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Simultaneous estimation of lisofylline and pentoxifylline in rat plasma by
high performance liquid chromatography-photodiode array detector and its
application to pharmacokinetics in rat
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ARTICLE INFO ABSTRACT

Keywords: Lisofylline (LSF) is an anti-inflammatory and immunomodulatory agent with proven activity in serious infections

Lisofylline associated with cancer chemotherapy, hyperoxia-induced acute lung injury, autoimmune disorders including

Pentoxifylline type-1 diabetes (T1DM) and islet rejection after islet transplantation. It is also an active metabolite of another

Methad validation anti-inflammatory agent, Pentoxifylline (PTX). LSF bears immense therapeutic potential in multiple pharma-

HPLC . o . P . .

Pl cological activities and hence appropriate and accurate quantification of LSF is very important. Although a
asma

number of analytical methods for quantification of LSF and PTX have been reported for pharmacokinetics and
metabolic studies, each of these have certain limitations in terms of large sample volume required, complex
extraction procedure and/or use of highly sophisticated instruments like LC-MS/MS.

The aim of current study is to develop a simple reversed-phase HPLC method in rat plasma for simultaneous
determination of LSF and PTX with the major objective of ensuring minimum sample volume, ease of extraction,
economy of analysis, selectivity and avoiding use of instruments like LC-MS/MS to ensure a widespread ap-
plication of the method.

A simple liquid-liquid extraction method using methylene chloride as extracting solvent was used for ex-
tracting LSF and PTX from rat plasma (200 uL). Samples were then evaporated, reconstituted with mobile phase
and injected into HPLC coupled with photo-diode detector (PDA). LSF, PTX and 3-isobutyl 1-methyl xanthine
(IBMX, internal standard) were separated on Inertsil® ODS (C18) column (250 X 4.6 mm, 5 um) with mobile
phase consisting of A-methanol B-water (50:50 v/v) run in isocratic mode at flow rate of 1 mL/min for 15 min
and detection at 273 nm. The method showed linearity in the concentration range of 50-5000 ng/mL with LOD
of 10 ng/ml and LLOQ of 50 ng/mL for both LSF and PTX. Weighted linear regression analysis was also per-
formed on the calibration data. The mean absolute recoveries were found to be 80.47 + 3.44 and
80.89 = 3.73% for LSF and PTX respectively. The method was successfully applied for studying the pharma-
cokinetics of LSF and PTX after IV bolus administration at dose of 25 mg/kg in Wistar rat. In conclusion, a
simple, sensitive, accurate and precise reversed-phase HPLC-UV method was established for simultaneous de-
termination of LSF and PTX in rat plasma.

Pharmacokinetics

1. Introduction

Lisofylline (LSF, 1-(5-Hydroxyhexyl)-3,7-dimethylxanthine) is a
modified methyl xanthine derivative (Fig. 1), having anti-inflammatory
and immunomodulatory properties [1,2]. It was originally developed
and tested to reduce cellular damage due to autoimmunity, hypoxia and
ischemic reperfusion [3,4]. LSF has been used to overcome morbidity
and mortality during serious infections associated with cancer che-
motherapy and for treatment of acute lung injury after severe trauma
[5,6]. LSF is also reported for its therapeutic potential in early

treatment of diabetes, wherein it enhanced glucose-stimulated insulin
secretion [7,8], caused reversal of insulin insensitivity by modulating
oxidized free fatty acids (FFA) and glucose-induced phosphorylation of
the insulin receptor [9]. The protective role of LSF in diabetes is mainly
attributed to the promotion of mitochondrial metabolism in (-cells,
normalizing the membrane potential of mitochondria and thus stimu-
lating energy production [10,11]. This broad spectrum of activity
suggests that LSF bears significant clinical utility in preventing both
Type-1 diabetes mellitus (T1DM) and Type-2 diabetes mellitus (T2DM)
[1,12]. Its therapeutic potential is further reflected by a clinical trial

* Corresponding author at: Department of Pharmacy, Birla Institute of Technology and Science (BITS), Pilani Campus, Pilani, Rajasthan, 333 031, India.
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wherein, LSF is administered by continuous subcutaneous or in-
travenous route in subjects with TIDM to evaluate its safety, toler-
ability and bioavailability [13]. Apart from being administered as a
drug itself, LSF is also reported to be an active metabolite of another
drug, Pentoxifylline (PTX; 3,7-Dimethyl-1-(5-oxohexyl) =xanthine,
Fig. 1) which is clinically used as a haemorrheologic agent for the
treatment of cerebrovascular and peripheral vascular disease [14]. It
has also been reported that LSF and PTX undergo interconversion in
vivo [15]. PTX has also demonstrated immunomodulatory effects in
animal model of sepsis [16]. Considering the immense therapeutic
potential and multiple pharmacological activities of LSF and PTX as
stated above, appropriate and accurate quantification of LSF is of
paramount significance.

Few methods have been reported in literature, which are based on
either a complex sample preparation procedure or use of sophisticated
instruments like LC-MS/MS that hinders its use in routine analysis for
various applications. Chivers, et al. developed a HPLC-UV method for
simultaneous quantification of LSF and PTX in plasma at a high flow
rate (2 mL/min) using a sample volume of 1000 pL that required 10 mL
of extracting solvent (methylene chloride) [17]. Grasela, et al. reported
a HPLC-UV method requiring a multistep liquid-liquid extraction (LLE)
process and high injection volume (250 pL) that may not be applicable
for routine analysis [18]. A LC-MS/MS method has been reported to
LSF and PTX up to 1 ng/mL however it requires a highly specific sample
preparation method (lithium precipitation using Seraprep reagent)
[19]. Although, use of LC-MS/MS method is a recommended procedure
and significantly enhances the sensitivity of the method; it is not
available in every research laboratory, requires highly trained per-
sonnel and is associated with a high running and maintenance cost.
Moreover, LSF has been reported to be administered at a high dose
ranging from 25 to 50 mg/kg in animals [1,20] and 1-3 mg/kg in hu-
mans [14]. Thus, the need of detecting a concentration below 50 ng/mL
may not arise at all and hence HPLC based methods might also be
equally useful.

The present work describes method development and its detailed
validation for quantification of LSF and PTX in rat plasma within the
range of 50-5000 ng/mL. The proposed method uses a simple li-
quid-liquid extraction (LLE) method using methylene chloride (2 mL)
as an extracting solvent, and small sample volume (200 pL). 3-isobutyl
1-methyl xanthine (IBMX) was selected as internal standard (I.S)
(Fig. 1). Full validation was carried out including selectivity, lower
limit of quantification (LLOQ), limit of detection (LOD), precision, ac-
curacy, carry over effect, dilution integrity and stability, using inter-
nationally accepted guidelines for bioanalytical method validation
[21,22]. Stability studies were also performed to determine the stability
of stock solutions and of plasma samples that were exposed to different
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Fig. 1. Chemical structures of (A) Lisofylline, 1-(5-
Hydroxyhexyl)-3,7-dimethylxanthine, (B) Pentoxifylline, 3,7-
Dimethyl-1-(5-oxohexyl) xanthine and, (C) 3-Isobutyl 1-
Methyl Xanthine, IBMX.

storage conditions including repeated freeze-thaw cycles, autosampler,
long term, and bench top storage. The developed method was applied to
the pharmacokinetics (PK) studies of LSF and PTX (25 mg/kg, i.v.) in
wistar rat.

2. Material and methods
2.1. Chemicals, reagents and experimental animals

(£) LSF (purity =99%, HPLC) was purchased from Cayman
Chemicals Inc. (Michigan, USA). PTX and IBMX (purity =99%, HPLC)
were obtained from Sigma Aldrich (St. Louis, MO, USA). HPLC grade
solvents, acetonitrile (ACN), methanol and methylene chloride were
obtained from Merck Limited (Mumbai, India). Purified water was used
in our studies which refers to the Mili-Q Reference ultrapure water
(Type 1, as described by ASTM", ISO” 3696 and CLSI” norms) prepared
using Milli-Q” Reference water purification system. Wistar rats (male;
8-10 weeks, 200-220 g) were procured from Central Animal Facility,
BITS-PILANI (Pilani, India). Animal experiment protocol was approved
by Institutional Animal Ethics Committee (IAEC), BITS-PILANI, Pilani
and experiments were conducted as per CPCSEA guidelines. Rats were
housed in well ventilated cages at standard laboratory conditions with
regular light/dark cycles for 12 h and fed with standard normal diet ab
Libitum. All other chemicals and reagents were of analytical grade and
used as obtained.

2.2. Liquid chromatographic conditions

A Shimadzu HPLC system (Kyoto, Japan) equipped with a binary
pump (LC-20AD), Photo Diode Array (PDA) detector (SPD-M20A) and
auto sampler (SIL-HTC, Shimadzu, Japan) were used to develop the
analytical method. The HPLC system was equilibrated for approxi-
mately 40 min before beginning the sample analysis. LSF, PTX and
IBMX were separated on Inertsil” ODS (C18) column (250 X 4.6 mm,
5 pm) with a mobile phase consisting of A-methanol B-water (50:50 v/
v) run in isocratic mode at a flow rate of 1 mL/min and injection vo-
lume of 80 pL. Eluents were monitored at a wavelength of 273 nm.
Control of hardware and data handling was performed using LCsolution
software version 1.22 SP1.

2.3. Preparation of stock solutions, calibration curve standards (CS) and
quality control (QC) samples

Stock solutions of LSF (1 mg/mL) and PTX (1 mg/mL) were pre-
pared by dissolving the accurately weighed amount of each of these
analytes in Milli-Q water. The stock solution (1 mg/mL) of IBMX was
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Fig. 2. Representative HPLC-PDA chromatograms obtained after extraction and analysis of (A) Blank rat plasma, (B) Zero (blank rat plasma spiked with internal standard, IS), (C) Plasma
containing LSF, PTX (both 500 ng/mL) and 1.S (400 ng/mL) and, (D) Peak purity curves of the analytes and 1.S. (Peak purity indices have also been indicated which show peak purity for

all peaks =0.9999).

Table 1

Precision and accuracy of back calculated concentrations of calibration standard samples of LSF and PTX in rat plasma (n = 5).

Analyte Nominal concentration (ng/mL) Measured concentration (Mean * SD, ng/mL) Precision (% CV) Accuracy (% bias)

LSF 5000 5055.08 * 90.93 1.80 1.10
2500 2501.52 *+ 84.89 3.39 0.06
1000 1001.92 = 16.82 1.68 0.19
500 517.42 = 07.61 1.47 3.48
250 261.86 = 11.37 4.34 4.74
100 97.15 * (07.48 7.70 —2.85
50 49.51 = 05.07 10.25 -0.97

PTX 5000 5013.78 * 127.95 2.55 0.28
2500 2506.43 * 61.93 2.47 0.26
1000 982.22 * 40.55 4.13 —-1.78
500 520.14 = 2251 4.33 4.03
250 253.78 *+ 13.46 5.31 1.51
100 97.26 = 5.70 5.86 —2.74
50 4895 = 3.73 7.61 —-2.10

SD, standard deviation; CV, coefficient of variation.

prepared by dissolving it in ACN and to make its working solution, it
was diluted (with ACN) to 2 pg/mL. Further, same volumes of LSF and
PTX stock solutions (1 mg/mL) were combined and diluted with water
to obtain 200 pg/mL working solution. From 200 ng/mL working so-
lution, further dilutions of 1, 2, 5, 10, 20, 50 and 100 pg/mL were
prepared by stepwise dilution using mobile phase. The concentrations
of working QC standard solutions were prepared as 1.6, 6 and 60 ug/
mL. CS and QC samples were prepared by spiking 190 pL of drug free
rat plasma with 10 pL of corresponding working standard solutions. The
final CS were prepared as 50, 100, 250, 500, 1000, 2500 and 5000 ng/
mL in plasma matrix. The QC samples were prepared using a working
standard solution at three concentration levels, low QC (LQC, 80 ng/

51

mL), medium QC (MQC, 300 ng/mL) and high QC (HQC, 3000 ng/mL).
All the stock and working solutions were stored in the refrigerator at
—20°C until used for analysis (The stock solutions were tested for
stability under these conditions and found to be stable, as detailed in
Section 3.3).

2.4. Sample preparation

A simple Liquid-liquid extraction (LLE) method was used for ex-
tracting both LSF and PTX from the rat plasma. A 200 uL aliquot of
plasma sample containing LSF and PTX was transferred in 5 mL glass
tube, followed by the addition of 50 pL of L.S (IBMX, 2 ug/mL) solution.
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Fig. 3. Representative HPLC-PDA chromatograms at (A) LLOQ

(50 ng/mL) and, (B) LOD (10 ng/mL).
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Samples were vortexed for 1 min and then 2 mL of methylene chloride
added as extracting solvent. The samples were vortexed for 5 min and
centrifuged at 3500 rpm for 15 min at 4 °C. The lower organic layer was
collected and evaporated to dryness at 40 = 0.5 °C under a stream of
nitrogen gas. The residue was reconstituted with 100 pL of mobile
phase and vortexed for 30 s. Finally, 80 pL of sample was injected into
HPLC for quantification.

2.5. Method validation procedures

The proposed method was validated as per internationally accepted
recommendations for bioanalytical method validation [21,22].

2.5.1. Selectivity

The selectivity of the method was carried out to evaluate potential
chromatographic interference from the rat plasma matrix. For this
purpose, plasma samples were collected from six different randomly
selected Wistar rats and analyzed as per the described chromatographic
conditions.

52

nin

2.5.2. Linearity and calibration curve

The calibration curves of two analytes (LSF and PTX) were prepared
using seven calibration standards in a range of 50-5000 ng/mL. Five
calibration curves were prepared by plotting peak area ratios (Drug/IS)
on Y axis versus nominal plasma concentrations on X-axis. Weighted
linear regression analysis was performed on calibration data. All the
different weighting factors were applied to the data obtained from least-
squares regression analysis and the best weighting factors were chosen
according the percentage relative error (% X RE) [23,24].

2.5.3. Limit of detection (LOD) and lower limit of quantitation (LLOQ)
LOD and LLOQ were determined by SIGNAL TO NOISE (S/N) ratio
method, USP using following formula,

S/N = 2H/h

where, H is the height of the peak measured from the peak apex to a
baseline extrapolated over a distance =5 times the peak width at its
half-height; and h is the difference between the largest and smallest
noise values observed over a distance =5 times the width at the half-
height of the peak. By using the S/N method, the noise around the
analyte retention time was manually measured, and subsequently, the
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concentration of the analyte that yielded a signal equal to certain value
of noise to signal ratio is estimated.

The LOD and LLOQ obtained by S/N method were further confirmed
by visual evaluation method wherein, for confirming LOD, both ana-
lytes were spiked at concentrations lower than LLOQ and LOD was
selected as the minimum level at which the analytes could be reliably
detected. Further, for confirming LLOQ, analyte samples (n = 6) at the
concentration obtained from S/N ratio method and higher were run in
HPLC and LLOQ was determined as the concentration of the analyte
which showed acceptable accuracy and precision ( = 20%).

2.5.4. Precision and accuracy

The intra-day and inter-day assay precision and accuracy were de-
termined by analyzing five replicates at three different QC levels (LQC,
MQC, HQC) and LLOQ. For intra-day assay precision and accuracy
samples were analyzed on same day, while inter-day assay precision
and accuracy were determined by analyzing samples on three con-
secutive days. The acceptance criteria for accuracy are within * 15%
(expressed as percentage of deviation from nominal concentration, %
bias) and for precision within + 15% (expressed as percentage devia-
tion, % CV) except for LLOQ, where it should not exceed = 20% for
both accuracy and precision [21].

2.5.5. Recovery

The percentage recoveries of LSF and PTX through LLE were de-
termined by comparing the detector response obtained from amount of
analytes (at QC sample concentrations) added and extracted from
plasma with detector response obtained from actual concentration of
analytes in mobile phase. The percentage recovery of 1.S was also cal-
culated at a single concentration in of 400 ng/mL (n = 6).

2.5.6. Carry over effect and dilution integrity

Carry over effect was determined by injecting upper limit of quan-
tification calibration standard sample (ULOQ, 5000 ng/mL) followed
by blank sample. Dilution integrity was performed to assess the ability
of the method to accurately quantify concentrations above 5000 ng/mL
(which might be observed in routine analysis). Dilution integrity was
determined by diluting 10 times the plasma (n = 6) containing
25,000 ng/mL of LSF and PTX with blank (drug free) rat plasma to
obtain 2500 ng/mL concentration (within calibration range); accuracy
values was calculated.

2.6. Stability studies

Stability of analytes in both aqueous solution and in plasma matrix
was evaluated before (reference samples) and after subjecting to dif-
ferent conditions that could be encountered during regular analysis.
Stock solution stability was assessed for 3 months at —20 = 0.5°C.

Stability of analytes in plasma was evaluated in terms of free-
ze-thaw stability, bench top stability, long-term stability and

Table 2
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autosampler stability. All stability studies were conducted in three re-
plicates at each concentration of three different QC levels (LQC, MQC
and HQC). Freeze thaw stability was performed after freezing
(—80 = 10 °C for 48 h) and thawing QC samples for three consecutive
cycles within 2 days. Bench top stability was analyzed at room tem-
perature (RT) for 24 h and long term stability was evaluated after
storing the samples at —80 =+ 10 °C for 45 days. Replicate injections of
extracted plasma samples were analyzed after 48 h to estimate auto
sampler stability at 4 = 0.5°C.

All QC samples were extracted and quantified against fresh cali-
bration curves and fresh QC samples. The acceptance criteria of accu-
racy and precision for all stability samples should be within + 15%.

2.7. Pharmacokinetic study of LSF and PTX in wistar rats

The intravenous (i.v.) pharmacokinetics study of LSF and PTX alone
were performed on wistar rats (200-220 g). LSF and PTX were sepa-
rately dissolved in 0.9% w/v saline (25 mg/mL) and administered in-
travenously at the dose of 25 mg/kg with maximum dosing volume of
250 pL to each rat without fasting (n = 4). After i.v dosing, blood
samples were collected in micro centrifuge tubes for each preset time
point at 5, 15, 30, 45, 60, 120, 180, 240, 360, 480 min.

For blood sampling, rats were mildly anaesthetized and blood
samples were collected from retro-orbital plexus into heparinized micro
centrifuge tubes at pre-determined time interval. Blood samples were
centrifuged at 5000 rpm for 10 min to obtain plasma which was sub-
sequently stored at —80 * 10°C until analyzed as per developed
method. LSF and PTX plasma concentration-time profiles were plotted
separately. Plasma concentration-time profiles were analyzed by non-
compartmental model approach using Phoenix 2.1 WinNonlin
(Pharsight corporation, USA) to determine t, /5, elimination half-life; C,,
drug concentration in plasma at t = 0; AUCq,, area under curve from
zero to the last time point; AUC,,_..., area under curve from zero to in-
finity; MRT, mean residence time; CL, clearance and V,, apparent vo-
lume of distribution.

3. Results and discussion
3.1. Method development

3.1.1. Optimization of liquid chromatographic conditions

A systematic approach was followed for the method development so
as to obtain a method using suitable chromatographic conditions, along
with easy and quick sample preparation technique while still ensuring
an appropriate recovery, symmetry of peaks and high resolution of
analytes and 1.S. Considering this objective, initially liquid chromato-
graphic conditions such as choice of mobile phase and its composition,
column selection, flow rate and injection volume were optimized ac-
cordingly. Final optimization was carried out by making deliberate
variation in chromatographic conditions such as flow rate, mobile

Precision (% CV) and accuracy (% bias) of the analytes in rat plasma samples at quality control concentrations of the calibration ranges (n = 5).

Analyte Level Nominal Conc. Inter-day Intra-day
(ng/mL)
Measured Conc. (Mean + SD,ng/ml) Precision (% Accuracy (% Measured Conc. (Mean * SD, ng/ml) Precision (% Accuracy (%
cV) bias) cVv) bias)
LSF LLOQ 50 49.24 *+ 0.60 0.75 —1.52 49.75 * 0.54 0.67 —0.49
LQC 80 79.90 = 6.57 5.92 -0.13 76.46 * 2.38 2.21 —4.43
MQC 300 309.74 = 18.40 5.40 3.25 308.11 = 14.20 4.19 2.70
HQC 3000 3052.39 * 68.50 2.22 1.75 3136.48 + 119.57 3.78 4.55
PTX LLOQ 50 48.23 = 243 3.76 —3.55 49.20 * 4.76 7.25 —1.60
LOQC 80 75.65 = 1.16 1.26 —5.44 79.10 * 17.97 6.34 —-1.12
MQC 300 312.67 * 11.36 3.45 4.22 315.03 = 17.99 5.43 5.01
HQC 3000 3014.89 + 31.37 1.03 0.50 3109.63 + 158.84 5.08 3.65
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Table 3
Absolute recoveries (%) of analytes in rat plasma samples from quality control con-
centrations of the calibration ranges.

Analyte Level Nominal concentration (ng/mlL) n Recovery (%)

Mean * SD % CV

LSF LLOQ 50 5 8250 = 562 6.82
LQC 80 5 79.52 = 405 5.10

MQC 300 5 80.60 = 251 3.12

HQC 3000 5 80.18 = 2.37 296

Mean 20 80.47 £ 344 428

PTX LLOQ 50 5 81.07 = 5.08 6.27
LQC 80 5 79.37 = 3.63 457

MQC 300 5 81.85 * 149 1.83

HQC 3000 5 81.27 = 2.62 3.23

Mean 20 80.89 + 3.73 4.61

n, number of samples; SD, standard deviation; CV, coefficient of variation.
Recovery for 1.S was 78.87 *+ 1.84% (n = 6).

phase composition and column temperature and different system suit-
ability parameters including retention time (tg), peak tailing (10%),
resolution (R;), height equivalent to theoretical plate (HETP), theore-
tical plate number (N) were assessed (Supplementary data; Table S1).
After final optimization, Inertsil” ODS column (250 X 4.6 mm, 5 pm),
mobile phase including A-methanol B-water (50:50 v/v) in isocratic
mode and 1 mL/min flow rate was found to be the most suitable for the
quantification of LSF and PTX since it offered best peak shape and peak
intensities along with selectivity and speed of analysis. Using the op-
timized chromatographic conditions LSF, PTX and IBMX showed re-
tention time of 6.50, 7.67 and 9.97 min respectively with an overall run

Table 4
Stability studies.
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time of 15 min. A representative chromatogram for sample containing
LSF, PTX and IBMX is depicted in Fig. 2.

3.1.2. Optimization of sample preparation method

The plasma sample clean-up procedure plays a vital role in the
method as it directly affects sensitivity and selectivity of the method.
Higher recoveries of analytes from plasma matrix can be obtained by
minimizing sample preparation steps as well as appropriate selection of
extraction solvent. The sample preparation technique was optimized in
terms of extraction solvent type, sample volume and time required
(Supplementary data; Table S2). We have tested different solvents in-
cluding methylene chloride, chloroform, methanol, ACN, chloroform-
methylene chloride (1:1 v/v), methylene chloride —-methanol (1:0.1 v/
v), methylene chloride with 0.1 M hydrochloric acid; among these
different solvents, methylene chloride was selected as the extraction
solvent of choice because it provides good recoveries of analytes, has a
low boiling point (~40 °C) and could be easily evaporated after ex-
traction using evaporator or simply by air drying. Although evaporation
and reconstitution steps are included, sample preparation remains
simple and allows high throughput analysis, while requiring only small
volume of plasma for analysis (200 pL). The extraction procedure used
only 2mL of methylene chloride which is found to be sufficient to
obtain recoveries (=80%) of LSF and PTX from plasma. Finally, a
simple method of extraction was optimized in which both analytes and
1.S showed good resolution factor (R, 3.55 = 0.07 for LSF and PTX
peak), appropriate retention times (6.5, 7.67 and 9.97 min for PTX, LSF
and IBMX respectively) and no interference of plasma matrix (peak
purity in all cases, < 0.9999).

(a) Stock solution stability (—20 °C) for LSF and PTX.

Analyte Peak area (Mean + SD)" % CV % diff*
0ld Stock (3 months) Fresh Stock (0 h) 0ld stock Fresh stock

LSF 1,993,402 * 14,174 2,003,204 = 6775 0.71 0.34 0.49

PTX 1,925,070 * 14,778 1,934,924 = 8728 0.78 0.45 0.51

(b) Stability of analytes in rat plasma at three QC levels.

Stability Nominal concentration (ng/mL) Measured concentration (Mean * SD, ng/mL) Precision (% CV) Accuracy (% bias)
LSF PTX LSF PTX LSF PTX
0h (for all) 3000 3070.13 = 64.20 2999.66 = 45.15 1.59 1.50 0.37 —0.01
300 303.58 = 5.32 308.64 = 9.77 1.75 3.17 1.19 2.88
80 78.08 = 1.18 78.64 = 2.11 2.41 2.69 —2.45 —1.69
Autosampler (48 h) 3000 2969.36 * 19.67 2931.44 * 39.18 0.66 1.34 —-1.02 —2.28
300 281.20 = 6.67 277.24 * 3.37 2.37 1.22 —6.27 —-7.59
80 7898 = 1.29 8240 = 1.38 1.63 1.68 -1.27 3.00
Bench-top (24 h, RT) 3000 2988.95 * 99.20 2923.97 * 93.13 3.31 3.19 —0.03 —2.53
300 294.81 += 7.89 283.60 = 9.59 2.68 3.38 —-1.73 —5.47
80 75.88 = 1.89 77.72 = 3.83 2.49 4.93 —-5.15 —2.85
Freez-thaw (-80 °C, 3 cycle) 3000 2955.69 * 35.58 2889.35 * 27.81 1.20 0.96 —-1.48 —-3.69
300 301.34 = 1.97 287.41 = 1.88 0.65 0.66 0.45 —-4.20
80 78.85 = 3.47 75.77 = 2.71 4.41 3.58 —1.44 —5.28
Short term (4 °C,48 h) 3000 2970.80 * 46.17 2910.85 * 39.30 1.54 1.35 —-0.97 —2.97
300 292.04 = 3.62 282.60 = 2.69 1.12 0.95 —2.65 —5.80
80 75.33 * 2.77 7818 = 1.55 2.60 1.98 —5.84 —2.28
Long term (-80 °C, 45 days) 3000 2932.87 * 67.28 2858.13 * 45.48 2.29 1.59 —2.24 —4.73
300 282.58 + 14.00 275.67 = 3.99 4.96 1.45 —-5.81 —-8.11
80 73.14 = 1.86 75.83 = 2.44 2.54 3.22 —-857 —-5.22

? 0 difference determined by following equation: (mean test — mean control)/[(mean test + mean control)/2] X 100.

P Peak area obtained for dilution of stock solutions up to 50 pg/mL.
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3.2. Method validation

3.2.1. Selectivity

The analysis of blank plasma samples from six different healthy rats
using the developed method confirmed the absence of matrix inter-
ference at the retention time of the analytes and L.S.

Fig. 2 showed representative HPLC-PDA chromatograms obtained
after extraction and analysis of blank rat plasma, blank rat plasma
spiked with 1.S (Zero), plasma containing LSF, PTX (both 500 ng/mL)
and peak purity curves of the analytes and LS.

3.2.2. Linearity, calibration curve, LOD, LLOQ

All the five calibration curves exhibited linearity and reproducibility
in the range of 50-5000 ng/mL (r* > 0.9999). Weighted linear re-
gression analysis was also used to calculate %, slopes and intercepts (1/
var, 1/x, 1/x%, 1/V%, 17y, 1/y%, 1/./y) that showed best weighting
factors as 1/y* and 1/var for LSF and PTX respectively which have
minimum percentage relative error (% ¥ RE) although the difference
observed was not significant from the un-weighted method
(Supplementary data; Table S3). The observed mean back calculated
concentrations for calibration standards with accuracy (% bias) and
precision (% CV) are presented in Table 1. At LLOQ accuracy (% bias)
was found to be —0.97 for LSF and —2.1% for PTX with precision of
<10.25% for both the analytes. For S/N method, S/N ratio was found
to be 4.16 and 14.28 respectively (acceptable limits =3 for LOD and
=10 for LLOQ). LOD and LLOQ by S/N method and visual evaluation
method were determined which were found to be 10 ng/mL and 50 ng/
mL respectively for both analytes as shown in Fig. 3.
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3.2.3. Precision and accuracy

As shown in Table 2, inter and intra-day precision at all QC level
(LQC, MQC and HQC) and LLOQ were =<4.19 for LSF and <7.25 for
PTX. The % accuracy for both LSF and PTX was found in range of
—4.43 to 5.01%. Thus the obtained values for accuracy and precision
for both the analytes were found to be within the recommended range
( = 15% except LLOQ * 20%).

3.2.4. Recovery, carry over, dilution integrity

The mean absolute recovery values for LSF and PTX were found to
be > 80% as shown in Table 3. The mean absolute recovery for L.S was
found to be 78.87 = 1.84% (n = 6). No carry over effect was observed
as there was absence of any peaks of analytes and L.S in blank sample
injected after ULOQ. Integrity of method upon dilution was also es-
tablished by 10 times dilution of LSF and PTX containing plasma
(25,000 ng/mL) demonstrated accuracy values as 99.90 * 4.58 and
100.35 = 1.74% respectively.

3.3. Stability studies

The stability studies of LSF and PTX in rat plasma as per procedure
described in Section 2.6. Stability studies indicated that both the ana-
lytes were stable in aqueous solutions and in rat plasma under different
storage conditions that may be encountered during routine study
sample analysis (Table 4).

3.4. Pharmacokinetic study of LSF and PTX in rats

The suitability of the method was demonstrated in pharmacokinetic
studies wherein, LSF and PTX were administered at a single dose of
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Fig. 4. Application of the developed method to pharmacokinetic study of LSF and PTX. (A) Plasma concentration-time profiles of (i) LSF and (ii) PTX (Mean = SEM, n = 4) and, (B)
Representative chromatograms of plasma samples obtained 2 h post drug administration for (i) LSF and (ii) PTX.

*In these studies, LSF and PTX were administered by i.v. bolus at a single dose of 25 mg/kg each in rat (n = 4).

*In both the chromatograms; a peak corresponding to the other analyte is also seen which is attributed to the interconversion of both these analytes in vivo [15].
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Table 5
The non-compartmental pharmacokinetic parameters for LSF and PTX in rat plasma after
i.v. bolus (25 mg/kg) administration to rat (n = 4).

Parameters Mean *+ SEM

LSF PTX
C, (ng/mL) 22,295.204 = 3691.39 15,835.204 * 711.96
t12 (h) 0.661 = 0.03 0.539 = 0.06
Ke (1/h) 1.056 * 0.05 1.317 = 0.13
AUCq 105 (ng h/mL) 23,944.589 *+ 992.83 17,092.707 + 1008.34
AUC,... (ng h/mL) 24,067.711 = 995.38 17,198.155 * 959.69
AUMC 105t (ng.h/mL) 22,441.435 *+ 1592.68 13,198.186 *= 382.86
AUMG... (ngh/mL) 22,789.458 *+ 1692.67 13,711.159 * 502.03
MRT (h) 0.937 *= 0.07 0.778 = 0.05
V, (mL/kg) 997.077 * 71.35 1152.149 = 201.24
CL (mL/h/kg) 1044.124 = 43.53 1463.108 + 84.87

25 mg/kg (i.v.) individually in wistar rats. Fig. 4 shows representative
chromatograms of pharmacokinetic study samples at 2h and mean
plasma concentration-time profiles of LSF and PTX. Different pharma-
cokinetic parameters were evaluated by non-compartmental model
approach using Phoenix 2.1 WinNonlin software as shown in Table 5.
The initial concentrations (Co) were found to be 22295.20 ng/mL and
15835.20 ng/mL for LSF and PTX respectively. The half-life for LSF and
PTX were found to be 0.66 and 0.54 h respectively which indicates
rapid metabolism of both the analytes. The AUCq_, for LSF and PTX,
calculated based on the trapezoidal rule were found to be 23944.59 and
17092.70 ng h/mL respectively. The V, for LSF and PTX were found to
be 997.07 and 1152.15 mL/kg where CL for LSF and PTX were 1044.12
and 1463.10 mL/h/kg respectively. In both the pharmacokinetic stu-
dies, peak of corresponding analyte (LSF or PTX) was obtained which is
attributed to the interconversion of both analytes in vivo (Fig. 4).

4. Conclusion

The analytes quantified in the present study, LSF and PTX carry
immense therapeutic potential. Considering this fact, the reported
method has been developed and validated such that it could be ex-
tensively used for their routine analysis for understanding the in vivo
drug—drug interactions and pharmacokinetic-pharmacodynamic (PK-
PD) studies etc. Additionally the reported method is based upon use of a
simple and rapid sample preparation process, shows freedom from
matrix interference and requires a small plasma sample volume
(200 pL). It can analyze the drugs in a wide concentration range
(> 5000 ng/mL) with a short overall run time (15 min) without using
any sophisticated instruments.

The study also highlighted complete stability of LSF and PTX in
plasma when stored under different conditions; freezer storage
(—80°C), auto-sampler, bench top conditions and after three con-
secutive freeze-thaw cycles.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the

online version, at http://dx.doi.org/10.1016/j.jchromb.2017.06.043.

References

[1]

[2]

[3]

[4]

[51

[6]

[7

—

[8

fhi}

[91

[10]

[11]

[12]

[13]

[14]
[15]

[16]

171

[18]

[19]

[20]

[21]

[22]

[23]

[24]

J.S. Striffler, J.L. Nadler, Lisofylline, a novel anti-inflammatory agent, enhances
glucose-stimulated insulin secretion in vivo and in vitro: studies in prediabetic and
normal rats, Metabolism 53 (2004) 290-296.

A.V. Furth, E.V. Seijmonsbergen, R.V. Furth, J. Langermans, Effect of lisofylline and
pentoxifylline on the bacterial-stimulated production of TNF-a, IL-1f and IL-10 by
human leucocytes, Immunology 91 (1997) 193-196.

J.W. Singer, S.L. Rursten, G.C. Rice, W.P. Gordon, J.A. Bianco, Inhibitors of in-
tracellular phosphatidic acid production: novel therapeutics with broad clinical
applications, Expert Opin. Investig. Drugs 3 (1994) 631-644.

G.C. Rice, J. Rosen, R. Weeks, J. Michnick, S. Bursten, J.A. Bianco, J.W. Singer, CT-
1501R selectively inhibits induced inflammatory monokines in human whole blood
ex vivo, Shock 1 (1994) 254-266.

K. Waxman, K. Daughters, S. Aswani, G. Rice, Lisofylline decreases white cell ad-
hesiveness and improves survival after experimental hemorrhagic shock, Crit. Care
Med. 24 (1996) 1724-1728.

E. Abraham, S. Bursten, R. Shenkar, J. Allbee, R. Tuder, P. Woodson, D.M. Guidot,
G. Rice, J.W. Singer, J.E. Repine, Phosphatidic acid signaling mediates lung cyto-
kine expression and lung inflammatory injury after hemorrhage in mice, J. Exp.
Med. 181 (1995) 569-575.

P. Masiello, C. Broca, R. Gross, M. Roye, M. Manteghetti, D. Hillaire-Buys,

M. Novelli, G. Ribes, Experimental NIDDM: development of a new model in adult
rats administered streptozotocin and nicotinamide, Diabetes 47 (1998) 224-229.
J. Leahy, S. Bonner-Weir, G. Weir, Abnormal glucose regulation of insulin secretion
in models of reduced B-cell mass, Diabetes 33 (1984) 667-673.

S.L. Bursten, D. Federighi, J. Wald, B. Meengs, W. Spickler, E. Nudelman, Lisofylline
causes rapid and prolonged suppression of serum levels of free fatty acids, J.
Pharmacol. Exp. Ther. 284 (1998) 337-345.

P. Cui, T.L. Macdonald, M. Chen, J.L. Nadler, Synthesis and biological evaluation of
lisofylline (LSF) analogs as a potential treatment for Type 1 diabetes, Bioorg. Med.
Chem. Lett. 16 (2006) 3401-3405.

M. Chen, Z. Yang, R. Wu, J.L. Nadler, Lisofylline, a novel antiinflammatory agent,
protects pancreatic f3-cells from proinflammatory cytokine damage by promoting
mitochondrial metabolism, Endocrinology 143 (2002) 2341-2348.

Z.D. Yang, M. Chen, R. Wu, M. McDuffie, J.L. Nadler, The anti-inflammatory
compound lisofylline prevents Type I diabetes in non-obese diabetic mice,
Diabetologia 45 (2002) 1307-1314.

National Institutes of Health, A Safety, Tolerability and Bicavailability Study of
Lisofylline After Continuous Subcutaneous (12, (2012) http://clinicaltrials.gov/
show/NCT01603121/ (Accessed 28 January 2017).

R. Miiller, Hemorheology and peripheral vascular diseases: a new therapeutic ap-
proach, J. Med. 12 (1981) 209-235.

E. Wyska, E. Pekala, J. Szymura-Oleksiak, Interconversion and tissue distribution of
pentoxifylline and lisofylline in mice, Chirality 18 (2006) 644-651.

P. Noel, S. Nelson, R. Bokulic, G. Bagby, H. Lippton, G. Lipscomb, W. Summer,
Pentoxifylline inhibits lipopolysaccharide-induced serum tumor necrosis factor and
mortality, Life Sci. 47 (1990) 1023-1029.

D. Chivers, D. Birkett, J. Miners, Simultaneous determination of pentoxifylline and
its hydroxy metabolite in plasma by high-performance liquid chromatography, J.
Chromatogr. 225 (1981) 261-265.

D.M. Grasela, M.L. Rocci, High-performance liquid chromatographic analysis of
pentoxifylline and 1-(5-hydroxyhexyl)-3, 7-dimethylxanthine in whole blood, J.
Chromatogr. 419 (1987) 368-374.

P.B. Kyle, K.G. Adcock, R.E. Kramer, R.C. Baker, Use of liquid chromato-
graphy-tandem mass spectrometry for the analysis of pentoxifylline and lisofylline
in plasma, Biomed. Chromatogr. 19 (2005) 231-236.

E. Wyska, A. Swierczek, K. Pociecha, K.P. Pomierny, Physiologically based mod-
eling of lisofylline pharmacokinetics following intravenous administration in mice,
Eur. J. Drug Metab. Pharmacokinet. 41 (2016) 403-412.

US Food Drug Administration, Guidance for Industry, Bioanalytical Methods
Validation, (2013) https://www.fda.gov/downloads/Drugs/Guidances/
ucm368107.pdf (Accessed 28 January 2017).

S. Kollipara, G. Bende, N. Agarwal, B. Varshney, J. Paliwal, International guidelines
for bioanalytical method validation: a comparison and discussion on current sce-
nario, Chromatographia 73 (2011) 201-217.

AM. Almeida, M.M. Castel-Branco, A. Falcao, Linear regression for calibration lines
revisited: weighting schemes for bioanalytical methods, J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 774 (2002) 215-222.

T. Singtoroj, J. Tarning, A. Annerberg, M. Ashton, Y. Bergqvist, N. White,

N. Lindegardh, N. Day, A new approach to evaluate regression models during va-
lidation of bioanalytical assays, J. Pharm. Biomed. Anal. 41 (2006) 219-227.



L))

Check for
updates

BASIC SCIENCE

Nanomedicine: Nanotechnology, Biology, and Medicine
15 (2019) 175-187

nanomedicine

Nanotechnology, Biology. and Medicine

ELSEVIER Original Article

nanomedjournal.com

Self-assembling lisofylline-fatty acid conjugate for effective treatment
of diabetes mellitus

Kishan S Ttaliya, MS (Pharm)®, Samrat Mazumdar, MS (Pharm)®, Saurabh Sharma, M Pharm?,
Deepak Chitkara, PhD?, Ram I. Mahato, PhD®, Anupama Mittal, PhD**

“Department of Pharmacy, Birla Institute of Technology and Science (BITS-PILANI), Pilani, Rajasthan, India
YDepartment of Pharmaceutical Sciences, University of Nebraska Medical Center, Omaha, United States

Abstract

Lisofylline is an anti-inflammatory agent with proven anti-diabetic activity. Its high solubility and rapid metabolism results in poor
bioavailability and short half-life, limiting its clinical utility. We have synthesized Lisofylline-Linoleic acid (LSF-LA) conjugate which self-
assembled into micelles (156.9 nm; PDI 0.187; CMC 1 pg/mL; aggregation number 54) without any surfactant and showed enhanced cellular
uptake. It protected MING6 insulinoma cells from cytokine induced cell death and enhanced insulin production under inflammatory
conditions. It also suppressed the proliferation of activated peripheral blood mononuclear cells and reduced the production of inflammatory
cytokines, [FN-y and TNF-a. LSF-LA micelles exhibited reduced protein binding, significantly higher half-life (5.7-fold) and higher
apparent volume of distribution (5.3-fold) than free LSF. In T1D animals, reduced blood glucose levels were observed at a reduced dose (~15
mg/kg, once daily of LSF-LA micelles vs. 25 mg/kg, twice daily of free LSF) that was further confirmed by immunohistochemical analysis.

© 2018 Elsevier Inc. All rights reserved.
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Type-1 diabetes (T1D) is a chronic metabolic autoimmune
disease resulting in hyperglycemia due to the loss of insulin-
producing p-cells in the endocrine part of the pancreas, the islets of
Langerhans. " The discovery of small molecules that can protect -
cells against proinflammatory cytokines and preserve functional p-
cell mass could potentially prevent life-long insulin therapy and
complications in diabetic patients.4’5 Lisofylline (LSF) is one such
small synthetic molecule with anti-diabetic activity,6 majorly
attributed to its ability to a) inhibit the proinflammatory cytokine
(IL-1p, TNF-o and IFN-y) production’ ° and, b) effective
suppression of T-cell activation and differentiation via inhibition
of the STAT4-mediated IL-12 signaling.6’10713 Most importantly,
LSF can also maintain p-cell insulin secretory function in the
presence of inflammatory cytokines and regulate immune cellular
function to suppress autoimmunity.7’13 15 Apart from T1D, LSF is
effective in treatment for type 2 diabetes (T2D),'® experimental
sepsis-induced acute lung injury,!”'® infectious sepsis,'>° endo-
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toxic shock,z] hemorrhagic shock? and autoimmune recurrence
following islet transplantation,'” mainly owing to its anti-
inflammatory and immunomodulatory propetties.

The broad spectrum of activities of LSF suggests its significant
clinical potential but inspite of being a potent molecule it poses
certain major challenges that limit its clinical development, including
high aqueous solubility (~60 mg/mL in water) which hinders its
encapsulation in any delivery system. 10 SFis reported to be orally
non-bioavailable and possesses an extremely short half- life**>* and
is hence administered at a high dose of 25 mg/kg twice daily in TID
animals'*'® and in clinical trials, at a single dose of 12 mg/kg by
continuous subcutaneous (s.c.) or i.v. infusion over 24 hours. It also
undergoes rapid metabolism to form metabolite pentoxifylline
(PTX) and this LSF-PTX interconversion is mainly responsible for
the high dose of LSF.*

In the present work, our objective was to overcome the
physicochemical and pharmacokinetic limitations associated with
LSF. For this purpose, we designed a LSF-fatty acid conjugate
which could self-assemble into micelles in nano size range. This
would enable hydrophobization of the drug, increase in its mean
residence time in the body, and reduce LSF-PTX interconversion.
As shown in Fig. S1, LSF-PTX interconversion is attributed to the
presence of a secondary hydroxyl group in the side chain of LSF
which oxidizes into ketone group and forms metabolite PTX. In this
work, we protected the hydroxyl group by conjugating LSF with a

Please cite this article as: Italiya KS, et al, Self-assembling lisofylline-fatty acid conjugate for effective treatment of diabetes mellitus. Nanomedicine: NBM
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Figure 1. Mechanism of action of LSF in T1D, problems associated with LSF and our proposed strategy and its advantages.

fatty acid that is linoleic acid (LA) via ester bond formation. Using
this approach there is a possibility that the resulting molecule (LSF-
LA conjugate) would be amphiphilic in nature as LSF is hydrophilic
and LA is hydrophobic and hence would self-assemble into micelles
which would further improve the pharmacokinetics and therapeutic
efficacy of LSF. This could also reduce the dose since micellar
formulations are known to prolong the circulation time and
significantly decrease the metabolism and renal clearance of the
encapsulated drugs.27 Figure 1 depicts the role of LSF in T1D,
problems associated with it and our proposed strategy along with its
advantages for drug delivery of LSF. To our knowledge, this is the
first report on self-assembling nano-drug delivery system of LSF
using the drug-fatty acid conjugation strategy.

Methods
Materials and reagents

LSF (purity =99%) was purchased from Cayman Chemicals
Inc. (Michigan, USA). HPLC grade solvents, acetonitrile,
methanol and methylene chloride were obtained from Merck
(Mumbai, India). Dulbecco’s Modified Eagle Medium (DMEM),
Fetal Bovine Serum (FBS), TrypLE and recombinant proteins
(TNF-a, IL-1p and IFN-y) were obtained from Invitrogen
(USA); Linoleic acid (purity =99%), Streptozotocin (STZ), 3-
Isobutyl-1-methylxanthine (IBMX; >99%; Internal standard), 3-
[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide

(MTT) Cetylpyridinium chloride and D-glucose were purchased
from Sigma Aldrich (USA). ELISA kits for TNF-o and IFN-vy
(ELISA MAX™) were obtained from BioLegend (USA).
Carboxyfluorescein succinimidyl ester (CFSE) staining assay kit
(CellTrace™), Ficoll-Paque and Phytohaemagglutinin (PHA) were
obtained from ThermoFisher (USA). N-(3-Dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC.HCI), Bovine serum
albumin and 4-Dimethylaminopyridine (DMAP) were purchased
from Spectrochem Ltd. (Mumbai, India). All other chemicals and
reagents were of analytical grade and used as obtained. MIN-6 cells
were procured from NCCS, Pune (INDIA).

Synthesis of lisofylline-linoleic acid conjugate (LSF-LA conjugate)

It was synthesized by carbodiimide coupling reaction using
EDC.HCI and DMAP as shown Figure 2. Under N,, LA (21.6
mmol, 1.2 eq) solution in anhydrous CH,Cl, (DCM; 250 mL)
was mixed with DMAP (21.6 mmol, 1.2 eq) for 15 min. EDC.
HCI1 (27 mmol, 1.5 eq) solution in DCM was added and the
reaction mixture was stirred for 1 h at 4 °C. Thereafter, LSF (19.8
mmol, 1.1 eq) was added and reaction was continued for 36 h at
room temperature (RT) in dark conditions. Reaction was
monitored by TLC. On completion of the reaction, reaction
mixture was diluted with DCM, washed with water and brine
solution and organic layer was dried on anhydrous MgSO, and
evaporated under vacuum. The semi-solid crude product so
obtained was purified using flash chromatography. This yielded
the final product, LSF-LA conjugate; which appeared as a
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transparent viscous colorless liquid. LSF-LA conjugate so
obtained was characterized for its structure, molecular weight
and purity by analytical techniques '"H NMR, "*C NMR, HR-
MS, HPLC, FT-IR and DSC.

Stability of LSF-LA conjugate in plasma

LSF-LA conjugate (20 mg/mL in DMSO, 10 pL) was added
to rat plasma (1 mL) and kept at 37 °C for 72 h. At pre-
determined time points, 100 uL of sample was withdrawn to
which 50 puL of internal standard (IBMX, 2 pg/mL) and 2 mL
of DCM were added. The resulting mixture was centrifuged at
3500 rpm for 15 min at 4 °C, after which the supernatant was
transferred into a fresh tube and evaporated to dryness under
nitrogen. Dried samples were reconstituted in 100 pL of mobile
phase and analyzed by HPLC (Shimadzu, Japan) using our
previously reported method.*®

Self-assembly of LSF-LA conjugate

The amphiphilic nature of LSF-LA conjugate indicates the
possibility of its self-assembly into micelles. To explore this,
LSF-LA conjugate in DCM was added dropwise into water,
followed by stirring for 15 min and evaporation of DCM.
Resulting micelle formulation was sonicated for 3 min under
cold conditions. The size and zeta-potential of the micelles were
measured using a Zetasizer Nano-ZS (Malvern, UK) with at
scattering angle of 173°.

Critical micellar concentration (CMC) of LSF-LA conjugate

Formation of self-assembled micelles was confirmed by
determination of CMC of LSF-LA conjugate in aqueous solution

by fluorescence spectroscopy using pyrene. Self-assembled
micelles of LSF-LA conjugate at concentrations ranging from
1.0x107° mg/ mL to 2.0 mg/mL were mixed with pyrene
solution (6 x 10 7 M) and incubated for 24 h with shaking at
RT. The fluorescence intensity of the solution was recorded
using spectrofluorimeter (RF-5301 Shimadzu, Japan) at an
excitation and emission wavelengths of 300 360 nm and 390 nm
respectively. Plot was constructed between [3/1; versus logarithm
of LSF-LA micelles concentration wherein, the 15 and I; values
were determined from the shifting of peak intensities at the
wavelengths of 337 and 333 nm.

Micelle aggregation number (N,g,,) of LSF-LA conjugate

The micellar N,,, was determined by steady state fluorescence
measurements based upon the theory of Turro and Yekta. »
According to this theory, the relation between the steady state
fluorescence intensities of the probe with and without quencher (F¢,
and F, respectively) is determined by the micelle concentration (M)
and the quencher concentration in the micelles (Q) according to:

In (F—O) = Q (1)
FQ M
where,
C-CMC
M=——— 2
N (2)

where, C = total surfactant concentration, CMC = critical micelle
concentration, and N,g, = aggregation number.

In this experiment, pyrene and cetylpyridinium chloride
(CPC) were used as probe and quencher, respectively. For



178 K.S. Italiya et al / Nanomedicine: Nanotechnology, Biology, and Medicine 15 (2019) 175-187

sample preparation, stock solutions of pyrene in LSF-LA
micellar solution at 30 times the CMC (Solution I) and pyrene
+ CPC in LSF-LA micellar solution at 30 times the CMC
(Solution II) were prepared. Solution-I was prepared by
transferring 2 mL of pyrene in ethanol (10 * M) into a 100 mL
glass bottle followed by evaporation of the solvent with nitrogen.
To this, 100 mL of the LSF-LA micellar solution at 30 times the
CMC was added and stirred overnight. In solution-I, the final
pyrene concentration was 2 x 10 ® M. For preparing Solution I,
220.01 mg of CPC was dissolved in 20 mL of Solution-I to obtain
Solution-I1 having CPC concentration of 2.8 x 10 M. Appro-
priate volumes of these two solutions were then mixed to vary the
CPC concentration from 0 to 1.54 x 10 * M.

Fluorescence steady state measurements were carried out
with a Shimadzu RF-5301 spectrofluorimeter at room temper-
ature with an excitation wavelength at 318 nm, bandwidth 5 nm,
and emission recorded from 320 nm to 450 nm. Each spectrum
obtained with the instrument showed three vibronic peaks. The
height (in arbitrary units) of the first vibronic peak at 376 nm was
then taken as the fluorescence intensity generated by the above
solutions.

Protein interaction studies with LSF-LA conjugate micelles

Interaction between LSF-LA micelles and bovine serum
albumin (BSA) (as a model protein) was determined by
fluorescence quenching method wherein, the change in emission
fluorescence of BSA before and after incubation with LSF-LA
micelles was studied. Binding constant as well as number of
binding sites per BSA molecule were also determined using the
Scatchard equation®®*! (Eq. (3)) which represents binding of
small molecules to a set of equivalent sites on another molecule.

FO-F
log = log Kb+ n. log [Q] (3)

where Fg and Fy represent the fluorescence intensity in the
presence and absence of quencher respectively, K; is the
apparent binding constant and 7 is the number of binding sites
per BSA molecule.

For this purpose, a series of different concentrations of LSF-
LA micelles in water (0—100 pM) and BSA solution at 2 uM
(constant) were incubated together for 30 min. Thereafter,
fluorescence intensity of these solutions was measured at
emission wavelength of 343 nm and excitation wavelength at
280 nm. Similar experiment was also performed using free LSF
and BSA as a control. The fluorescence quenching data so
obtained was plotted as log (Fo-F)/Fq against log of quencher
concentration (LSF-LA micelles or LSF; log [Q]) to determine
the binding constant as well as number of binding sites per BSA
molecule.

Further, the mechanism by which LSF quenches the fluorescence
of BSA was also investigated by studying the change in the
absorption spectra of BSA after binding of LSF-LA micelles.™ The
absorption spectra for this purpose were recorded using an
ultraviolet visible (UV Vis) V-650 Jasco spectrophotometer
equipped with a quartz cell with a 1-cm path length.

In vitro studies of LSF-LA conjugate

To evaluate the efficacy of LSF-LA micelles in diabetic
conditions, mouse insulinoma cells, MIN-6 were used. Cells
were maintained in RPMI media supplemented with 10% FBS
and 1% antibiotic solution and incubated at 5% CO, and 37 °C.

Cell viability assay

MIN6 cells (5 x 10%/well) were seeded in a 96 well cell
culture plate and allowed to adhere for 24 h. Three different
concentrations of LSF-LA conjugate ranging from 10 to 40 uM
were added to the cells and incubated at 37 °C/5% CO,
Untreated cells and cells treated with free LSF and LA at
equivalent concentrations to LSF-LA conjugate were kept as
controls. After 48 h, MTT assay was performed and the
percentage cell inhibition was determined by comparison with
untreated cells.

%Cell viability = (OD samples wells/OD control wells) x 100
(4)

Protective effect rendered by LSF-LA conjugate micelles to cells
under inflammatory conditions

MING cells (5 x 10*/well) were exposed to a cocktail of pro-
inflammatory cytokines (TNF-«; 10 ng/mL, IL-1p; 5 ng/mL and
IFN-y; 100 ng/mL) to induce inflammation.** To these cells,
along with cytokines, free LSF, free LA and LSF-LA conjugate
were also added (~20 uM) and incubated for 48 h. Thereafter, the
cells were evaluated for their viability by MTT assay and insulin
secreting ability by a static incubation method using basal (3.33
mM) and stimulatory glucose (33.33 mM) concentrations
prepared in Krebs-Ringer bicarbonate HEPES buffer (pH 7.4).
After 1 h of incubation, supernatants were collected and analyzed
for insulin using commercially available ELISA kit.

Suppression of PBMC proliferation and activation by LSF-LA
conjugate

PBMCs were freshly isolated from mouse blood using Ficoll-
Paque density gradient method. These cells were then exposed to
PHA (1 pg/mL, mitogen activator) in the presence of LSF-LA
conjugate keeping suitable controls as PBMCs with PHA alone,
with PHA and free LSF and with PHA and free LA. After 48 h,
the supernatants were evaluated for PBMCs proliferation using
CFSC staining assay kit as per manufacturer’s instructions using
flow cytometry with a 488 nm excitation laser.®® The extent of
cell activation was also determined by measuring the level of
inflammatory cytokines, TNF-a and IFN-vy in the conditioned
medium of PBMCs using ELISA kits.

Cellular uptake studies for LSF-LA conjugate micelles

To evaluate the uptake of LSF after conjugation with LA in
MING cells, cellular uptake studies of LSF-LA self-assembled
micelles was performed wherein, MING cells were incubated with
LSF-LA micelles (~20 pM LSF; n = 4) and free LSF (20 uM) for
6 h and untreated cells were kept as a control group. After 6 h, the
media was withdrawn and centrifuged at 1000 rpm for 10 min to
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remove any cells/debris. LSF-LA or LSF was then extracted from
this media (0.5 mL) by adding 50 uL of .S (IBMX) and 1.2 mL of
DCM followed by centrifugation at 3500 rpm for 15 min; 1 mL of
DCM layer was collected and dried. This was reconstituted in 100
uL of mobile phase out of which 80 pL of sample was injected in
HPLC for LSF and LSF-LA analysis.

In vivo studies for LSF-LA conjugate

Experimental protocol was approved by IAEC, BITS-
PILANI, Pilani and all the experiments were conducted as per
CPCSEA guidelines. Rats were housed in well-ventilated cages
under standard laboratory conditions with regular light/dark
cycles for 12 h and fed with standard normal diet ab libitum.

Pharmacokinetics of LSF and LSF-LA conjugate

LSF and LSF-LA micelles were administered intravenously
at the dose of 25 mg/kg and 50 mg/kg (~25 mg/kg of free LSF)
respectively to Wistar rats (200 220 g) with maximum dosing
volume of 250 pL per rat without fasting (n = 4). After i.v.
dosing, blood samples were collected at pre-determined time
points up to 36 h. Plasma concentration-time profiles were
plotted and analyzed for various pharmacokinetic parameters by
non-compartmental model using Phoenix 2.1 WinNonlin (Phar-
sight corporation, USA). Since LSF is known to interconvert to
PTX, plasma levels of PTX were also assessed.

In vivo efficacy studies in STZ induced T1D model

Diabetes was induced in male Wistar rats (180 220 g) by
injecting a single high dose of STZ (55 mg/kg, i.p.) dissolved in
citrate buffer (0.01 M, pH 4.5) while the respective control rats
received the vehicle, citrate buffer (pH 4.5). After 72 h of STZ
injection, fasting glucose levels were measured, animals showing
plasma glucose levels >250 mg/dl were considered diabetic.
Animals were randomly divided into different groups, namely
non-diabetic control (NC), diabetic control (DC), diabetic/treated
with free LSF and diabetic/treated with self-assembled micelles
of LSF-LA conjugate.

Treatment was started on 3rd day after confirming the diabetic
conditions. For treatment, free LSF was administered as solution
prepared in water for injection at two different doses, 25 mg/kg, i.p.
twice daily and 15 mg/kg, i.p. once daily. LSF-LA conjugate was
self-assembled into micelles using water for injection and
administered at a dose of 30 mg/kg, (~ 15 mg/kg of free LSF) 1.
p. once daily. Treatment was continued for 1 week and fasting
glucose levels were measured daily by tail bleeding method using
Accu-Check active glucometer. After 7 days, the levels of insulin,
TNF-« and IFN-vy in plasma were also measured using ELISA kits.

Histopathology and immunohistochemical analysis

After 1 week of treatment, animals were cuthanized and
pancreata were isolated, processed and stained with hematoxy-
lin/eosin (H&E) to allow the assessment of pancreatic islet
morphology. For immunohistochemical (IHC) analysis of
insulin, standard protocol was followed using primary insulin
rabbit antibody (dilution, 1:2000; Santa Cruz Biotechnology,
USA), a secondary antibody (goat anti-rabbit IgG, dilution,
1:2000; Sigma) and peroxidase/anti-peroxidase method. After

immunostaining, the sections were lightly counterstained with
hematoxylin and observed under a light microscope. For
determining % insulin staining area (brownish stain), six random
pancreatic islets in each group were quantified by using ImageJ
software (version 1.42q, NIH, USA).

Statistical analysis

Statistical analysis was performed using one way ANOVA
followed by Tukey—Kramer multiple comparison post-test using
graphpad prism software.

Results
Synthesis of LSF-LA conjugate

The "HNMR spectrum of LSF-LA conjugate showed a peak at
3.75 ppm (f) related to hydroxyl proton present in side chain of LSF
(the only conjugation site available in LSF) which disappeared
completely in LSF-LA conjugate. Fig. S2(I) indicating that CH-
OH group of LSF has been consumed for ester bond formation
between LSF and LA. This was confirmed by presence of a new
peak at 4.9 ppm (-CH-COQO; f’) in LSF-LA conjugate NMR
spectrum. Since 'H NMR was unable to confirm presence or
absence of free LA in LSF-LA conjugate, additionally '*C NMR
was performed. 13C NMR spectrum of LA exhibited the carbon
signal at 180 ppm corresponding to its terminal -COOH which
disappeared in LSF-LA conjugate as shown in Fig. S2(II).
Moreover, LSF-LA conjugate showed the carbon signal at 174.06
ppm in the 13C NMR spectrum corresponding to —COO- group.

The LSF-LA conjugate was also characterized by Fourier-
transform infrared spectroscopy (FT-IR), and differential scanning
calorimetry (DSC). In FTIR, LSF shows —CH-OH peak at
34003300 cm (Fig. S2 (III)), which was absent in LSF-LA
conjugate as free CH-OH group of LSF participated in ester bond
formation with —CH-COOH group of LA. Molecular weight of
LSF-LA conjugate (Cy3H5qN4O4; 542.3832 g/mol) was confirmed
by HR-MS (Fig. S3). Further, DSC revealed a change in the
melting point (Fig. S4) of LSF-LA conjugate (379.81 °C) as
compared to LSF (124.45 °C). There was no melting peak
corresponding to free LSF in LSF-LA conjugate thermogram.

HPLC analysis of LSF-LA conjugate and LSF revealed that
the retention time of LSF-LA increased to 18.9 min as compared
to LSF which eluted out at 3.1 min, indicating a significant
increase in hydrophobicity of LSF upon attaching LA (Figure 3,
A). Peak purity of LSF-LA conjugate was found to be >98%.

All the experimental results demonstrated that LSF-LA
conjugate was synthesized successfully.

Stability of LSF-LA conjugate in plasma

As shown in Figure 3, B, LSF-LA conjugate gets slowly
hydrolyzed in rat plasma. During the first 2 h, only 4.7% of free
LSF is released followed by release of 42.73% LSF from LSF-
LA within the next 72 h.

Self-assembly of LSF-LA conjugate

LSF-LA conjugate contains hydrophobic (LA) and hydrophilic
(LSF) components in 1:1 proportion that provides it a characteristic
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ability to self-assemble into micelles in water. Figure 4, 4 and B
gives the dynamic light scattering (DLS) curve of LSF-LA
micelles in aqueous medium indicating the formation of micelles
with a unimodal distribution and an average hydrodynamic
diameter of 156.9 nm (polydispersity index: 0.187) and negative
zeta potential (—17.0 £ 4.04 mV. CMC value for LSF-LA
conjugate was 1 pg/mL indicating micelle formation and hence
its ability to self-assemble (Figure 4, C).

Aggregation number of LSF-LA self-assembled micelles

The aggregation number of LSF-LA self-assembled micelles
was obtained using the static fluorescence quenching method.
Figure 4, D shows decrease in emission intensity of pyrene in the
presence of different quencher (CPC) concentrations (as
indicated in the graph) at 30 times the CMC of LSF-LA
micelles. Figure 4, £ shows plot of In(F/Fg) vs. Q as a straight
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line passing through the origin. The inverse of the slope of this
plot corresponds to the micellar concentration [M], and then the
aggregation number for LSF-LA self-assembled micelles was
calculated as 54 using Eq. (2).

Protein interaction studies of LSF-LA conjugate micelles

In this study, the interaction between BSA and LSF-LA
micelles was investigated by fluorescence quenching. Figure 5,
A and B show the emission spectra of BSA before and after
interaction with LSF-LA micelles and free LSF respectively.
LSF-LA micelles or LSF alone exhibited no fluorescence as seen
in their respective graphs (Plot I for LSF-LA micelles in Figure 5,
A and plot H for free LSF in Figure 5, B), however, a decrease in
the fluorescence intensity of BSA was observed with increase in
the concentration of LSF or LSF-LA micelles without any peak
shifting, indicating that there were interactions between LSF or
LSF-LA micelles and BSA. Based upon Eq. (3), a plot was
constructed between log (Fo-F)/Fq vs. log [Q] (Figure 5, C) and
the values of Ky, and n were determined from its intercept and
slope respectively. Ky, for LSF-LA micelles and LSF was found
to be 2.14 x 10* and 6.11 x 10* L.mol ' respectively. The
value of n for LSF-LA micelles and LSF was found to be similar
(1.11 and 1.16 respectively per BSA molecule).

Further, UV—Vis absorption spectrum of BSA underwent a
decrease in intensity at different wavelengths in the presence of
LSF or LSF-LA micelles (Figure 5, D) indicating a static type
quenching mechanism between BSA and LSF-LA/LSF.?*3¢

In vitro studies of LSF-LA conjugate

Cell viability assay

LSF-LA conjugate micelles were found to be non-toxic at all the
tested concentrations (10, 20 and 40 uM) which indicated that the
conjugate did not have any harmful effect on the cells (Figure 6, 4).

Protective effect rendered by LSF-LA conjugate to cells under
inflammatory conditions

As seen in Figure 6, B, cell viability under inflammatory
conditions was reduced to ~42.92% however, presence of LSF
and LSF-LA conjugate (20 uM) restored the viability to 73.55
and 83.90% respectively which was significantly higher than
free LSF. However, no significant improvement was observed in
P -cell viability upon increasing the concentration of LSF and
LSF-LA conjugate from 20 uM to 40 pM.

Figure 6, C reveals that cells in the presence of cytokines
showed decreased level of insulin production when compared
to normal cells (without cytokines). However, in the presence
of LSF and LSF-LA conjugate (20 uM), insulin secretion
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Figure 6. Cell culture studies of LSF-LA conjugate in insulin secreting MIN-6 cells, (A} Cytotoxicity of LSF-LA conjugate, (B) Anti-inflammatory activity of synthesized
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proliferation by flow cytometry and (F} Cellular uptake study for LSF and LSF-LA SM

(~20 uM) by HPLC. *LSF vs. LSF-LA SM (*P < 0.05). *Cyt vs. Untreated; "Cyt

vs. all; SLSF-LA vs. LSF and LA (*#8P < 0.001) ®PHA stimulated PBMCs vs. LSF and LSF-LA; *LSF-LA vs. LSF (%P < 0.001).

Table 1

The non-compartmental pharmacokinetic parameters for LSF and LSF-LA in
rat plasma after i.v. bolus at dose of 25 mg/kg LSF and LSF-LA 50 mg/kg (25
mg/kg equivalent to LSF) administration to rat.

Parameters Mean + SEM

Free LSF (n = 4) LSF in LSF-LA (n = 4)
C, (ng/mL) 22,295.204 + 3691.39 20,110.94 £ 2552.43
ty0 () 0.661 + 0.03 3.82 £0.13
Ke (1/h) 1.056 + 0.05 0.18 £0.01

AUCO-last (ngh/ mL)
AUCq., (ng.h/mL}
AUMC 1t (ng.h/mL)

23,944 .589 £ 992.83
24,067.711 + 995.38
22,441.435 + 1592.68

25,177.93 £ 1037.94
26,245.08 £ 937.06
93,378.84 £ 4459.30

AUMCq.., (ngh/mL)  22,789.458 + 1692.67  124,912.76 = 6029.35
MRT (h) 0.937 £ 0.07 4.78 £ 0.367
V, (mL/kg) 997.077 = 71.35 5279.41 + 377.18
CL (mL/h/kg) 1044.124 + 43.53 955.08 = 35.36

was significantly improved wherein, LSF-LA conjugate showed
a significant increase in the levels of insulin in comparison to

free LSF.

Suppression of PBMC proliferation and activation by LSF-LA
conjugate

Figure 6, F shows the flow cytometric graphs of PBMC
proliferation wherein, each peak represents a cell division or
generation. Cells treated with PHA alone exhibit maximum
proliferation (up to 7th generation) in contrast to the un-
stimulated cells which do not proliferate beyond 1st generation
(data not shown). In the presence of LSF and LSF-LA conjugate,
a significant reduction in the proliferation of PBMCs is evident.
This is further supported by the significant decrease in IFN- y
and TNF-a levels by LSF-LA micelles in comparison to free
LSF treated cells (p < 0.001) (Figure 6, D). PHA stimulated
cells and those treated with LA do not exhibit any significant
difference in IFN-y and TNF-« level.

Cellular uptake studies for LSF-LA conjugate micelles

Figure 6, F shows the relative cellular uptake of free LSF and
LSF-LA micelles by MIN-6 cells after 6 h of incubation. LSF-
LA micelles revealed a significantly higher uptake into the cells
(75.48 = 4.01) in comparison to the free LSF group (56.86 =
9.26) because of its hydrophobicity and nanosize.
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Figure 7. Pharmacokinetic studies of free LSF and LSF-L A conjugate after intravenous (i.v.) administration in rat. Due to interconversion of LSF to PTX, free
PTX levels were also observed; PTX plasma concentration-time profiles obtained after administration of free LSF and LSF-LA conjugate are also shown. Each

point represents mean {N = 4} + SEM at dose ~25 mg/kg of free LSF.

In-vivo studies of LSF-LA conjugate

Pharmacokinetics of LSF and LSF-LA conjugate

As shown in Table 1, LSF-LA micelles significantly
improved the PK profile of LSF. It increased the half-life to
3.82 + 0.13 h which was 5.7-fold higher than that of free LSF
(0.661 + 0.03 h) and MRT (~5-fold). LSF-LA micelles showed
5 times higher apparent volume of distribution (5279.41 +
377.18 mL/kg) compared to free LSF (997.077 = 71.35 mL/kg)
indicating that LSF-LA micelles were much more distributed to
different tissues. Further, clearance of LSF-LA micelles was also
reduced.

PTX was also detected in the plasma upon administration of
both free LSF and LSF-LA conjugate due to the LSF-PTX in
vivo interconversion.® Figure 7 reveals a significant decrease in
PTX plasma level (~50%) in LSF-LA micelles PK in comparison
to LSF PK which might be attributed to a decrease in LSF-PTX
interconversion upon administering LSF as a self-assembling
conjugate.

In vivo efficacy studies in STZ induced T1D model

LSF-LA micelles were tested in STZ induced T1D rat model
over 1 week period at 15 mg/kg, once daily (LSF-LA-15) and
compared with free LSF administered at two dose levels that is,
25 mg/kg, twice daily (LSF-25) and at 15 mg/kg, once daily
(LSF-15; same dose as that of LSF-LA micelles). As shown in
Figure 8, 4, a decrease in the fasting glucose levels was seen
after 7 days of LSF-LA micelles treatment. Since day 2 of
treatment, glucose levels started to decrease and this trend was
continued up to 7 days. LSF-15 lowered glucose levels in some
rats but failed to maintain the reduced levels compared to LSF-
25. LSF-25 stabilized blood glucose levels in some rats but did
not correct the values to normal. However, upon treatment with
LSF-LA micelles, blood glucose levels got stabilized as well as
corrected to normal level in some animals. As shown in Figure §,
B and D, LSF-LA conjugate treated group showed significantly

increased levels of insulin in comparison to free LSF treated
groups along with a drastic reduction in TNF-« and IFN-vy.

Histopathology and immunohistochemical analysis

Rat pancreas of diabetic group showed a significant decrease
in the number of 3 cells as compared to the normal control group
(Figure 8, C). The damage or necrosis of B cells in diabetic
control group is a hallmark of diabetes. In LSF-25 and LSF-LA-
15 conjugate treated groups, more number of P-cells were
observed as compared to the diabetic control group. Although
the rats treated with LSF-25 showed better p cell protection
compared to LSF-15, the distorted morphology of the islets in
both the groups was similar to the diabetic group. Immunohis-
tochemical analysis for insulin in the non-diabetic (normal
control) rats revealed presence of abundant insulin (% insulin
staining area, 17.85 + 1.01) however, pancreatic sections from
diabetic rats exhibited minimal/no apparent insulin staining
(Figure 8, E; % insulin staining area, 2.88 + 0.99) which is
consistent with active islet p cell destruction as revealed by H&E
staining of these sections and is in agreement with the decrease in
cell viability and insulin secretion under the inflammatory stress
as observed in the cell culture experiments (Figure 6, C). In rats
treated with LSF-LA micelles, insulin-positive cell clusters were
significant and widely distributed throughout the pancreas
despite evidence of persistent insulitis compared to normal
control (P < 0.001). Treatment with free LSF-25 increased
insulin stained area as compared to LSF-15 which was not
significantly different from diabetic group.

Discussion

LSF is a potent anti-inflammatory and immunomodulatory
agent but possesses challenging physico-chemical properties like
high solubility and pharmacokinetics showing a high rate of
metabolism, poor bioavailability and rapid clearance, all
necessitating a high dose and frequent dosing.”>'**” Due to
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these concerns associated with LSF, it is very challenging to
encapsulate it in a delivery system and that might be probable
reason that no report is available on its formulation or delivery
aspects in the literature. As the major shortcomings of LSF are
attributed to its hydrophilic nature, in this paper, we attempted to
initially reduce the hydrophilicity of LSF by conjugating a
hydrophobic moiety LA to it. This approach served another
fundamental purpose which was to overcome the rapid
metabolism of LSF to PTX since LA was conjugated to the
free secondary hydroxyl group in side chain of LSF thus
protecting this group which is mainly responsible for its rapid
metabolism and clearance.'® Further, a nano-sized self-
assembling system of LSF-LA conjugate was attempted to
harness the advantages of a nano formulation without use of any
external excipient. LA is an essential fatty acid (18:2, «-6) which
cannot be synthesized by the human body and is hence
supplemented from external sources to reap its benefits,***’
Apart from its health benefits, LA was selected as the fatty acid
of choice since it has similar molecular weight (280.3 g/mol) as
LSF. Taking advantage of its hydrophobic properties, it was

conjugated to LSF in 1:1 ratio to form an amphiphilic drug-fatty
acid conjugate, which could self-assemble into micelles with
hydrophobic core of LA with hydrophilic shell composed of
LSF. This self-assembly provided various advantages of a nano
delivery system including an altered uptake mechanism which
bypasses the first pass metabolism of LSF, prolongs MRT in the
body, reduces clearance due to escape from the RES and ease of
handling and most importantly, no external surfactant/excipient
was used for this purpose.

LSF-LA conjugate was synthesized and characterized by
various analytical techniques, which confirmed the formation of
LSF-LA conjugate, its molecular weight, enhanced hydropho-
bicity and its purity. LSF-LA micelles underwent slow
hydrolysis in plasma indicating possibility of prolonged action
and reduced rate of metabolism. It self-assembled into nano-
sized micelles with a CMC of >1 pg/mL (1.84 uM) which is 10
times lower than CMC value of the low molecular weight
amphiphile, tween 80 (18 uM) indicating that micelles would
remain stable in vivo.*® The aggregation number of the self-
assembled micelles of LSF-LA was found to be 54 (at 30 times
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CMC) which further increased upon increasing the concentration
of LSF-LA. The significance of aggregation number could be
understood from the fact that self-assembled aggregates or
micelles do not absorb directly but must dissociate into unimers
for their absorption.”' An optimum Nage 1s desirable to ensure
effective solubilization since a very high value of Nz, warns of a
smaller diffusion coefficient which could lower the rate of
transport from air-water interfaces to the bulk of the medium thus
hindering the solubilization of micelles.”

After systemic administration, nanomaterials are exposed to
different physiological fluids including blood, wherein, several
thousands of proteins present in the blood can bind or adsorb
onto the nanoparticles (NPs) thus modifying their physicochem-
ical properties such as size, surface charge, surface composition,
and functionality. This gives a new biological identity to the NPs
which represents its ‘true identity’ in the body and influences
various biological responses such as fibrillation, cellular uptake,
circulation time, bioavailability, and even toxicity.42’43 The
layers consisting of bound or adsorbed proteins around NPs is
known as protein corona. In the present study, protein corona
formation with LSF-LA self-assembled micelles was studied
using BSA due to its high structural homology with human
serum albumin, the major soluble protein constituent of
the circulatory system.** It is also one of the most abundant
proteins in humans and plays a dominant role in transport and
disposition of a wide variety of different endogenous and
exogenous compounds in blood.** Qur primary goal was to
assess the nature and extent of interaction of BSA (protein
corona) with LSF-LA micelles in comparison to free LSF.
LSF-LA micelles and free LSF showed non-covalent binding
with BSA possibly by static mechanism. Further, LSF-LA
micelles showed lower binding constant (~3 times) when
compared to free LSF with similar number of binding sites per
BSA (n; 1.11 vs. 1.16) signifying a lower binding affinity and
hence weaker interaction of LSF-LA micelles than LSF.* This
indicates lesser recognition by RES and hence prolonged
circulation time in the body along with availability of more
amount of unbound LSF-LA to elicit its therapeutic response in
the body which was further corroborated by the results of the PK
and PD studies.

In-vitro efficacy testing of LSF-LA micelles in MIN-6 insulin
secreting cells revealed its non-toxicity to the cells. LSF has been
reported to protect the pancreatic p -cells from cytokine-induced
cell death by inhibiting the production of TNF-«, IL-1p,
macrophage inflammatory protein (MIP)-la, TGF-p and IFN-
v. 447 LSF-LA micelles also protected the p—cells from dying
under inflammatory conditions and as compared to control and
LSF alone showed ~40% and ~10% higher viability of cells. This
enhanced viability of B cells was also reflected in increased
insulin secretion under inflammatory conditions in response to
basal and stimulated levels of glucose. Further, after conjugation
with LA and formation of micelles, the cellular uptake of LSF by
MING cells was significantly increased in comparison to free
LSF. This could be attributed to the hydrophobicity of LA and
self-assembly of LSF-LA into nano-sized micelles (156.9 nm)
since cellular uptake is mainly influenced by size, shape, surface
charge, and surface hydrophobicity.48 Better uptake into the cells
ensures more amount of LSF being available at the site of action

for its therapeutic activity indicating possibility of dose reduction
and hence lesser side effects.

T1D develops when one or more immunoregulatory mech-
anisms fail, allowing auto-reactive T cells (one of the PBMCs)
directed against islet p-cells to become active, to expand
clonally, and to entrain a cascade of immune/inflammatory
processes in the islet (insulitis), culminating in PB-cell
destruction. **~° Thus, in T1D, spontaneous proliferation of
PBMCs, as well as a high production of cytokines such as [FN-v,
TNF-« etc. are observed which cause direct p-cell cytotoxic
effect in rodent islets.”" In our study, proliferation of activated
PBMCs was significantly suppressed by LSF-LA micelles along
with decreased pro-inflammatory cytokines level in the condi-
tioned media of PBMCs in comparison to free LSF treated cells
signifying its ability to impair the activation of adaptive immune
system in T1D.

Drug-lipid conjugation approach has demonstrated improve-
ment in PK parameters and hence therapeutic action of
hydrophilic drugs as observed in the case of gemcitabine
prodrugs developed by Jin et al. through the conjugation of lipid
derivatives which showed 3—6-fold higher cytotoxicity in five
different human cancer cell lines than that of gemcitabine.sz*54
Similarly, lipidated irinotecan prodrug was developed by Liang
et al. that demonstrated increased cytotoxicity in cancer cells.>”
In our study, LSF was conjugated to LA, which exhibited a
marked improvement in the PK parameters such as t;,, MRT and
Vz (~5 fold higher than free LSF). Furthermore, compared to free
drug, LSF-LA conjugate showed a longer circulation time in the
bloodstream due to escape from RES uptake. Similarly, in in
vivo efficacy studies, LSF-LA micelles treated group exhibited
significant decrease in fasting blood glucose and notable increase
in insulin production compared to LSF treated group (even at
high dose). Initially, 25 mg/kg, twice daily dose of LSF-LA
micelles was administered to the diabetic animals however, at
this dose of LSF-LA, severe hypoglycemia was produced in the
animals. So, the dose of LSF-LA conjugate was reduced to 15
mg/kg, once daily. LSF-LA conjugate also drastically reduced
the levels of TNF-a and IFN-y in the plasma; these
proinflammatory cytokines are known to cause p-cell destruc-
tion by activating both CD4+ and CD&8+ T lymphocytes. * H&E
staining and THC analysis of pancreatic tissue revealed that LSF-
LA micelles showed significant p-cell protection as well as
enhanced insulin secretion as was indicated by in vitro studies in
MIN-6 cells and insulin assay in plasma samples.

In a nutshell, our results have demonstrated that as compared
to free LSF, LSF-LA micelles consisting of hydrophilic LSF and
hydrophobic LA linked through an ester linkage exhibited a
much better therapeutic effect in insulin secreting MIN-6 cells as
well as in STZ induced T1D model. Apart from the conjugation
approach, the improvement in the therapeutic effect of the LSF-
LA conjugate can also be attributed to its ability to self-assemble
into micelles with an average hydrodynamic diameter of
156.9 nm. Additionally, it also reduced the LSF-PTX intercon-
version thus showing efficacy at a reduced dose and dosing
frequency, which would eliminate the high-dose requirement for
effective treatment of T1D. Overall, we believe that this LSF
prodrug strategy based on self-assembly of amphiphilic drug-
fatty acid conjugate may open new avenues in treatment of T1D
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and could also be further explored in treatment of other
autoimmune diseases where LSF has demonstrated significant
therapeutic efficacy.

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.nano.2018.09.014.
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ABSTRACT: The study summarizes the development of an orally active
nanoformulation of a potent but one of the least explored molecules,
lisofylline (LSF), in type 1 diabetes (T1D). LSF undergoes rapid
metabolism, resulting in poor oral bioavailability and short half-life. In this
work, to improve its pharmacokinetic (PK) properties, LSF was
encapsulated in the form of its ester prodrug [LSF—linoleic acid (LA)
prodrug] into biodegradable self-assembling polymeric micelles [LSF—LA
PLM, size: 149.3 nm; polydispersity index: 0.209; critical micelle
concentration (cmc); 5.95 pg/mL and Ny 14.82 at 10 cmc] of
methoxypoly(ethylene glycol)-b-poly(carbonate-co-1-lactide) (mPEG-b-
P(CB-co-LA)) block copolymer. LSF—LA PLM was found to be equally
effective as the LSF—LA prodrug in cell culture studies in insulin-
secreting MIN6 cells and showed excellent stability in simulating
biological fluids and plasma. PK of LSF—LA PLM (10 mg/kg dose)
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revealed a significant improvement in oral bioavailability of LSF (74.86%; 3.3-fold increase in comparison to free LSF) and
drastic reduction in the drug metabolism. Further, LSF—LA PLM showed a significant reduction in fasting glucose levels and
increase in insulin levels by intraperitoneal as well oral routes in a streptozotocin (STZ)-induced T1D rat model. Production of
inflammatory cytokines (TNF-o and IFN-y) and different biochemical markers for liver and kidney functions were much
reduced in diabetic animals after treatment with LSF—LA PLM. LSF—LA PLM-treated pancreatic sections showed minimal
infiltration of CD4+ and CD8+ T-cells as indicated by hematoxylin/eosin staining and immunohistochemical analysis.

KEYWORDS: lisofylline prodrug, self-assembly, scale up, type 1 diabetes, mPEG-b-P(CB-co-LA), oral delivery

1. INTRODUCTION

Type 1 diabetes (T1D) is an inflammatory autoimmune
disorder, caused by both specific and nonspecific inflammation
induced by cytokines and cellular activation. Suppression of the
inflammatory as well as autoimmune responses is crucial to any
approach to treat TID." Lisofylline (LSF) is one such potent
anti-inflammatory agent which suppresses the activation and
proliferation of proinflammatory cytokines, resulting in
hypoglycemic effect in T1D.” LSF improves insulin secretory
function in isolated rat islets;" reduces inflammatory cytokine
release in response to cancer™ and hyperoxia-induced lung
injury;”® inhibits interleukin 12 (IL-12) signaling and IL-12
mediated Thl-type T cell differentiation in T1D; """ prevents
the development of autoimmune allergic encephalomyelitis in
mouse models;'' and reduces transforming growth factor f3
release from bone marrow cells in diabetic nephropathy.'” Tn
addition, LSF can maintain adenosine triphosphate levels,
normalize the mitochondrial membrane potential, and block

properties.”* In spite of its multiple therapeutic benefits, delivery
of LSF is a major challenge owing to its high solubility, low
encapsulation efficiency in any delivery system, quick metabo-
lism, and rapid clearance resulting in poor oral bioavailability. In
humans, the oral bioavailability of LSF is reported to be 5.9%,
whereas, in mice, it is merely 169%.''¢

It undergoes rapid interconversion into pentoxifylline (PTX),
necessitating a high dose and frequent dosing for its therapeutic
action.'® Nadler et al. have reported the antidiabetic potential of
LSF in streptozotocin (STZ)-induced diabetic models at a dose
of 25 mg/kg, intraperitoneally (ip), twice daily." Similarly, Yang
et al. reported the role of LSF in diabetes prevention in multiple
low-dose STZ-induced mice models at a dose of 25 mg/kg, ip,
twice daily for 14 consecutive days.'” Combination delivery of
LSF and p-cell growth factor, exendin-4 has been explored for
reversal of autoimmune diabetes in NOD mice, wherein LSF
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was administered at 27 mg/kg/day by s.c. route using osmotic
mini pump for 28 days."® In clinical trials of LSF in T1D, LSF has
been administered at a single dose of 9 mg/kg by continuous
intravenous (iv) infusion or at 12 mg/kg by continuous
subcutaneous infusion over a 10 h period."” Apart from T1D,
in other ongoing clinical trials of LSF for treatment of allogeneic
bone marrow transplants,”’ acute lung injury, and acute
respiratory distress syndrome, the drug is administered at a
dose of 3 mg/kg with a maximum of 300 mgiv every 6 h.”" These
studies and reports bring forth the immense therapeutic
potential of LSF but also illustrate a difficult and patient
noncompliant dosage regimen of LSF attributed to its short half-
life (0.75—1.17 h after iv infusions in humans at doses of 1—3
mg/kg) and rapid clearance. Thus, orally active formulation of
the drug if available could provide a major relief to several
patients of autoimmune and inflammatory diseases.

In literature, very few attempts have been made to overcome
the problems associated with LSF. One of first attempts was to
synthesize its analogues, wherein, 32 LSF analogues were
synthesized by varying the xanthine core substructure of LSF.
Among these, only two lead compounds were identified as active
as these protected p-cells from cytokine-induced injury and
maintained insulin secretory capability in in vitro studies in INS-
1 cells; however, no further progress/in vivo studies on these
active analogues have been reported.”” Our group designed and
reported hydrophobic prodrugs of LSF by chemically coupling
fatty acids like linoleic acid (LA) to the drug molecule LSE. This
LSF—LA prodrug self-assembled into micelles (LSF—LA SM),
which showed a drastic improvement in the physicochemical
properties as well as the pharmacokinetic (PK) profile of LSF
along with a significant decrease in conversion rate to the
inactive metabolite, PTX, as compared to the free drug.23 In
addition to this, the prodrug exhibited improved efficacy in
animal models of T1D at a reduced dose (15 mg/kg, once daily)
in comparison to the free drug at 25 mg/kg, twice daily.
Nevertheless, LSF—LA SM failed to exhibit oral bioavailability
because of easily cleavable ester linkage between LSF and LA,
which undergoes rapid cleavage in GIT before it reaches the
systemic circulation. As an alternate to this, to enhance the oral
bioavailability of LSF and to decrease its interconversion into
PTX, we developed its polymeric micellar formulation, which
could protect the LSF—LA ester linkage from degradation in the
GIT environment and provide sustained release of LSF.

In light of the abovementioned facts, in the present work, our
objective was to develop an orally active polymeric nano-
formulation of LSF—LA prodrug and reduce interconversion of
LSF to PTX. The LSF—LA prodrug was encapsulated into
micelles of an in-house synthesized amphiphilic polymer
methoxypoly(ethylene glycol)-b-poly(carbonate-co-1-lactide)
block copolymer (mPEG-b-P(CB-co-LA)) and formulation
batches were scaled up. The polymeric micelles of LSF—LA
were tested for their stability and ability to release free LSF in
plasma and further evaluated in cell culture studies in rat
insulinoma cells, MIN-6 for their cytotoxicity, S-cell protective
effect, and insulin secretory ability under inflammatory
conditions, PBMCs proliferation, and cellular uptake. This
formulation exhibited a drastic improvement in the oral PK
profile of LSF along with a significant decrease in its conversion
to the inactive metabolite, PTX, as compared to the free drug,
resulting in significantly improved oral bioavailability (oral
bioavailability of free LSF vs LSF—LA SM vs LSF—LA mPEG-b-
P(CB-co-LA) micelles (LSF—LA PLM) was found to be 22.43,
24.46, and 74.86%, respectively, in rats). Apart from improve-
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ment in the oral PK profile, LSF—LA PLM formulation by oral
route also demonstrated therapeutic efficacy equivalent to that
administered by parenteral route (ip) in STZ-induced T1D rat
models, which was further supported by a study of various
biochemical parameters and confirmed by histopathological and
immunohistochemical (IHC) analysis of rat pancreatic tissues.

2. MATERIALS AND METHODS

2.1. Materials, Reagents, and Experimental Animals.
LSF [purity > 99%, high-performance liquid chromatography
(HPLC)] was purchased from Cayman Chemicals Inc.
(Michigan, USA). LA (purity > 99%, HPLC) was obtained
from Hi-Media Laboratories (Mumbai, India). Streptozotocin
(STZ), 3-isobutyl-1-methylxanthine (IBMX; >99%, HPLC;
internal standard), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide (MTT), p-glucose, stannous 2-ethylhex-
anoate (Sn(Oct),), 2,2-methoxy poly(ethylene glycol) (mPEG,
M, 5000), and pr-lactide purchased from Sigma-Aldrich (St.
Louis, MO). Dulbecco’s modified Eagle medium, fetal bovine
serum (FBS), and TrypLE were obtained from Invitrogen
(USA); bovine serum albumin (BSA), dimethyl sulfoxide
(Molecular Biology Grade), and phosphate buffered saline
(PBS), pH 7.4, were purchased from Hi-Media Laboratories.
ELISA kits for TNF-a and IFN-y (ELISA MAX) were obtained
from BioLegend (USA). Recombinant TNF-a, IL-1/, and IFN-
7 were obtained from Invitrogen (MD, USA). Carboxyfluor-
escein succinimidyl ester (CFSE) staining assay kit (CellTrace),
Ficoll-Paque, and phytohaemagglutinin (PHA) were obtained
from Thermo Fisher (USA). Accucheck Active Glucometer was
purchased from Roche Diabetes Care India Pvt. Ltd. (Mumbai,
India). All the kits for determination of biochemical parameters
were purchased from Coral Clinical Systems (India). MIN-6 cell
line was procured from NCCS, Pune (India). Wistar rats (male;
8—10 weeks, 200—220 g) were procured from Central Animal
Facility, BITS-Pilani (Pilani, India). All animal experiments were
performed as per CPCSEA guidelines and according to
protocols approved by the Institutional Animal Ethics
committee (IAEC) (animal testing protocol no. IAEC/RES/
23/26; Central Animal Facility (CAF), BITS-Pilani). All other
chemicals and reagents were of analytical grade and used as
obtained. Antibodies used in immunohistochemistry including
CD4 Rabbit mAb (cat no. 25229); signal stain IHC boost
reagent (antirabbit; cat no. 8114), and antimouse IgG (H + L)
antibody (cat no. 7076) were purchased form Cell Signaling
Technologies and CD8a Mouse mAb (OX-8 Cat no. 550298)
was procured from BD Pharmingen.

2.1.1. LSF—LA Prodrug and LSF—LA SM. The LSF—LA
prodrug was synthesized in-house by carbodiimide coupling
reaction as reported earlier.”* The product was successfully
purified by flash chromatography and characterized for its
structure, molecular weight, purity, and self-assembly into
micelles (LSF=LA SM) of size 156.9 nm with a narrow
polydispersity index (PDI) of 0.187.

2.2. Synthesis and Characterization of mPEG-Poly-
(carbonate-co-lactide) [MPEG-b-P(CB-co-LA}]. To improve
the delivery, PK, and stability of the LSF—LA prodrug in
comparison to free LSF and LSF—LA SM, amphiphilic polymer
with carbonate blocks (5-methyl-S-benzyloxycarbonyl-1,3-
dioxane-2-one; MBC) was synthesized as reported earlier by
our group with modification in the preparation method. Instead
of the previously reported method (130 °C for 24 h), a
microwave synthesizer (Monowave 300; Anton Paar GmbH,
Austria) was employed to facilitate the polymerization reaction
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and the reaction time was reduced from 24 h to 45 min along
with improved yield of polymer.

For synthesis of mPEGy,-b-P(CB,s-co-LA), first, the MBC
monomer was synthesized and purified as reported earlier™*®
followed by ring-opening polymerization reaction of mPEG, p1-
lactide, and MBC using stannous 2-ethylhexanoate (10 mol %
relative to mPEG) as a catalyst at 130 °C for 45 min in a
microwave synthesizer. The copolymer so obtained was
dissolved in chloroform and purified using cold isopropyl
alcohol (twice) and diethyl ether (once). Characterization of the
synthesized polymer was done using 'H NMR and gel
permeation chromatography (GPC) to obtain number-average
molecular weight and the units of lactic acid and MBC attached
in the final polymer.

2.2.1. Critical Micelle Concentration. Critical micelle
concentration (cmc) determination was carried out to ascertain
the self-assembling nature of the polymer mPEG-b-P(CB-co-
LA) using pyrene as a fluorescent extrinsic probe. mPEG-b-
P(CB-co-LA) at various dilutions (5.0 X 107° to 1.0 mg/mL)
was mixed with pyrene (6 X 1077 M) in different test tubes and
incubated at room temperature (RT) for 48 h to ensure the
solubilization of pyrene in the aqueous phase. The emission
spectra of the solution were recorded from 320 to 450 nm and
emission wavelength of 390 nm. A plot was constructed between
L/1, ratio versus logarithm of mPEG-b-P(CB-co-LA) concen-
tration, wherein the I3 and I, values were determined from the
peak intensities at the wavelengths of 337 and 333 nm. The cmc
value of mPEG-b-P(CB-co-LA) was determined from the
intersection of the best-fit lines.

2.2.2. Aggregation Number (Noo4) Determination. The
Stern—Volmer equation (eq 1) was emplozed to determine the
aggregation number of the LSF—LA PLM =

&
In| —
Iy (1)

where Fj and F, are intensities of the probe without and with a
quencher, Q is the total quencher concentration, C is the total
surfactant concentration, and N, refers to the mean
aggregation number.

The steady-state fluorescence quenching method was used to
determine the mean aggregation number in polymeric micelles
by using a fluorescence spectrophotometer (Shimadzu RF-
5301). Pyrene and cetylpyridinium chloride (CPC) were used as
probe and quencher, respectively. For fluorescence measure-
ments, stock solutions of pyrene (2 X 10™° M) in PLM at 10
times the cmc value and pyrene + CPC (2.8 X 10> M) in PLM
micellar solution at 10 times the cmc value were prepared.
Appropriate volumes of these two solutions were then mixed to
vary the CPC concentration from 0 to 1.54 X 107> M. By
exciting the samples at 318 nm, emission spectra of pyrene were
obtained and the emission was measured in the range of 320—
450 nm. The emission peak at 376 nm was considered for
calculating the micellar aggregation number.

2.3. Formulation Development, Scale Up, and Char-
acterization of the LSF—LA Prodrug-Loaded PLM. LSF—
LA PLM was prepared by the thin-film hydration method.
Dichloromethane solution of the LSF—LA prodrug (20 mg) and
polymer (180 mg) was transferred into a round bottom flask; the
thin film was prepared by solvent evaporation under vacuum,
followed by reconstitution of the film with water with stirring for
30 min. The resulting micellar formulation was sonicated for 1
min under cold conditions and characterized for size, zeta

_ QX Ny
(C = cmc)
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potential, encapsulation, and loading efficiency. Blank PLM
(BLK) formulation was also prepared by a similar method
without the LSF—LA prodrug.

2.3.1. Scale-Up of the LSF—LA PLM Formulation. Scale-up
studies of LSF—LA PLM were carried out in three different
batch sizes of 0.5, 2, and 4 gm. All the batches were prepared
using the initially optimized conditions with minor changes in
film preparation and reconstitution time. For scale-up batches of
the formulation, thin films were prepared in 500 mL round
bottom flasks and dried overnight. These films were
reconstituted with water aided by bath sonication for 2 min
followed by stirring for 1 h. Theoretical drug loading (DL) was
increased up to 12.5% w/w.

2.3.2. Farticle Size, Zeta Potential, and Morphology
Determination. The measurement was performed using a
Zetasizer Nano-ZS (Malvern Instrument Ltd., UK) with a
helium laser at 633 nm and the scattering angle was fixed at 173°.
The morphology of the developed formulation was studied
using high-resolution transmission electron microscopy (HR-
TEM; JEM 2100, Jeol Ltd., Japan).

2.3.3. DL and Entrapment Efficiency. DL and entrapment
efficiency (EE) of the LSF—LA prodrug in LSF—LA PLM was
estimated using a previously reported HPLC-PDA method.”
For DL calculation, the formulation was lyophilized and drug
content was analyzed by HPLC. Practical DL (eq 2) and EE
were calculated using following formulae (eq 3)

. Wo
Drug loading (% DL) = — X 100
W @

. . Wo
Encapsulation efficiency (% EE) = — X 100
W ®3)

where Wy is the weight of the drug entrapped in micelles, W, is
the weight of Iyophilized micelles, and W is the amount of drug
initially added in the system.

2.4. Lyophilization of LSF—LA PLM Formulations. PEG
2000 was selected as the Iyoprotectant and dissolved in freshly
prepared LSF—LA PLM formulation to obtain a concentration
of 5% w/v of lyoprotectant and loaded into a bench top
Iyophilizer (FreeZone Triad Freeze Dry System (Labconco,
USA)). The lyophilization cycle was carried out in three
sequential steps, namely, freezing, primary drying, and
secondary drying for a total duration of 56 h (Table 1). During
the Iyophilization process, the temperature of the product was
monitored using active vials probed with thermocouples.

2.5. Stability of the LSF—LA PLM Formulation. 2.5.7. In
Simulated Biological Fluids. The stability of drugs/dosage
forms in simulated biological fluids indicates the likelihood of
oral bioavailability. The stability of different formulations
(LSF—LA PLM and LSF—LA SM) was determined in simulated
gastric fluid (SGF, pH 1.2), simulated intestinal fluid (SIF, pH
6.8), and PBS (pH 7.4). SGF and SIF without enzymes were
prepared as per USP. A stock solution of LSF—LA SM/LSF—LA
PLM (500 pg/mL) was added to the SGF, SIF, and PBS (n = 3)
separately and incubated at 37 °C and 100 rpm in a shaking
water bath. An aliquot of the sample (200 uL; without
replacement of media) was collected at each time point (0, 10,
20, 30, 45, 60, 90, and 120 min for SGF; 0, 10, 20, 30, 45, 60, 90,
120, 180, and 240 min for SIF and 0, 10, 20, 30, 45 min, 1,2, 4, 6,
8,12, and 24 h for PBS) followed by quenching of the sample
with ice cold acetonitrile (800 L), vortexing, and centrifuga-
tion; then, the supernatant was collected and the LSF—LA
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Table 1. Lyophilization Cycles Used in the Lyophilization
Process of LSF—LA PLM

hold time (h) RAMP (°C/min)
Thermal Treatment: Freezing (Vacuum: OFF)

segment/step  temperature (°C)

1 10 0.5 N
2 0 2.0 2
3 -10 1.0 1
4 -30 3.0 1
S =55 10.0 025
Primary Drying (Vacuum: 200 mTorr)
1 —55 6.0 025
2 —20 6.0 025
3 -10 5.0 025
4 4 5.0 025
S 20 5.0 025
Secondary Drying (Vacuum: 100 mTorr)
1 25 12 025

prodrug in the samples was analyzed by HPLC. The graph
between % LSF—LA remaining intact in the medium and time
was plotted considering LSF—LA at the initial time point (0
min) as 100%.

2.5.2. At Different Storage Temperatures. The Stability of
LSF—LA PLM in water was assessed at two different storage
temperatures: (a) at RT (25 °C) and, (b) at 4 °C for a period of
30 days by determining the particle size and PDI of the LSF—LA
PLM at a time interval of 3 days up to 30 days.

2.6. Ex Vivo Release Study of LSF-LA PLM in Rat
Plasma. The objective of this study was to determine the rate of
release of LSF—LA from LSF—LA PLM followed by its
hydrolysis in plasma by cleavage of the ester bond to release
free LSF. Plasma was separated from fresh blood collected from
male wistar rats. For this study, LSF—-LA PLM (10 mg)
containing the LSF—LA prodrug (~1 mg equivalent of LSF) was
spiked into fresh rat plasma and incubated in a shaker at 37 °C
for 72 h. An aliquot of plasma (200 uL; without replacement of
media) was withdrawn at different time intervals, 5 and 15 min,
1,2, 4,6, 12, 24, 36, 48, 60, and 72 h into S mL glass tubes,
followed by the addition of 50 L of internal standard (IBMX, 2
ug/mL) solution. Samples were mixed by vortexing for 1 min
followed by addition of 2 mL of methylene chloride as extracting
solvent. The samples were vortexed for S min and centrifuged at
3500 rpm for 15 min at 4 °C. The lower organic layer was
collected and evaporated. The residue was reconstituted with
100 uL of mobile phase (methanol/water: 1:1) and vortexed for
30 s. For quantitation of LSF, 80 yL of this sample was injected
into HPLC.

2.7. Cell Culture-Based Studies for LSF—LA PLM. To
evaluate the efficacy of the LSF—LA PLM prodrug in
hyperglycemic/diabetic conditions, mouse insulinoma cells,
MIN-6, were used. The cells were grown in RPMI media
supplemented with 10% FBS and 1% antibiotic solution and
grown at 37 °C in a humidified atmosphere containing 5% CO,.

2.7.1. Inflammation-Mediated f-Cell Death and Decrease
in Insulin Secretion. MING cells (5 X 10%/well) were allowed to
attach for 24 h in 96-well cell culture plates. To mimic the in vivo
inflammatory conditions as seen in diabetes, MIN6 cells were
treated with recombinant proinflammatory cytokines, TNF-or
(10 ng/mL), IL-15 (S ng/mL), and IFN-y (100 ng/mL); the
concentrations of cytokines were selected to mimic the
pathological levels of cytokines as observed during the
development of diabetes. Simultaneously, cells were also treated
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with LSF—LA PLM and controls (free LSF, LA, LSF—LA SM,
BLK) at ~20 uM in the presence of cytokines. After 48 h of
treatment period, MTT assay was performed to evaluate
cytotoxicity and absorbance was recorded at 560 and 630 nm.
Untreated cells and cells treated with free LSF, free LA, LSF—LA
SM formulation (all at equivalent concentrations) and blank
PLM (BLK) were kept as controls. The cell viability was
calculated by comparison with untreated cells by the following
equation (eq 4).

Cell viability (%) = (absorbance of test sample

/absorbance of control) X 100 4)

Cytotoxicity assay for all treatment groups (at ~20 gM) is also
performed in MING cells without cytokines to check the toxicity
of the formulation in the absence of inflammatory conditions.
Thereafter, the cells were evaluated for their insulin production
ability using a static incubation method, wherein MIN6 cells
were sequentially incubated in the media containing basal (3.33
mM) and stimulatory glucose (33.33 mM) levels at 37 °C for L h
each. Supernatants were collected and analyzed for insulin
release using the commercially available ELISA kit (Crystal
Chem, USA).

2.7.2. PBMC Proliferation and Activation. PBMCs (freshly
isolated from mice blood using the Ficoll Paque density gradient
method) were stained with CFSC (5 uM) using the
manufacturer’s protocol. CFSC-stained PBMCs were further
activated using PHA (3 prg/mL, mitogen activator) followed by
treatment with LSF—LA PLM (~20 M) and controls-free LSF,
LA, LSF—LA SM (all at ~20 uM), and BLK. After 96 h of
incubation, PBMC proliferation was evaluated by flow
cytometry with a 488 nm excitation laser. The extent of cell
activation was also studied by measuring the level of
inflammatory cytokines (IFN-y and TNF-a) in the culture
supernatants after 48 h using ELISA kits (ELISA MAX,
BioLegend, USA).

2.7.3. Cellular Uptake of LSF—LA PLM. MING6 cells were
incubated with LSF—LA PLM and LSF—LA SM (~20 uM to
LSF) for 6 h keeping LSF (20 gM) and untreated cells as
controls. After 6 h of incubation, LSF—LA and free LSF were
quantified in culture supernatants using a previously reported
HPLC method.”

2.8.PKs of Free LSF, LSF—LA SM, and LSF—LA PLM. The
PK studies of LSF, LSF—LA SM, and LSF—LA PLM were
performed on Wistar rats (200—220 g). LSF (solution in water),
LSF—LA SM, and LSF—LA PLM were administered orally at the
dose of 10 mg/kg (~LSF) with maximum dosing volume of 1
mL to each rat with overnight fasting (n = 4). For oral
bioavailability determination of LSF in comparison to LSF—LA,
these were also administered iv at 10 mg/kg dose. After dosing,
blood samples were collected at each preset time point of 10, 20,
30 min, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h. Plasma concentration—
time profiles of LSF released from LSF—LA SM and LSF—LA
PLM were plotted and analyzed by the noncompartmental
model approach using Phoenix 2.1 WinNonlin (Pharsight
Corporation, USA) to determine various PK parameters. In vivo
LSF shows interconversion into PTX by oxidation—reduction
reaction. LSF—PTX interconversion is a major hurdle in
effectiveness of LSF therapy. Hence, PTX plasma concen-
tration—time profiles were also generated in all the PK studies of
LSF and its formulations to understand the rate and extent of
interconversion of LSF to PTX.
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2.9. In Vivo Efficacy Studies in the T1D Model. Diabetes
was induced in male wistar rats weighing 180—220 g. The
animals were maintained under standard environmental
conditions and provided with feed and water ad libitum.
Initially, for 1 week (prior to the experimentation), all the
animals were fed on normal pellet diet. The animals were
injected with a single high dose of STZ (45 mg/kg, ip) dissolved
in sodium citrate buffer (0.01 M, pH 4.5), whereas the respective
control rats received the vehicle citrate buffer (pH 4.5) only.
After 72 h of STZ injection, fasting glucose levels were
measured. The animals showing plasma glucose levels >250
mg/dL were considered diabetic. Thereafter, glucose and insulin
levels of the experimental animals were checked throughout the
study by the tail bleeding method.

2.9.1. Experimental Design. The animals were randomly
divided into eight different groups as shown in Table 2.

Table 2. Experimental Groups for Efficacy Studies in the
STZ-Induced T1D Model

s. no. experimental groups
1 normal control (NC)
2 diabetic control (DC)
3 PLM blank formulation (BLK)
4 free lisofylline (LSF)
5 free linoleic acid (LA)
6 LSF—LA SM via ip route (LSF—LA SM ip)
7 LSF—LA PLM via ip route
8 LSF—LA PLM via oral route

Treatment was started on the third day after confirming the
diabetic conditions. For treatment, LSF and LA (in 0.5 % w/v
tween 80) were administered as solutions prepared in water for
injection at a dose of 15 mg/kg, once daily. LSF—LA SM ip (by
intraperitoneal route), LSF—LA PLM ip (by intraperitoneal
route), and LSF—LA PLM ORAL (by oral route) were given at a
dose equivalent to 15 mg/kg of LSF (~30 mg/kg of LSF—LA)
once daily. Treatment was continued for 3 weeks and fasting
glucose levels were measured twice weekly by the tail bleeding
method using an AccuChek active glucometer. After 3 weeks,
the levels of insulin and inflammatory cytokines, TNF-a, and
IFN-y were measured in serum using commercially available
ELISA kits.

2.9.2. Evaluation of Blood and Serum Biochemical
Parameters. In diabetes, there are significant changes in
serum protein and lipid profile as well as liver and kidney
functions before and after treatment with hypoglycemic agents.
To assess the effect of LSF—LA PLM on lipid and protein profile
of the animals, serum protein, cholesterol, and triglyceride levels
were measured. For liver and kidney function, SGPT, SGOT,
serum urea, uric acid were also measured. All biochemical
parameters were measured after 3 weeks of study period using
commercially available kits (Coral Diagnostics, India).

2.9.3. Histopathology and IHC Analysis. After 3 weeks of
treatment, the animals were euthanized and pancreata were
isolated and fixed in 4% paraformaldehyde solution. Tissues
were then processed for paraffin embedding, subsequent serial
sectioning, and staining with hematoxylin/eosin (H&E) to allow
the assessment of pancreatic islet morphology in the studied
groups. IHC analysis was also performed in pancreas for
expression of CD4+ and CD8+ T-cells as per the standard
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Figure 1. Characterization of blank and LSF—LA-loaded mPEG-b-P(CB-co-LA) micelles (PLM) (A) cmc of PLM determined by fluorescence
spectroscopy using pyrene as a fluorescent probe (cmc: 5.95 pg/mL); (B) micellar aggregation number of PLM at 10X cmc value determined by
pyrene as a fluorescent probe and CPC as a quencher (N,,: 14.82); (C) particle size and zeta potential distribution of LSF—LA PLM; (D) particle size
morphology of LSF—LA PLM by HR-TEM analysis; EE) intact and flufly cake of lyophilized LSF—LA PLM using trehalose (5% w/v) as the
lyoprotectant; and (F) LSF—LA PLM stability at RT and 4 °C for 30 days: particle size and PDI analysis.
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Figure 2. Stability of LSF—LA PLM in comparison to the free LSF—LA prodrug in different simulating biological fluids: (A) SGF (pH 1.2); (B) SIF
(pH 6.8); (C) PBS (pH 7.4) and, (D) ex vivo release of LSF from LSF—LA PLM in rat plasma.

protocol. After immunostaining, the sections were lightly
counterstained with hematoxylin and observed under a light
microscope. Primary antibodies, CD4 Rabbit mAb, and CD8a
Mouse mAb were optimized at dilutions of 1:400 and 1:20,
respectively. Signal stain IHC boost reagent and antimouse IgG
(H + L) antibody were used as secondary antibody at a dilution
of 1:1 (3—4 drops) and 1:500, respectively.

3. RESULTS

3.1. Characterization of the mMPEG-b-P(CB-co-LA)
Polymer. To deliver the LSF—LA prodrug, the mPEG-b-
P(CB-co-LA) copolymer was synthesized and characterized
using '"H NMR and GPC (Figure S1). 'H NMR showed the
presence of 26 units of the MBC monomer and 50 units of lactic
acid in the copolymer with an overall molecular weight of 15 168
Da and the molecular weight determined by GPC was found to
be 15014 Da. As shown in Figure 1A,B, synthesized polymer
showed a emc of 5.95 ug/mL and an aggregation number (N,,)
of 14.92 at 10 times the cmc value.

3.2. Formulation Characterization and Scale-Up. LSF—
LA prodrug-loaded polymeric micelles prepared by the thin-film
hydration method exhibited self-assembly, demonstrating a
particle size and zeta potential of 149.3 nm (PDI: 0.209) and
—7.23 + 3.76 mV, respectively (Figure 1C). The EE of LSF—LA
in PLM was found to be 7S5 + 4.12% with a practical DL of 9.29
+ 1.16%. Figure 1D shows the TEM image of LSF—LA PLM,
confirming the spherical morphology of the micelles.

Similar parameters were also seen in scale-up batches of LSF—
LA PLM with an average particle size of 145.45 + 7.64 nm (PDI:
0.138 + 0.07) and zeta potential value of —8.72 + 3.69. % EE
was marginally increased in scale-up batches and was
determined to be 78.45 + 6.65%.

3.3. Lyophilization of LSF—LA PLM. In the present study,
PEG 2000 showed an intact cake of LSF—LA PLM with a good
appearance (Figure 1E). After the cake formation, when
Iyophilized micelles were reconstituted in water, the cake got
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re-dispersed immediately (within 30 s upon addition of water),
and the re-dispersity index was found to be 1.16.

3.4. Stability Study of LSF—LA PLM. Stability studies of
LSF—LA PLM at 4 and 25 °C (RT) revealed no significant
change in size and PDI of LSF—LA PLM at both the
temperatures (Figure 1F). As shown in Figure 2A—C, the
LSF—LA prodrug (free) was not found to be stable in SGF and
SIF (even in the absence of enzyme) and exhibited a half-life of
1.3 and 1.12 h for SGF and SIF, respectively, but was found to be
stable in PBS (102.29 + 4.20% of LSF—LA was found to be
intact even after 24 h). However, LSF—LA PLM showed
stability in all the media, including SGF, SIF, and PBS, wherein
112.61 + 4.26% of the LSF—LA prodrug could be detected
intact in case of PLM after 2 h of incubation in SGF; 76.05 +
7.13% after 4 h of incubation in SIF; and 101.61 + 5.15% after 24
h in PBS. These data clearly indicated the feasibility of
administering LSF—LA PLM by the oral route.

3.5. Ex Vivo Release Study of LSF-LA PLM in Rat
Plasma. As shown in Figure 2D, LSF LA PLM released the
LSF—LA prodrug into the plasma, which further underwent
hydrolysis to release free LSF, which is then available to elicit its
therapeutic effect. After 48 h of incubation in plasma, 68.17 +
1.63% of free LSF was released from LSF—LA PLM. Mass
balance studies were carried out to detect the remaining amount
of unhydrolyzed LSF—LA prodrug in PLM under alkaline
conditions; however, owing to the degradation of LSF under
alkaline conditions, the remaining LSF could not be detected.

3.6. Cell Culture-Based Evaluation of LSF—LA PLM. The
major objective of these experiments was to evaluate if the
activity/potency of the LSF—LA prodrug remains intact after
encapsulation into the PLM, that is, if the processes and
excipients used during formulation development have affected
the antidiabetic activity of the prodrug in any way.

3.6.1. Inflammation-Mediated -Cell Death and Decrease
in Insulin Secretion. 1t is well known that release of
proinflammatory cytokines during diabetes causes death of f-
cells and thus severely compromises both basal as well as
postprandial insulin levels. Cytotoxicity assay of LSF—LA PLM

DOI: 10.1021/acs.molpharmaceut.9b00833
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Figure 3. In vitro cell culture evaluation of LSF—LA PLM in MING cells (A) cytotoxicity evaluation (MTT assay) of LSF—LA PLM (~20 uM) in the
presence and absence of cytokines (TNF-a, IL-1f, and IFN-y). *Cyt vs all; "LSF—LA PLM vs LSF and LA (**P < 0.001); (B) basal and stimulated
insulin levels in MING6 cells after inflammatory challenge following treatment with LSF, LA, LSF—LA SM, and LSF—LA PLM (~20 M) *untreated vs
all: *Cyt vs LSF, LSF—LA SM, and LSF—LA PLM; *BLK vs LSF—LA SM and LSF—LA PLM: *LSF—LA PLM vs LSF and LA (***P < 0.001); (C)
spontaneous proliferation of PBMCs (after stimulation with PHA) studied by CFSE staining and analyzed by FCS Express software; (D) IFN-y and
TNF-a (pg/mL) levels in the conditioned media of PBMCs stimulated with PHA. *PHA-stimulated PBMCs vs LSF and LSF—LA SM and PLM;
*LSF—LA PLM vs LSF (**P < 0.001); and (E) cell uptake study using HPLC. *LSF vs both (*P < 0.05).
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Figure 4. In vivo PK and PD studies of LSF—LA PLM: PK studies in normal rats at ~10 mg/kg dose (A) LSF and PTX plasma concentration—time
profiles obtained from free LSF and LSF—LA SM after iv administration (mean + SEM, N = 4); (B) LSF plasma concentration—time profiles obtained
from free LSF, LSF—LA SM, and LSF—LA PLM after oral administration (mean + SEM, N = 4). F: oral biocavailability; (C) PTX plasma
concentration—time profiles obtained from free LSF, LSF—LA SM, and LSF—LA PLM after oral administration at ~10 mg/kg dose in rats (mean +
SEM, N = 4). Antidiabetic effect of LSF—LA PLM in an STZ-induced T1D model: (D,E) fasting blood ghicose levels and serum insulin levels
respectively in STZ-induced diabetic rats after 3 weeks of treatment with LSF—LA PLM via ip and oral route where NC, DC, BLK, LA, LSF, and LSF—
LA $M ip are studied as controls. *NC vs all groups; *DC vs LSF—LA groups; *LSF vs LSF—LA groups; ***P < 0.001.

and BLK micelles revealed that these were nontoxic toward in the presence of a cocktail of cytokines (TNF-q, IL-1f3, and
insulin-secreting pancreatic beta cells, MIN-6, in the absence of IFN-7), cell viability was reduced to ~36.28% (Figure 3A) along
cytokines. This was also observed in the present study, wherein, with a drastic reduction in the level of insulin when compared to
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Table 3. (A) Non-Compartmental PK Parameters for Free LSF and LSF—LA SM (iv) PK; (B) Noncompartmental PK Parameters
for Free LSF (Oral) PK; (C) Noncompartmental PK Parameters for LSF—LA SM and LSF—LA PLM (Oral) PK

A

free LSF; iv (mean + SEM)

LSF—LA SM; iv (mean + SEM)

parameters LSE PTX
C, (ng/mL) 7781.23 + 434.35 4881.70 + 929.97
t12 (h) 0.39 + 0.03 0.48 + 0.04

AUCy 1y (ng'h/mL)
AUC;_, (ng-h/mL)
AUMC, _p,«(ng-h/mL)
AUMC,_,, (ngh/mL)

5289.77 + 33291
5450.27 + 366.96
266341 + 278.63
3080.74 + 400.24

2510.72 £ 179.52
2632.88 + 158.85
1312.27 + 67.94
1645.22 + 19.99

LSF

7354.68 + 532.1S
0.96 +0.01
5680.53 + 461.19
5794.56 + 471.25
§718.25 + 513.71
6560.78 + 587.14

PTX

1060.68 + 87.73
0.70 + 0.08
1438.40 + 228.66
1492.91 + 253.14
1266.88 + 288.85
1547.63 + 417.61

MRT (h) 0.50 + 0.03 0.53 + 0.02 1.00 £ 001 0.85 + 0.07
B
free LSF; oral (mean + SEM)
parameters LSF PTX
Cpax (ng/mL) 1138.64 + 134.72 504.36 + 3844
t1 (h) 0.61 + 0.06 0.69 + 0.07
K, (1/h) 0.94 + 0.06 1.04 +0.11
AUC, 1.« (ng'h/mL) 1186.75 + 70.40 491.12 +22.86
AUC,_,, (ng-h/mL) 1321.69 + 63.34 547.20 + 18.29
AUMC, 1, (ngh/mL) 962.17 + 35.82 379.06 + 8.68
AUMC,_, (ng-h/mL) 1379.63 £ 27.71 549.76 + 37.80
MRT (k) 0.81 £ 0.02 0.77 £0.02
C
LSF—LA SM; oral (mean + SEM) LSF—LA PLM; oral (mean + SEM)
parameters LSE PTX LSF PTX
Cpoar (ng/mL) 1168.40 + 89.73 409.55 + 50.92 1449.39 + 119.09 121.12 +12.30
t, (h) 0.72 £ 0.03 0.67 £ 0.09 2.09 £ 0.05 296 +0.35
K, (1/h) 0.96 + 0.04 112 £0.18 0.33 £ 001 0.24 +£0.03
AUCq_¢ (ng-h/mL) 1389.73 + 111.51 40633 +71.28 4252.69 + 125.07 440.16 + 30.75

AUCq_, (ng-h/mL)
AUMC, . (ng'h/mL)
AUMC,_,, (ng'h/mL)

MRT (h)

1473.64 + 124.12

1273.34 + 122.10

1614.18 + 176.66
0.91 +0.02

47132 +100.42

303.23 + 64.17

508.83 + 167.07
0.72 + 0.0§

4409.34 + 132.71
10264.00 + 531.25
11993.57 + 568.57

241 +£0.07

49249 + 28.78
1195.61 + 82.78
1851.07 + 172.48

2.72 +£0.09

normal cells (without cytokines) (Figure 3B). However, upon
treatment of the cells under inflammatory stress with free LSF,
LSF—LA SM, and LSF—LA PLM (~20 gM), a sharp increase in
cell viability up to 73.21, 82.63, and 86.68%, respectively, was
observed. Further, the basal insulin level, which dropped to 1.12
ng/mL in the presence of cytokines, showed an increase to 1.58,
2.27,and 2.34 ng/mL in the presence of LSF, LSF—LA SM, and
LSF—LA PLM, respectively. LSF—LA PLM showed a statisti-
cally significant increase in the viability of f-cells and insulin
levels in comparison to free LSF but similar to that of LSF—LA
SM, indicating a similar in vitro therapeutic efficacy of LSF—LA
after formulating into PLM.

3.6.2. PBMC Proliferation and Activation. The presence of
LSF and LSF—LA SM/PLM in the growth medium (RPMI
1640) of PBMCs caused a significant reduction in the
proliferation of PBMCs even in the presence of a mitogen
stimulator (Figure 3C), which otherwise exhibited spontaneous
proliferation for up to seven generations in the presence of PHA
alone. Levels of inflammatory cytokines, IFN-y and TNF-o were
also determined in the conditioned media of PBMCs under
stimulation with PHA. As shown in Figure 3D, LA and BLK
treated cells did not exhibit any significant difference in IFN-y
and TNF-a level as compared to PHA only stimulated cells.
However, LSF—LA SM and LSF—LA PLM treatment revealed a
significant reduction in the levels of cytokines in PHA stimulated
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cultures (P < 0.001) signifying retention of therapeutic efficacy
of LSF during/after formulation development and also the
ability of LSF—LA PLM to impair the activation of adaptive
immune system in T1D.

3.6.3. Cellular Uptake Studies for LSF—LA PLM. LSF—LA
PLM revealed a significantly higher uptake into the cells (76.78
+ 2.46%) after incubation for 6 h in comparison to the free LSF
group (56.86 + 9.26%) but not statistically significant from
LSF—LA SM (75.48 + 4.01%) (Figure 3E).

3.7. PK Studies. Interconversion of LSF to PTX was
confirmed when PTX was found in the plasma upon iv
administration of LSF or its formulations (Figure 4A). As
shown in Table 3, LSF—LA PLM significantly improved the oral
PK parameters of LSF. Upon oral administration, LSF—LA PLM
showed a half-life of 2.08 + 0.05 h, which was 3.4-fold higher
than that of free LSF (0.61 + 0.06 h). Thus, LSF—LA PLM
increased the MRT of LSF (from 0.81 to 2.41 h). Further,
AUC,_, for LSF—LA PLM was found to be 4252.69 ng-h/mL,
which is three times higher than AUC,_, observed in LSF—LA
SM (1389.33 ng-h/mL) after oral administration. Interestingly,
whereas LSF—LA SM exhibited a low oral bioavailability of
24.46%, it got significantly improved to 74.86% upon
administration of LSF—LA PLM (Figure 4B). This hinted at
the possibility of designing an orally viable system for delivery of
LSEF, which otherwise has a negligible oral bioavailability.
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Figure 5. Effect of LSF—LA PLM on different biochemical parameters in the STZ-induced T1D model after 21 days of treatment (A) serum cytokines
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Figure 6. Histological and IHC analysis of pancreatic sections after 21 days of treatment: H&E staining and expression of CD4+ and CD8+ T-cells.
*Magnification 400X and scale bar 20 ym.

PTX was also detected in the PK studies of both free LSF and

ing the LSF—LA prodrug in self-assembling polymeric micelles,
LSF—LA nanoformulations because of the well-proved LSF—

LSF-LA PLM.

PTX in vivo interconversion. As shown in Figure 4, plasma
concentration of PTX was much lower upon administration of
LSF—LA PLM in comparison to LSF and LSF—-LA SM PK
(Figure 4A,C), which indicated that there was a significant
decrease in the rate and extent of LSF—PTX in vivo
interconversion upon administering LSF as a self-assembling
prodrug, LSF—LA, which was further reduced upon encapsulat-
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3.8. In Vivo Efficacy Studies in the STZ-Induced T1D
Model. LSF—LA PLM was tested by ip and oral routes of
administration in an STZ-induced T1D rat model over a 3 week
time period at 15 mg/kg dose (equivalent to free LSF), once
daily, keeping free LSF-, LA-, LSF—LA SM-, and BLK-treated
diabetic animals as controls (~15 mg/kg, once daily).

As shown in Figure 4D, a decrease in the fasting glucose levels
was observed throughout the treatment period after LSF—LA

DOI: 10.1021/acs.molpharmaceut.9b00833
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PLM administration beginning from day 3 of treatment. LSF
lowered glucose levels in some rats but was unable to maintain
the reduced levels compared to LSF—LA SM ip, LSF—LA PLM
ip, and LSF—LA PLM oral. LSF—LA PLM ip and LSF—LA PLM
oral exhibited lowered as well as stabilized blood glucose levels
as compared to diabetic animals. As shown in Figure 4E, the
LSF—LA PLM-treated group showed significantly increased
levels of insulin in comparison to control groups along with a
drastic reduction in TNF-a and IFN-y levels (Figure SA). LSF—
LA PLM delivered by the oral route exhibited similar levels of
insulin and TNF-a and IFN-y as that LSF—LA SM ip and LSF—
LA PLM ip, implying a similar efficacy of oral route of
administration to that of ip route when LSF—LA PLM was
administered by both the routes.

Regarding the biochemical parameters, a change in the levels
of serum cholesterol, triglycerides, SGPT (ALT), SGOT (AST),
urea, uric acid, and total protein was observed in the diabetic
animals as compared to the normal animals. LSF—LA SM and
LSF—LA PLM (by both the routes) significantly decreased the
levels of serum cholesterol, triglycerides, SGPT, SGOT, urea,
and uric acid, whereas these treatments significantly increased
the serum level of protein in comparison to NC-, DC-, LA-,
LSF-, and BLK-treated groups (Figure 5).

3.8.1. In Vivo Histology and IHC Analysis. Histological
examination of the H&E-stained sections of rat pancreas of the
diabetic group showed a significant decrease in the number of #
cells of the islets of Langerhans in comparison to the control
group (normal animals), wherein the islets showed a large
number of f cells (seen as hematoxylin-stained blue cells)
distributed throughout the islet (Figure 6). The damage or
necrosis of 3 cells in the diabetic control group is a hallmark of
diabetes. In LSF—LA micelle-treated groups (LSF—LA SM and
LSF—LA PLM), more number of § cells were observed along
with reduced f cell fibrosis and inflammatory cell infiltration as
compared to the diabetic control and LA-treated groups. This
also explains the higher plasma insulin levels observed at the
terminal end point (21 days) in LSF—LA micelle-treated group
in comparison to the control groups (Figure 4E) and a similar
observation in in vitro cell culture experiments, which revealed
an increase in cell viability and insulin secretion under the
inflammatory conditions upon treatment with LSF—LA micelles
(Figure 3C). Further, as shown in Figure 6, expression of CD4+
and CD8+ inflammatory T-cells was carried out in pancreatic
sections of the experimental animals. The high numbers of
CD4+ and CD8+ stained T cells in DC and LA groups were
consistent with active islet j-cell destruction as revealed by H&E
staining in these groups. In rats treated with LSF—LA prodrug
micelles (LSF—LA SM and PLM), CD4+ and CD8+ positive
cell clusters were less prominent throughout the pancreas.
Treatment with free LSF showed higher number of CD4+ and
CD8+ inflammatory cells in comparison to LSF—LA micelle-
treated groups. Among the LSF—LA micelle-treated groups,
LSF—LA PLM (both by oral and ip route) showed minimal
inflammatory T cells in comparison to LSF—LA SM.

4. DISCUSSION

Designing a patient-compliant and effective delivery system for a
therapeutic molecule is a challenging task given the limitations
regarding its solubility, stability, targeted release profile, and
PKs.* One such difficult to deliver but potent molecule is LSF
which possesses anti-inflammatory and immunomodulatory
activities and has shown potential in several clinical indications
including diabetes, islet transplantation, acute lung injury, and
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acute respiratory distress syndrome.”’ However, the potency of
LSF is far from being realized owing to its weak delivery
prospects particularly, a very high aqueous solubility (~60 mg/
mL; poor encapsulation in any drug delivery system)" and poor
PK performance (poor oral bioavailability of 5.9, 1 and 22.4% in
human,” mice®” and rats, respectively). Presystemic metabo-
lism of LSF is high and may be because of the presence of a free
hydroxyl group in its side chain resulting in its low oral
bioavailability. Major sites for this interconversion are
erythrocytes (carbonyl reductase) in blood, lung clara cells
(pulmonary carbonyl reductase), and liver microsomes; LSF—
PTX interconversion is more pronounced in case of parenteral
route of administration in comparison to oral route as LSF
comes in direct contact with the blood.'® These limitations
associated with LSF make the delivery of the molecule quite
complicated and hence it remains a poorly explored drug. As an
attempt to resolve these limitations of LSF, our group first
reported a drug-fatty acid prodrug of LSF with fatty acid LA,
which showed self-assembly into micelles (LSF—LA SM) and
exhibited potent activity and efficacy in in vitro and in vivo
experiments at a reduced dose and dosage mainly attributed to
reduced interconversion of LSF to its inactive metabolite PTX
by blocking free hydroxyl group in side chain of LSF. LSF—LA
SM is the first reported injectable nanoformulation of LSF,
which made its sustained delivery possible for a variety of
autoimmune disorders.”” Considering that T1D is a chronic
ailment which requires multiple injections of the antidiabetic
agent every day, the parenteral route of administration is
certainly not a patient-friendly alternative.”>*" LSF—LA SM,
when tested by oral route of administration, showed a very low
bioavailability (24.46% in rat) because of the ease of cleavage of
ester linkage between LSF and LA in the GIT before reaching
the systemic circulation.

As LSF—-LA SM was unable to show appreciable oral
bioavailability, we designed a nanodrug delivery system of the
synthesized LSF—LA prodrug, which could exhibit oral
bioavailability and thus enhance the potential for its clinical
translation. Shielding the ester bond between LSF and LA
against cleavage in GIT by encapsulating it in a polymeric carrier
not only demonstrated equivalent therapeutic activity by oral
and parenteral routes but also decreased the interconversion of
LSF to PTX substantially (Figure 3C).

For this purpose, the LSF—LA prodrug was encapsulated into
an in-house designed self-assembling amphiphilic polymeric
carrier. Among the different types of nanoparticulate for-
mulations available, we selected polymeric micelles owing to
their self-assembling nature, high encapsulation efficiency,
controlled release, small size, biocompatibility, and biodegrad-
ability.” %’ Additionally, polymeric micelles show enhanced
stability and resistance to drug leakage under normal
physiological conditions.”® To develop polymeric micelles of
the LSF—LA prodrug, we screened several polymers which
could self-assemble and provide high payload. Literature
suggests that a hydrophilic fraction of 0.25—0.4 ( fhydmphilic) in
amphiphilic copolymers enables their self-assembly or aggrega-
tion into lamellar, micellar, or vesicular systems in aqueous
solutions.”"" Primarily, we synthesized the polymeric carrier
with a hydrophilic fraction of 0.3 or 30% comprising PEG,,
(M,—5000), whereas 70% of the weight fraction was composed
of hydrophobic segments consisting of lactide and MBC,
wherein 50 units of lactide and 25 units of MBC were attached.
Previously, Danquah et al. synthesized a PEG-b-polyester/
polycarbonate copolymer system [poly(ethylene glycol)-b-
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poly(carbonate-co-lactide)] using a conventional technique
which normally requires 130 °C for 24 h for synthesis.”® We
modified the technique to a microwave synthesizer-based
technique, which reduced the reaction time from 24 h to 45
min. As our objective was to obtain a high DL, we varied the
ratios of lactide and MBC in the final polymer without changing
the weight fraction of hydrophilic and hydrophobic segments
and the copolymer containing 25 units of MBC monomer and
50 units of lactic acid was selected for further studies. The self-
assembling nature of the polymer was confirmed by determi-
nation of the cmc value (5.95 pg/mL) and aggregation number
(14.82 at 10 cmc). The LSF—LA prodrug was encapsulated into
the polymer [mPEG;,,-b-P(CB,s-co-LAg,)] by a simple film
hydration method and formation of spherical micelles was
confirmed by TEM (Figure 1D). Scaling up of the formulation is
essential for clinical use but is often considered a major challenge
for nanoformulations. The methodology designed for formula-
tion of LSF—LA PLM was amenable to scale-up as observed by
preparation of larger batch sizes of LSF—LA PLM. Lyophiliza-
tion of the fresh micellar formulation was optimized using PEG
2000 (5% w/v) as a lyoprotectant (Table 1) to improve its
stability, handling during transportation, and to improve its
commercial viability. Since use of sugars as a lyoprotectant is
generally not recommended in antidiabetic formulations, PEG
2000 was selected as the lyoprotectant of choice.

To ensure oral bioavailability of any molecule, its stability in
the lumen of the GIT is important, which is often compromised
because of chemical (pH-dependent) instability and/or
enzymatic degradation of the molecule in the upper gut.*"*
This might be the reason for low oral bioavailability of our
previously designed LSF—LA SM. Hence, the stability of LSF—
LA PLM in the GI tract was important to assess to ensure its oral
bioavailability. Unlike LSF—LA which underwent substantial
degradation in SGF and SIF (Figure 2A,B), LSF—LA PLM
remained stable in all the simulating biological fluids (SGF, SIF,
and PBS). This might be attributed to the higher stability of the
micellar structure of LSF—LA PLM in the acidic pH of the SGF
(pH 1.2). It has been reported that the strength of the hydrogen
bonds is much higher under acidic conditions, which play a key
role in enabling self-assembly of the amphiphilic polymers into
micelles.”** However, as the pH becomes alkaline in SIF (pH
6.8), the hydrogen bonding gets weakened, thus favoring the
disassembly of micelles, resulting in minor release of LSF—LA
from LSF—LA PLM (Figure 2B). These results provided a
preliminary indication that the prepared mPEG,,-b-P(CB,;-co-
LAg) polymer could remain stable in the hostile environment of
the GIT and, being nanosized, could be easily absorbed into the
systemic circulation. Once into the systemic circulation, it would
be able to release free LSF as revealed by the hydrolysis study of
LSF—LA PLM in plasma (Figure 2D), wherein slow and
sustained release of free LSF (68.17 + 1.63%) was observed
from the nanoformulation within 48 h. A slow rate of hydrolysis
of the prodrug also indicated the possibility of prolonged action
and reduced rate of metabolism in vivo, in turn reflecting the
possibility of reduced dose and dosage. These results indicated
that the designed system has the potential of proving itself to be
a good carrier for oral delivery of LSF, which was later validated
by PK and pharmacodynamic studies. However, before
proceeding to in vivo experiments, it was necessary to ensure
that the potency and efficacy of LSF in LSF—LA PLM remains
similar as was seen in LSF—LA SM. To meet this objective, cell
culture-based evaluation was carried out, which revealed that
LSF—LA PLM was nontoxic to MIN-6 cells. In fact, LSF—LA
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PLM protected these insulin secreting cells from death under
cytokine-induced inflammatory conditions and boosted their
insulin release (Figure 3B) similar to that of LSF—LA SM.
Cytokines (TNF-a, IL-1f3, and IFN-y) are responsible for direct
P-cell cytotoxic action in rodent islets, which could ultimately
result in pathogenesis of T1D. PBMC proliferation and cellular
uptake studies also indicated significantly enhanced activity of
the LSF—LA PLM formulation as compared with free LSF. It
was evident from these results that the activity of LSF—LA PLM
was intact and similar to that of the LSF—LA prodrug. Although
LSF—LA PLM exhibited a significant improvement in PK
parameters over the LSF—LA prodrug, which was clearly
reflected during the pharmacodynamic studies in diabetic
animals, cell culture studies carried out in a controlled and
static environment cannot explore these advantages of LSF—LA
PLM.

To prove the oral efficacy of the formulation, PK studies were
conducted, wherein, upon oral administration of LSF—LA SM,
ester linkages present in the prodrug got directly exposed to
hydrolase enzymes present in the GIT, resulting in the cleavage
of the ester bond. Therefore, PK parameters of orally
administered LSF—LA SM did not show any significant
improvement in comparison to free LSF for example, LSF—
LA SM showed a half-life of 0.72 h in comparison to free LSF
(0.61 h). AUC was also found to be 1389.73 and 1186.75 ng-h/
mL, respectively, for LSF—LA SM and free LSF. Hence, based
on oral PK data of LSF—LA SM, we did not further evaluate the
antidiabetic effect of LSF—LA SM by oral route as it showed low
oral bioavailability and hence would also require a higher dose.
Contrary to this, the LSF—=LA PLM formulation upon oral
administration showed excellent oral bioavailability of 74.86%,
which may be attributed to protection of the ester bond in the
GIT and reduction in its interconversion LSF to PTX (Figure
4B). This might result because of shielding of the entrapped
drug molecules from direct interaction with the surrounding
healthy tissues by the nanocarrier and thus protecting LSF
against early activation and degradation processes. The
hydrophilic part of the LSF—LA PLM that is, PEG, is important
because of its brush-like architecture, which allows the
hydrophilic part to protect the hydrophobic part from the
harsh environment of the GIT and also minimizes protein
adsorption onto its surface.”> Owing to these reasons, LSF—LA
SM undergoes much faster metabolism than LSF—LA PLM as
revealed by the half-life values of LSF from the two systems
(Table 3). Along with oral bioavailability, the LSF-LA PLM
formulation in aqueous medium also exhibited stability at 4 °C
for 1 month, making it a commercially viable and patient-
compliant alternative.

The LSF—LA PLM formulation was further tested in the
STZ-induced T1D model. The glycemic level in the DC group
was significantly higher compared with the normal control
group. This difference in glucose homeostasis under diabetic
conditions is mostly attributed to low glucose intake by
peripheral tissues and high hepatic glycogenolysis and gluconeo-
genesis.%'47 Diabetic rats treated with LSF and LSF-LA
prodrug formulations (LSF—LA SM and LSF—LA PLM)
showed decreased fasting glucose levels, when compared with
the DC group. Improved glycemic levels can be the result of
improved insulin secretion and increase in f cell resistance to
apoptosis caused by inflammatory cytokines.”*' Improvement
was also seen in serum insulin levels after 3 weeks of treatment
with LSF and LSF—LA prodrug formulations as also previously
indicated by the in vitro cell culture studies. Interestingly, LSF—
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LA PLM showed equivalent therapeutic efficacy by both oral
and ip routes of administration at the same dose of LSF possibly
because of reduction in interconversion of LSF to PTX, which
enhanced the oral bioavailability of LSF as observed in PK
studies (Figure 4). LSF and its formulations significantly
reduced serum cytokines levels (Figure SA), which also
correlates well with our in vitro results (Figure 3E). The liver
plays a vital role in regulating glucose levels in physiological and
pathological states such as T1D.* Moreover, T1D is also
associated with oxidative stress, leading to liver injury, which
could be assessed by confirming the elevated levels of serum
ALT and AST."”*° Treatment with LSF and LSF—LA PLM/SM
reduced the levels of serum ALT and AST in comparison to DC-
and LA-treated groups (Figure $SB), which indicated that the
treatment exhibited appreciable protection from STZ-induced
hepatic dysfunction. Increased plasma triglyceride, high low-
density lipoprotein levels, and decreased high-density lip-
oprotein levels are common characteristics of dyslipidemia
and can be observed in diabetic conditions because of insulin
resistance-related lipolysis, which results in increase in the
circulating fatty acids that are taken up by the liver as an energy
source."® " LSF as a strong anti-inflammatory agent
modulates stress-associated chan§es in lipid metabolism and
suppresses serum free fatty acids.”” Upon treatment with LSF
and LSF—LA prodrug PLM/SM, serum triglycerides and total
cholesterol levels were decreased, whereas the total protein
levels were increased (Figure SC,D). Persistent hyperglycemia
causes elevation in serum urea levels, which is considered as one
of the significant markers of renal dysfunction.”””>" Serum urea
levels also decreased in diabetic groups after treating with LSF
and LSF—LA PLM/SM. Few studies have examined the
association between elevated serum uric acid and diabetes
mellitus. The high-normal values of serum uric acid may be
associated with diminished renal function in T1D for which
underlying mechanisms are not clear.”*® LSF also reduced
serum uric acid levels.

Destruction of -cells by activated T cells (CD4+ and CD8+)
and macrophages of the immune system mainly causes T1D, but
unfortunately, preventing f-cell destruction has proven
challenging.””** To understand the protection rendered by
any antidiabetic treatment to f-cells, measurement of f-cell
function along with assessment of T-cell infiltration is required.
CD4+ T cells are probably responsible for stimulation of islet-
resident macrophages, and for activation and propagation of
CD8+ T cells, which mainly infiltrate the islets of pancreas.”
These T cells also stimulate cytokines production which further
catalyzes the differentiation of native Th cells, leading to overall
f-cell destruction.””*" To assess the therapeutic potential of
LSF—LA PLM in immunomodulation, we first confirmed the
role of the LSF—LA PLM formulation in proliferation and
activation of PBMCs, wherein LSF—LA PLM suppressed the
proliferation of PBMCs to a greater extent than free LSF.
Diminished PBMC activation was confirmed by measurement of
cytokines production, which showed significant decrease in the
presence of LSF—LA PLM (Figure 3D,E). Literature shows that
LSF is an inhibitor of IL-12 signaling and it inactivates functions
of IL-12in T cells as well as in macrophages. This IL-12 is one of
the major immunoregulatory cytokines that promotes Thl cell
differentiation, cell-mediated immune responses, and induces
proinflammatory cytokine production.”*” Further, presence of
CD4+ and CD8+ T cells was confirmed in PD studies by IHC
analysis of rat pancreatic sections after 3 weeks of treatment.
CD4+ and CD8+ T cells were prominent in case of diabetic
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animals (Figure S), whereas upon treatment with LSF—LA
PLM, T cells levels were significantly decreased, which was
possibly because of the immunomodulatory action of the drug. A
similar observation was also made earlier in cell culture studies,
wherein LSF prevented f-cell death in the presence of cytokines
(Figure 3E) and prevented PBMC proliferation. Overall, this
study presents the first report on a biodegradable polymeric
micellar formulation of LSF that provides excellent oral
bioavailability and efficacy of LSF in diabetic animals.

5. CONCLUSIONS

In this study, we demonstrated the first facile biodegradable
polymeric micellar formulation of LSF that rendered excellent
oral bioavailability to LSF by reducing its metabolism. First,
LSF—LA PLM was prepared using an in-house-synthesized
mPEG-b-P(CB-co-LA) polymer and the formulation was
optimized, scaled up, and lyophilized. The optimized
formulation was found to be stable during storage and in
different simulating biological fluids as well as in rat plasma.
Further, LSF—LA PLM improved insulin secretion capability of
insulinoma cells, suppressed PBMC proliferation, and exhibited
enhanced cellular uptake, which confirmed that there was no
compromise in the potency of native LSF because of formulation
development. LSF—LA PLM showed similar hypoglycemic
activity by both ip and oral route in the STZ-induced T1D rat
model. Protection of f-cells was evident in the histology of
pancreatic sections after 3 weeks of treatment with LSF—LA
PLM formulation, which was confirmed by CD4+ and CD8+
staining of pancreata demonstrating significant reduction in the
T-cell population. In a nutshell, our results could set the ground
for a number of potential clinical applications of LSF by oral
route using LSF prodrug polymeric nanoformulation.
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