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Abstract

Dysregulations of key signaling pathways leading to metabolic syndrome (MetS) are complex
eventually leading to cardiovascular events and type 2 diabetes. Dyslipidemia induces progression
of insulin resistance and provokes release of proinflammatory cytokines resulting in chronic
inflammation, acceleration of lipid peroxidation with further development of atherosclerotic
alterations and diabetes. We have proposed a novel combinatorial approach using FDA approved
compounds targeting IL.-17a and DPP4 to ameliorate a significant portion of the clustered clinical
risks in patients with MetS. As MetS is considered a multifactorial disorder, the treatment
measures cannot be focused on the specific pathway because other metabolic changes keep the
pathological processes in progression. In our present research we have modeled an outcomes of
metabolic syndrome treatment using two distinct drug classes. Targets were chosen based on the
clustered clinical risks in MetS; dyslipidemia, insulin resistance, impaired glucose control, and
chronic inflammation. The AI/ML platform, BIOiSIM, was used in narrowing down two different
drug classes with distinct mode of action and modalities. Preliminary studies demonstrated that
the most promising drugs belong to DPP-4 inhibitors and IL-17A inhibitors. Alogliptin was chosen
to be a candidate for regulating glucose control with long term collateral benefit of weight loss and
improved lipid profiles. Secukinumab, IL-17A sequestering agent used in treating psoriasis, was
selected as a candidate to address inflammatory disorders. Our analysis suggests this novel
combinatorial approach has a high likelihood of ameliorating a significant portion of the clustered

clinical risk in MetS.

Keywords: inherited metabolic disease, drug development, pharmacotherapy, lipid metabolism,

glucose metabolism, artificial intelligence, drug repurposing, inflammation
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Author summary

Metabolic syndrome is a global epidemic affecting a significant population worldwide. This
syndrome is the manifestation of clustered clinical conditions that cannot be fully ameliorated with
monotherapies. No therapeutic approaches were confirmed to be effective in deceleration of the
metabolic syndrome progression. Artificial intelligence driven computation methods were used to
predict efficacy of innovative combinatorial therapy using IL-17A sequestering agent and a DPP-
4 inhibitor. They are expected to mitigate a significant portion of the clustered risks in metabolic
syndrome disrupting key pathological pathways playing important role in development of this
syndrome. The main therapeutic effects are related to reduction of the elevated lipid level and high
glucose concentration. Combinatorial treatment could potentially stop or reverse a significant
portion of the clinical risks in metabolic syndrome globally. Repurposing of approved FDA drugs
can have increased likelihood of approval of the new therapeutic regimens and can reach patients

faster with reduced costs of treatment.
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INTRODUCTION

Metabolic syndrome (MetS) is a group of clinical conditions manifested as abdominal obesity,
hyperglycemia, hypertension, dyslipidemia, and chronic inflammation, concurrently leading to
marked increase in the risk of heart disease, diabetes and stroke, or all three [1, 2]. Currently, MetS
is a growing health concern due to its increasing prevalence globally [3]. Statistics on MetS
frequency of occurrence vary depending on the subgroup (social status, ethnicity, etc.) and
diagnostic criteria; however, it is estimated approximately 25% of the world population have MetS
[4, 5] while around 35% to 40% of the US population has MetS. The rapid increase in obesity rates
in the last decades, which promotes insulin resistance [6] has driven the prevalence of MetS.
Numerous clinical studies confirm direct correlation between MetS progression and type 2
diabetes mellitus incidence [7] and faster development of atherosclerosis [8]. Medical care of
MetS patients including therapeutic treatment is essential, as these patients are predisposed to a
variety of cardiovascular, cerebral, and hepato-renal complications as well as increased overall
mortality [9-12].

During MetS, the development of high adipose accumulation represents a risk factor for
cardiovascular disease and insulin resistance [13]. Brown and white adipose tissue regulate
numerous metabolic pathways that, when altered, can lead to an impaired carbohydrate and lipid
metabolism. Hypertrophy and hyperplasia of the adipocytes result in metabolic alterations and in
the onset of a low grade chronic inflammatory state [14]. Pro-inflammatory substances, when
released from adipose tissue, can trigger insulin resistance and diabetes mellitus as well as
cardiovascular disorders [15]. In MetS patients, studies have identified the presence of
inflammatory cytokines, such as IL-1, IL-17, and IL-18, as playing a key role in the development

of atherosclerotic alterations in blood vessels caused by lipid imbalance [16, 17]. Dyslipidemia in
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81  MetS is characterized by increased circulating triglyceride levels, reduced HDL-C concentrations
82 and therefore, an increase in low density lipoprotein cholesterol. These alterations, in turn, are
83  closely related to impaired glucose metabolism and chronic inflammation, leading to a feedback
84  loop encompassing MetS [18]. The abovementioned systemic inflammatory markers are the main
85  risk factors for the development of macrovascular complications that lead to significant increase
86 in morbidity and mortality. Manifestation of clustered clinical conditions in MetS is one of the
87 leading causes of liver steatosis, which is confirmed by recurrence of non-alcoholic fatty liver
88  disease in patients with MetS after liver transplantation [19].
89 MetS as a whole cannot be treated by a single therapeutic. Therefore, therapeutic measures
90 generally focus on specific sub-syndromes that present themselves in a symptomatic fashion, in
91 particular hypertension and lipid imbalance. Generally, initial treatment focuses on the lifestyle
92 modifications e.g. diet and exercise to drive weight loss, which is still the first-line
93 recommendation for prevention and even treatment of MetS [20]. Lifestyle intervention resulting
94  in a 7% weight loss drove resolution of MetS in 15.6% in participants who were followed for a
95 mean of 3.2 years. Unfortunately, only 50% of patients can achieve a weight loss of 7% [21, 22].
96 However, long-term compliance with a balanced lifestyle and diet restrictions is difficult to
97 achieve let alone maintain in the target population. Therefore, pharmaceutical interventions are
98 directed at achieving goals of low-density lipoprotein cholesterol level, blood pressure, blood
99 glucose level, and hemoglobin Alc. Treatment may also involve drug therapy with
100  antihypertensives, insulin sensitizers, and/or cholesterol-lowering agents [23]. These therapeutic
101  interventions have palliative effects that do not impact the key disorders in metabolic pathways

102  leading to MetS progression. Thus, there exists a major unmet medical need for novel therapeutic
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103  treatments for MetS, ultimately preventing the development of cardiometabolic related morbidity
104  and mortality.

105 Currently there are two main approaches under investigation for alleviating MetS
106  progression [24]. One strategy is the 'polypill’, a variably assembled single capsule containing a
107  combination of drugs treating several risk factors. Although the polypill cannot be titrated for
108  better risk factor control when used alone, its advantages include simplicity and cost reduction if
109  generic drugs are used. A second pharmacological strategy to treat patients with several risk factors
110  while reducing the problems associated with polypharmacy is to either develop single drugs that
111 have multiple targets or to modulate targets that affect several risk factors [25]. Therefore, despite
112 therapeutic mitigation of the main symptoms, such as high blood pressure and elevated LDL blood
113 level, MetS continues to progress in the patient. Relief of symptoms without direct intervention
114  against the clustered risks in MetS treatment leads to inevitable complications. To that end, several
115  approaches can be used successfully, such as repurposing of FDA approved drugs for combination
116  therapies to mitigate and potentially reverse the majority of the clustered risks in MetS in patients.
117 Currently, the repurposing of drugs for combinatorial therapies targeting key pathways
118 involved in MetS progression is a path of least resistance in establishing a pipeline for effective
119  therapeutics. Commonalities affecting redundant signaling mechanisms between the sequential
120  polytherapy and aggregate polypill therapeutic approaches exist, promoting a strategy targeting
121 these common pathways known to upregulate insulin resistance, lipid metabolism, and expression
122 of pro-inflammatory cytokines. Focus on these multi-stage-related biological targets inherent to
123 both primary pathological hypotheses of MetS development is a promising avenue for the rapid

124  repurposing of existing therapeutics.
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125 The data-rich nature of well-studied, FDA-approved drugs is particularly amenable to our
126  in silico AI/ML-integrated modeling platform BIOiSIM. The platform enables high-throughput
127  computational compound screening based on experimentally-validated simulations of in vivo
128  pharmacokinetic-pharmacodynamic (PK-PD) phenomena. Our research strategy entails the
129  development of novel models for PK-PD predictions from repurposed drugs leading to
130 combination therapies, generated by an integrated AI/ML-driven in silico platform,
131 BIOiSIM. This novel combinatorial approach targets biochemical pathways responsible for the
132 development of insulin resistance with consequent dyslipidemia and chronic inflammation,
133 accounting for ~70% of the clustered clinical conditions manifesting in MetS. The key pathways
134  include but are not limited to, signaling pathways such as farnesoid X receptors
135  (FXR), peroxisome proliferator-activated receptor (PPAR)-a, o, and vy, fibroblast growth factor 21
136  (FGF21), dipeptidyl peptidase 4 (DPP-4) regulated pathways, and IL-17a regulated inflammatory
137  pathways. FXR and PPAR-targeted drugs were found to cause toxicity issues after long-term
138  administration and have insufficient PK profile. DDP-4, an enzyme that degrades a group of
139  gastrointestinal hormones, incretins, affects both mechanisms of the MetS development i.e. insulin
140  resistance and lipid metabolism. Inhibition of this pathway leads to increased insulin sensitivity
141  and reduction of the blood lipid level in both preclinical and clinical settings. DPP-4 inhibitors
142 have long term collateral benefits compared to drug targeting the FXR and PPAR signaling axis
143 [26, 27]. Hence, we selected the DPP-4 inhibitor Alogliptin as a candidate for our investigation.
144  Among the regulators of proinflammatory processes, one of the most promising cytokines is IL-
145  17A, produced by specific CD4+ T helper (Th) cells. Dysregulation of IL-17A leads to the
146  numerous immune-mediated and metabolic disorders. IL-17A plays a critical role in neutrophil

147  recruitment, angiogenesis, inflammation, and autoimmune disease [28] including pulmonary,
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148  cardiac, and liver fibrosis via IL-17RA and MAPK signaling [29, 30]. Recently, IL-17A
149  upregulation in response to diet induced obesity induces PPARy phosphorylation adipocytes in a
150 CDKS5-dependent manner, thereby modulating diabetogenic and obesity gene expression, this
151  correlates with IL-17A signaling in the fat of individuals with morbid obesity. Here upregulation
152  of IL-17A and its unexpected role in adipocyte biology, in which its direct-action correlates in
153  pathogenic reprogramming of adipocytes, causes diet induced obesity and metabolic syndrome.
154  Hence, targeting the IL-17A signaling axis could be an effective treatment for the clustered clinical
155  risks manifested in MetS [31]. In the current clinical landscape, a single therapy has been at best
156  palliative, unfortunately not showing any promise in reversing any of the clustered clinical
157  conditions of MetS. We present here a novel approach that entails a repurposing and combinatorial
158  therapeutics approach against major clinical risks in MetS. Our approach is based on PK-PD
159  predictions of two distinct modalities, generated by our proprietary AI/ML in silico platform
160  BIOiSIM. By targeting dyslipidemia and inflammation in the patient population, we have the
161  potential in ameliorating a large percentage of the clustered risks manifested in MetS and address
162  the medical unmet needs.

163 In the present study, we have used AI/ML based computational modeling and simulations
164  to generate PD predictions for novel combinatorial therapies for repurposed drugs Alogliptin and
165  Secukinumab. These drugs target critical pathways in insulin resistance and inflammation in the
166  progressive development of MetS. Using abundant PK-PD data from publicly available sources
167  (e.g. clinical and preclinical datasets), we have modeled the disposition and potential dosing
168 regimen of various FDA-approved pharmaceutical compounds in target tissues known to be
169 involved in key stages of the MetS progression. An understanding of compounds capable of

170  optimal target-tissue deposition and regulation of the biological target structures will help
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171  accelerate the development of a targeted anti-MetS combinatorial therapies. Overall, our
172 investigation has identified FDA-approved therapeutics using our AI/ML driven drug
173 development platform, for repurposing of drugs, leading to combination therapies and associated
174  dosing regimens in the patient populations.

175

176 RESULTS AND DISCUSSIONS

177  IL-17A plays an important role in the commonality that is manifested in the pathophysiology of
178  clinical conditions in MetS. These similarities include an inflammatory presence associated with
179  the development of modified autoantigens targeted by both arms of the immune system; the innate
180  and adaptive immune system [37]. Th1 in both scenarios plays an initiatory catalyst. The alteration
181  of the vesicular blood flow started by invasion of these inflammatory cells into the vessel wall is
182  initially activated by adhesion molecules whose production is controlled by the secretion of pro-
183  inflammatory cytokines and chemokines [37]. Historic evidence establishing the correlation
184  between cardiometabolic disease with psoriasis has existed for a long time [38]. Severe psoriasis
185 is associated with an increased risk of cardiovascular mortality [39], with a subsequent reduction
186 in life expectancy in patients [40]. Recently, cumulative research evidence demonstrated that IL-
187  17A may represent one of the main links between cardiometabolic disease manifestations and
188  psoriatic inflammation [41, 42]. Additionally, it has been established that psoriasis patients have
189  anincreased likelihood of high body mass index [43], and have higher chances of having metabolic
190 syndrome [44]and type 2 diabetes [41]. In the study of Bruin et al. [33], three weekly subcutaneous
191  doses of 150 mg Secukinumab followed by subcutaneous dosing every 4 weeks had contributed
192  to the rapid onset of psoriatic lesion clearance confirmed by decreased hBD-2 in both serum and

193  skin lesions. Since IL-17A mediated inflammation is implicated in a segment of the clustered risk,


https://doi.org/10.1101/2021.09.01.458488
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.01.458488; this version posted September 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

194  specifically obesity, atherosclerosis and low grade chronic inflammatory disease, in metabolic
195 syndrome we conducted a meta-analysis of the phase 3 JUNCTURE study to determine the
196  reduction in free circulating levels of IL-17A. As seen in figure 1 left panel, our modeling of free
197  IL-17A levels suggests that during the loading phase of Secukinumab, circulating levels of free
198  IL-17A are reduced by 98% and during steady state dosing of 150 mg Secukinumab every 4 weeks,
199  circulating levels of IL-17A remain reduced to less than 5% of untreated. Based on our simulated
200 outcomes Secukinumab is a potent IL-17A inhibitor and can be repurposed in targeting a
201  significant portion of the inflammation-driven clustered risks of MetS.

202 Type 2 diabetes (T2D) mellitus manifests itself as impaired blood glucose control
203  underlying multiple metabolic abnormalities, including decreased level of insulin secretion and
204  prolonged exposure to free fatty acids [45], insulin resistance, progressive loss of beta-cell
205  function, impaired glucagon secretion, and dysregulation of incretin hormone signaling [46].
206  Alogliptin blocks dipeptidyl peptidase 4 (DPP-4) enzyme, prolonging the exposure and levels of
207  the incretin hormones, glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic
208  polypeptide (GIP) [47]. These incretin hormones increase insulin secretion and decrease glucagon
209  secretion, which also decreases hepatic glucose production and reduction in free fatty acid and or
210  lipid levels [47]. Alogliptin is commonly prescribed at 25 mg daily for T2D, and our meta-analysis
211 ofthe report by Christopher et al. [26] reveals DPP-4 is inhibited by 90.5% (daily through = 84%,
212 daily peak = 96.8%) at steady state. Under this treatment regimen, projections of the simulated
213 dose would lead to fasting glucose levels reduction by an average of 9% and triacylglycerides by
214 anaverage of 10%. Long term administration of alogliptin has shown global reductions in glucose
215  levels and improved plasma lipid profile [46]. In addition, the agent is relatively well tolerated

216  with few adverse effects [45]. A meta-analysis of the glucose challenge test presented in figure 1
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217  of [36] suggests a daily dose of 25 mg Alogliptin increases patient systemic glucose clearance by
218  approximately 3-fold.

219 In addition to enhanced blood glucose regulation, in a report by Aramaki et al. [36]
220  Aloglipitin reduces postprandial triacylglycerol levels. A meta-analysis of the figure 1 data
221  provided by aforementioned article indicates daily doses of 25 mg Aloglipitin produces modest
222 basal reductions in blood triacylglycerol levels and reduces the overall triacylglycerol exposure.
223 Basic pharmacodynamic modeling indicates the rates of lipid absorption and clearance from blood
224  are unaffected; rather, it seems the absorption from the gut is reduced or the liver captures more in

225  the first pass.
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227  Figure 1. Simulations of IL-17A inhibitor Secukinumab pharmacokinetics and its engagement with
228  IL-17A target. Secukinumab is dosed 150 mg s.c. weekly for 4 weeks then once every 4 weeks.
229  Simulations based on published reports.

230

231 MetS covers a group of clustered clinical conditions leading to T2D and cardiovascular
232 events in patients. These clinical conditions, if left unchecked, present several risks that could lead
233 to high morbidity and mortality. Therefore, accelerating the development of therapeutic
234 approaches is critical to patients. To date, relatively unsuccessful monotherapies or combinations

235  therapies specifically using small molecules as a modality have been used in patients in hope of
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236 stopping and/or reversing a single clinical condition in the gamut of conditions encompassing
237  MetS. We have investigated a novel approach using our AI/ML-driven BIOiSIM platform to
238  accelerate the drug development process for a combination therapy using repurposed compounds
239  consisting of two different modalities and mechanisms of action. Among the many FDA approved
240  drug classes targeting different clinical conditions spanning the spectrum ranging from insulin
241  resistance, dyslipidemia and inflammation under MetS, we have chosen a small molecule,
242 Alogliptin (DPP-4 inhibitor) and Secukinumab (anti-IL-17a antibody) for a potential
243 combinatorial approach targeting and possibly ameliorating a significant portion of MetS. This
244  approach takes advantage of two distinct mechanisms of action cumulatively leading to immediate
245  improvement resulting in initial decrease in insulin resistance and improved glucose control. This
246  results in long-term beneficial reduction in inflammation with consequent drop in lipid levels,
247  which may in turn result in body weight reduction. Our simulation demonstrates high potency for

248  Alogliptin and Secukinumab in downregulating their targets as shown in Figures 2 and 3.
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250  Figure 2. Simulations of DPP-4 inhibitor Alogliptin pharmacokinetics and its engagement with

251  DPP-4 protein following daily 25 mg oral administration. Simulations based on published reports.


https://doi.org/10.1101/2021.09.01.458488
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.01.458488; this version posted September 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

252
25 mg alogliptin daily
= N :
S 1507 — [Alogliptin] — %DPP4 inhibition CE
— w;
O
E T
2 100- "0 3
=i =)
=] O
= =3
e o
3 50 25 3
=,
0 | — 0
0 5 10 15
day
253

254  Figure 3. Retrospective analysis of Alogliptin impact on glucose and triacylglyceride levels. (A)
255  Blood glucose response following 75 g glucose pre-treatment with daily 25 mg Alogliptin vs
256  placebo (Aramaki et al.,, 2017). Lipid responses to 25 mg Alogliptin daily vs placebo for
257  postprandial (B) triacylglycerol and (C) VLDLI1 levels.

258

259  We therefore anticipate that prolonged exposure to the combinations of DPP-4 inhibitor and anti-
260  IL71a therapy could reduce markedly cardiovascular events and T2D in patients with MetS.

261  CONCLUSIONS

262  Key metabolic pathway dysregulations leading to MetS in part originate from impaired glucose
263 control and disorders in lipid metabolism. This leads to elevated blood lipid level resulting in
264  insulin resistance and chronic inflammation due to the release of proinflammatory cytokines. As
265  MetS is a multifactorial-multidimensional disorder, the treatment measures cannot solely focus on
266  the specific pathway because other metabolic changes would not be remedied, allowing
267  progression of other problematic pathological states. Our results suggest that simultaneously

268  targeting lipid metabolic pathways, impaired glucose control, insulin resistance, and chronic
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269  inflammation with DPP-4 inhibitor Alogliptin and IL-17A inhibitor Secukinumab will likely
270  provide a high likelihood of ameliorating a significant portion of the clustered clinical risk
271  associated with MetS.

272

273 METHODS

274 Overview of the BIOiSIM platform

275  The core functionality of our in silico simulation platform used in the present study was described
276  previously [32]. Briefly, the platform is capable of utilizing AI-ML algorithms to either complete
277  the missing parameters if the drug properties are not provided, or as predictive solutions to train
278  existing in vivo and/or in vitro datasets. The platform performs both PBPK predictions using a 16-
279  compartment model and PD and efficacy simulations via auxiliary models integrated into the
280  centralized framework. The software systems are hosted on Amazon Web Services (AWS) cloud
281  enabling high throughput, parallelized PK or PD and Efficacy simulations, which are available on
282 the VeriSIM Life customer portal, BIOiIWARE. The drug-dependent parameters used in the model
283  are either determined in experimental settings or predicted/optimized using a combination of ML
284  cost minimization algorithms via integrating iterative optimization algorithms with random walk
285  methods (similar to Markov Chain/Monte Carlo) to converge on a global minimum.

286

287  Meta-analysis of published reports

288  Briefly, in vivo plasma concentration datasets with related biomarker levels were manually
289  digitized from source publications using "WebPlotDigitizer" version 4.2.34. Model development

290  and validation was done using our in-house platform, which is primarily written in Python with
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291  Cython integration; auxiliary packages matplotlib (v2.0.2) and Numpy (v1.14.2) are also
292  integrated into the system for simulation deployment and analysis.

293

294  Drug PD and efficacy modeling

295  Secukinumab pharmacokinetic and pharmacodynamic data (serum total IL-17A levels versus
296 time) taken from the study of Bruin et al. [33] were digitized and analyzed. Free serum
297  concentrations of IL-17A were computed implicitly via the Morrison equation from a solution to
298  Equation 1 [34]. All concentrations were determined in nM and Secukinumab was assumed to bind
299  two equivalents of IL-17A. Untreated free levels of IL-17A were below the limit of quantification
300 in the report. A 52-week study in which Secukinumab was dosed subcutaneously (s.c.) at 150 mg
301  weekly for the first 4 weeks and then once every 4 weeks for up to 52 weeks (extracted from Bruin
302 et al., figure 5) was used, from which total IL-17A data were used to find best fit values of the

303 untreated IL-17A concentration and its zero-order formation rate.

304
aflL17
305 [dt ] =m-— kdeg[1L17]free - k01[1L17]abound (1)
306
307  where:

308 m is the zero-order formation rate of IL-17A

309  [IL17]free is Secukinumab bound IL-17A

310  ky; = the elimination rate constant of Secukinumab

311

m

312 Kdeg = TIL17, 2)

313
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[IL17], is the untreated serum concentration of IL-17A, , which was assumed to have been at

steady-state prior to treatment.

[1L17]free = [IL17)¢otal — [IL17]cotar + 2otar + Ka — \/([1L17]tot2al + 2aptat + Kd)? — 4[1L17 ] cotar @rotat

3)
where K; =45 nM [33].

Alogliptin pharmacokinetic profile, DPP-4 activity levels and blood glucose levels after
chronic dosing were extracted from [35]. Triacylglycerol levels versus Alogliptin treatment were

extracted from [36]. The percent inhibition of DPP-4 was computed from a best fit of Equation 4.

%DPP4 Inhibition = 100%(1 — :m;_f) (4)

ICgo

Glucose challenge test analysis, study data reported in [36] were digitized and Glucose
levels were modeled assuming a basal glucose level, a rate of systemic entry (ko;) and a rate of
elimination (kqo) and an amplitude factor (4) by use of equation 5. From the study data, basal
glucose levels were unchanged between daily 25 mg Alogliptin treatment and pretreatment
levels. Pre-treatment and treated glucose profiles were fit globally with all parameters common to

cohorts except glucose clearance (k).

kOl — —
Glucose = A+ j—4— klo(e Kt _ gkot) 4 Glucosepqsa (%)
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Triglyceride level analysis, study data reported in [27] were digitized and lipid levels were
modeled initially by use of Equation 5 but it became apparent from fitting that the rate into plasma

was equal to the rate of elimination (ko = kq¢), which reduces the system to Equation 6. DPP-4

inhibition had an influence on all three descriptive parameters.

Lipid=A-k-t-e ™  + Lipidpesal (6)
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