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Abstract: Because of its greater binding affinity and longer half-life than native glucagon-like peptide-
1 (GLP-1), the GLP-1 receptor agonist lixisenatide is commonly used to treat type 2 diabetes mellitus.
This study aimed to establish a simple and robust liquid chromatography–tandem mass spectrometry
(LC–MS/MS) approach for lixisenatide for in vivo pharmacokinetic investigation. Methanol-based
protein precipitation with formic acid was exploited for plasma sample extraction, using esomepra-
zole as the internal standard. Gradient elution with 0.1% formic acid in distilled water and acetonitrile
was utilized for chromatographic separation. Mass spectrometry was used to monitor the MRM
transition at m/z 810.8→ 129.2 for lixisenatide. In rat plasma, lixisenatide had a lower limit of quan-
tification of 10 ng/mL. The LC–MS/MS was applied to describe the pharmacokinetics of lixisenatide
in rats following intravenous and subcutaneous dosing. The average half-life of lixisenatide was
0.37 ± 0.06 h after intravenous injection. The estimated subcutaneous bioavailability of lixisenatide
was 2.17%. This LC–MS/MS analysis might be relevant in future research to create novel dosage
formulations of lixisenatide and other GLP-1 receptor agonists with optimal therapeutic effectiveness.

Keywords: type 2 diabetes; lixisenatide; LC–MS/MS; pharmacokinetics; GLP-1 receptor agonists

1. Introduction

Diabetes affects over half a billion people and is responsible for 1.5 million deaths
annually [1]. Type 2 diabetes, a chronic illness defined by elevated blood glucose levels
brought on by a confluence of insulin resistance and insufficient insulin secretion, accounts
for more than 90% of all cases of diabetes [2]. In addition to lifestyle changes such as
exercise, healthy diet, and weight loss, various diabetes medications, such as metformin,
sulfonylureas, thiazolidinediones, insulin, dipeptidyl peptidase-4 (DPP-4) inhibitors, and
glucagon-like peptide-1 (GLP-1) receptor agonists, have been widely used to manage type
2 diabetes [3–5].

Among others, GLP-1 receptor agonists represent a significant therapeutic break-
through in the management of Type 2 diabetes [6]. GLP-1 is an endogenous peptide
belonging to the incretin peptide family that has diverse effects on glycemic control [6,7].
GLP-1 receptor agonists stimulate the GLP-1 receptor to promote glucose-dependent in-
sulin secretion and satiety, while suppressing unnecessary glucagon release and prolonging
gastric emptying [6,7]. Thus, GLP-1 receptor agonists are also advantageous for patients
with obesity, which is closely linked to type 2 diabetes. Another advantage of GLP-1
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receptor agonists is their low risk of hypoglycemia, as GLP-1 does not decrease glucose
below fasting levels [8].

Lixisenatide, a synthetic GLP-1 receptor agonist, received approval from the European
Medicines Agency (EMA) in 2013 and from the U.S. Food and Drug Administration (FDA)
in 2016 as a once-daily subcutaneous injection to enhance glycemic control in adults
with type 2 diabetes [9,10]. Lixisenatide has a rapid onset of action and a half-life of
approximately three hours [10]. The extended half-life of lixisenatide compared to intact
GLP-1 is attributed to the C-terminal modification with six lysine residues and deletion
of one proline in the exendin-4 backbone [8,11]. Structural change also improved binding
affinity to the GLP-1 receptor; the affinity of lixisenatide is approximately four times
higher than that of native human GLP-1 [8,11]. Furthermore, lixisenatide provides a
substantial reduction in postprandial glucose and good gastrointestinal tolerability [6,12].
Thus, lixisenatide is promising as a replacement for prandial insulin [6]. In addition,
the fixed-dose combination of insulin glargine plus lixisenatide has shown efficacy and
safety by once-daily administration, suggesting its potential as an effective therapeutic
approach for type 2 diabetes [13]. Efforts have also been made to develop novel lixisenatide
formulations with sustained drug release rates [14].

The clinical pharmacokinetics of lixisenatide have been relatively well characterized by
enzyme-linked immunosorbent assay (ELISA). Upon subcutaneous administration, lixisen-
atide is quickly absorbed into the bloodstream with a maximum concentration achieved at
1 to 3.5 h [9,15]. After absorption, lixisenatide undergoes proteolytic degradation and is
excreted into the urine, with an average half-life (t1/2) of approximately 3 h [11]. Despite
the relatively short t1/2, lixisenatide is administered once daily because of its high affin-
ity to the GLP-1 receptor and inhibition of gastric emptying [6]. However, the absolute
bioavailability of lixisenatide after subcutaneous administration in humans is still un-
known. On the other hand, its pharmacokinetics is not significantly impacted by age, body
weight, or gender, and it remains primarily unchanged in patients with mild to moderate
renal impairment [6,11].

Nevertheless, robust analytical methods to determine lixisenatide concentrations in
biological fluids are limited. Except for several initial nonclinical pharmacokinetic stud-
ies, ELISA or radioactivity methods have been primarily used to quantify lixisenatide in
biological samples [10,14,16,17]. Clinical pharmacokinetics of lixisenatide in Phase 1 and
2 studies have been evaluated by ELISA [10]. Brain distribution studies of lixisenatide in
animals were dependent on ELISA [16] or radioactivity assay of the radioisotope labeled
lixisenatide [17]. New formulation development studies also relied on the Enzyme Im-
munoassay kit [14]. Although a liquid chromatography high-resolution mass spectrometry
was developed to evaluate in vitro metabolism [18], no liquid chromatography–tandem
mass spectrometry (LC–MS/MS) methods have been reported to be applicable for in vivo
pharmacokinetic studies.

Therefore, the objective of this study was to establish an LC–MS/MS analysis of
lixisenatide for pharmacokinetics investigation. The utility of the LC–MS/MS method
was illustrated by in vivo pharmacokinetic studies of lixisenatide after intravenous and
subcutaneous injection in rats. The LC–MS/MS analysis and pharmacokinetic results may
be helpful for future lixisenatide and other GLP-1 receptor agonists research.

2. Materials and Methods
2.1. Materials

Lixisenatide acetate (99.8%) was purchased from ATK Chemical Co., Ltd. (Shanghai,
China). The internal standard (IS) esomeprazole was purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA). The chemical structures of lixisenatide and the IS are shown
in Figure 1. Formic acid was obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).
Methanol, acetonitrile, and distilled water, all high-performance liquid chromatography
(HPLC)-grade, were the products of J.T. Baker, Inc. (Phillipsburg, NJ, USA).
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2.2. Preparation of Calibration Standard and Quality Control Samples

Lixisenatide acetate was dissolved in methanol to prepare the stock solution of lixisen-
atide at 1 mg/mL. The working standard solutions of lixisenatide were prepared from the
stock solution by serial dilution with methanol, yielding 2000, 1000, 500, 100, 50, 20, and
10 ng/mL. The working solution of IS was also prepared by diluting the stock solution of
esomeprazole (1 mg/mL) with methanol, yielding 5 ng/mL. Calibration standard samples
were prepared by spiking 50 µL of blank rat plasma with 50 µL of the standard working
solution of lixisenatide, 50 µL of IS working solution, 850 µL of methanol, and 0.5 µL of
formic acid. The mixture was vortexed for 1 min, followed by centrifugation at 15,000 rpm
for 10 min. The resulting supernatant 10 µL was injected into the LC–MS/MS. All sample
preparation was conducted in Protein LoBind Tubes® (Eppendorf, Hamburg, Germany).

Quality control (QC) samples at four levels of high (1600 ng/mL), medium
(800 ng/mL), low (40 ng/mL), and lower limit of quantification (LLOQ, 10 ng/mL) concen-
trations of lixisenatide were independently prepared using the blank rat plasma.

2.3. Sample Preparation

To prepare plasma samples, 50 µL of the obtained plasma samples were mixed with
50 µL of IS (5 ng/mL), 900 µL of methanol, and 0.5 µL of formic acid. The mixture was
vortex mixed and centrifuged using the same method as for the preparation of calibration
standard samples. The supernatant (10 µL) was injected into the LC–MS/MS.

2.4. LC–MS/MS Conditions

The liquid chromatography instrument used in this study included an Agilent
1260 HPLC (Agilent Technologies, Santa Clara, CA, USA). The analytical column BioZenTM

2.6 µm Peptide XB-C18 (100 × 2.1 mm, Phenomenex, Torrence, CA, USA) was employed,
and gradient elution with a mobile phase containing 0.1% formic acid in distilled water
(A) and 0.1% formic acid in acetonitrile (B) was utilized. The column temperature was
maintained at 50 ◦C. The gradient elution profile was as follows; 0 min, A:B = 75:25 (v/v),
0.3 mL/min; 10 min, 50:50, 0.3 mL/min; 10.01 min, 75:25, 0.4 mL/min; 14.50 min, 75:25,
0.4 mL/min; 14.51 min, 75:25, 0.3 mL/min; 17.50 min, 75:25, 0.3 mL/min. The total run
time was 17.5 min.

Mass spectrometry was operated using the electrospray ionization (ESI) source of the
Agilent 6490 mass spectrometer (Agilent Technologies). Positive ions were monitored in
the multiple reaction monitoring (MRM) mode with a dwell time of 200 ms. The observed
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MRM transitions were m/z 810.8→ 129.2 for lixisenatide and 346.1→ 198.0 for IS. The
mass spectrometry settings for lixisenatide and IS are summarized in Table 1.

Table 1. Multiple reaction monitoring (MRM) transitions and mass spectrometry settings.

MRM Transition
(m/z)

Fragmentor
Voltage (Volts)

Collision
Energy (Volts)

Gas Temperature
(◦C)

Gas Flow
(L/min)

Nebulizer
(psi)

lixisenatide 810.8→ 129.2 135 38 350 10 35
IS 346.1→ 198.0 135 9 350 10 35

2.5. Assay Validation

The LC–MS/MS method was validated for selectivity, linearity, sensitivity, accuracy
and precision, extraction recovery, and stability according to “Bioanalytical Method Vali-
dation Guidance for Industry” [19]. Selectivity was assessed by analyzing blank plasma
samples to determine the potential interference at the retention times of lixisenatide. Lin-
earity was determined over the calibration range 10–2000 ng/mL in rat plasma. The lower
limit of quantification (LLOQ) was established as the lowest concentration of the calibration
range with acceptable accuracy and precision. Accuracy was defined as the relative per-
centage error (%) of the measured concentration of lixisenatide compared to the theoretical
concentration using the QC samples, while precision was determined as the coefficient
of variance (CV%) for each QC level. The extraction recovery was assessed by analyzing
the peak responses of lixisenatide and IS in the plasma samples spiked before and after
the extraction. The matrix effect was determined by comparing the peak responses of
lixisenatide spiked into a blank matrix after extraction to those in the neat solution, i.e., dis-
tilled water. Carryover was evaluated by analyzing the blank samples following the upper
limit of quantification (ULOQ) samples. The stability of lixisenatide in the rat plasma was
evaluated under four different storage conditions, viz. short-term (room temperature for
4 h), autosampler (4 ◦C in the autosampler for 24 h), freeze/thaw (after three freeze/thaw
cycles), and long-term (−20 ◦C for 7 days) storage conditions.

2.6. Animal Studies

The study involving male Sprague Dawley rats (7 weeks, 204–226 g) was conducted
in accordance with the Ethics Committee for the Treatment of Laboratory Animals at
Sungkyunkwan University (SKKUIACUC2021-09-01-2). The rats were obtained from DBL
Co., Ltd. (Eumseong, Republic of Korea) and were randomly divided into two groups:
intravenous (IV) injection and subcutaneous (SC) injection groups. Following an overnight
fast, lixisenatide was administered either by IV injection via the penile vein at a dosage of
1 mg/kg (n = 5) dissolved in normal saline (1 mL/kg) or by SC injection at a dosage of
5 mg/kg (n = 5). Approximately 0.3 mL of venous blood samples were collected from the
jugular vein at predetermined times: 0 (predose), 5, 10, 15, 30, 45 min, 1, 1.5, 2, 2.5, 3, and
4 h after drug administration. Blood samples were centrifuged at 15,000× g for 10 min to
obtain plasma samples.

The volume of blood samples and the frequency of sampling should be based on the
purpose of the scientific procedure and the total blood volume of the animal. It is common
to collect blood samples frequently to characterize the absorption and distribution phases of
the drug in pharmacokinetic studies. As a general guide, a maximum of 10% of total blood
volume every 24 h is recommended from the animal [20]. With blood vessel catheterization,
which we used in the present study, it is recommended that up to six samples are taken in a
two-hour period or up to 20 samples over a 24 h period, depending on sample volume [20].
During the animal study, we also carefully monitored the animals and did not observe any
signs of abnormality.
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2.7. Pharmacokinetic Analysis

The obtained plasma concentration vs. time profiles of lixisenatide were analyzed to
estimate the pharmacokinetic parameters of lixisenatide via non-compartmental analysis
using Phoenix WinNonlin (Certara, Princeton, NJ, USA). The estimated pharmacokinetic
parameters include half-life (t1/2), maximum plasma concentration (C0 or Cmax), the area
under the plasma concentration vs. time curve from time zero to last observation (AUCall)
and infinity (AUCinf), clearance (CL), and volume of distribution (Vss). The absolute
bioavailability (BA) was calculated as the percentage of dose-normalized area under the
plasma concentration vs. time curve (AUCinf) obtained after SC injection compared to that
obtained after IV injection.

3. Results and Discussion
3.1. Development of LC–MS/MS Method for Lixisenatide

The Q1 mass scan spectrum of protonated lixisenatide is displayed in Figure 2A. The
most pronounced precursor ion was observed at m/z 810.8 as [M + 6H]6+. Correspondingly,
the product ion of protonated lixisenatide at m/z = 810.8 showed the dominant fragment
ion at m/z 129.2 (Figure 2B). Thus, the MRM transition of m/z 810.9→ 129.2 was used
for monitoring lixisenatide. Since lixisenatide is a synthetic peptide with 44 amino acids
(m.w. = 4858), the selected fragment ion may also be a multiply charged peptide fragment of
lixisenatide. However, additional studies are required to identify the fragmentation pattern
of lixisenatide in mass spectrometry. The selected MRM transition for esomeprazole (IS)
was m/z 346.1→ 198.0. The presently-used IS, esomeprazole, performed adequately as an
internal standard for the analysis of lixisenatide. While the stable isotope-labeled analogs
might have provided an ideal internal standard, a stable isotope-labeled lixisenatide is not
commercially available.
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Methanol-based protein precipitation was utilized for the extraction of lixisenatide
from plasma samples. Methanol demonstrated better sensitivity and recovery than acetoni-
trile as the precipitation solvent, and the addition of formic acid significantly improved the
extraction recovery. Compared to methanol, acetonitrile provided poor recovery, which
may be attributed to the coprecipitation of a partial peptide with plasma proteins [21].
Finally, the protein precipitation method with methanol and formic acid resulted in over
98.80% extraction recovery for both lixisenatide and IS from rat plasma. Solid phase extrac-
tion has been applied for the analysis of other GLP-1 receptor agonists, such as liraglutide
and semaglutide, in previous studies [22–24]. However, protein precipitation is favorable
due to its simplicity, rapidity, and cost-effectiveness compared to liquid-liquid extraction or
solid phase extraction.

The chromatographic conditions were optimized to accomplish the optimal resolution
for lixisenatide. Ultimately, the BioZenTM 2.6 µm Peptide XB-C18 (100 × 2.1 mm, Phe-
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nomenex, Torrence, CA, USA) column with a mobile phase consisting of 0.1% formic acid
in distilled water and 0.1% formic acid in acetonitrile was chosen due to its high sensitivity
and minimal endogenous interference. To avoid inconsistent carryover, a gradient elution
profile was optimized whereby a gradual increase of the organic phase for 10 min was
followed by a rapid return to the initial condition, resulting in a reproducible peak response.

3.2. Validation of the LC–MS/MS Method
3.2.1. Specificity, Linearity, and Sensitivity

Figure 3 presents the representative multiple reaction monitoring (MRM) chromatograms
of lixisenatide and the internal standard (IS) in rat plasma. The retention times for lixise-
natide and IS were determined to be 6.8 and 1.26 min, respectively. There were no in-
terfering endogenous or exogenous peaks at the retention times corresponding to lixise-
natide and IS, when plasma spiked with lixisenatide at the lower limit of quantification
(LLOQ = 10 ng/mL) and upper limit of quantification (ULOQ = 2000 ng/mL) was
analyzed (Figure 3).
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The calibration curve of lixisenatide was found to be linear over the concentration
range of 10 to 2000 ng/mL, with a correlation coefficient greater than 0.999. The LLOQ
for lixisenatide in rat plasma was determined to be 10 ng/mL, which was the lowest
concentration in the calibration range. The signal-to-noise (S/N) ratio of the lixisenatide
peak at LLOQ was calculated to be 84.2.
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The clinical pharmacokinetics of lixisenatide were investigated utilizing the ELISA
method with superior sensitivity. Nonetheless, when employed in pharmacokinetic in-
vestigations, ELISA technologies often have limitations. Because ELISA methods cannot
tell if the epitope is present in the parent or metabolite and the methods have inherent
cross-reactivity, they tend to overestimate the parent drug concentration. Furthermore,
because ELISA is more susceptible to a strong matrix impact, it is challenging to apply it to
another biological matrix for tissue distribution research [25,26].

For the study of peptides and protein drugs, LC–MS/MS methods have emerged as
a feasible alternative to ELISA. As a preferable analytical technique, LC–MS/MS offers
essential benefits, such as great specificity, reproducibility, and high throughput. Recent
advances in LC–MS/MS have overcome its shortcomings in the bioanalysis of peptides
and proteins, including inadequate ionization, considerable endogenous interference, and
limited sensitivity [26].

Recently, LC–MS/MS methods for other GLP-1 receptor agonists, such as liraglutide
and semaglutide, have been reported [21–25]. However, no LC–MS/MS methods for analy-
sis of lixisenatide for pharmacokinetic studies have been reported. Although the sensitivity
achieved in this study was 10 ng/mL, it was enough to determine the pharmacokinetics
of lixisenatide in rats and comparable to those of previously used LC-MS methods in
dog plasma (3.4 nM), rat plasma (2.6 nM), and pig plasma (4.1 nM) [10]. The present
LC–MS/MS approach may also be relevant for further nonclinical and clinical studies to
better understand the pharmacological activity or pharmacokinetics of novel formulations
of lixisenatide.

3.2.2. Accuracy and Precision

Table 2 presents the evaluation of the accuracy and precision results of lixisenatide at
high (1600 ng/mL), medium (800 ng/mL), low (40 ng/mL) QC, and LLOQ (10 ng/mL)
concentrations for four consecutive days (inter-day, n = 4) with five replicates per day
(intra-day, n = 5). The intra- and inter-day accuracy levels of lixisenatide measurement
were found to be between 96.98% and 108.55%. The intra-day and inter-day precision levels
were less than 8.36% and 6.89%, respectively. The achieved accuracy and precision satisfy
the criteria of the FDA guidelines on bioanalytical method validation [19].

Table 2. Accuracy and precision of lixisenatide measurement in rat plasma.

Concentration
(ng/mL)

Intra-Day (n = 5) Inter-Day (n = 4)

Accuracy (%) Precision (%) Accuracy (%) Precision (%)

1600 105.02 4.13 106.73 2.08
800 98.24 1.40 98.49 1.72
40 98.54 5.13 96.98 2.83
10 103.99 8.36 108.55 6.89

3.2.3. Extraction Recovery and Matrix Effect

To determine the extraction recovery of lixisenatide, the ratio of peak areas obtained
from the standard solution spiked in pre-extraction and post-extraction was calculated.
The obtained extraction recoveries of lixisenatide and the internal standard (IS) are summa-
rized in Table 3. The results revealed an average extraction recovery in the rat plasma of
98.80–100.69% for lixisenatide and 99.67% for IS, indicating a highly efficient and repro-
ducible extraction process.

The matrix effect was evaluated by comparing the peak responses of lixisenatide
spiked into a blank matrix after extraction to those in the distilled water. The average
matrix effect was 309.23 ± 42.10%, indicating an increase in response, i.e., ion enhancement,
likely due to the presence of formic acid in the post-extraction matrix.
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Table 3. Extraction recovery (%) of lixisenatide and IS in the rat plasma (mean ± SD).

Analyte Concentration (ng/mL) Extraction Recovery (%)

Lixisenatide (n = 3)
1600 98.80 ± 1.37
800 100.69 ± 5.74
40 99.53 ± 4.32

IS (n = 9) 5 99.67 ± 3.76

3.2.4. Carryover

During the method development process, inconsistent carryover peaks were observed
in the chromatogram. Thus, a gradient elution profile was optimized to remove those
inconsistent carryover peaks. After optimization of the chromatographic conditions, no
significant carryover peaks were observed. The removal of the carryover was demonstrated
by the absence of peaks at the retention time of lixisenatide in the blank samples following
the injection of the upper limit of quantification (ULOQ) samples.

3.2.5. Stability

The results of the stability evaluation of lixisenatide in rat plasma are presented in
Table 4. The evaluation was conducted under four different storage conditions, including
short-term storage at room temperature for 4 h, storage in an autosampler at 4 ◦C for 24 h,
three cycles of freeze/thaw, and long-term storage at −20 ◦C for 7 days. The average
stability of lixisenatide was found to be in the range of 96.87% to 106.16%, with no signif-
icant deviations observed under the tested conditions. These findings demonstrate that
lixisenatide is stable and suitable for regular analysis.

Table 4. Stability of lixisenatide under different storage conditions (n = 3).

Concentration
(ng/mL)

Short-Term Stability Autosampler Stability Freeze/Thaw Stability Long-Term Stability

Accuracy
(%)

Precision
(%)

Accuracy
(%)

Precision
(%)

Accuracy
(%)

Precision
(%)

Accuracy
(%)

Precision
(%)

1600 106.12 4.39 100.28 3.9 104.87 2.56 106.16 4.40
800 105.41 4.64 96.87 2.84 104.51 4.61 102.83 1.30
40 101.73 2.04 98.3 1.28 103.01 7.19 99.07 1.75

Short-term stability, at room temperature for 4 h; Autosampler stability, in an autosampler at 4 ◦C for 24 h;
Freeze/thaw stability, three cycles of freeze/thaw; Long-term stability, at −20 ◦C for 7 days.

3.3. Pharmacokinetics of Lixisenatide in Rats

The LC–MS/MS assay developed in this study was employed to investigate the
pharmacokinetics of lixisenatide in rats after IV and SC administrations. Figure 4 depicts the
obtained time course of plasma concentration of lixisenatide, while the non-compartmental
pharmacokinetic parameters are summarized in Table 5.

Following intravenous (IV) administration of lixisenatide, the plasma concentration
of the drug decreased in a multiexponential fashion and was not detected after 2 h. The
average half-life (t1/2) of lixisenatide was 0.37 ± 0.06 h. Our data also support the high
systemic clearance (CL) of lixisenatide, i.e., 22.65 ± 3.45 mL/min/kg. The short half-life of
lixisenatide may be associated with its extensive metabolism. Lixisenatide was intensively
metabolized after 1 h of incubation in S9 fractions of liver and kidney from humans, dogs,
and rabbits [9]. Twenty-eight metabolites of lixisenatide, comprising inactive degraded
peptide products, were observed in human S9 fractions [9]. The volume of distribution
(Vss) of lixisenatide was estimated to be 0.29 ± 0.08 L/kg, indicating lixisenatide is widely
distributed within the body. Tissue distribution studies using the radioactive lixisenatide
showed that lixisenatide was primarily distributed in the kidneys, followed by the thyroid,
adrenals, salivary gland, lung, and liver [10]. Insignificant brain distribution of lixisenatide
was also shown [10], even though its potential to cross the blood-brain barrier has been
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indicated [16]. On the other hand, following SC injection, the lixisenatide plasma concentra-
tion increased and reached its peak (Cmax) within 30 min. The t1/2 of lixisenatide after SC
injection was 0.44 ± 0.08 h, which was comparable to that after IV injection. The estimated
subcutaneous bioavailability of lixisenatide was 2.17% in rats (Table 5).
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Table 5. Pharmacokinetic parameters of lixisenatide following intravenous (IV, 1 mg/kg) and subcu-
taneous (SC, 5 mg/kg) injection in rats (mean ± SD, n = 5).

Parameter IV (1 mg/kg, n = 5) SC (5 mg/kg, n = 5)

t1/2 (h) 0.37 ± 0.06 0.44 ± 0.08
Tmax (h) NA 0.25 (0.25–0.5) *

C0 or Cmax (ng/mL) 5782.23 ± 1548.09 76.73 ± 36.12
AUCall (ng·h/mL) 742.31 ± 111.11 72.78 ± 51.66
AUCinf (ng·h/mL) 749.30 ± 110.29 81.49 ± 51.50
CL (mL/min/kg) 22.65 ± 3.45 1319.78 ± 646.58

Vss (L/kg) 0.29 ± 0.08 NA
Bioavailability NA 2.17%

NA, not applicable; *, Median (minimum-maximum).

The obtained pharmacokinetic parameters of lixisenatide in rats are in good agreement
with previous preclinical reports. The reported terminal half-life t1/2,z of lixisenatide in rats
ranged from 29 to 48 min following IV and SC administration in rats [10]. The terminal half-
life ranged between 0.5 and 6.5 h after IV administration in other animal species, including
mice, rabbits, dogs, and pigs [9]. The reported absolute bioavailability after subcutaneous
dosing was only 3% in rats, but higher in other species, i.e., ~90% in dogs, ~70% in pigs,
36–50% in db/db mice, and >30% in rabbits [10]. The subcutaneous bioavailability in
humans has yet to be determined.

4. Conclusions

The present study provides a simple and robust analytical method for lixisenatide
by using LC–MS/MS for in vivo pharmacokinetic studies. The LC–MS/MS method was
fully validated and applied to examine the pharmacokinetics of lixisenatide in rats. In light
of the diverse therapeutic efficiency of GLP-1 receptor agonists, there has been a growing
interest in the development of novel formulations, including longer-acting versions or
combinations with other medications, such as basal insulin. Compared to ELISA methods,
LC–MS/MS methods have strengths, such as specificity, reproducibility, and high through-
put, supporting their application in pharmacokinetic research. The established LC–MS/MS
method may provide a valuable tool for further formulation development as well as tissue
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distribution studies of lixisenatide and GLP-1 receptor agonists, which require stringent
pharmacokinetic assessments.
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