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Abstract: Hormones are important signaling molecules controlling physiological homeostasis. ELISA
kits are commonly used to measure hormones; however, few ELISA kits are multiplex, not all species-
specific ELISA kits are commercially available, and ELISA kits typically require a significant volume
of biological fluids. Pigs resemble humans in digestive physiology, making them an excellent model in
preclinical research of nutrition and metabolism. In this study, we developed and validated a simple
liquid-liquid extraction procedure and LC-MS/MS method for the simultaneous quantification of
insulin, cortisol, glucagon-like peptide-1 (GLP-1) (7-37) and (7-36), acyl and des-acyl ghrelin, and
carboxylated osteocalcin in pig serum. The proposed method is specific, highly sensitive (LOQ in
ng/mL and pg/mL), reasonably accurate (more than 76.2% of all quality control samples within
20% error from nominal values), and precise (intra-day CV < 10% and inter-day CV < 23.1%). The
recoveries of all analytes and corresponding internal standards ranged from 83.7 to 116.0%. The
method also requires a low serum volume of 50-100 pL, which is invaluable when sample volume is
limited. These methods could be easily extended for use in other mammalian species.

Keywords: LC-MS/MS method; hormone quantitation; GLP-1; insulin; ghrelin; osteocalcin; cortisol

1. Introduction

Hormones are signaling molecules that regulate metabolism, physiology, and behavior.
They can either be peptides or steroids, and most mammals have several unique hormones
that work together to control millions of intricate and overlapping metabolic pathways [1].
Subtle shifts in hormone levels are often indicative of disruptions from normal function [2].
Thus, the accurate measurement of hormones is critical for clinical diagnosis, treatment
monitoring, and health research.

Currently, immunoassays are the most common analytical technique used to measure
hormones, although there has been a gradual shift towards more sensitive and robust
techniques involving liquid chromatography—mass spectrometry (LC-MS)-based methods.
Immunoassays such as enzyme-linked immunosorbent assay (ELISA) are widely available;
however, immunoassays can be time-consuming and are susceptible to matrix interference.
Matrix components, such as proteins and peptides, may bind to the antibody or block the
binding of the hormone to the antibody, leading to artificially high or low measurements.
Improper sample handling may alter the matrix, as in the case of hemolyzed blood, render-
ing a sample unfit for an immunoassay [3]. The isolation procedure of peptide hormones
could also affect the reliability of an ELISA-based immunoassay. Furthermore, most ELISA
kits are designed for the detection of a single target; therefore, a significant amount of
biological fluid is required for the analysis of multiple hormones. This limitation poses a
significant challenge in studies where only small quantities of blood are available, such as
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research with infants and children, certain animal models, or study designs requiring re-
peated blood sampling during a short period of time. Finally, the scarcity of well-validated
kits for less studied hormones and species presents another challenge, and the development
and sourcing of antibodies and reagents for the in-house development of an immunoassay
can be expensive and time-consuming.

An alternative approach to ELISAs is LC-MS/MS, which can detect several hormones
in one run. MS analysis relies on the mass and structure of a molecule rather than its
interaction with an antibody, which offers greater specificity than the ELISA method. In
contrast to many ELISAs, MS requires a step involving extraction from biological fluids
prior to analysis. The extraction of peptide hormones is notoriously challenging due to their
diverse differences in molecular mass, polarity, and structure [4]. Choosing an extraction
solvent and optimal pH to obtain ideal solubility and extraction efficiency for all targeted
hormones can be difficult. Also, ion enhancement/suppression caused by sample matrices
may occur for certain peptides. Nonetheless, a matrix-matched calibration curve could be
used to compensate for the variation in ionization efficiency caused by matrix interference,
allowing for accurate quantification.

While several papers have published validated protocols to extract and quantify pep-
tide hormones [5-7], most methods have focused on human forms of insulinotropic peptide
hormones including insulin [5], insulin-like growth factor [8], glucagon-like peptide-1
(GLP-1) [9], and glucagon [6,10,11]. None have reported the simultaneous analysis of
peptide and steroid hormones. Here, we describe a multiplex method to measure several
pig blood hormones in one assay: insulin (molecular weight (MW) 5777.5), GLP-1 (7-37)
(MW 3355.9), GLP-1 (7-36) (MW 3297.9), acyl and des-acyl ghrelin (MWs 3316.9 and 3190.7,
respectively), carboxylated osteocalcin (MW 5721.2), and cortisol (MW 362.5). We chose to
develop this method in a pig model, which has been increasingly used in the preclinical
research of nutrition and metabolism because of the many similarities in digestive anatomy
and physiology between pigs and humans [12]; however, the methods outlined here could
be easily adapted and applied to the study of humans and other mammalian species. To
our knowledge, this is the first validated method to quantify this combination of hormones
simultaneously and the first LC-MS method specific to pig hormones.

2. Materials and Methods
2.1. Materials

All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA). The chemicals
used for extraction were ACS grade, and those used for LC-MS/MS analysis were LC-MS
grade. Commercial pig serum was purchased from Thermo Fisher Scientific (Waltham, WA,
USA), and the piglet serum used for the preparation of the calibration curve was pooled
from serum left over from prior piglet experiments.

To prevent the non-specific binding of the peptide hormones to the sample preparation
tubes, 2 mL low-protein-binding microcentrifuge tubes from Thermo Fisher Scientific
(Waltham, WA, USA) and QuanRecovery LC-MS vials (Waters Corp., Milford, MA, USA)
were used.

Human ghrelin and des-acyl ghrelin internal standards were purchased from R&D
Systems (Minneapolis, MN, USA). Human and pig insulin, deuterated cortisol, and cortisol
were purchased from Millipore Sigma (Burlington, MA, USA). Human carboxylated osteo-
calcin was purchased from AnaSpec (Fremont, CA, USA). Methylated pig GLP-1 (7-36) and
GLP-1 (7-37) internal standards, pig GLP-1 (7-36), GLP-1 (7-37), carboxylated osteocalcin,
ghrelin, and des-acyl ghrelin were custom-synthesized by GeneScript (Piscataway, NJ,
USA). All peptides had purities >95%.

2.2. LC-MS Analysis

An Agilent AdvanceBio Peptide C18 column (120 A, 2.1 x 150 mm, 2.7 um) (Agilent
Technologies, Santa Clara, CA, USA) was used for HPLC. Milli-Q Water containing 0.2%
formic acid (solvent A) and acetonitrile (ACN) containing 0.2% formic acid (solvent B)
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was used for the mobile phases. The optimized gradient is shown in Table 1. To prevent
hormone degradation, the autosampler was set at 8 °C. The injection volume was set
to 5 uL, which maintained a good signal and resolution of peaks. Finally, 100% LC-MS
methanol (MeOH) was used for needle washing.

Table 1. LC gradient method.

Time . %A %B
(min) Flow Rate (mL/min) (2% Formic Acid) (ACN + 2% Formic Acid)
0.00 0.200 99.0 1.0
5.00 0.200 95.0 5.0
10.00 0.200 79.0 21.0
15.00 0.200 75.5 24.5
18.00 0.200 46.5 53.5
21.00 0.200 26.0 74.0
25.00 0.350 1.0 99.0
26.00 0.350 0.0 100.0
28.00 0.350 0.0 100.0
35.00 0.200 99.0 1.0
37.00 0.200 99.0 1.0

LC-MS/MS analysis was performed using an Agilent 1260 Infinity II LC system cou-
pled with an Agilent 6470 Triple Quad LC/MS equipped with an electrospray ionization
(ESI) source. The MS was run in positive mode, and quantifiers and qualifiers were gener-
ated using Agilent MassHunter Optimizer software (version 10.1) by injecting individual
standards in pure solvent. Transitions generating the highest and second highest signal
abundances were selected as quantifiers and qualifiers, respectively. The suitability of these
transitions was tested in pig serum spiked with standards. The quantifier to qualifier ratios
between the calibrators and samples were maintained for targeted quantifications.

The gas temperature (290 °C vs. 330 °C), nebulizer pressure (20, 30, and 40 psi), sheath
gas temperature (300 °C vs. 350 °C), nozzle voltage (0, 500, and 1000 V), and capillary
voltage (3500 V vs. 4000 V) were tested individually to generate optimal signals for all
analytes. Default gas and sheath gas flow rates were used. Dynamic MRM (multiple
reaction monitoring) mode was also used.

2.3. Optimization of Hormone Extraction from Serum

Figure 1 outlines the workflow for the hormone extraction method described herein. Var-
ious protein precipitation solvents and incubation times were attempted (see Figures S1-54),
and the procedure providing the most consistent and reliable result is outlined here. The
procedure involves the removal of unwanted proteins through precipitation followed by filtra-
tion to remove particulate matter. The first step is to add cold solvent (consisting of 75:25:0.2
ACN:H;Oracetic acid) in a ratio of 1:4 serum:solvent. This is followed by mixing the sample
and allowing it to stand for 30 min at 4 °C, and then centrifugation at 10,000x g for 5 min. The
sample is then filtered through a 0.2 pm polyvinyldifluoride (PVDF) syringe filter, whereupon
the samples are ready for LC-MS/MS injections using QuanRecovery LC-MS vials (note that
throughout the extraction procedure, low-protein-binding microcentrifuge tubes were used to
prevent the unwanted loss of hormones).
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Add Protein Precipitation solvent
Cold solvent: v/v/v, 75:25:0.2 ACN:H,O:acetic acid

Ratio of serum:solvent 1:4

Mix and incubate
30 min at4 °C

Centrifuge
10,000 rcf for 5 minutes at 4 °C

Syringe filtration

Filter supernant through 0.2 um PVDF syringe filter

Figure 1. Workflow of hormone extraction from serum.

2.4. Calibration Curves

All peptides were reconstituted according to the manufacturer’s specifications, diluted
to the appropriate concentration, and aliquoted before storage at —20 °C. The solvents
used are described in Table S1. Each aliquot was used only once after thawing to avoid
protein degradation after multiple freeze-thaw cycles. An eleven-level calibration curve
was prepared with constant concentration of internal standards. The lowest calibration
point did not contain any external standards. Detailed information related to the external
standards in all calibration points are shown in Table 2. The concentrations of internal
standards were as follows: human insulin, methyl-GLP-1 (7-37), human ghrelin, and human
des-acyl ghrelin: 0.125 ng/mL; methyl-GLP-1 (7-36): 0.187 ng/mL; human osteocalcin:
6.25 ng/mL; and cortisol-d4: 12.5 ng/mL.

Table 2. Concentration (ng/mL) of external standards in calibration samples.

Level

10 9 8 7 6 5 4 3 2 1 0

Pig Insulin 06250 03125 01563 00781 00391 00195 00098 00049 00024  0.0012 0

GLP-1 (7-36) 06250 03125 01563 00781 00391 00195 00098 00049 00024  0.0012 0

GLP-1 (7-37) 06250 03125 01563 00781 00391 00195 00098 00049 00024  0.0012 0

Pig Ghrelin 06250 03125 01563 00781 00391 00195 00098 00049 00024  0.0012 0

Pig Des-Acyl Ghrelin ~ 0.6250 03125 01563 00781 00391 00195 00098  0.0049 00024  0.0012 0

Pig CarboxylatedOs- ) 5000 312500 156300  7.8130 39060 19530 09766 04883 02441  0.1221 0
teocalcin

Cortisol 625000 312500 156300  7.8130 39060 19530 09766 04883 02441  0.1221 0

A combination of filtered and unfiltered piglet serum in a 40:60 ratio was used to
generate the calibration curves. This combination was chosen due to its matrix similarity
to the samples and release of targeted analytes in the calibration curve matrix where an
R? > 0.99 was achieved. To prepare the matrix, five 300 pL aliquots of different piglet sera
were pooled and vortexed, and 600 puL was filtered using a Pierce 30 kDa centrifugal filter
(Thermo Fisher Scientific, Waltham, WA, USA) at 4 °C and 14,000 x g for 15 min. To 240 pL
of serum filtrate, 360 pL of the unfiltered pooled pig serum was added to achieve a 40:60
ratio of filtered to unfiltered serum. The serum was then extracted as outlined in Figure 1.
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2.5. Quality Control (QC) Samples

QC samples were prepared in duplicate by spiking 100 puL of the calibration curve
matrix with 1 uL of standard stock solutions of pig hormones containing low (QC1:
0.0125 ng/mL of insulin, GLP-1, ghrelin and 1.25 ng/mL of osteocalcin and cortisol),
medium (QC2: 0.0625 ng/mL of insulin, GLP-1, ghrelin and 6.25 ng/mL of osteocalcin
and cortisol), and high (QC3: 0.625 ng/mL of insulin, GLP-1, ghrelin and 62.5 ng/mL of
osteocalcin and cortisol) levels. All QC samples included internal standards at the final
concentrations indicated above.

2.6. Validation of the Method

To validate the method, a total of 29 piglet serum samples collected 60 min after
feeding were used. The samples were prepared as described above in Figure 1. Briefly,
7 uL of internal standard mixture was spiked into 100 pL piglet serum in low-protein-
binding centrifuge tubes and vortexed. Four hundred microliters of cold extraction solvent
(consisting of 75:25:0.2 ACN:H;O:acetic acid) was added. The samples were vortexed and
incubated at 4 °C for 30 min followed by centrifugation at 10,000 x g for 5 min at 4 °C. The
supernatant layers were filtered through a 0.2 um polyvinyldifluoride (PVDF) syringe filter
and transferred to QuantRecovery LC vials. The criteria for peak determination included
consistent quantifier to qualifier ratios between the samples and calibration standards, a
delta retention time window of 0.5 min for each analyte, and a signal to noise ratio (S:N) of
at least 5:1.

2.7. Data Analysis

Coefficient of variance (CV) was used to assess precision. The intra-day CV was calculated
based on running a set of extracted samples (n = 3) on the same day and the inter-day CV was
calculated based on running two sets of extracted samples on two different days (n = 3 per set).
Recovery was assessed by running a set of samples spiked with analytes before extraction (A)
and another set spiked after extraction (B). %Recovery = % x 100%. LOD in this study
was based on a signal to noise ratio (S:N) of 3:1. LOQ was determined as the lowest spiked
calibration point that could be differentiated from the non-spiked sample using a Students’ t-test
with p < 0.05, %CV < 20%, and S:N > 5:1. All calculations were conducted using Microsoft

Excel version 2312.

3. Results
3.1. Optimization of LC-MS/MS Parameters

Throughout the LC-MS/MS procedure, temperature was found to impact the quality
of the chromatograms as well as the recovery of the analyte. Both insulin and ghrelin were
observed to degrade when the autosampler was set at 10 °C; thus, the temperature was set
to 8 °C as the hormones remained stable for at least 24 h at this temperature. The column
temperature was also found to significantly affect peak shape, intensity, and noise level.
Increasing the column temperature from 35 °C to 50 °C resulted in higher peak intensity
for all peptide hormones (Figure S5) and improved pig insulin peak shape (Figure S5E).
The column temperature did not affect peak shape or cortisol height (Figure S6). Thus, a
column temperature of 50 °C was maintained in the final method.

Table 3 shows the retention times and transitions, and Table 4 shows the optimized
MS parameters for each analyte. The detailed dynamic MRM method including fragmentor
voltage, collision energy, and cell accelerator voltage is shown in Table S2.

While an increase in the capillary voltage from 3500 V to 4000 V reduced the peak
height for pig and human osteocalcin, no other hormones were affected. An increase in
nebulizer pressure from 30 psi to 40 psi resulted in a decreased signal intensity for insulin,
GLP-1 (7-36), and GLP-1 (7-37). A decrease in nebulizer pressure below 30 psi had no
impact on analyte chromatograms. Finally, a nozzle voltage of 500 V was concluded as
ideal for all compounds since a decrease to 0 V greatly decreased the signal intensity for
osteocalcin, ghrelin, and insulin. A voltage greater than 500 V had no impact on the analyte
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chromatograms. An increase in the gas temperature and sheath gas temperature resulted
in greater signal intensity for all analytes (Figure S7). The cortisol peak shape was not
impacted by the alteration of MS conditions.

Table 3. Retention time and transitions for quantifiers and qualifiers with charge states.

Quantifiers Qualifiers
External Standards Internal Standards External Standards Internal Standards
Retention . Retention Retention
Transition Time Transition Retenthn Transition Time Transition Time
N Time (min) A N
(min) (min) (min)
Cortisol [M+H]* 363.2 — 121.0 20.1 367.2 — 121.0 20.1 363.2 — 327.2 20.1 367.2 — 331.2 20.1
Des-acyl Ghrelin - 591 840 101 541.5 — 70.0 106 639.1 — 129.1 101 541.5 — 620.9 106
[M+5H]
Ghrelin 553.9 — 84.0 13.5 562.5 — 70.0 13.9 553.9 — 129.1 13.5 562.5 — 689.0 13.9
[M+6H]o* .9 — 84. . .5 — 70. . 9 — E . 5= . .
Carboxylated
osteocalcin 11454 — 1115.3 21.2 1186.9 — 1186.9 19.9 1145.4 — 1118.9 21.2 --* 19.9
[M+5H]*
GLP-1 (7-36) - _ .
[M+5HP 660.6 — 660.6 19.7 663.5 — 72.1 19.7 19.7
GLP-1 (7-53]) 672.1 — 84.1 20.1 6749 — 84.1 20.1 672.1 — 136.1 20.1 674.9 —110.0 20.1
[M+5H]
[Dl/ﬂsgllg%J, 1155.7 — 86.0 20.2 1161.7 — 1158.5 19.7 1155.7 — 1152.4 20.2 1161.7 — 86.1 19.7

* Qualifier transition peaks cannot be seen in spiked serum samples.

Table 4. Final MS source conditions.

Parameter Setting
Gas Temp 330 °C
Gas Flow 10 L/min
Nebulizer 30 psi
Sheath Gas Temp 350 °C
Sheath Gas Flow 11 L/min
Capillary 3500 V
Nozzle Voltage 500 V
Chamber current 0.19uA

3.2. Matrix Considerations

Previous methods have demonstrated the suitability of matrices for the generation of
LC-MS/MS calibration curves [13,14]. An ideal matrix is analyte-free and has a composition
that closely matches the sample matrix. The effectiveness of five non-serum matrices were
examined. A surrogate matrix containing 20% MeOH, 80% H,O, 1% BSA, and 0.2% acetic
acid had poor linearity in the calibration curve for insulin, osteocalcin, GLP-1 (7-36), and
GLP-1 (7-37). The addition of 2.5% glycerin improved the suspension of analytes in the
surrogate matrix without increasing the surrogate matrix effectiveness. A PBS-based
surrogate matrix containing 2% BSA and 0.2% acetic acid resulted in poor calibration
linearity for insulin, osteocalcin, GLP-1 (7-36), and GLP-1 (7-37). Finally, a calibration
curve produced in protein precipitation solvent resulted in poor linearity for all hormones
except cortisol.

The charcoal treatment of blood has been used to deplete the matrix of lipids and
lipophilic compounds. Dextran-coated charcoal can deplete steroid hormones while allowing
for proteins and peptides to remain in solution [15]. The use of non-treated charcoal can lead
to greater reductions in peptides and other small molecules [16]. The treatment of pig serum
with activated carbon successfully depleted all hormones from pig serum as evidenced by the
lack of analyte signal detected in our dynamic MRM method. Although some GLP-1 (7-36)
remained in the solution, the peak area was reduced 100-fold. The generation of an eight-point
calibration curve in charcoal-stripped serum resulted in good calibration (R?> > 0.99) for
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ghrelin, des-acyl ghrelin, and cortisol; however, poor calibration ranges were observed for the
remaining analytes and, thus, charcoal treatment was not adopted (Figure S8).

Serum from other animal species may provide a matrix that matches the complexity of
the target matrix without interference from endogenous analytes. Chicken serum represents
a promising surrogate matrix for pig serum since avian GLP-1 is unique from the GLP-1
conserved across mammals [17]. However, the calibration curve generated from chicken
serum resulted in poor calibration dynamic ranges for insulin, osteocalcin, GLP-1 (7-36),
and GLP-1 (7-37) where an ideal R? could not be achieved (Figure S9). Elevated background
noise was observed for all peptide hormones in chicken serum compared to pig serum.

During several preliminary trials, it was observed that the filtration of pig serum
with a 30 kDa centrifugal filter at 4 °C and 14,000x g for 15 min resulted in the near-
complete removal of endogenous and spiked analytes. This elimination can be attributed
to non-specific binding of the analytes to the polyether sulfone material of the filter and the
removal of large carrier proteins for cortisol by size. Thus, we examined the effectiveness of
a combination of a 40% filtered and 60% unfiltered piglet serum composite as a calibration
curve matrix. Using the addition of 40% filtered serum reduced the endogenous analyte
signals and the lowest calibration point was dropped to account for the trace amounts of
endogenous analyte. A calibration curve produced in this matrix demonstrated excellent
calibration accuracy (R? > 0.999) for cortisol, both des-acyl and acyl ghrelin (R > 0.997),
osteocalcin (R? > 0.998), and insulin (R? > 0.996). GLP-1 (7-36) and (7-37) had correlations
of 0.993 and 0.998, respectively (Figure S10). It is worth noting that only 5-9 calibration
points were used for the calibration curve and the lowest spiked point was always dropped
to account for the low abundance of endogenous analytes in the calibration matrix. For all
analytes, the calibration curve was fitted with either a linear or quadratic regression model.
A suitable quantitation range (Table 5) was defined as a range with a correlation > 0.993
and S:N > 5 for each calibrant. The measured extracted concentrations of targeted hormones
in the adult and piglet serums were between level 2 and level 10 in the calibration range.

Table 5. Quantitation range of analytes.

Analyte Quantitation Range

Pig insulin 4.9-625 pg/mL

Pig des-acyl ghrelin 1.2-625 pg/mL

Pig ghrelin 1.2-625 pg/mL
Pig carboxylated osteocalcin 0.98-62.5 ng/mL
GLP-1 (7-36) 2.4-625 pg/mL

GLP-1 (7-37) 2.4-625 pg/mL
Cortisol 0.12-62.5 ng/mL

All analytes demonstrated an intra-day variability of <10.4% when analyzed in tripli-
cate (Table 6). The inter-day precision, determined through the comparison of six samples
across two days, demonstrated variability of <15% for both acyl and des-acyl ghrelin,
GLP-1 (7-36), GLP-1 (7-37), osteocalcin, and cortisol. The inter-day precision for insulin
was 23.1%. Since the inter-day precision for insulin was above the 20% threshold generally
accepted for bioanalytical methods, the assay date should be factored into the analysis of
insulin when running samples over multiple days [18].

The recovery of external and internal standards (Table 7) mostly fell within the range
of 83.7-116.0%. The recovery of pig insulin and Me-GLP-1 (7-37) were 115% and 116%,
respectively, suggesting mild matrix enhancement.
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Table 6. Inter-day and intra-day precision expressed as %CV.
Analyte Intra-Day (n = 3) Inter-Day (n = 6)
Pig insulin 10.1 23.1
Pig des-acyl ghrelin 1.0 15.0
Pig acyl ghrelin 7.2 7.2
Pig carboxylated osteocalcin 5.0 13.0
GLP-1 (7-37) 10.4 9.1
GLP-1 (7-36) 4.6 8.3
Cortisol 52 11.0
Table 7. Recovery of internal and external standards (mean + SD).
External Analyte %Recovery (n = 3) Internal Analyte %Recovery (n = 3)
Pig insulin 1153 £ 124 Human insulin 105 +£10.8
Pig des-acyl ghrelin 83.7 £4.5 Human des-acyl ghrelin 88.9+24
Pig acyl ghrelin 93 £ 3.5 Human acyl ghrelin 97.2 +£3.3
Pig carboxyl.ated 107.1 4+ 89 Human y-cal.‘boxy 945 + 14.0
osteocalcin osteocalcin
GLP-1 (7-37) 97.0 £+ 12.1 Me-GLP-1 (7-37) 99.6 4+ 5.7
GLP-1 (7-36) 883 £7.0 Me-GLP-1 (7-36) 116.0 £17.7
Cortisol 879+9.2 D4-Cortisol 902+ 1.7

No signal was detected in the blank or chicken serum samples using the dynamic
MRM method of both quantifier and qualifier transitions, suggesting the method is specific
to pigs. No peaks were observed in the solvent blanks, either. The signals for internal
standards were also absent from the pig serum. These results suggest the good specificity
of our MRM method.

The accuracy of our method was validated across three levels of QC samples (low,
medium, and high concentrations). The MS-measured concentrations were compared
with the expected values and are shown in Table 8. The measured concentrations were
generally close to the expected values for the three QC samples; however, we noted a
decrease in accuracy at the lowest QC level (QC1), especially for GLP-1 (7-36) and ghrelin.
Regardless, across replicates of all three QC levels with seven hormones, more than 76.2%
of the measured concentrations had a % error within 20% of the nominal values, and more
than 85.7% of the QC samples had a % error within 25% of the nominal values, which is
within common LC-MS protein assay accuracy standards [18]. The challenges of achieving
high accuracy for multiple peptide hormones using MS have been previously reported [19].
The lower accuracy in low-concentration QC samples (near the lower limit of quantification)
compared to medium and high QC samples has also been reported in MS peptide and
protein quantification [20]. However, the measured extracted piglet serum ghrelin and
GLP-1 (7-36) concentrations were at least five times higher than QC level 1.

Table 8. Expected and measured (mean £ SD) concentrations (ng/mL) as well as accuracy of the
measurement of pig hormones in QC samples.

QcC1 QC2 QC3
Expected Measured Error (%)  Expected Measured Error (%)  Expected Measured Error (%)

Insulin 0.0125 0.0131 £ 0.0040 4.8 0.0625 0.0582 =+ 0.0064 6.9 0.625 0.578 4 0.028 7.5
(67%)6_)1 0.0125 0.0177 + 0.0007 41.6 0.0625 0.0701 £ 0.0064 12.2 0.625 0.670 & 0.038 72
(G7I_‘£7_)1 0.0125 0.0135 £ 0.0023 8.0 0.0625 0.0667 £ 0.0021 6.7 0.625 0.459 4 0.018 26.6
Des-acyl 0.0125 0.0103 £ 0.0001 17.6 0.0625 0.0525 =+ 0.0007 16.0 0.625 0.720 & 0.013 15.2

Ghrelin ' ' ’ ’ ’ ' ’ ’ ’ ’ ’ ’
Ghrelin 0.0125 0.0163 £ 0.0002 30.4 0.0625 0.0645 £ 0.0035 3.2 0.625 0.729 + 0.004 16.6
Osteocalcin 1.25 1.56 + 0.17 24.8 6.25 6.49 £0.23 3.8 62.5 584+ 0.5 6.6
Cortisol 1.25 1.52 +0.01 21.6 6.25 6.46 £ 0.03 34 62.5 60.9 £0.5 2.6
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We further analyzed samples collected from 29 piglets approximately sixty minutes after
feeding. The mean 4 SD serum concentrations of the seven targeted hormones were insulin,
1.60 &= 0.40 ng/mL (literature value: 0.35-1.56 ng/mL), cortisol, 15.05 &= 16.02 ng/mL (literature
value: 20 &+ 3 ng/mL), GLP-1 (7-37), 1.76 &+ 1.23 ng/mL, GLP-1 (7-36), 2.94 + 1.23 ng/mL
(GLP-1 total literature value: 1-4 ng/mL), acyl ghrelin, 1.14 & 0.36 ng/mL (literature value:
0.1-6 ng/mL), des-acyl ghrelin, 0.0256 £ 0.0176 ng/mL, and carboxylated osteocalcin, 108.2 &
44.0 ng/mL (literature value: 130 £ 10 ng/mL) [21-26]. The consistency observed between our
measured concentrations and those observed by other researchers provides further validation
of this method. The high SD from cortisol data was due to a large portion of data being below
LOQ and was therefore replaced with LOQ/sqrt(2).

4. Discussion

The hormones involved in appetite regulation are of general interest in the nutrition
and endocrinology fields, as they are important for mediating appetite and energy balance
and have been implicated in contributing to chronic diseases such as metabolic syndrome.
We chose this series of hormones (insulin, cortisol, acylated ghrelin, GLP-1s, and osteocalcin)
for this assay as they are all involved in glucose homeostasis. Other hormones of interest,
such as pig adiponectin and leptin, were not included in this panel, mainly due to the pig
hormone standard cost and availability. Additional investigation is needed to determine
whether this MRM assay panel can be expanded to include more peptide hormones.

This study presents a novel method for the simultaneous LC-MS/MS quantification
of endogenous insulin, cortisol, GLP-1 (7-37), GLP-1 (7-36), acyl and des-acyl ghrelin, and
carboxylated osteocalcin from pig serum. This method has a shorter sample preparation
period than traditional immunoassays, has suitable precision and accuracy, and is not
sensitive to matrix interference. The detection range for each hormone is relevant to
the expected levels found in both adult and infant pigs in the literature [21-26], and the
LOQ determined for this method for most analytes is considerably lower than the typical
sensitivity of ELISA. For example, our assay allows for the quantification of GLP-1 in the
picogram range, whereas commercial ELISAs have LOQs in the nanogram range. We were
able to detect endogenous concentrations of all hormones in both commercial adult pig as
well as piglet serum samples.

The use of internal standards and matrix-matched calibration curves limited the
matrix effects in our LC-MS/MS method. Although the matrix-assisted calibration curve
was prepared using a combination of filtered and unfiltered piglet serum, which was not
commercially available, our proposed extraction only requires 50-100 puL serum volume
and any spare volume of serum samples can be used for the preparation of the calibration
curve. The scarcity of an ideal calibration curve matrix can be a challenge when sample
volumes are limited. However, our proposed method still requires less sample volume
for multiplex hormone analysis than ELISA kits. While ELISA kits are widely used for
hormone analysis, the specificity, accuracy, and precision of the hormone measurements
have not been shown to be consistent. For example, insulin and cortisol, two widely
studied hormones representing peptide- and steroid-based hormones, respectively, have
been shown to vary depending on the kit manufacturer [27-29]. Rosli et al. tested four
types of insulin ELISA kits and reported intra-day and inter-day CVs up to 15.2% and 19.7%,
respectively, which are similar to our results (10.1% intra-day CV and 23.1% inter-day CV,
Table 6). The same authors further found variance in accuracy across four testing kits when
using spiked and non-spiked certified reference material in human serum. Using four
different insulin kits, they found an average percent error of approximately 0 & 21% without
spiking, 20% =+ 10% with 0.62 ng/mL spiked insulin, and 7% =+ 20% when spiked with
6.2 ng/mL of insulin [29]. By comparison, our assay has better accuracy (% error < 7.5%)
for insulin even at lower concentrations than was observed for the ELISA kits (Table 8).

Cohen et al. reported less specificity of cortisol ELISA kits due to the binding of other
corticosteroids compared to using an LC method [28]. Briegel et al. reported up to 8.7% and
17.4%, respectively, for intra-day and inter-day CVs for cortisol ELISA, which is higher than
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the CVs for cortisol determined using the method outlined here (intra-day CV of 5.2% and
inter-day CV of 11.0% in Table 6). They also found inconsistency in the accuracy between
the LC-MS and ELISA methods with a correlation coefficient of 0.43 [27]. Thus, Choi
proposed using MS-based cortisol measurement for better sensitivity and specificity [30].

Our proposed method could potentially be expanded to a more comprehensive multi-
ple peptide hormone screening if coupled with shotgun proteomics using data-independent
acquisition (DIA) or data-dependent acquisition (DDA). Further investigation of our pro-
posed method may be applicable for clinical screening and peptide biomarker studies.

One advantage of this method is the measurement of multiple native and intact peptide
hormones, which introduces less bias compared to methods utilizing digestion prior to MS
analysis. Other advantages include a low serum volume requirement of 50-100 puL and the
potential to expand for more hormones and use for different species.

A limitation of this method is that it is not optimal for all targeted hormones. Further
steps such as solid phase extraction may provide better data quality such as improved
peak shape and signal responses. Additionally, although the performance of our method
meets the generally accepted criteria for bioanalytical quantitation, additional optimization
may be needed to improve inter-day CV for insulin and further improve the accuracy of
hormones at the lower limit of quantification to meet agency-specific requirements.

Supplementary Materials: The following supporting information can be downloaded at: https://www:.
mdpi.com/article/10.3390/separations11020041/s1, Figure S1: Relative signal intensity of hormones
extracted with four types of acids; Figure S2: Relative signal intensity of spiked serum samples extracted
with either no pH modifier, 0.1% NH4OH, 0.2% acetic acid, or 0.3% acetic acid; Figure S3: Recovery
of spiked serum samples extracted with different pH modifiers; Figure S4: Relative signal intensity of
samples incubated with acetonitrile for 0, 30, or 60 min; Figure S5: Analyte chromatograms before and after
column temperature change; Figure S6: Cortisol chromatograms before and after LC-MS optimization;
Figure S7: Analyte chromatograms before and after an increase in sheath gas and gas temperature; Figure
S8: Charcoal-stripped serum matrix calibration curves for analytes; Figure S9: Chicken serum matrix
calibration lines for analytes; Figure S10: Composite piglet serum matrix calibration lines for analytes;
Table S1: Diluents used for hormone standards; Table S2: Expanded parameters for external and internal
standard ions monitored using dynamic MRM.
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