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Bile acid bio-nanoencapsulation
Improved drug targeted-delivery
and pharmacological effects via
cellular flux: 6-months diabetes
preclinical study
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John Mamo?, Virginie Lam?, Gerald F. Watts**, Momir Mikov®, Svetlana Golocorbin-Kon®,
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The antilipidemic drug, probucol (PB), has demonstrated potential applications in Type 2 diabetes
(T2D) through its protective effects on pancreatic 3-cells. PB has poor solubility and bioavailability, and
despite attempts to improve its oral delivery, none has shown dramatic improvements in absorption

or antidiabetic effects. Preliminary data has shown potential benefits from bile acid co-encapsulation
with PB. One bile acid has shown best potential improvement of PB oral delivery (ursodeoxycholic acid,
UDCA). This study aimed to examine PB and UDCA microcapsules (with UDCA microcapsules serving as
control) in terms of the microcapsules’ morphology, biological effects ex vivo, and their hypoglycemic
and antilipidemic and anti-inflammatory effects in vivo. PBUDCA and UDCA microcapsules were
examined in vitro (formulation studies), ex vivo and in vivo. PBUDCA microcapsules exerted positive
effects on (3-cells viability at hyperglycemic state, and brought about hypoglycemic and anti-
inflammatory effects on the prediabetic mice. In conclusion, PBUDCA co-encapsulation have showed
beneficial therapeutic impact of dual antioxidant-bile acid effects in diabetes treatment.

Understanding the link between insulin-resistance, prediabetes and Type 2 diabetes (T2) is anticipated to facil-
itate better ability to design new interventions in order to control the fast growing epidemic of diabetes. The
link encompasses multiple physiological disturbances including obesity. In a review by Qatanani, M. and Lazar,
M.A, the authors have examined specific links between insulin resistance and visceral adiposity and excess fat
accumulation in blood and tissues'. They found that there is a direct correlation between the amounts of lipid
represented by biomarkers such as total cholesterol, triglycerides and noneesterified fatty acids (NEFA), and
the extent of insulin-resistance and rate of prediabetes development. One of the possible underlying mecha-
nisms to insulin-resistance and prediabetes, has been hypothesized to be oxidative stress and inflammation®-.
Oxidative stress and local and systemic inflammation have been shown to be contributing factors in develop-
ment of insulin-resistance, prediabetes and eventually T2D. Oxidative stress and inflammation have also been
linked to worsening of diabetic symptoms and long-term prognosis”®. In addition, diabetes-inflammation has
been associated with lipid dysregulation, visceral adipose tissue accumulation and insulin-resistance. Karpe, E
et al.; have shown direct association between levels of inflammatory cytokines, with development of visceral fat
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accumulation, insulin-resistance, and prediabetes’. Studies published by our laboratory have also demonstrated
direct links between concentrations of proinflammatory cytokines: TNF-c, IFN-~, IL-13 and IL-6 levels with
pancreatic 3-cell functions and insulin secretions at normoglycemia and hyperglycaemic states®!°-'4. Overall, bet-
ter control over prediabetes and diabetes development may be achieved by new and optimised therapeutics which
not only target glycemia but also ameliorate or even prevent the underlying inflammation. New and optimised
therapeutics can incorporate and encapsulate multiple drugs (e.g. including potent antioxidants such as probucol
“PB”), which synergistically target oxidative stress and inflammation in the diabetic hyperglycaemic state.

Of the endogenous bile acids, the tertiary bile acid ursodeoxycholic acid (UDCA) has been shown to be
the most potent anti-inflammatory and anti-apoptotic bile acid with significant cell protective properties with
its mechanism of action being correlated with its cellular uptake by muscle and 3-cells'*-*’. Tsuchida, T., et al.;
have shown that chronic oral administrations of UDCA in insulin resistant animals have been associated with
cardio-metabolic improvement as a result of its cellular uptake?'. Other studies involving human clinical trials
have shown that UDCA is well tolerated and exerts positive effects on glucose and energy homeostasis??~2*. Many
bile acids such as chenodeoxycholic acid (CDCA) and lithocholic acid (LCA) have also shown to be affected by
the development and progression of insulin-resistance and diabetes, as well as associated-inflammation®>*>26.
To date and to the best of our knowledge, no studies have examined PBUDCA pharmaceutical properties, their
effects on both pancreatic 3-cells and muscle cells, their cellular uptake, permeation and interaction with the
ABC protein transporters Multi-Resistance Associated Proteins (MRP) 1, 2 and 3, and the preclinical long-term
efficacy of these microcapsules on glucose regulation, lipid and inflammatory profiles, as well as their effects on
the bile acid profile, in a mouse model of insulin-resistance.

Thus, the aim of this study was to develop microcapsules incorporating PB and UDCA and examine the mor-
phological, physical and chemical compatibility of the microcapsules (in vitro), their effects on pancreatic and
muscle cells (ex vivo), cellular uptake and flux of PB and UDCA, and their potential hypoglycaemic, antilipidemic
and antiinflammatory effects in a mouse model of prediabetes, given oral microcapsules for 6 months (in vivo).
PB oral uptake and concentrations in plasma, tissues (ileum, liver, brain, heart, pancreas, and kidney) and faeces
will be measured. The bile acids CDCA, LCA and UDCA concentrations in plasma, tissues and faeces will also
be measured. The study is a continuation of ongoing work in our laboratory examining the preclinical efficacy of
dual ingredient antioxidant-bile acid microcapsules in diabetes mellitus with published hypoglycaemic effects of
controlled groups>!-1427-35,

Results

Microencapsulation fabrication, and stability/shelf life in vitro studies.  Stability and shelf life in
vitro studies showed stable microcapsules over a period of 2 weeks, at temperatures <40 °C and a relative humid-
ity of <35%. In addition, Fig. 1 shows the SEM micrographs (UDCA: 1-2, PBUDCA: 3-4), Micro-CT (UDCA:
5, PBUDCA: 6), DSC spectra (UDCA: 7, PBUDCA: 8), FTIR (UDCA: 9, PBUDCA: 10), water saturation index
(UDCA: 11, PBUDCA: 12), gut-floating index (13), thermal stability index (14), and PB cumulative drug release
at pH 1.5 and 3 (15) and PB cumulative drug release at pH 6.0 and 7.4 (16) of F1 (UDCA microcapsules) and F2
(PBUDCA microcapsules). SEM micrographs showed similar shape and size with some variation between F1
and F2 in terms of F1 having more solid surface with less cracked and pores, which suggests that F2 has porous
outer surface, compared with F1. Micro-CT images showed distinct outer surface of the bile acid containing
microcapsules, suggesting bile acid accumulation on the surface or outer layers of the microcapsules. DSC and
FTIR spectra showed consistent thermal and chemical capacities for both types of microcapsules, suggesting ther-
mo-chemical stability of microcapsules constituents, while water saturation, resistance, gut-floating and thermal
indices showed consistency in both F1 and F2 microcapsules with PB release demonstrating pH targeted delivery
(Fig. 1).

Ex vivo studies. Figure 2 shows effects of PB and PBUDCA microcapsules on cell viability and oxidative
stress (1), their cellular uptake (2), and cellular permeation (3) and efflux protein-transporters effects (4), at
normoglycaemic (healthy) and hyperglycaemic (diabetic) states, using two cell types, 3-cells and muscle cells.

Cellular viability of pancreatic 3-cells and muscle cells were unchanged in normoglycaemic conditions when
exposed to F1 and F2, while in hyperglycaemic conditions, 3-cell viability was improved by F2 exposure which
showed lower fluorescence (Figs. 1-2). Cellular uptake of UDCA was higher when the 3-cells were exposed to F1
compared with F2 (normoglycaemic and hyperglycaemic states) while UDCA and PB cellular uptake remained
unchanged when cells were exposed to F1 or F2 in normoglycemic and hyperglycaemic states (Fig. 2-2). In nor-
moglycemia and hyperglycaemia, PB (A — B) unidirectional cellular permeation (flux) was higher when com-
bined with G or M, and higher with CA (B — A) with M, and combination and intracellular concentrations of PB
showing highest levels when with CA (Figs. 2-3) with hypothesized mechanisms of PB cellular uptake illustrated
(Figs. 2-4).

In vivo studies. Figure 3 shows the PB levels, from PB-L, PB-H and PBUDCA groups, in liver, ileum, pan-
creas, faeces, plasma, heart and kidney.

PB was detected in all tissues and faeces except kidneys. Compared with PB-L, both, PB-H and PBUDCA
resulted in increased PB levels in plasma, ileum, liver, brain, heart, pancreas and faeces with higher PB levels in
PB-H plasma, tissues and faeces, compared with PB-L. PB-L and PBUDCA (with same dose of PB) resulted in
higher PB levels in plasma and tissues with PB-L, implicating MRP3 inhibition. Levels of PB in pancreas were low
in PB-H and liver levels showed higher PB concentrations.

Figure 4 shows blood glucose levels (1), the inflammatory biomarkers IFN-~, IL-13, IL-6 and TNF-« (2), and
the lipid biomarkers total cholesterol, triglyceride and NEFA levels (3) at the end of the experiment and associa-
tion between IL-103 with blood triglycerides and blood glucose levels among HDF, PBUDCA and UDCA groups.
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Figure 1. SEM (1-4), Micro-CT (5-6), DSC (7-8), FTIR-IR (9-10), water saturation index (11), microcapsules
resistance index (12), PB release at pH 1.5, 3, 6 and 7.4 (13-14), gut-floating index (15) and thermal stability
index (16) of UDCA and PBUDCA microcapsules respectively. Data are mean +/— SEM (n=3).

Compared with control (HFD), all treatments reduced blood glucose (Figs. 1-4), while reduction of inflam-
matory biomarkers was not consistent among all measured cytokines and by all treatments with PB-L, PBUDCA
and UDCA treatments exerting most antiinflammatory effects and PBUDCA showing significant correlation with
IL-10 and triglycerides control (Figs. 2-4). Effects of treatment on lipid profile and plasma cholesterol was potent
and evident with PB-H treatment, while other treatments had little/no effects on the lipid profile (Figs. 3-4).
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Figure 2. Cellular viability and oxidative stress (1), cellular uptake of UDCA and PB (2), PB unidirectional
cellular permeation (flux) and cellular amount retained (3), and cellular efflux protein-transporters competitive
inhibition (4), in 3-cell and muscle cell, at the normoglycaemic and the hyperglycaemic states. F1: UDCA
microcapsules and F2: PBUDCA microcapsules. G-gliclazide; M-metformin; CA-cholic acid. Data are

mean+ /— SEM (n=3).

The bile acid profile.  Figure 5 shows levels of the primary bile acid CDCA, the secondary bile acid LCA and
the tertiary bile acid UDCA in tissues, serum, and faeces.

The bile acid profile is significantly influenced by various treatments with all groups demonstrating significant
alteration of bile acid concentrations at the end of the experiment, in ileum, pancreas, serum, heart, liver and fae-
ces. There was significant undetected levels of bile acids in heart suggesting lowered uptake as a result of diabetes
development. There was reduction in levels of the primary bile acid, CDCA in serum and due to M, PB-L, PB-H,
PBUDCA and UDCA treatments but levels of secondary and tertiary bile acids (LCA and UDCA) were detected
in all treated groups suggesting feedback mechanisms compensating for primary bile acid reduction, which was
also noticed in heart tissues (Fig. 5).

Discussion

Figure 1 suggests that there was no significant change in morphology, size, multi-surface features in terms of
UDCA and PB or UDCA particle distribution within the layers, or surface topographical features between
UDCA and PBUDCA microcapsules, despite reduced porosity in F2, which suggests that PB or UDCA pres-
ence in microcapsules did not alter topographic properties, multi-layered surface composition, or compromise
microcapsules’ shape or size. This also suggests that the microencapsulation method was robust and resulted in
uniform microcapsules regardless of PB or UDCA presence. DCS and FTIR analyses of UDCA and PBUDCA
microcapsules showed small but distinct variation in wavelengths’ intensity and range as well as similar melting
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Figure 3. PB concentrations in serum, tissues and faeces. PB-L: low dose probucol, PB-H: high dose probucol
and PBUDCA: probucol-ursodeoxycholic acid microcapsules. Data are mean &= SEM. **p < 0.01, compared
with HFD.

points suggesting stability of ingredients during the encapsulation process. Specifically, in PBUDCA microcap-
sules compared with UDCA microcapsules, there was a new peak in the 3470-3155cm™! region as well as alter-
nations in peak-bond activity in the 1715-1345 cm ™! region. The new peak and alterations are likely attributed
to C-H stretch in the alkane bonds and O-H stretch in the phenol groups within PB’s molecular structure as well
as C-C stretch within the aromatic rings of PB (occurring around 1420 cm™!) and C-O stretch from the phenol
groups of PB (occurring around 1300 cm!)'*272%3 Such changes in the FTIR and DSC measurements suggests
new bond-formation as a result of PB presence, but chemical compatibility was maintained as no bond-activity
has completely disappeared nor the new spectra resulting from PB presence was completely different hence a
less likely hood of chemical degradation or drug alteration within the microcapsules. This is consistent with our
previous studies that showed compatibility between different bile acids and PB presence within the microcap-
sules!»142833 Morphological and compatibility results suggest that PB presence in UDCA microcapsules did not
affect the physical characteristics of the microcapsules. Changes in moisture contents (water saturation), phys-
ical resistance to stress, floating and thermal stability showed no significant difference between the two micro-
capsules suggesting that the osmotic stability, mechanical resistance, buoyancy and heat resistance properties
remained similar. Results suggest that the presence of PB did not change the physico-chemical properties of the
microcapsules and intactness of microcapsules remained consistent, postmicroencapsulation, regardless of PB
presence. This supports the notion that our microencapsulation methods was robust and maintained uniformity
and preserved the physical properties and structural integrity of the microcapsules. This is also in line with other
research groups that showed positive effects of bile components on intestinal drug delivery. Hunt, G.R. and I.C.
Jones showed improvement in intestinal drug delivery, to liposomal delivery, by using the bile salts, glycocholate
and glycodeoxycholate®. However, despite the fact that both microcapsules, PBUDCA and UDCA showed good
morphological and physical properties, their impact on cell viability and oxidative stress need to be investigated
in order to elucidate beneficial effects at the cellular level. In addition, UDCA potential synergistic effects when
combined with PB are likely to be associated with its cellular uptake as UDCA is endogenously produced and
metabolised intracellularly.

Cellular protective effects indicative by higher cell viability of PBUDCA microcapsules might be the result of
its direct inhibitory effects on oxidative stress of 3-cells at hyperglycaemic state, by PB and UDCA, which resulted
in normalisation of free radicals and subsequent protection of 3-cells from radical damage. Hence, efflux in the
presence of PBUDCA resulted in modulation of PB uptake likely by UDCA co-encapsulation affecting specific
protein transporters. This is consistent with our studies showing protective antioxidant effects of PB-bile acid
microcapsules’. This is also consistent with other research groups that have shown strong 3-cell protective effects
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Figure 4. Blood glucose levels (1), plasma inflammatory profile and Linear Regression analyses (2), and plasma
lipid profile (3). LFD: low-fat diet, HFD: high-fat diet, M: metformin, PB-L: low dose probucol, PB-H: high
dose probucol, PBUDCA: probucol-ursodeoxycholic acid microcapsules, and UDCA: ursodeoxycholic acid
microcapsules. Data are mean = SEM. *p < 0.05 and **p < 0.01 compared with HFD.

of UDCA or its metabolites. Engin, F. et al.; have shown that a conjugated UDCA exerted antiinflammatory
effects and reduced loss of 3-cell viability and reduced cell apoptosis through its positive effects on unfolded pro-
tein response and its mediators*’, while Kim, JY et al.; have shown that bile acids are taken up intracellularly into
pancreatic cells and influence cell apoptosis by affecting cellular Ca®* signalling pathways*.

The similar amount of UDCA absorbed by 3-cells at normal and hyperglycaemic states suggests that UDCA
cellular uptake was independent of glucose concentrations or the glycaemic state. UDCA cellular uptake by mus-
cle cells was significant and independent of glucose levels or the presence of PB in the microcapsules, while
UDCA cellular uptake by 3-cells was only significant from UDCA microcapsules, and not PBUDCA microcap-
sules, which suggests that PB selectively inhibited UDCA uptake by 3-cells. One possible way by which PB inhib-
ited UDCA uptake by 3-cells, was by competitively inhibiting protein-transporters responsible for UDCA uptake
into the cells. In one study, Geier, A. et al.; have demonstrated that the bile acid UDCA is a substrate of multiple
protein transporters in liver such as ABC-transporters and multidrug resistance associated protein 3 (MRP 3) and
inhibiting these proteins may affect UDCA cellular uptake®’. In many other studies, PB has been hypothesized
to be capable of competitive inhibition of many protein-transporters responsible for bile acid uptake in liver and
pancreas. Rinninger, F et al.; have showed strong association between PB cellular transport and the scavenger
receptor BI*°. In another study, Ma, Q, et al.; have revealed that the protein transporter which belongs to the ABC
transporters, ABCB1, has strong affinity for PB molecules, and ABC transporters are known to also target bile
acids*!. Accordingly, at hyperglycaemic state, PBUDCA microcapsules improved (3-cell viability, but impaired
UDCA cellular uptake, while both microcapsules exerted similar effects on muscle cells, in terms of viability,
oxidative stress and UDCA cellular uptake. The presence of PB exerted favourable cell protective and antioxidant
effects on 3-cells. Thus, PB concentrations in plasma and tissues should provide an insight on its cellular uptake,
as well as its impact on bile acid profile, glucose levels, lipid profile and the inflammatory response.
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Figure 5. Bile acid concentrations in serum, tissues and faeces. LFD: low-fat diet, HFD: high-fat diet, M:
metformin, PB-L: low dose probucol, PB-H: high dose probucol, PBUDCA: probucol-ursodeoxycholic
acid microcapsules, and UDCA: ursodeoxycholic acid microcapsules. Data are mean & SEM. *p < 0.05 and
**p < 0.01 compared with HFD.

Compared with UDCA microcapsules, PBUDCA microcapsules resulted in higher (3-cell viability, and lower
oxidative stress at hyperglycaemic state, while neither PBUDCA nor UDCA microcapsules had effects on C2C12
cells viability or oxidative stress levels (Figs. 1-2). UDCA uptake by 3-cells from UDCA microcapsules was sig-
nificantly high at both glucose levels, while no UDCA uptake was detected from PBUDCA microcapsules. UDCA
uptake by muscle cells was significant and consistent at both glucose levels and irrespective of PB incorporation
into microcapsules. PB uptake was significant from PBUDCA microcapsules, at both glucose levels (Fig. 2-2).
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Table 1. Summary of the influence of incorporation of a bile acid (BA), gliclazide (G) and metformin (M) on
probucol (PB) cellular permeation (flux) and cellular retention using two cell types (3 and muscle cells) at the
normoglycaemic and hyperglycaemic states. +-indicates no significant net effect, T indicates increase and |
indicates decrease levels, based on Fig. 2-2 measurements.

PB’s cellular permeation (flux) and cellular retention were modified (Figs. 2-3) by selective substrates of certain
ABC-efflux protein transporters (multi-resistance proteins ‘MRP’ 1, 2 and 3) which may provide information on
mechanisms of PB cellular uptake (Figs. 2-4) relevant to its physiological effects on viability and oxidative stress
(Fig. 2: 1 & 2). The addition of gliclazide (G; a selective substrate for MRP2*?), metformin (M; a selective substrate
for “MIRP17#*) and the bile acid cholic acid (CA; a selective substrate for MRP3*!) resulted in changes in PB uni-
directional apical to basolateral and basolateral to apical flux and subsequent cellular retention in 3 and muscle
cells. The changes of PB flux and cellular retention were possibly via substrate-competitive inhibition by BA, G
and M, and these effects were similar at the normoglycaemic versus the hyperglycaemic states, and different when
comparing these effects on 3-cells versus muscle cells (Table 1). Changes caused by BA, G and M on PB cellular
uptake and retention suggest involvement of MRP1, MRP2 and MRP3 in PB cell delivery. The absence of direct
and significant effects of hyperglycaemia on PB cell delivery suggests that development of hyperglycaemia and
insulin-resistance do not directly affect PB oral uptake or the amount of PB permeating or being retained by cells.
In (3-cells, MRP3 inhibition resulted in no change of PB unidirectional apical-to-basolateral flux while increasing
unidirectional basolateral-to-apical flux and cell retention suggesting that PB has substrate affinity for MRP3 and
hence inhibiting MRP3 efflux of PB resulted in constant A—B permeation with significant increase in B—A and
cell retention due to increased uptake from the basolateral side of the cells. MRP2 inhibition resulted in increased
PB unidirectional apical-to-basolateral flux while having no effects on basolateral-to-apical flux and cellular
retention suggesting that PB has substrate affinity for MRP2 on the apical side while its MRP3 eftlux is main-
tained. MRP1I inhibition resulted in increased apical-to-basolateral influx, with reduction in basolateral-to-apical
flux and cellular retention suggesting that either inhibiting MRP1 only increased apical-to-basolateral flux with
no up-regulation of other efflux transporters transporting cellular PB, or there are other PB efflux transporters,
on the basolateral side, that were inhibited by M addition*>*.

In muscle-cells, MRP3 inhibition resulted in reduction in both, apical-to-basolateral and basolateral-to-apical
unidirectional fluxes as well as cellular retention suggesting that MRP3 inhibition brought about reduction in
the amount of PB passing through the cells and the overall cellular uptake of PB, likely via either suppression
of PB permeation or optimisation of PB overall cellular efflux. Similar to MRP1 inhibition, MRP2 inhibition
resulted in reduction in apical-to-basolateral and basolateral-to-apical unidirectional fluxes and less PB cellular
retention, and hence a significantly different response in muscle cells compared with pancreatic 3-cells suggest-
ing that ABC-efflux protein expression is significantly different between both types of cells, and this is consistent
with the literature*”>*. Similar to MRP1 inhibition in (3-cells, muscle-cells MRP1 inhibition resulted in higher
apical-to-basolateral flux with reduced basolateral-to-apical flux as well as cellular retention, which suggests PB
permeation and retention remain constant between both types of cells and hyperglycaemia did not affect that,
although PB apical-to-basolateral flux was reduced indicating direct effects of diabetes on expression and func-
tionality of apical MRP1 in muscle cells. Diabetes-associated alteration of ABC efflux transporters’ expression
and functionalities are consistent with the literature***° suggesting that diabetes development and progression
may have detrimental effects on the functions of selective ABC-eftlux transporters and result in variation of drug
uptake and absorption in diabetic patients (Table 1).

It is worth stating that there is some ambiguity in the literature regarding selectivity of drugs to specific
ABC-efflux transporters and the possibility with multiple simultaneous selectivity and various effects of diseases
on expression and functionalities of these transporters. Hence, although we maintain that our MRP1, MRP2, and
MRP3 substrates/inhibitors are selective based on our work and others, tissue specific competitive-inhibition
remains debatable and a study limitation, particularly when other transporters are also prominent e.g. organic
anion transporting proteins and organic cation transporter polypeptide for bile acids*~*4>!2,

PB was detected in all analysed samples except kidneys, which likely due to its high lipophilic properties and,
thus, excretion is mostly by liver rather than kidney, and this is consistent with the literature>*>*. Compared with
PB-L, both, PB-H and PBUDCA resulted in increased PB levels in plasma, ileum, liver, brain, heart, pancreas and
faeces. The higher concentrations of PB in PB-H plasma, tissues and faeces, compared with PB-L, was expected
and suggests that PB absorption does not reach saturation levels after PB-L, potentially via MRP1 or MRP2 and
MRP3 involvement. Despite PB-L and PBUDCA containing the same amount of PB, PBUDCA resulted in higher
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Glycaemic

profile Inflammatory profile Lipid profile

Blood glucose | IFN-~ IL-13 IL-6 TNF-o | Cholesterol | Triglycerides | NEFA
Treatments | (mM) (pg/ml) (pg/ml) | (pg/ml) | (pg/ml) | (mM) (mM) (mEq/L)
LFD l l l + l l 1 +
M 1 1 + + + + 7 7
PB-L 1 1 1 + 1 1 + +
PB-H 1 + 1 + + 1 + +
PB-UDCA || i 1 + ! + + +
UDCA 1 + 1 + 1 + 1 +

Table 2. Summary of the levels of various glycaemic, inflammatory and lipid profiles among treated groups
compared with control (HFD). tindicates no significant net effect, 1 indicates increase and | indicates decrease
levels, based on Fig. 4 measurements.

PB concentrations in plasma and all tissues analysed compared with PB-L, which suggests that incorporation of
PB into UDCA-microcapsules enhanced its absorption and tissue accumulation as well as its concentrations in
systemic circulation potentially via UDCA inhibition of MRP3 resulting in net enhancement of PB cellular per-
meation. Pancreas levels of PB remained low with regard to PB-H while liver achieved higher PB levels, possibly
due to cellular uptake being limited in the pancreas, but not hepatocytes, hence higher liver accumulation of PB
when given encapsulated with UDCA. The improved absorption of PB with microencapsulation is also consistent
with findings from other research groups. Fukami, T. et al.; have shown that special delivery methods such as
nanotechnology can significantly enhance PB’s absorption and cellular permeation®, while Zhang, Z. et al.; have
demonstrated that using hybrid of surfactants which form negatively charged particles can further enhance the
oral delivery of PB%. With the significant increase in PB concentrations in plasma and tissues, as a result of PB-H
or PBUDCA microcapsule treatments, effects on blood glucose, inflammation and lipid profiles by different treat-
ments, should provide insight on association between PB levels, glycaemic control and pharmacological effects on
inflammation and lipid levels, in our insulin-resistance animal model.

With regard to treatments’ effects on blood glucose, inflammation and lipid profile (Fig. 4), All treated groups
showed significant reduction in blood glucose levels compared with control (with similar magnitudes) which
suggests that PBUDCA microcapsules did not produce any additional hypoglycaemic benefits compared with
other groups. The similar hypoglycaemic effects between PB-L, PB-H and PBUDCA suggest that the hypogly-
caemic effect is independent of PB dosing or its oral delivery formulation, and may relate to treatments’ effects
on inflammatory or lipid profiles (Fig. 4: 2 & 3). Results from plasma levels of IFN-~, IL-13, TNF-« and IL-6
showed that all treatment groups exerted anti-inflammatory effects through reducing at least one of the four
pro-inflammatory biomarkers (Table 2). Although none of the treatment significantly changed IL-6 levels, PB-L
and PB-UDCA treatments exerted the most antiinflammatory effects via reducing three pro-inflammatory bio-
markers IFN-~, IL-13, and TNF-a. In addition, PB-L, and PBUDCA also brought about the greatest TNF-«
lowering effect similar to that of M. There was weak association between PBUDCA effects on IL-103 and lower-
ing of blood glucose levels which suggests that reducing inflammation assisted with the hypoglycaemic effects,
although exact cellular mechanisms remained to be investigated. In addition, the results showed PBUDCA having
the greatest anti-inflammatory effects and this may be due to the combined syncretistic biological impact of the
potent anti-oxidant PB coupled with the anti-inflammatory bile acid UDCA?°7%, Plasma lipid profiles and vis-
ceral fat depositions could impact on the glycaemic and the inflammatory profiles.

Visual examination of the visceral fats showed no visible difference in colure, shape or texture of visceral
tissues/fat amongst the groups although such examination was not histopathological or immunophysiological,
and hence was considered complementary to the lipid profile analyses. The lipid profile analyses showed that
only PB-L and PB-H significantly lowered cholesterol and there was an increase in the triglyceride and NEFA
levels with M and triglyceride with UDCA treatments. In addition, none of the treatment groups except M,
changed NEFA levels (Table 2). The results of the lipid profile suggest that M has increased triglycerides and
NEFA unfavourably affecting the lipid profile, which is consistent with published studies®. The lipid-regulatory
effects of PB-L and PB-H are expected since PB is a lipid-lowering drug, while UDCA bringing about an increase
in triglycerides levels suggests that UDCA administration resulted in negative feedback mechanisms on bile acid
synthesis and cholesterol catabolism resulting in higher levels of triglyceride, and modulation of the bile acid
profile (Fig. 5).

With regard to the concentrations of CDCA, LCA and UDCA in tissues, serum and faeces, Compared with
HFD, all treatments resulted in reduced CDCA plasma concentrations, which suggests direct interference of
treatments with either cholesterol catabolism to primary bile acids or accelerated primary bile acid metabolism
to secondary bile acids. Ileal CDCA concentrations in LFD were similar to HFD which is consistent with serum
levels, and they were higher in M, PB-H and PBUDCA groups while there were not detected in UDCA group sug-
gesting treatments effects on bile acid gut metabolism and ileal cellular uptake. In the pancreas, CDCA levels were
the highest in the HDF group and were reduced in all other groups suggesting significant alteration of pancreatic
tissue accumulation of the primary bile acid brought about by various treatments that possibly altered cholesterol
catabolism and total cholesterol available (Fig. 4) or uptake of metabolised bile acid via gut enterocytes’ efflux
transport (Fig. 2). Heart tissue showed no presence of CDCA levels, while in the liver, HFD treatment increased
CDCA levels and all other various treatments reduced CDCA levels suggesting reduction in CDCA production
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Primary bile acid profile (CDCA) Secondary bile acid profile (LCA) Tertiary bile acid profile (UDCA)
Treatments | serum | ileum | pancreas | heart |liver | faeces | serum |ileum | pancreas | heart |liver | faeces | serum |ileum | pancreas | heart |liver | faeces
LFD + + T + 1 1 ! ! ! + ! T T T T 1 1 1
M 1 T + + 1 1 1 T 1 + 1 1 1 1 + + 1 1
PB-L 1 1 T + l 1 ! ! ! + ! T T T T 1 + T
PB-H 1 T T + 1 1 1 1 1 + 1 T T T T + + |l
PB-UDCA || T + + l 1 ! ! ! + ! T T T + + 1 1
UDCA | + T + 1 1 1 1 1 + 1 + T T T + + |1

Table 3. Summary of the levels of bile acids among treated groups compared with control (HFD). +indicates
no significant net effect, T indicates increase and | indicates decrease levels, based on Fig. 5 measurements.

and cholesterol catabolism in hepatocytes and possibly inhibiting the enterohepatic recirculation processes. The
reduction of CDCA in the liver by various treatments may be associated with increased hepatocytic concentration
(Fig. 3) due to possible cellular efflux inhibition of MRP1, MRP2 or MRP3 by treatments and CDCA accumu-
lation being their substrate (Fig. 2). High CDCA levels in faeces due to HFD is consistent to its increase levels
in ileum and their reduced levels by treatments. LCA is considered a potent bile acid and has been associated in
the literature with cytotoxicity and inflammation®-%%. Serum LCA levels were elevated in the HFD group and
reduced by treatments. Ileal levels were undetected in the LFD group, significantly high in the HFD group and
compared with the HFD group, M and UDCA treatments increased that further while PB treatments reduced
those levels suggesting antiinflammatory effects of PB, which is consistent with reduction of the proinflamma-
tory TNF-a observed in Fig. 4. PB antiinflammatory effects were also consistent with previous studies that have
shown that PB exerted antiinflammatory and cellular protective effects, ex vivo, on pancreatic 3-cells®. Pancreatic
and liver LCA levels changed in a similar way to that in serum, while no LCA was detected in heart tissues. The
reduction in LCA levels in pancreas and liver tissues is consistent with that in serum, which suggests that pan-
creatic and liver cellular uptake is directly proportional to LCA systemic absorption or LCA tissue metabolism is
significantly influenced by the treatments. LCA levels in faeces were higher in all treated groups compared with
HFD, which is consistent with its lower systemic absorption levels, except in the UDCA group due to possible
feedback effects resulting in less metabolic processes and LCA production in the gut, although ileal levels were
increased which suggests LCA metabolism occurring in the lower part of the gastrointestinal tract, most likely the
colon. Compared with HFD, UDCA serum levels were higher, except in the M group were levels were undetected
suggesting significant alteration to bile acid metabolic pathways of primary and secondary bile acids, which is
consistent with M effects on CDCA and LCA serum levels. UDCA ileal levels were lowered by HED, hence higher
levels by all treatments except M group were levels were undetected, consistent with serum levels. Pancreatic
levels were detected in LFD and all other groups except in HFD, M and PBUDCA groups suggesting significant
disturbances of the bile acid metabolism, which is consistent with their effects on primary and secondary bile
acids. The effects of M on our bile acid profile is consistent with published studies showing M reducing bile acid
gut reabsorption in T2D patients®, with some studies suggesting M effects on bile acid profile is via ileal pro-
tein transporters®, reducing ileal bile salt reabsorption®, or influencing crosstalk processes between the nuclear
bile acid receptor farnesoid X receptor and the nutrient-sensitive kinase, 5’ adenosine monophosphate-activated
protein kinase®”. UDCA heart levels were detected only in LFD and PB-L groups suggesting that HFD reduced
UDCA cardiocyte cellular uptake and only PB in low dose neutralised the HFD effect. Despite the fact that there
were no detectable levels for CDCA and LCA in heart tissues, and UDCA being less lipophilic than CDCA, it
was present in cardiocytes after prediabetic mice were treated with PB-L possibly as a consequence of high levels
of UDCA observed in serum, ileum and pancreas. Similarly, UDCA levels in the liver were reduced in the pre-
diabetic mice with M and PBUDCA treatments lowering the levels further suggesting potential interference of
M and PB treatments on bile acid regulation by hepatocytes particularly since PBUDCA microcapsules showed
strong pH-targeted release (Fig. 1), PB significant uptake at the hyperglycaemic state (Fig. 2) and PB concentra-
tions in the liver were the highest in the PBUDCA group (Fig. 3). Similar to ileal levels and compared with HFD
group, UDCA faecal levels were high in LFD, PB-L, PBUDCA and UDCA groups suggesting minute metabo-
lism within cecum and colon although PB-H treatment showed undetected UDCA levels suggesting strong local
effects of high dose PB on gut-UDCA metabolism and systemic absorption, particularly when serum levels of
UDCA were higher in the PB-H group compared with untreated HFD control. In general, PB treated groups
showed overall decreased primary and secondary bile acids in serum, and overall increased UDCA levels in
serum, suggesting reduction in cholesterol levels resulting in less bile acid synthesis compensated by higher levels
of tertiary bile acids via feedback mechanisms associated with bile acid enterohepatic recirculation processes®®.
Hence, the highest ileal UDCA levels were observed in the UDCA group with corresponding high levels of LCA
in the ileum being detected in both the M and UDCA groups. No CDCA was detected in the ileum of UDCA
mice and this might be attributed to alterations in the enterohepatic cycling of endogenous bile acids caused by
UDCA, increasing the formation of secondary bile acid LCA and the tertiary bile acid UDCA within the gastro-
intestinal tract (Table 3).

Currently PB is administered orally, as tablets and is widely used for hypercholesterolemia in China and South
East Asia. It comes in different strength tablets including 125 mg, with its recommended dosing of 500-1000 mg/
day. Similarly, the bile acid UDCA is administered orally as tablets, and is widely used for primary liver cirrhosis,
globally. It comes mainly as 250 mg tablets, with its recommended dosing of 500-1000 mg/day. PB and UDCA
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tablets are coated to prevent release in stomach, and the tableting formulations have been widely used for several
decades.

Conclusion

The microencapsulating method deployed was successful in producing PBUDCA targeted-delivery micro/
nano capsules, which are stable, compatible and have desirable and consistent shape and delivery profile in our
prediabetic mouse model. PBUDCA enhanced survival of pancreatic (3-cells and muscle cells (ex vivo) with
substrate-selectivity of PB toward the efflux protein transporters MRP1, MRP2 and MRP3, and significant PB
oral absorption optimised by PBUDCA microencapsulation, in serum, liver, ileum and heart (in vivo); 6-months
oral dosing. PBUDCA lowered blood glucose comparable to M, and exerted significant antiinflammatory effects,
while anti-lipidemic effects remained insignificant. PBUDCA exerted significant bile acid modulation effects
suggesting PB involvement in the enterohepatic recirculation of bile acids, although the exact molecular and cel-
lular pathways and their influence on the bile acid synthesis and feedback mechanisms remained unclear. Future
studies should aim to investigate various polymer-bile acid formulation systems to further optimise the delivery
and therapeutic impact of dual antioxidant-bile acid microcapsules for the treatment of diabetes mellitus.

Materials and Methods

Materials and drug preparation. Probucol, metformin, low viscosity sodium alginate, ursodeoxycholic
acid and sodium alginate were purchased from Sigma Chemical Co, USA, while calcium chloride from Scharlab
S.L, Australia. The reagents were purchased from Merck (Australia) and were used without modifications.
Stock of PB (20 mg/mL) and UDCA (4 mg/mL) were prepared by vortexing the powders with 10% gel>'+27-%,
Preparations were mixed for 7 hours, and used within two day of preparation.

Microencapsulation fabrication, stability/shelf life, and in vitro studies. Microcapsules of
PBUDCA and UDCA were prepared as established in our laboratory by Ionic Gelation Vibrational Jet Flow
Technology, which utilises a Biichi encapsulator (Biichi Labortechnik, Flawil, Switzerland) under a constant lig-
uid flow rate of 1 mL/min. The microcapsules were formed at 2% CaCl, ionic gelation bath before being washed
in water for a few minutes prior to collection and stability/shelf life assessed using Accelerated Stability Chambers
using our well-established methods'*+?7?#30-3%, Microcapsule morphology and surface topography were examined
using Micro-CT (a SkyScan 1172 A Micro-CT, Kontich, Belgium) and Zeiss-Neon 40EsB FIBSEM (USA) as per
our well-established methods?*7°. The surface characteristics were examined via FIB SEM (Zeiss Neon 40EsB,
USA). Osmotic stability of the microcapsules was determined by placing 1 g of microcapsules in phosphate buff-
ered saline for 14 days at 37 °C, and was calculated by weight gain attained compared to initial ‘dry” weight!*?725,
The mechanical resistance of the microcapsules was determined by placing 200 microcapsules in a shaker and
vibrating them over 14 days, and the resistance index was calculated as percentage of damaged microcapsules to
intact microcapsules®>**. Microcapsules’ buoyancy was examined through placing 200 microcapsules in 200 mL
of simulated intestinal fluids which consisted of enzyme-based phosphate buffer. The solution was stirred periodi-
cally at a set temperature 37.5 °C. The buoyancy index was calculated as the percentage of floating microcapsules.
The heat resistance testing was performed by incubating 200 freshly made microcapsules in a climatic chamber
(Angelantoni Environmental and Climatic Test Chamber, Italy) set at 37.5°C for 14 days. The stability index was
determined mathematically by calculating the percentage of undamaged microcapsules (no change in colour,
texture, appearance or structural integrity) compared to pre-incubated fresh microcapsules>!4,

Exvivo studies. NIT-1 mouse-cloned pancreatic 3-cells and C2C12 mouse-cloned muscle cells were cultured
separately in sterile flasks containing growth media optimised with glucose, antibiotics and amino acids using our
established methods®!*. Viability assays were performed at two glucose concentrations (5.5 mM and 35.5mM)
over a 52hour period®'*. In order to measure oxidative stress, NIT-1 and C2C12 cells were cultured using two dif-
ferent glucose concentrations of 5.5 and 35.5mM for two days. Stock solutions of Dichloro-dihydro-fluorescein
diacetate and azobis-2-methyl-propanimidamide Dihydrochloride were freshly prepared and stored at —20°C
and aliquots used for the antioxidant assay. After two days incubation, microplates containing treated cells were
placed in an Enspire Multimode Plate Reader (PerkinElmer, USA) and the fluorescence was read after one hour.
Using this method, the intensity of fluorescence directly corresponds to the formation of fluorescent oxidised
radical species dichlorofluorescein. The lower the fluorescence reading, the greater the antioxidant activity con-
ferred”!. The cellular antioxidant assay was done in triplicates and data was normalised for viable cell count.
In order to examine UDCA and PB cellular uptake from the microcapsules, at normoglycaemic glucose levels
(5.5mM) and hyperglycaemic glucose levels (35.5 mM), the cells were treated with UDCA or PBUDCA micro-
capsules for 48 hours, then microcapsules removed and cells washed with PBS, sonicated to rupture, and washed
with ice-cold acetonitrile. Similar conditions were used to examine effects of M, G or BA inhibitory effects of PB
cellular uptake. The supernatants were removed and analysed using a liquid-chromatography/mass spectros-
copy (LC-MS) instrumentation that involved a flow rate of 0.25 mL/min using methanol-water as 65:35 mixture
with assay run times of 15 minutes per run based on our established methods***7273, Since UDCA was endog-
enously produced, PB cellular permeation rate was measured using our well-established methods’ and selected
ABC-transporters substrates were incorporated with PB and UDCA to examine transporters’ selectivity to PB
and UDCA.

In vivo studies.  Six-week old, wild type (C57BL/6]) male mice were attained from the Animal Resources
Centre (Australia). Mice were randomly allocated into seven groups, 10 each (n =70). Group-1 was given low
fat diet (LFD; healthy) and empty microcapsules, group-2 was given high fat diet (HFD; insulin-resistance) and
empty microcapsules, group-3 was given HFD and metformin (200 mg/kg/day), group-4 was given HFD and low
dose PB (80 mg/kg/day), group-5 was given HFD and high dose of PB (800 mg/kg/day), group-6 was given HFD
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and PBUDCA microcapsules (PB: 80 mg/kg/day and UDCA 70 mg/kg/day) and group-7 was given HFD and
UDCA microcapsules (70 mg/kg/day). HFD consisted of AIN93M rodent chow enriched in 30% (w/w) lard, 0.5%
(w/w) cholesterol and 15% (w/w) fructose (Specialty Feeds, Perth, Australia).

All mice were maintained on half-day dark cycle (22 °C) and with water and food ad libitum. At the end of
6-months experiment, mice were anaesthetized with isoflurane and euthanised by cardiac puncture followed by
cervical dislocation. Blood was collected into EDTA tubes and stored on ice. Plasma was separated by short-speed
centrifugation at 4 °C and stored at —80 °C. Tissues of different organs were removed at stored in 4% paraformal-
dehyde (PFA) at —80°C. The animal experiments were approved by Curtin University Animal Ethics Committee
and all experiments were performed according to the Australian Code of Practice for the care and use of animals
for scientific purposes.

Probucol and Bile Acids Analysis

PB HPLC analysis. Standard concentrations and quality control samples of PB in mobile phase acetonitrile:
water were prepared for the range of 0.04 to 0.8 mg/ml. volume of injection was 10 L per injection. Shimadzu
HPLC Prominence was used, and consisted of Shimadzu LC-20AT liquid chromatographer, SIL-20A autosam-
pler and SPD-20A-UV/Vis detector (Japan). 160 uL of mobile phase (acetonitrile: water in a 96:4% v/v ratio) was
added to 40 uL of purified plasma and vortex-mixed for 5seconds and centrifuged at 15000 RPM for 15 minutes.
Twenty uL of the supernatant was removed and transferred to autosampler vials ready for analysis®.

Bile acids’ LC-MS analysis. Blood, tissue and fecal bile acids analyses were carried out via liquid chroma-
tography mass spectrometry (LCMS). In brief, LCMS (Shimadzu LCMS 2020 system, Shimadzu Corporation,
Kyoto, Japan) included a Phenomenex C18 column (Phenomenex Corporation, Torrance, California, USA) 10cm
in length and 2 mm in diameter and with 5 um particle size. The flow rate set at 0.25 mL/min and the mobile phase
was methanol (65%) and water (35%) at pH 2.9, with the standards and quality control samples being within
the range of 1-1000 ng/ml. The analysed bile acids CDCA, LCA and UDCA had retention times of 2.6, 5.1 and
1.5 minutes respectively, with a flow rate of 1.5 L/min using our well-established methods!84>7273,

Biological analysis. Blood glucose levels were measured via tail vein venepuncture using Accucheck
(Roche Laboratories, Switzerland) and HbAlc measurements were via Siemens DCA Vantage Analyser (Siemens
Healthcare Diagnostics, New York, USA). Plasma cholesterol and triglycerides were assessed via enzymatic assays
(Randox Laboratories, Crumlin, UK)”°, while NEFAs were assessed with NEFA-C (ASC-ACOD method, Osaka,
Japan)”®. Visceral fat depositions were examined visually at the end of experiment, while plasma cytokines were
assessed using cytokine bead array kit (BD Biosciences, California, USA) via Attune Acoustic Focusing Flow
Cytometer (Life Technologies, Carlsbad, California, USA) as per our established methods!®2%7”.

Statistical analysis. Values are expressed as means = standard error of the mean. Statistical measurements
were carried out using parametric/non-parametric analysis or using a one way ANOVA and a Tuckey post-hoc,
as appropriate. GraphPad Prism Version X8.2 (GraphPad, USA) was utilised for p value analyses.

Received: 14 June 2019; Accepted: 23 September 2019;
Published online: 09 January 2020

References
1. Qatanani, M. & Lazar, M. A. Mechanisms of obesity-associated insulin resistance: many choices on the menu. Genes Dev 21(12),
1443-55 (2007).
2. Hardy, O. T., Czech, M. P. & Corvera, S. What causes the insulin resistance underlying obesity?. Curr Opin Endocrinol Diabetes Obes
19(2), 81-7 (2012).
3. Mooranian, A. et al. Multicompartmental, multilayered probucol microcapsules for diabetes mellitus: Formulation characterization
and effects on production of insulin and inflammation in a pancreatic beta-cell line. Artif Cells Nanomed Biotechnol, p. 1-12, (2015).
4. Negrulj, R., Mooranian, A. & Al-Salami, H. Potentials and Limitations of Bile Acids in Type 2 Diabetes Mellitus: Applications of
Microencapsulation as a Novel Oral Delivery System. Journal of Endocrinology and Diabetes Mellitus 1(2), 49-59 (2013).
5. Mooranian, A., Negrulj, R. & Al-Salami, H. Primary Bile Acid Chenodeoxycholic Acid-Based Microcapsules to Examine (3-cell Survival
and the Inflammatory Response. BioNanoScience 6(2), 103-109 (2016).
6. Mathavan, S. et al. A comprehensive study of novel microcapsules incorporating gliclazide and a permeation enhancing bile acid:
hypoglycemic effect in an animal model of Type-1 diabetes. Drug Deliv 23(8), 2869-2880 (2016).
7. Duksal, T. et al. Role of inflammation in sensory neuropathy in prediabetes or diabetes. Acta Neurol Scand 133(5), 384-90. (2016).
8. Ehses, J. A. & Donath, M. Y. Targeting 12-lipoxygenase as a novel strategy to combat the effects of inflammation on beta cells in diabetes.
Diabetologia 58(3), 425-8 (2015).
9. Karpe, E, Dickmann, J. R. & Frayn, K. N. Fatty acids, obesity, and insulin resistance: time for a reevaluation. Diabetes 60(10), 2441-9
(2011).
10. Mooranian, A. et al. Advanced bile acid-based multi-compartmental microencapsulated pancreatic beta-cells integrating a
polyelectrolyte-bile acid formulation, for diabetes treatment. Artif Cells Nanomed Biotechnol, p. 1-8, (2014).
11. Mooranian, A. et al. An advanced microencapsulated system: a platform for optimized oral delivery of antidiabetic drug-bile acid
formulations. Pharm Dev Technol 20(6), 702-9 (2015).
12. Mooranian, A., Negrulj, R. & Al-Salami, H. Alginate-deoxycholic Acid Interaction and Its Impact on Pancreatic B-Cells and Insulin
Secretion and Potential Treatment of Type 1 Diabetes. Journal of Pharmaceutical Innovation 11(2), 156-161 (2016).
13. Mooranian, A. et al. Biological assessments of encapsulated pancreatic (3-cells: Their potential transplantation in diabetes. Cellular and
Molecular Bioengineering, 2016 (in press).
14. Mooranian, A. et al. The effect of a tertiary bile acid, taurocholic acid, on the morphology and physical characteristics of
microencapsulated probucol: potential applications in diabetes: a characterization study. Drug Delivery and Translational Research,
p. 1-12 (2015).
15. Perez, M. J. & Briz, O. Bile-acid-induced cell injury and protection. World ] Gastroenterol 15(14), 1677-89 (2009).

SCIENTIFIC REPORTS |

(2020) 10:106 | https://doi.org/10.1038/s41598-019-53999-1


https://doi.org/10.1038/s41598-019-53999-1

www.nature.com/scientificreports/

16.

17.
18.

19.

20.

21.

22.
. Marschall, H. U. et al. Ursodeoxycholic acid for treatment of fatty liver disease and dyslipidemia in morbidly obese patients. Dig Dis

24.

25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.

Martinez-Moya, P. et al. Dose-dependent antiinflammatory effect of ursodeoxycholic acid in experimental colitis. Int Immunopharmacol
15(2), 372-80 (2013).

Amaral, ]. D. et al. Bile acids: regulation of apoptosis by ursodeoxycholic acid. ] Lipid Res 50(9), 1721-34 (2009).

Mooranian, A. et al. Pharmacological effects of nanoencapsulation of human-based dosing of probucol on ratio of secondary to primary
bile acids in gut, during induction and progression of type 1 diabetes. Artif Cells Nanomed Biotechnol 46(sup3), S748-S754 (2018).
Mooranian, A. et al. Eudragit((R))-based microcapsules of probucol with a gut-bacterial processed secondary bile acid. Ther Deliv 9(11),
811-821 (2018).

Mooranian, A. et al. The biological effects of the hypolipidaemic drug probucol incorporated into bile acid-microcapsules and fed daily
for 4-weeks, to an insulin-resistant mouse model: potential hypoglycaemic and anti-inflammatory effects. Drug Delivery and
Translational Research, 2018 In press.

Tsuchida, T. et al. Ursodeoxycholic acid improves insulin sensitivity and hepatic steatosis by inducing the excretion of hepatic lipids in
high-fat diet-fed KK-Ay mice. Metabolism 61(7), 944-53 (2012).

Murakami, M. et al. Incretin secretion stimulated by ursodeoxycholic acid in healthy subjects. Springerplus 2(1), 20 (2013).

29(1), 117-8 (2011).

Hess, L. M. et al. Results of a phase I multiple-dose clinical study of ursodeoxycholic Acid. Cancer Epidemiol Biomarkers Prev 13(5),
861-7 (2004).

Mooranian, A., Negrulj, R. & Al-Salami, H. The incorporation of water-soluble gel matrix into bile acid-based microcapsules for the
delivery of viable beta-cells of the pancreas, in diabetes treatment: biocompatibility and functionality studies. Drug Deliv Transl Res 6(1),
17-23(2016).

Mooranian, A., Negrulj, R. & Al-Salami, H. The Influence of Stabilized Deconjugated Ursodeoxycholic Acid on Polymer-Hydrogel
System of Transplantable NIT-1 Cells. Pharm Res 33(5), 1182-90 (2016).

Mooranian, A. et al. Novel chenodeoxycholic acid-sodium alginate matrix in the microencapsulation of the potential antidiabetic
drug, probucol. An in vitro study. ] Microencapsul: p. 1-9 (2015).

Negrulj, R. et al. Swelling, mechanical strength, and release properties of probucol microcapsules with and without a bile acid, and
their potential oral delivery in diabetes. Artif Cells Nanomed Biotechnol, p. 1-8 (2015).

Mooranian, A. et al. An optimized probucol microencapsulated formulation integrating a secondary bile acid (deoxycholic acid) as a
permeation enhancer. Drug Des Devel Ther 8, 1673-83 (2014).

Mooranian, A. et al. Release and swelling studies of an innovative antidiabetic-bile acid microencapsulated formulation, as a novel
targeted therapy for diabetes treatment. ] Microencapsul, p. 1-6 (2014).

Mooranian, A. et al. Microencapsulation as a novel delivery method for the potential antidiabetic drug, Probucol. Drug Des Devel Ther
8,1221-30 (2014).

Mooranian, A. et al. Novel artificial cell microencapsulation of a complex gliclazide-deoxycholic bile acid formulation: a characterization
study. Drug design, development and therapy 8, 1003 (2014).

Mooranian, A. et al. Probucol Release from Novel Multicompartmental Microcapsules for the Oral Targeted Delivery in Type 2
Diabetes. AAPS PharmSciTech (2014).

Mooranian, A. et al. Stability and Release Kinetics of an Advanced Gliclazide-Cholic Acid Formulation: The Use of Artificial-Cell
Microencapsulation in Slow Release Targeted Oral Delivery of Antidiabetics. Journal of Pharmaceutical Innovation, p. 1-8 (2014).
Al-Salami, H. et al. Long-Term Supplementation of Microencapsulated ursodeoxycholic Acid Prevents Hypertension in a Mouse Model
of Insulin Resistance. Exp Clin Endocrinol Diabetes 125(1), 28-32 (2017).

Hunt, G. R. & Jones, 1. C. Application of 1H-n.m.r. to the design of liposomes for oral use. Synergistic activity of bile salts and pancreatic
phospholipase A2 in the induced permeability of small unilamellar phospholipid vesicles. ] Microencapsul 1(2), 113-22 (1984).

Engin, E et al. Restoration of the unfolded protein response in pancreatic beta cells protects mice against type 1 diabetes. Sci Transl Med
5(211), 211ral56 (2013).

Kim, J. Y. et al. Transporter-mediated bile acid uptake causes Ca2+-dependent cell death in rat pancreatic acinar cells. Gastroenterology
122(7), 1941-53 (2002).

Geier, A. et al. Principles of hepatic organic anion transporter regulation during cholestasis, inflammation and liver regeneration.
Biochim Biophys Acta 1773(3), 283-308 (2007).

Rinninger, F. et al. Probucol enhances selective uptake of HDL-associated cholesteryl esters in vitro by a scavenger receptor B-I-
dependent mechanism. Arterioscler Thromb Vasc Biol 19(5), 1325-32 (1999).

Ma, Q. et al. Oral absorption enhancement of probucol by PEGylated G5 PAMAM dendrimer modified nanoliposomes. Mol Pharm
12(3), 665-74 (2015).

Al-Salami, H. et al. Gliclazide reduces MKC intestinal transport in healthy but not diabetic rats. European Journal of Drug Metabolism
and Pharmacokinetics 34(1), 43-50 (2009).

Hemauer, S. J. et al. Role of human placental apical membrane transporters in the efflux of glyburide, rosiglitazone, and metformin. Am
J Obstet Gynecol 202(4), 383 e1-7 (2010).

Staudinger, J. L. et al. Nuclear-receptor-mediated regulation of drug- and bile-acid-transporter proteins in gut and liver. Drug Metab
Rev 45(1), 48-59 (2013).

Cui, Y., Konig, J. & Keppler, D. Vectorial transport by double-transfected cells expressing the human uptake transporter SLC21A8 and
the apical export pump ABCC2. Mol Pharmacol 60(5), 934-43 (2001).

Mita, S. et al. Inhibition of bile acid transport across Na+/Taurocholate co-transporting polypeptide (SLC10A1) and bile salt export
pump (ABCB 11) - expressing LLC-PK1 cells by cholestasis- inducing drugs. Drug Metab Dispos 34(9), 1575-1581 (2006).

Sherman, D. J. et al. Validation of inhibitors of an ABC transporter required to transport lipopolysaccharide to the cell surface in
Escherichia coli. Bioorg Med Chem 21(16), 4846-51 (2013).

Della Torre, C. et al. Interaction of ABC transport proteins with toxic metals at the level of gene and transport activity in the PLHC-1
fish cell line. Chem Biol Interact 198(1-3), 9-17 (2012).

Al-Salami, H. et al. Influence of the semisynthetic bile acid (MKC) on the ileal permeation of gliclazide in healthy and diabetic rats.
Pharmacological Reports 60(4), 532-541 (2008).

Al-Salami, H. et al. Influence of the semisynthetic bile acid MKC on the ileal permeation of gliclazide in vitro in healthy and diabetic rats
treated with probiotics. Methods Find Exp Clin Pharmacol 30(2), 107-13 (2008).

Gedeon, C. et al. Transport of glyburide by placental ABC transporters: implications in fetal drug exposure. Placenta 27(11-12),
1096-102 (2006).

Tsiani, E. et al. Stimulation of glucose uptake and increased plasma membrane content of glucose transporters in L6 skeletal muscle cells
by the sulfonylureas gliclazide and glyburide. Endocrinology 136(6), 2505-12 (1995).

Davignon, J. Probucol, in Principles and Treatment of Lipoprotein Disorders., Springer. p. 429-469 (1994).

Buckley, M. T. et al. Probucol. Drugs 37(6), 761-800 (1989).

Fukami, T. et al. Nanoparticle processing in the solid state dramatically increases the cell membrane permeation of a cholesterol-lowering
drug, probucol. Mol Pharm 6(3), 1029-35 (2009).

Zhang, Z. et al. Directed self-assembled nanoparticles of probucol improve oral delivery: fabrication, performance and correlation.
Pharm Res 31(9), 2266-75 (2014).

SCIENTIFIC REPORTS |

(2020) 10:106 | https://doi.org/10.1038/s41598-019-53999-1


https://doi.org/10.1038/s41598-019-53999-1

www.nature.com/scientificreports/

57. Mooranian, A. et al. Biological Assessments of Encapsulated Pancreatic 3-Cells: Their Potential Transplantation in Diabetes. Cellular
and Molecular. Bioengineering 9(4), 530-537 (2016).

58. Mooranian, A. et al. Designing anti-diabetic beta-cells microcapsules using polystyrenic sulfonate, polyallylamine, and a tertiary bile
acid: Morphology, bioenergetics, and cytokine analysis. Biotechnol Prog 32(2), 501-9 (2016).

59. Perez, A. et al. Effects of pioglitazone and metformin fixed-dose combination therapy on cardiovascular risk markers of inflammation
and lipid profile compared with pioglitazone and metformin monotherapy in patients with type 2 diabetes. ] Clin Hypertens (Greenwich)
12(12), 973-82 (2010).

60. Baek, M. K. et al. Lithocholic acid upregulates uPAR and cell invasiveness via MAPK and AP-1 signaling in colon cancer cells. Cancer
Lett290(1), 123-8 (2010).

61. Barnwell, S. G., Yousef, I. M. & Tuchweber, B. The effect of colchicine on the development of lithocholic acid-induced cholestasis. A study
of the role of microtubules in intracellular cholesterol transport. Biochem ] 236(2), 345-50 (1986).

62. Bergstrom, S., Sjovall, J. & Voltz, ]. Metabolism of lithocholic acid in the rat. IX. Bile acids and steroids. Acta Physiol Scand 30(1), 22-32
(1953).

63. Mooranian, A. et al. Multicompartmental, multilayered probucol microcapsules for diabetes mellitus: Formulation characterization and
effects on production of insulin and inflammation in a pancreatic beta-cell line. Artif Cells Nanomed Biotechnol 44(7), 1642-53 (2016).

64. Bronden, A. et al. Single-Dose Metformin Enhances Bile Acid-Induced Glucagon-Like Peptide-1 Secretion in Patients With Type 2
Diabetes. ] Clin Endocrinol Metab 102(11), 4153-4162 (2017).

65. Nunez, D. J. et al. Glucose and lipid effects of the ileal apical sodium-dependent bile acid transporter inhibitor GSK2330672: double-
blind randomized trials with type 2 diabetes subjects taking metformin. Diabetes Obes Metab 18(7), 654-62 (2016).

66. Scarpello, . H., Hodgson, E. & Howlett, H. C. Effect of metformin on bile salt circulation and intestinal motility in type 2 diabetes
mellitus. Diabet Med 15(8), 651-6 (1998).

67. Lien, E et al. Metformin interferes with bile acid homeostasis through AMPK-FXR crosstalk. ] Clin Invest 124(3), 1037-51 (2014).

68. Roberts, M. S. et al. Enterohepatic circulation: physiological, pharmacokinetic and clinical implications. Clin Pharmacokinet 41(10),
751-90 (2002).

69. Small, D. M., Dowling, R. H. & Redinger, R. N. The enterohepatic circulation of bile salts. Arch Intern Med 130(4), 552-73 (1972).

70. Mooranian, A., et al., An advanced microencapsulated system: a platform for optimized oral delivery of antidiabetic drug-bile acid
formulations. Pharmaceutical Development and Technology, 20(6), 702-9 (2015).

71. Wolfe, K. L. & Liu, R. H. Cellular antioxidant activity (CAA) assay for assessing antioxidants, foods, and dietary supplements. ] Agric
Food Chem 55(22), 8896-907 (2007).

72. Al-Salami, H. et al. Influence of the semisynthetic bile acid (MKC) on the ileal permeation of gliclazide in healthy and diabetic rats.
Methods Find Exp Clin Pharmacol 30(2), 107-113 (2008).

73. Al-Salami, H. et al. Probiotics decreased the bioavailability of the bile acid analog, monoketocholic acid, when coadministered with
gliclazide, in healthy but not diabetic rats. Eur ] Drug Metab Pharmacokinet 37(2), 99-108 (2012).

74. Al-Salami, H. et al. Probiotic Pre-treatment Reduces Gliclazide Permeation (ex vivo) in Healthy Rats but Increases It in Diabetic Rats
to the Level Seen in Untreated Healthy Rats. Arch Drug Inf1(1), 35-41 (2008).

75. Pallebage-Gamarallage, M. M. et al. Probucol suppresses enterocytic accumulation of amyloid-3 induced by saturated fat and
cholesterol feeding. Lipids 47(1), 27-34 (2012).

76. Pallebage-Gamarallage, M. et al. Restoration of dietary-fat induced blood-brain barrier dysfunction by anti-inflammatory lipid-
modulating agents. Lipids in health and disease 11(1), 1 (2012).

77. Mooranian, A. et al. Innovative Microcapsules for Pancreatic beta-Cells Harvested from Mature Double-Transgenic Mice: Cell Imaging,
Viability, Induced Glucose-Stimulated Insulin Measurements and Proinflammatory Cytokines Analysis. Pharm Res 34(6), 1217-1223
(2017).

Acknowledgements

The NIT-1 cells were a generous donation from Professor Grant Morahan at the University of Western Australia.
The C2C12 cells were a generous donation from Professor Deirdre Coombe at the School of Pharmacy and
Biomedical Sciences, Curtin University. The work is partially supported by the European Union’s Horizon 2020
research and innovation program under the Marie Sklodowska-Curie grant agreement No. 872370 and Ministry
of Education, science and Technological Development of the Republic of Serbia No. 41012.

Author contributions

The study was designed by Armin Mooranian, Hani Al-Salami, Ryu Takechi, John Mamo, Virginie Lam,
Gerald F Watts and Hesh Al-Sallami; design, analysis and interpretation of research data was done by Armin
Mooranian, Susbin Raj Wagle, Bozica Kovacevic, Ryu Takechi, John Mamo, Virginie Lam, Momir Mikov, Svetlana
Golocorbin —-Kon, Goran Stajonavoic and Hani Al- Salami; significant contribution in the data interpretation and
presentation of quality figures and tables was done by all authors and the final version of manuscript was revised
and approved by all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.A.-S.

Reprints and permissions information is available at www.nature.com/reprints.

Declaration of interest: Al-Salami H has been and is currently receiving of funding from Beijing Nat-Med
Biotechnology Co., Ltd. and affiliated companies.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:106 | https://doi.org/10.1038/s41598-019-53999-1


https://doi.org/10.1038/s41598-019-53999-1
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS | (2020) 10:106 | https://doi.org/10.1038/s41598-019-53999-1


https://doi.org/10.1038/s41598-019-53999-1
http://creativecommons.org/licenses/by/4.0/

	Bile acid bio-nanoencapsulation improved drug targeted-delivery and pharmacological effects via cellular flux: 6-months dia ...
	Results

	Microencapsulation fabrication, and stability/shelf life in vitro studies. 
	Ex vivo studies. 
	In vivo studies. 
	The bile acid profile. 

	Discussion

	Conclusion

	Materials and Methods

	Materials and drug preparation. 
	Microencapsulation fabrication, stability/shelf life, and in vitro studies. 
	Ex vivo studies. 
	In vivo studies. 

	Probucol and Bile Acids Analysis

	PB HPLC analysis. 
	Bile acids’ LC-MS analysis. 
	Biological analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 SEM (1–4), Micro-CT (5–6), DSC (7–8), FTIR-IR (9–10), water saturation index (11), microcapsules resistance index (12), PB release at pH 1.
	Figure 2 Cellular viability and oxidative stress (1), cellular uptake of UDCA and PB (2), PB unidirectional cellular permeation (flux) and cellular amount retained (3), and cellular efflux protein-transporters competitive inhibition (4), in β-cell and mus
	Figure 3 PB concentrations in serum, tissues and faeces.
	Figure 4 Blood glucose levels (1), plasma inflammatory profile and Linear Regression analyses (2), and plasma lipid profile (3).
	Figure 5 Bile acid concentrations in serum, tissues and faeces.
	Table 1 Summary of the influence of incorporation of a bile acid (BA), gliclazide (G) and metformin (M) on probucol (PB) cellular permeation (flux) and cellular retention using two cell types (β and muscle cells) at the normoglycaemic and hyperglycaemic s
	Table 2 Summary of the levels of various glycaemic, inflammatory and lipid profiles among treated groups compared with control (HFD).
	Table 3 Summary of the levels of bile acids among treated groups compared with control (HFD).




