HbA1c in HFD-Vehicle animals were slightly, but significantly elevated (p<0.01). The modest increase in 
HbA1c is consistent with the lack of increases in fasting blood glucose levels in HFD-Vehicle mice (133 mg/dL at 
16 weeks) and indicates that this HFD-induced obesity model does not fully represent the clinical manifestations of 
human diabetes. Nonetheless, HFD-fed mice treated with opaganib had slightly reduced (p = 0.17) levels of HbA1c 
consistent with the lower fasting blood glucose concentrations (118 mg/dL at 16 weeks).

Figure 5 Effect of opaganib on HFD-induced glucose intolerance. Top Panels: Glucose tolerance curves at 12 and 16 weeks for HFD-Vehicle → HFD-Vehicle (●, (n=3) and 
HFD-Vehicle → HFD-Opaganib (▼, n = 5), HFD-Opaganib → HFD-Vehicle (▲, n = 5) and HFD-Opaganib → HFD-Opaganib (■, n = 3) are shown. Bottom Panels: Values 
for the blood glucose concentration AUCs at 12 and 16 weeks are shown. Mean ± SEM values are shown. *p < 0.05, **p < 0.01 and ***p < 0.001 vs HFD-Vehicle → HFD- 
Vehicle and # p<0.05 vs CD-Vehicle.

Figure 6 Effect of opaganib on HFD-induced elevation of HbA1c. Mice were given either CD (n = 3) or HFD and treated with Vehicle (n = 3) or 100 mg/kg Opaganib (n = 4) 
once daily, 5 days/week for 16 weeks. Blood obtained by tail prick was analyzed for HbA1c concentrations. Mean ± SEM values are shown. **p <0.01 vs CD-Vehicle mice.
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At 8 or 16 weeks, mice were euthanized and inguinal fat pads and livers were collected. As shown in Figure 7, the fat 
pads of HFD-Vehicle mice at both Week 8 and Week 16 were heavier than those harvested from CD-fed mice at Week 
16. Treatment of CD-fed mice with opaganib did not affect fat pad weight at Week 16. In contrast, treatment of the HFD- 
fed mice with opaganib significantly reduced inguinal fat pad weight at Week 8 (p < 0.01). For mice sacrificed at Week 
16, the HFD-Vehicle → HFD-Vehicle group had much larger fat pads than did HFD-Opaganib → HFD-Opaganib mice 
(p < 0.001) consistent with the overall lower body weights of the latter group. Importantly, crossover to HFD-Opaganib 
from HFD-Vehicle at Week 8 substantially reduced fat pad weight at Week 16, consistent with the improvement in 
glucose tolerance when these HFD-obese mice were treated with opaganib. Interestingly, HFD-fed mice that were 
initially treated with opaganib for 8 weeks and then with vehicle for an additional 8 weeks gained only small fat pad 
weight compared to mice that remained on opaganib treatment. This is consistent with the persistence of improved 
glucose control after opaganib is removed from HFD-fed mice (Figure 5). At 16 weeks, liver weights were not different 
between the HFD-Vehicle and HFD-Opaganib groups (1.33 ± 0.6 and 1.2 ± 0.1 g, respectively).

Opaganib Also Suppresses HFD-Induced Body Weight Gain and Loss of Glucose 
Tolerance in Female Mice
Because sex differences can occur in experimental models, we conducted similar HFD-induced obesity experiments 
using age-matched female C57BL/6J mice. As with male mice, a subgroup of HFD-Vehicle fed female mice was crossed 
over to HFD-Opaganib after 8 weeks of treatment. As expected, the starting body weights for female mice were 
substantially lower than those of male mice (19.0 and 25.3 g, respectively). At 8 and 16 weeks, body weights of female 
mice on CD increased by 9.3% and 14.9% respectively, whereas, body weights of mice on HFD increased by 29.0% and 
78.9% (Figure 8). Opaganib-treatment reduced the gains in body weight at 8 and 16 weeks to 3.9% and 12.4% for mice 
on CD (p < 0.001 compared to Vehicle), and 13.4% and 23.3% for mice on HFD (p < 0.001 compared to Vehicle). As 
with male mice, the females ate significantly less HFD (2.2 g/mouse/day) than CD (3.0 g/mouse/day) (p < 0.0001), and 
opaganib further reduced HFD consumption (p = 0.0133). Thus, opaganib treatment results in prolonged suppression of 
female mouse weight gain, very similar to results with male mice.

Glucose tolerance was substantially impaired in the female mice as early as 4 weeks of HFD (Figure 8). Interestingly, 
the female mice on CD cleared the bolus of glucose much faster than did male mice on CD (Figure 3) resulting in greater 
fold-increases in blood glucose AUCs for HFD-fed mice compared with those on CD. Nonetheless, as with male mice, 
opaganib-treatment substantially reduced the blood glucose AUCs in the HFD-fed female mice over the course of 
16 weeks (Table 1). Additionally, opaganib treatment of obese female mice started after 8 weeks of HFD substantially 

Figure 7 Effect of opaganib on fat deposition. Left Panel: Inguinal fat pad weights at 8 weeks for HFD-Vehicle (black bar, n = 6) and HFD-Opaganib (blue bar, n = 5). Mean ± 
SEM values are shown. **p <0.01 compared with the HFD-Vehicle group. Right Panel: Inguinal fat pad weights at 16 weeks for HFD-Vehicle → HFD-Vehicle (red bar, n=8) 
and HFD-Vehicle → HFD-Opaganib (blue bar, n = 10), HFD-Opaganib → HFD-Vehicle (green bar, n=5) and HFD-Opaganib → HFD-Opaganib (black bar, n = 4) are shown. 
Data for mice maintained on CD and treated with Vehicle (white bar, n = 3) or Opaganib (grey bar, n = 3) are also shown. Mean ± SEM values are shown. **p <0.01 or *** 
p<0.001 compared with the HFD-Vehicle → HFD-Vehicle group.
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reduced the blood glucose AUCs after 8 weeks on drug. Therefore, as with male mice, the glucose tolerance of obese 
female mice can be markedly improved by treatment with opaganib.

Opaganib Can Be Combined with Semaglutide to Induce Weight Loss and Improve 
Glucose Tolerance in Obese Mice
Obese male mice (16 or 18 weeks of HFD) were randomized into groups treated with Vehicle, opaganib alone, semaglutide alone 
or opaganib + semaglutide 5 days/week and body weights were monitored. As shown in Figure 9A, HFD-fed mice treated with 
Vehicle continued to increase body weight (4.4% increase from Day 1 to Day 23); whereas mice treated with either opaganib or 
semaglutide lost body weight with changes of −11.7% and −15.8% relative to Day 1, respectively (p < 0.001 for each treatment). 
Mice that received a combination of opaganib plus semaglutide had no apparent adverse effects and lost slightly more weight 
(−18.7%) than either opaganib alone or semaglutide alone. Interestingly, when treatment was paused each weekend, mice 
receiving semaglutide alone consistently increased body weight when measured on Monday (Figure 9A and B). In contrast, mice 
treated with opaganib or opaganib plus semaglutide did not demonstrate this body weight rebound during the “drug holiday” 
period. On Day 23, mice treated with semaglutide were randomized into groups for further treatment with either Vehicle or 
opaganib for an additional 2 weeks. As shown in Figure 9B, mice previously treated with semaglutide rapidly gained body weight 

Table 1 Effects of Opaganib on Blood Glucose AUCs in Female Mice. Female C57BL/6J Mice Were Given 
a CD (n = 3/Group) or HFD (n = 6/Group) and Treated with Either Vehicle or 100 mg/kg Opaganib Once 
Daily, 5 days/Week. A Subgroup of HFD-Vehicle Mice Was Switched to Opaganib Treatment After 8 weeks 
(HFD-Opaganib). Glucose Tolerance Tests Were Administered After 4, 8, 12 and 16 weeks of Treatment. 
Values Indicated the Mean ± SEM AUCs (Mg*min/dL)

Group Week 4 Week 8 Week 12 Week 16

CD-Vehicle 6412 ± 1719 4372 ± 2133 7892 ± 384 11,230 ± 4275

CD-Opaganib 6425 ± 770 5078 ± 1228 6674 ± 2437 9094 ± 2525

HFD-Vehicle 17,261 ± 1597 16,100 ± 1303 23,703 ± 3258 26,260 ± 2747

HFD-Opaganib 9550 ± 1639 ** 11,924 ± 1803 14,344 ± 2275 * 12,090 ± 2450***

HFD-Vehicle → HFD-Opaganib NA NA 21,070 ± 885 16,230 ± 1407*

Note: *p < 0.05, **p < 0.01 and ***p < 0.001 for HFD-Opaganib compared with HFD-Vehicle. 
Abbreviation: NA, not applicable.

Figure 8 Effect of opaganib-treatment on female mouse body weight gain and glucose tolerance. Left Panel: Female C57BL/6J mice were given CD and treated with either 
Vehicle (●, n = 3) or 100 mg/kg Opaganib (■, n = 3) or given HFD and treated with Vehicle (▲, n = 23) or opaganib (▼, n = 6) once daily, 5 days/week. Mice were weighed 
on the indicated days and the mean ± SEM values are shown. Right Panel: Glucose tolerance curves at 4 weeks are shown. Numbers of mice per group are the same for all 
groups except HFR-Vehicle were n = 6 for this assay.
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when treated with Vehicle; whereas, mice treated with opaganib maintained the weight reductions achieved by semaglutide 
treatment (p < 0.01 compared with Vehicle group). As shown in Figure 9C and D, glucose tolerance was substantially improved 
as early as 2 weeks of treatment with opaganib, semaglutide or the combination (p < 0.001 for all treatment groups compared to 
Vehicle). Therefore, opaganib and semaglutide are both effective in promoting body weight loss in this model, and concurrent or 
sequential combination of the two drugs may provide increased therapeutic responses.

Discussion
Although a number of studies have examined the roles of sphingolipids in obesity and related diseases, the accumulated 
information does not provide clarity on the expected effects of pharmacological manipulation of sphingolipid signaling. It is 
particularly unknown how a drug that inhibits multiple enzymes in the sphingolipid metabolism pathway will affect the 
development and progression of obesity and related pathologies. To our knowledge, opaganib is the only compound described 
in the patent or journal literature that inhibits SphK2, DES1 and GCS. Therefore, studies utilizing other inhibitors or genetic 
knockouts do not predict biological responses to opaganib because they do not replicate the multitargeting of opaganib. 
Furthermore, many proteins have non-enzymatic activities that are lost by genetic knockout but not by pharmacologic inhibition. 
For example, SphK2 contains a BH3 domain which regulates cell apoptosis independent of the synthesis of S1P.27 

Problematically, literature reports of the roles of SphK2, DES1 and GCS in the pathologies of obesity and T2D are inconsistent.
Regarding SphK2, several studies suggest that its inhibition would be beneficial for patients with obesity/T2D; 

whereas others indicate that inhibition of SphK2 would be deleterious for these patients. For example, several groups 

Figure 9 Effects of opaganib and semaglutide on body weight and glucose tolerance in obese mice. (A) Male C57BL/6J mice were given HFD for 18 weeks and the treated with 
either Vehicle (●, n = 8), opaganib (■, n = 6), semaglutide (▲, n = 6) or opaganib plus semaglutide (♦, n = 7). Mice were weighed on the indicated days and the mean ± SEM values are 
shown. (B) Semaglutide-treated mice were randomized on Day 23 (Arrow) to Vehicle (●) or opaganib (■) and weights were measured until Day 27. (C) Glucose tolerance curves at 
2 weeks of treatment are shown. Mean ± SEM values are shown. (D) Values for the blood glucose concentration AUCs at 2 weeks are shown. ***p < 0.001 vs Vehicle.
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have shown lower weight gain and reduced glucose intolerance in SphK2 knockout mice fed a HFD compared with 
normal mice.28–31 Additionally, Shi et al showed that the purported SphK2 inhibitor K145 reduces hyperglycemia and 
markers of non-alcoholic fatty liver disease in ob/ob mice.32 Contrarily, Lee et al showed that genetic overexpression of 
SphK2 in mice fed a HFD decreases glucose intolerance and insulin resistance compared with normal mice.33 Also, Yuan 
et al showed that siRNA against SphK2 or opaganib increases gluconeogenesis by hepatocytes and prevents the ability of 
insulin to suppress glucose production.34 Further, Aji et al showed that siRNA against SphK2 or treatment with opaganib 
suppresses insulin receptor endocytosis and recycling, and insulin-stimulated AKT phosphorylation in hepatocytes.6 

Finally, Aji et al showed that liver-specific knockout of SphK2 promotes insulin resistance and glucose intolerance.8

Similar inconsistencies occur in data on the role of DES1 in obesity and T2D. For example, Hu et al demonstrated 
that knockdown of DES1 protects against palmitate-induced insulin resistance.35 Additionally, Chaurasia et al demon
strated that knockout of DES1 improves hepatic steatosis and insulin resistance in mice caused by leptin deficiency or 
HFD.36 Finally, Veeriah et al demonstrated that the putative DES1 inhibitor N-trans-caffeoyltyramine decreases weight 
gain and hepatic steatosis in HFD-fed mice.37 In opposition to these studies, Zarini et al demonstrated that serum levels 
of dihydroceramides are higher in patients with T2D than controls, and that treatment of myotubes in vitro with 
dihydroceramides decreases insulin sensitivity.38 Similarly, Denimal et al demonstrated that plasma levels of dihydro
ceramides are higher in patients with T2D than controls, and that treatment of T2D patients with the GLP-1 receptor 
agonist liraglutide reduces plasma dihydroceramide levels and decreases liver fat content.39 Also, Barbaroja et al 
demonstrated the DES1 is suppressed in diabetic patients, and this impairs adipocyte differentiation.40 Finally, 
Rustamov et al demonstrated that the putative DES1 inhibitor GT-11 reduces glucose uptake by myotubes.41

Similar uncertainty exists for the role of GCS in obesity/T2D. For example, Bijl et al demonstrated that the putative GCS 
inhibitor AMP-DNM restores insulin signaling in the liver and corrects blood glucose values in ob/ob mice.42 Also, Van Eijk et al 
demonstrated that the putative GCS inhibitor AMP-DNM restores insulin signaling in adipocytes isolated from leptin-deficient 
obese mice.43 Furthermore, Zhao et al demonstrated that the putative GCS inhibitor MZ-21 improves glucose homeostasis and 
reduces hepatic steatosis in ob/ob mice.44 Additionally, Yew et al demonstrated that the putative GCS inhibitor Genz-112638 
increases glucose tolerance and decreases HbA1c in HFD-fed mice,45 and Richards et al demonstrated that the putative GCS 
inhibitor EXEL-0346 increases glucose tolerance in HFD-fed mice.46 Lastly, Jang et al demonstrated that the putative GCS 
inhibitor PDMP reduces adipocyte formation in HFD-fed mice.47 On the other hand, several studies have demonstrated that 
administration of glucosylceramide to mice, rats or humans improves glucose tolerance and/or decreases liver fat.48–52

Overall, the contradictory results discussed above for each of the target enzymes for opaganib make it impossible to 
predict the therapeutic effects of this drug in the development and progression of obesity and T2D. Many of these studies 
used models where a single target enzyme was ablated by gene knockout or siRNA, which does not accurately reflect the 
multitargeted and kinetics of enzyme inhibition by a pharmaceutical drug. Therefore, it was necessary to conduct in vivo 
experiments to assess the effects of opaganib in an established model of HFD-induced obesity. We elected to use the 
widely-studied model of HFD-induced obesity and glucose intolerance using both male and female C57BL/6 mice. 
Consistent with reports in the literature, our data demonstrate that HFD-feeding substantially increases mouse body and 
inguinal fat pad weights and impairs glucose tolerance revealed in the standard bolus glucose challenge. The HFD-fed 
mice also experienced modest increases in fasting blood glucose and HbA1c levels; however, these parameters were less 
altered than in clinical T2D. This likely reflects the relatively short duration for obesity in the experimental mice 
compared with human patients. Nonetheless, mice demonstrated significantly impaired glucose control within 4 weeks of 
HFD feeding and progressive increases in inguinal fat pad weights over the course of 16 weeks.

Although Nagahashi et al reported that genetic ablation of SphK2 from mice results in elevated plasma triglycerides 
and fatty liver under HFD conditions,53 liver weights were not increased by opaganib treatment of mice on the HFD. 
Additionally, we have previously demonstrated that opaganib protects liver function in models of hepatic ischemia- 
reperfusion injury with no evidence for increase hepatic lipid deposition in mice or rats.54 Additionally, GLP-toxicology 
studies to support the IND application for opaganib included 28-day and 13-week studies with high-dose opaganib given 
to rats (up to 250 mg/kg BID) and dogs (up to 200 mg/kg BID) did not demonstrate any hepatic liability. Therefore, 
pharmacologic inhibition of SphK2 by opaganib does not produce risk for development of fatty liver.
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Based on the broad activity of opaganib in models of cancer and inflammation, we treated mice with 100 mg of opaganib once 
daily, 5 days per week during the period of HFD feeding. Allometric scaling to humans,55 provides a human equivalent dose of 
500 mg per day, which is well within the clinical safety profile of opaganib in patients with cancer or Covid-19.16–19 Opaganib 
treatment suppressed HFD-induced body weight gain and normalized glucose tolerance throughout the 16-week experimental 
period. It is being increasingly recognized that sex differences in the pathologies and drug responses of experimental models can 
occur, including sexual dimorphism in brain metabolism in response to HFD.56,57 Therefore, we conducted experiments with 
both male and female mice in the HFD model. Opaganib provided highly significant therapeutic benefit to both male and female 
mice in this model, indicating that it may be clinically effective in patients of either sex. In a further variation of the model, we 
induced obesity by HFD feeding for 8–18 weeks and then initiated treatment with opaganib. Opaganib normalized glucose 
tolerance as soon as 4 weeks in these obese mice and substantially decreased fat deposition in the inguinal fat pads when mice 
were sacrificed after 8 weeks of opaganib treatment even though they remained on HFD. Therefore, opaganib is likely to be 
beneficial when used in either a prevention or treatment scenario. It is also interesting to note that glucose tolerance and fat 
deposition remained improved for at least 8 weeks even when opaganib treatment was discontinued and the mice remained on 
HFD. Further improvement in glucose tolerance and weight management might be observed if the obese mice transition to 
a normal-fat diet at the time of opaganib treatment. Finally, administration of opaganib and/or semaglutide to obese mice were 
compared. Opaganib and semaglutide alone each caused essentially equivalent losses of body weight and improved glucose 
tolerance in as little as 2 weeks. It is well known that patients on semaglutide (Ozempic, Rybelsus or Wegovy) experience weight 
rebounds when treatment is discontinued. This rebound was observed in obese mice treated with semaglutide, but not with the 
opaganib-treated mice, when drug was withheld over the weekend or permanently withdrawn. Mice that received combined 
treatment with opaganib plus semaglutide had the largest decreases in body weight which did not rebound during the drug-free 
periods, and opaganib treatment started when semaglutide therapy was discontinued allowed the mice to maintain body weight 
losses. Overall, opaganib markedly suppresses weight gain and improves glucose tolerance in the HFD-induced obesity / T2D 
model, suggesting that it may effectively improve clinical pathologies associated with obesity and diabetes.

Several potential mechanisms for the roles of sphingolipids in the development of obesity and glucose intolerance are 
discussed above. As a unique multitargeted drug, opaganib has potential to act through multiple mechanisms in 
controlling these pathologies. For example, the data herein demonstrate that opaganib modestly reduces food intake by 
mice, although this is not sufficient to account for the suppression of weight gain (73% decrease in weight gain compared 
with 17% decrease in food intake). Suppression of appetite through direct neural effects is a major mechanism of action 
for GLP-1-targeted weight-loss drugs (reviewed in58). Although there is very little information specifically relating to 
sphingolipid roles in GLP-1 signaling, it is known that sphingolipids affect brain insulin resistance and neurological 
diseases (reviewed in59). Additionally, leptin resistance and signaling are regulated by several pathways influenced by 
sphingolipid metabolism,60,61 including pAKT and pSTAT3 which are attenuated in opaganib-treated cells.4 Therefore, 
opaganib may affect satiety through neurologic mechanisms, possibly associated with GLP-1 and/or leptin signaling.

Obesity resulting from HFD is associated with increased mitochondrial fragmentation in the brain and adipose tissue 
potentially resulting from elevation of ceramide levels.62,63 Jayashankar et al demonstrated that a “drug-like sphingolipid” SH- 
BC-893 normalized mitochondrial morphology and function in brain and white adipose tissue in HFD-fed mice, emphasizing the 
importance of mitochondrial integrity in attenuating obesity and glucose metabolism.64 We have previously demonstrated that 
opaganib protects against mitochondrial dysfunction from inflammation in the liver.54,65 Additionally, it is well established that 
sphingolipids modulate mitochondrial respiration and energy dynamics (reviewed in2,66,67). It will be interesting in future 
experiments to assess mitochondrial structure and function in key tissues affected by HFD-induced obesity, including the 
hypothalamus, adipose and liver.

Overall, the present data provide the first demonstration that the unique sphingolipid-targeted drug opaganib 
suppresses and reverses HFD-induced obesity and glucose intolerance in mice. Additional work in complementary 
models of obesity, fatty liver disease and diabetes will be useful to confirm and expand the breadth of efficacy for 
opaganib against these pathologies. In particular, obesity/T2D models that result in sustained blood glucose elevation, 
assessed as elevated HbA1c, will be more reflective of human clinical disease. Finally, it will be of interest to assess the 
efficacy of opaganib with additional approved weight-loss drugs to predict the optimal combination for clinical testing.
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Conclusions
Because of the chronic course of obesity and T2D, a useful drug must not only be effective, but also safe for prolonged 
administration to patients with these diseases. The clinical safety profile of opaganib given twice-daily to cancer patients for >24 
months demonstrates the safety of extended continuous opaganib dosing regimens. Importantly, opaganib has an excellent safety 
profile and preliminary evidence of efficacy in patients with compromised organ function. For example, a Phase 2/3 multinational 
randomized, placebo-controlled study demonstrated the safety of opaganib in patients hospitalized with severe Covid-19, and 
a clinical benefit to patients requiring oxygen supplementation of 60% or less (62% reduction in rate of ventilation and death).20 

To date, more than 470 people have been treated with opaganib in oncology and Covid-19 clinical trials. We also note that 
opaganib is very “patient friendly” in that it is easily administered as oral gelatin capsules rather than as an injection. The current 
data suggest that opaganib can be combined with semaglutide, and perhaps other GLP-1 drugs, to further increase weight loss and 
prevent weight rebound during periods of withdrawal of the GLP-1 agent for reasons such as intolerable side effects or 
prohibitive cost. Overall, opaganib has promise as a single-agent and in combination with other weight-control drugs to provide 
benefit to patients with obesity or obesity-related diseases.
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