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Abstract: In recent years, 4-phenylbutyric acid (4-PBA), an FDA-approved drug, has increasingly been
used as a nonspecific chemical chaperone in vitro and in vitro, but its pharmacodynamics is still not
clear. In this context, we developed and validated a Liquid Chromatography–High Resolution Mass
Spectrometry (LC-HRMS) method to quantify 4-PBA in NeuroBasal-A and Dulbecco’s Modified Eagle
widely used cell culture media. Samples were injected on a Luna® 3 µm PFP(2) 100 Å (100 × 2.0 mm)
column maintained at 40 ◦C. Water and methanol both with 0.1% formic acid served as mobile phases
in a step gradient mode. The mass acquisition was performed by selected ion monitoring (SIM)
in negative mode for a total run time of 10.5 min at a flow rate of 0.300 mL/min. The analogue
4-(4-Nitrophenyl)-Butyric Acid served as internal standard. Validation parameters were verified
according to FDA and EMA guidelines. The quantification ranges from 0.38–24 µM. Inter and
intraday RSDs (Relative Standard Deviations) were within 15%. The developed LC-HRMS method
allowed the estimation of 4-PBA absorption and adsorption kinetics in vitro in two experimental
systems: (i) 4-PBA improvement of protein synthesis in an Alzheimer’s disease astrocytic cell model;
and (ii) 4-PBA reduction of endoplasmic reticulum stress in thapsigargin-treated melanoma cell lines.

Keywords: 4-phenylbutyric acid; LC-HRMS; method validation; in vitro treatment; Alzheimer’s
disease astrocyte; melanoma; ER stress; cellular absorption; adsorption

1. Introduction

Chemical chaperones are small molecules, usually osmolytes with a molecular weight
of <900 Da, which nonspecifically interact with proteins and generate a solvophobic force
capable of preventing denaturation and promoting protein trafficking improvements [1,2].
Nowadays some chemical chaperones, such as glycerol, valienamine derivative (N-octyl-
4-epi-β-valienamine), and 4-phenylbutyric acid (4-PBA) are used for Lysosomal Storage
Disorders (LSDs) treatment [3–5]. Sodium phenylbutyrate (4-PBA sodium salt) is a prodrug
approved by the FDA and indicated as adjunctive therapy in urea cycle disorders. 4-PBA is
rapidly metabolized to phenylacetate, an active metabolite, that conjugates with glutamine
via acetylation to form phenylacetylglutamine, which is finally excreted by kidneys. In
this way, an alternative mechanism for waste nitrogen excretion is provided [5]. However,
4-PBA is known to promote the reduction of endoplasmic reticulum (ER) stress both in vivo
and in vitro by acting as a chemical chaperone [6–8]. In the past decades, this activity
has been a subject of interest in several fields from neurobiology to oncology, although its
pharmacodynamic mechanism is not completely understood [2,6,9,10].
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Many in vitro studies are arising with the aim of identifying the mechanism of action
of 4-PBA, and to describe the biomodulation driven by this drug, or using 4-PBA as an ER
stress and protein synthesis modulator [2,6,11–13]. Different biological readouts have been
used to describe the 4-PBA effects, such as analysis of the ER stress modulation through
quantitative real-time PCR (qPCR) or Western blot (WB), or protein synthesis induction via
the Surface Sensing of Translation (SUnSET) method [7,12–15]. In this context, a method
to assess 4-PBA absorption in different cell types would be useful to better define the
treatment concentration, and assess the implication of co-treatment with other drugs.

Recently, Tapella and collaborators analyzed the cellular secretome and demonstrated
that 4-PBA treatment of an immortalized astrocytic cell line (3Tg-iAstro cells) from 3xTg-
AD mice (Triple-Transgenic model (3xTg-AD) harboring PS1(M146V), APP(Swe), and
tau(P301L) transgenes), a popular model of Alzheimer’s disease (AD), rescued the presence
of proteins responsible for extracellular matrix formation [2]. In light of this study and the
increasing interest in cell culture media, including whole secretome, extracellular vesicles,
and disease treatment, it might be of paramount importance, for the correct design of
experiments, to know the stability and absorption of 4-PBA [16–18].

To the best of our knowledge, the determination and quantification of 4-PBA in cell
culture media have not been particularly dealt with in bioanalytical research. In the
relevant literature, several studies have reported the effect and concentration of 4-PBA
and its metabolites in biological matrices, such as plasma and urine, using liquid and gas
chromatography methods coupled with diode array detectors (DAD) or mass spectrometry
(MS) [19–22]. However, none of these methods was developed to quantify 4-PBA in
cell culture media, which are known to be rich of interferents (amino acids, vitamins,
growth factors, proteins, salts, etc.) potentially causing ion suppression and severe matrix
effects [23].

In the last decades, the development of LC-HRMS methods to quantify analytes
in vitro have been acquiring much more interest into the pharmaceutical field. In this
context, in vitro assessment of 4-PBA extracellular concentration could be a new strategy
to underpin many pharmacological approaches, widely spread in the literature which have
been comparing its biological effects to the surrounding cellular microenvironment.

In this investigation, we describe the development and validation of a new LC-HRMS
method to quantify 4-PBA, but also to monitor possible combined treatment, in order to
investigate its in vitro behavior and effects. The validation was successfully performed in
Dulbecco’s Modified Eagle Medium (DMEM), one of the most common medium for cell
culture and Neurobasal A medium (NBA), a specific medium for CNS (Central Nervous
System) cells’ support. We correlated 4-PBA concentration with important biological effects
including: protein synthesis recovery in Immortalized AD astrocytes by Western blot, and
gene expression of ER stress markers (Activating Transcription Factors, ATF4 and ATF6) in
melanoma cell lines by qPCR. Moreover, we also analyzed the adsorption kinetics of 4-PBA
in functionalized cell culture plates.

2. Results and Discussion
2.1. Development and Optimization of LC-HRMS Conditions and Sample Preparation

Firstly, different solid-phase extraction (SPE) procedures and cartridges were tested, in
order to increase the 4-PBA detection sensitivity by cleaning up matrix interferences. Some
examples of the tested cartridges are Oasis MAX 3cc (60 mg), Phenomenex Strata SAX
(55 µm, 75 A) 100 mg/3 mL, and Waters Sep-Pak Vac 1cc (100 mg) C18 cartridges. Although
sample preparation by SPE provided good recovery of the analyte, the procedure suffered a
lack of reproducibility. Even though we had reached some improvements in SPE, they were
not enough for procedure validation purposes. Hence, the protein precipitation approach
with methanol was performed, because it resulted in being more reproducible and saved
time. Different dilution ratios were tested, i.e., 1:1, 1:2 and 1:3. The first two ratios failed
to precipitate the proteins efficiently, providing cloudy supernatants; conversely, the 1:3
dilution allowed for clear supernatants to be obtained. A solvent evaporation step was
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executed to cancel the previous dilution, allowing to reach a low LOD value and clear
samples. However, a C18 SecurityGuard precolumn cartridge (4 × 2.0 mm—Phenomenex,
Torrance, CA, USA) was used to further protect the column.

Labelled internal standards would be preferred for their strict correlation with an-
alyte and being distinguishable by MS. However, we settled on NPBA, a less expensive
exogenous compound than the 4-PBA deuterated analogue (d-4-PBA). NPBA is chemically
related to 4-PBA with a nitro group in position 4 on benzene ring, which adds a difference
of 45 m/z detectable by MS. Chemical structures and chromatograms of both analyte and
IS are shown in Figure 1, whereas MS/MS (tandem mass spectrometry) spectra used for
their structural confirmation are reported in the Supplementary Material (Figure S1A–C).
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Figure 1. Chemical structures and chromatograms of 4-phenylbutyric acid (4-PBA) and 4-(4-
nitrophenyl)butyric acid (NPBA, IS). (A,B) allow to compare the signal to noise ratio of 4-PBA
in SIM and PRM acquisition modes, respectively. (C) shows IS (NPBA) chromatogram recorded
in SIM.

Another critical point was the column choice due to 4-PBA peak tailing, which proba-
bly interacts with free silanol groups at the silica surface. In the first instance, a Kinetex 2.6u
C18 100 Å (100 × 2.10 mm) column was tested, but it displayed a significant peak tailing.
Since 4-PBA and NPBA have both a phenyl ring, we tested two different phenyl stationary
phases to aim for a better separation. The two columns were a Kinetex 5u Biphenyl 100 Å
(100 × 2.10 mm) and a Luna® 3 µm PFP(2) 100 Å (100 × 2.0 mm). The latter gave the
better resolution and good retention even when operating at the high percentage of organic
modifier. The analytical runs were conducted at a constant temperature of 40 ◦C to reduce
variability plus slightly improve the peak symmetry and analysis speed. Acetonitrile and
methanol were tested as organic modifiers to obtain narrow peaks. Acetonitrile, which usu-
ally provides sharpening of the chromatographic peaks, did not make any improvement in
this case. Methanol gave similar results but longer retention time, which provides analytes
retention time out of the dead volume. Several gradient and isocratic modes were tested
to achieve symmetric peaks plus acceptable retention time. Finally, we adopted the step
gradient because it gave fairly resolved and symmetric peaks. Moreover, the isocratic step
operating at 100% of organic modifier suited well for both column washing and monitoring
lipophilic compounds. Hence, we were able to semi-quantify thapsigargin, even if it was
not our main aim, we confirmed its operating concentrations (Supplementary Material
Figure S2). Furthermore, its quantification may later be useful, if it will be considered
appropriate for supporting other biological data.
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Method specificity was verified during the development phase, to establish which
MS monitoring mode, between PRM and SIM, was more sensitive and specific for the
detection of 4-PBA. In this way, we could choose the best compromise between sensitivity
and specificity by considering which mode gave the highest signal-to-noise (S/N) value at
low concentration levels and minimal interference. The comparison between SIM and PRM
detections of 4-PBA is illustrated in Figure 1. The S/N obtained at the MQC was 324 using
SIM and 76 for PRM. Hence at the end, we settled on SIM data acquisition.

Validation and Chromatography/Mass Spectrometry Analyses

In the current research, we proposed a quantitative LC-HRMS method to evaluate
the cellular response according to the micro-environmental concentration of 4-PBA. To the
best of our knowledge, our method represents the first validated system for the assess-
ment of 4-PBA in NBA (NeuroBasal-A medium) and DMEM (Dulbecco’s Modified Eagle
Medium) matrices.

Linear relationships between the nominal analyte concentration and its instrumental
response were confirmed in both matrices from 0.38 µM to 24 µM. Calibration curves
have a determination coefficient (r2) > 0.99 and intercept nearly to zero or origin. LLOD
for 4-PBA was identified at 0.19 µM. Moreover, our LLOQ of 0.38 µM is less than other
LC-HRMS procedures reported in the literature enabling the quantification of lower con-
centrations [19,20].

Precision, accuracy (AC), matrix effect (ME), and recovery data are listed in Tables 1
and 2, respectively for NBA and DMEM. Intra and inter-day precisions (%RSDs) were
within ±15% of nominal concentrations even at LLOQ concentration. Intra and between-
run accuracies respected the acceptance criteria ranging from a minimum of −10.31% to
13.89%.

Table 1. Validation parameters in NBA matrix. For each QC level, precision intra and inter-day
expressed as %RSD, accuracy (AC; w.r., within-run; b.r., between-run) within and between-run,
matrix effect (ME), and recovery are reported.

Linearity Y = 10.7600 (±0.0524)·x + 0.5943 (±0.1717) * r2 = 0.9993

QC Level Intra-Day
(%RSD)

Inter-Day
(%RSD) AC (w.r.) AC (b.r.) ME Recovery

n = 5 n = 15 n = 5 n = 15 n = 3 n = 3

LLOQ 8.80 10.68 1.74 −0.63 - -

LQC 7.86 9.16 4.69 0.32 114.0 114.2

MQC 1.67 6.98 1.40 −1.68 98.8 111.1

HQC 1.95 5.99 −0.04 −2.84 97.9 111.3
* Bracketed values indicate SEs of the regression slope and intercept.

Table 2. Validation parameters in DMEM matrix. For each QC level, precision intra and inter-day
expressed as %RSD, accuracy (AC; w.r., within-run; b.r., between-run) within and between-run,
matrix effect (ME), and recovery are reported.

Linearity Y = 7.8300 (±0.1121)·x + 0.7300 (±0.3671) * r2 = 0.9939

QC Level Intra-Day
(%RSD)

Inter-Day
(%RSD) AC (w.r.) AC (b.r.) ME Recovery

n = 5 n = 15 n = 5 n = 15 n = 3 n = 3

LLOQ 8.53 9.29 −10.31 −7.42 - -

LQC 14.65 12.45 7.11 13.89 85.6 92.5

MQC 6.69 6.38 4.16 5.53 65.0 98.6

HQC 7.41 8.59 1.01 3.74 61.4 95.3
* Bracketed values indicate SEs of the regression slope and intercept.
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The matrices employed in this work were cell culture media with a specific and
reproducible composition. Hence, matrix interferences were negligible; in addition, mass
detection provided excellent selectivity.

Regarding the matrix effect, the analyzed matrices had a different impact. NBA caused
a slight response enhancement (mean ME = 103.5%), whereas DMEM tended to suppress
(mean ME = 70.7%). FDA and ICH guidelines suggest that recovery evaluation is critical
for methods which employ sample extraction [24–27]. In this work, a protein precipitation
with methanol followed by partial evaporation was employed. The procedure to quantify
the recovery, as described above, can be considered reasonable, because stability after
solvent evaporation was confirmed. Hence, recovery samples (QCs) were prepared by
adding blank matrices to completely evaporate residuals including both 4-PBA and IS, as
described in Section 3.4.2. Mean recovery at each QC level was >90% (range 92.5–114.2%)
and reproducible with %RSDs < 10%. 4-PBA and the IS (NPBA) were stable; no response
alteration was found after bench-top, freeze–thaw, partial or complete evaporation and rack
stability assays. For these assays, precision and accuracy (AC) are shown in Tables 3 and 4.
Finally, all parameters required for validation fall within the limits of EMA, FDA, and ICH
guidelines.

Table 3. Stability assays in NBA matrix. Stability assays were carried out at LQC, MQC, and HQC
level, precision expressed as %RSD and accuracy (AC; w.r., within-run; b.r., between-run) are reported
for each of them.

Autosampler
Stability 48 h

Bench Top
Stability 6 h

Freeze–Thaw
Cycles

(I, II, III)

Stability after
Solvent Evaporation

QC
Level

Area
(%RSD)

AC
(w.r.)

Area
(%RSD)

AC
(w.r.)

Area
(%RSD)

AC
(b.r.)

Area
(%RSD)

AC
(w.r.)

n = 3 n = 3 n = 3 n = 3 n = 9 n = 9 n = 3 n = 3

LQC 0.92 6.39 6.93 −12.73 9.79 −0.86 12.42 −13.42

MQC 2.69 −1.56 2.44 −9.95 6.22 −1.55 2.14 −8.80

HQC 0.54 −1.61 0.29 −10.74 5.32 −1.45 1.62 −10.28

Table 4. Stability assays in DMEM matrix. Stability assays were carried out at LQC, MQC, and
HQC level, precision expressed as %RSD and accuracy (AC; w.r., within-run; b.r., between-run) are
reported for each of them.

Autosampler
Stability 48 h

Bench Top
Stability 6 h

Freeze–Thaw
Cycles

(I, II, III)

Stability after
Solvent Evaporation

QC
Level

Area
(%RSD)

AC
(w.r.)

Area
(%RSD)

AC
(w.r.)

Area
(%RSD)

AC
(b.r.)

Area
(%RSD)

AC
(w.r.)

n = 3 n = 3 n = 3 n = 3 n = 9 n = 9 n = 3 n = 3

LQC 5.26 15.00 10.64 3.11 11.52 11.94 13.89 2.90

MQC 1.68 −5.93 4.15 1.14 9.44 12.82 2.88 6.45

HQC 7.94 −8.46 5.30 4.13 11.83 11.30 0.20 7.21

2.2. 4-PBA Quantification in Astrocyte-Conditioned Neurobasal A Medium

As published previously, 4-PBA treatment is able to rescue the defect of protein
synthesis described in 3Tg-iAstro cells [2,26]. Here, we investigated if 4-PBA that remains
in the media after 48 h of treatment of WT-iAstro (ACM + 4-PBA 48 h) is still able to induce
the increase of protein synthesis in both WT and Tg-iAstro. With this aim, we designed
an experiment consisting of two steps, as shown in Figure 2A. In the first step, WT-iAstro
were plated and treated or not with 4-PBA (3 µM, 48 h). Astrocyte conditioned medium
from iAstro that was not treated (ACM) was collected and stored. Part of these samples
were used for the LC-HRMS assessment of 4-PBA concentration in the ACM, while another
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part was used in the second step of the experiment in which WT-iAstro and 3Tg-iAstro
cells were treated with (i) ACM collected from WT-iAstro, treated with vehicle (ACM);
(ii) ACM collected from WT-iAstro, treated with vehicle to which 3 µM of fresh 4-PBA
was added (ACM + Fresh 4-PBA); (iii) ACM collected from WT-iAstro treated with 4-PBA
(3 µM) for 48 h (ACM + 4-PBA 48 h). After 48 h, cells were pulse-labelled with puromycin
and protein synthesis rate was assessed via WB (Figure 2B). ACM + 4-PBA 48 h, in which a
concentration of 4-PBA 0.38± 0.02 µM was present in the medium, was still able to increase
protein synthesis in WT-iAstro but had no effect on 3Tg-iAstro cells, suggesting that higher
4-PBA concentrations are necessary to rescue protein synthesis in 3Tg-iAstro (Figure 2C).
It should also be noted that the 4-PBA concentration in the medium 48 h after treatment,
which is about 10% of the initial 4-PBA concentration, was not negligible and was still
able to induce a significant effect in WT-iAstro. These results emphasize the importance of
monitoring the concentration of 4-PBA in culture media during treatment (Figure 2D).
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Figure 2. Treatment of Alzheimer’s astrocytes at various 4-PBA concentrations in conditioned
medium. (A) WT and 3Tg-iAstro were treated with astrocyte conditioned medium (ACM), astrocyte
conditioned medium with 4-PBA 3 µM freshly added (ACM + fresh 4-PBA), or astrocyte conditioned
medium collected form astrocytes treated with 4-PBA for 48 h (ACM + 4-PBA 48 h). After 48 h, cells
were pulsed with 4 µM puromycin and lysate for 1 h, then protein synthesis rate was accessed via WB.
Concentrations of 4-PBA were assessed by LC-HRMS. (B) Representative WB of protein synthesis
analysis, (C) data are expressed as mean ± SEM of 3 independent experiments, (D) 4-PBA absorption
determined by LC-HRMS; concentrations are expressed as µM ± SEM of 3 independent experiments
repeated twice. (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; by one-way ANOVA, Sidak’s
multiple comparison.).
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2.3. 4-PBA Quantification in Melanoma Cell-Lines Conditioned Dulbecco’s Modified
Eagle Medium

We previously described the ability of 4-PBA to inhibit the oncogenic BRAF-induced
chronic ER stress, thus enhancing the sensitivity of melanoma cells to TG-induced cell
death [15]. Here, we evaluated whether the absorption of 4-PBA by cells might be affected
by the concentration of TG. To this aim, both CHL-1 and A375 cells were exposed to 5 µM
4-PBA in the absence or presence of TG ranging from 1–10 µg/mL, and the expression
of well-known ER stress markers was evaluated by qPCR analysis. DMEM alone and
DMEM+4-PBA (5 µM) were used as negative controls. As shown in Figure 3A,B, we
observed a (TG) dose-dependent enhanced expression of both the ER stress markers ATF4
and ATF6 in both cell lines, which was almost completely abrogated by the presence of
4-PBA independently from TG concentration.
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Figure 3. Thapsigargin-induced ER stress markers monitoring related to 4-PBA absorption from
DMEM. (A,B) UPR analysis following TG and 4-PBA treatment: ATF4 and ATF6 gene expression was
evaluated in CHL-1 and A375 cell lines after 24 h, by qPCR analysis. The expression of the ribosomal
factor L34 was used as an internal control. Absorption data were determined in CHL-1 and A375 cell
lines after 24 h, by LC-HRMS (right histograms). CTRL+ represents medium + 4-PBA not exposed to
cells. 4-PBA concentrations are expressed as µM ± SE. Experiments were performed in triplicate and
repeated three times. The histograms represent the mean ± SD; *** p < 0.001; **** p < 0.0001.
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These data clearly indicate that 5 µM 4-PBA was able to inhibit the TG-induced ER
stress, at least in the range of concentrations used in these experiments (1–10 µg/mL).
Moreover, measuring the amount of 4-PBA in the cell-conditioned medium after 24 h, we
observed that cell absorption of the chemical chaperone is not influenced by the presence
or absence of TG, nor by the concentration of TG (Figure 3A,B right panels). Hence 4-PBA
intracellular concentration of about 1.00 µM was enough to normalize TG-induced ER
stress in all experimental conditions (Figure 3A,B).

2.4. Adsorption of 4-PBA

During the sample studies, we found out some 4-PBA apparent loss between initial
time (t0) and incubation final time (24 h or 48 h) although without cells. Firstly, we
hypothesized that culture dishes, commonly employed for cell adhesion, could promote
4-PBA direct adsorption. Chemically, 4-PBA is an acidic drug with a pKa of 4.78 completely
dissociated at an experimental pH of 7.4 [28]. Consequently, anionic 4-PBA is repelled by
negatively charged functional groups onto the surface of pre-treated dishes. Hence, plasma-
treated polystyrene plastics should not significantly adsorb acidic drugs, as reported in the
literature [29]. To assess if container materials adsorb 4-PBA, we compared its concentration
at the outset (t0) and after 48 h (t48) on Pyrex glass petri (G), non-treated polystyrene petri
(NTP), and plasma-treated polystyrene dishes (PTP), as reported in the Section 3.7.4. The
plotted adsorption curves showed a similar trend with r2 values of 0.8265 in the case of
NBA (Figure 4A) and 0.8792 in DMEM medium (Figure 4B).
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Figure 4. Adsorption kinetics of 4-PBA in cell culture plates. (A,B) shows the adsorption curves as a
function of time, respectively in NBA and DMEM. X axes represent time expressed in hours [h] and Y
axes the concentration of free 4-PBA in solution [µM]. (C) Glass petri (G), non-treated polystyrene
petri dishes (NTP) and plasma-treated polystyrene plasticware (PTP) showed a similar adsorption
with a decrease of about 40%, which is in line with the adsorption curves (A,B). (*** p < 0.001; by
one-way ANOVA, Sidak’s multiple comparison).

Their estimated adsorption loss referred to the 4-PBA initial concentration at t0 (CTRL)
were 60.7% and 40.9% in NBA and DMEM, respectively. Adsorption kinetics are repro-
ducible and reach a steady state level after only one hour of exposure (Figure 4A,B).
Figure 4C showed a similar loss of 4-PBA in all considered materials, that might be
hypothetically caused by Albumin/4-PBA bond. Albumin (ALB) is a single chain and
non-glycosylated protein, well known as a carrier of both exogenous and endogenous
substances into the bloodstream [30]. ALB is highly affine to anionic substances, such as
acidic xenobiotics and fatty acids. Consequently, ALB is included in culture medium by B27
or FBS supplement, which might reasonably interact with 4-PBA. Furthermore, Albumin
tends to adhere on anionic-charged PTP, so ALB/4-PBA complex may be well detained
resulting in the indirect adsorption of 4-PBA, which might explain the reduction of 4-PBA
free concentration during incubation [30,31].
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3. Materials and Methods
3.1. Reagents

4-phenylbutyric acid (4-PBA) was supplied from Santa Cruz Biotechnology (Dallas,
TX, USA, Cat. sc-232961); 4-(4-nitrophenyl)butyric acid (NPBA, Sigma-Aldrich, Milan, Italy;
Cat. N20506, internal standard, IS), thapsigargin (Sigma-Aldrich; Cat. T9033), LC-HRMS
grade formic acid, methanol, and water were purchased from Carlo Erba (Milan, Italy, Cat.
414831 and 412111). DMEM and NBA matrices were obtained from Sigma-Aldrich and
Thermo Fisher Scientific (Waltham, MA, USA), respectively.

3.2. Preparation of Standard Solutions

4-PBA stock solution (SS) was prepared by dissolution in methanol to reach a con-
centration of 20 mM. Working solution (WS) of 4000 µM was obtained by diluting SS
in H2O:MeOH 1:1 mixture. Separate stock and working solutions were used to prepare
matrix-based samples, including calibrators and quality controls (QCs) samples. Seven
calibrators were prepared at ranging concentrations from 0.38 to 24 µM including LLOQ
(Lower Limit of Quantification, 0.38 µM), low (LQC = 0.75 µM), medium (MQC = 12 µM),
and high (HQC = 18 µM) Quality Controls (QCs).

IS stock and its diluted solutions were prepared using methanol as solvent. IS stock
20 mM solution was diluted to reach the final concentration of 0.02 µM and used to
precipitate matrix proteins during sample preparation. Blank and zero samples were
made using free-analyte matrices. In the first case, IS was not added either. Matrix-based
standards (calibrators, QCs, blank and zero samples) were freshly prepared.

3.3. Sample Preparation

Matrix-based standards and study samples were treated as follows: 100 µL aliquots of
each sample were collected in a microcentrifuge tube, where 100 µL of IS solution 0.02 µM
plus 200 µL of methanol were previously added. The diluted samples were vortexed for at
least 1 min and centrifuged at 13,000 rpm for 5 min; 200 µL of supernatant was transferred
in a new microtube and the solvent evaporated in a centrifugal evaporator at 1500 rpm,
60 ◦C for 35 min; 65 µL of residual supernatant was analyzed by LC-HRMS.

Blank samples were prepared following the same procedure except for the addition of
the IS aliquot which was replaced by 100 µL of pure methanol.

3.4. Instrumentation and Chromatographic Conditions
3.4.1. LC-HRMS Analyses

A Q-Exactive Plus UHMR Hybrid Quadrupole Orbitrap™ Mass Spectrometer equipped
with a Vanquish™ Duo UHPLC system was employed (Waltham, MA, USA). The chro-
matographic separation was performed using a Luna® 3 µm PFP(2) 100 Å (100 × 2.0 mm)
column protected by a C18 SecurityGuard precolumn cartridge (4× 2.0 mm—Phenomenex,
Torrance, CA, USA) maintained at 40 ◦C. The eluant was made of 0.1% formic acid in water
UHPLC grade (solvent A) and 0.1% formic acid in methanol UHPLC grade (solvent B)
at the flow rate of 0.300 mL/min. A step gradient was set as follows: A-B (40:60, v/v)
for 5.0 min, A-B (0:100, v/v) in 0.1 min, A-B (0:100, v/v) from 5.1 to 8.0 min, A-B (40:60,
v/v) from 8.1 to 10.5 min, that is the total run-time. The injection volume was 5 µL. The
negative ionization mode was performed in the following operating conditions: spray
voltage, 2.80 kV; source current, 1.80 µA; capillary temperature, 300 ◦C; sheath gas flow (N2)
45.00 L/min; sweep gas (N2) flow 0.00 L/min; Aux gas (N2) flow rate 10.00 L/min heated
to 300 ◦C. After preliminary full-scan acquisitions (scan range 50 to 750 m/z), the data
were collected in selected ion monitoring (SIM) including: 4-PBA ([M-H]−: 163.07645 m/z),
NPBA (IS) ([M-H]−: 208.06153 m/z) and thapsigargin (TG) ([M-H]−: 649.32295 m/z), which
chromatograms are reported in Supplementary Material (Figure S3). MS spectra were
acquired and processed using Xcalibur® software (Thermo Fisher Scientific). A summary
table of our LC-HRMS method is available in the Supplementary Material (Table S1).
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3.4.2. LC-HRMS Method Validation

The method was validated according to the bioanalytical method validation guidelines
provided by both FDA and EMA [24,25]. The ICH M10 guideline draft version was taken
into account, as well [26]. The method validity was tested in terms of linearity, accuracy, pre-
cision, recovery, selectivity, matrix effect, carry-over, and stability. The details of a general
bioanalytical validation can be found in the Supplementary Material (Supplemental S1).

Linearity

The calibration curve was plotted over seven concentration levels ranging from 0.38 to
24 µM, in the presence of the IS. Method validation experiments were conducted over three
independent runs by using freshly prepared standard solutions as described in Sections 3.2
and 3.3. The instrument response was calculated as the ratio between the analyte and IS
area after integration by Xcalibur® software. The relationship between 4-PBA/IS peak area
ratios and analyte concentration was graphed by using 1/x weighted linear regression.

Accuracy and Precision

Within-run accuracy (AC) and precision were determined for each QC level by inject-
ing the same sample five times. For between-run validation, each QC level was evaluated
in three runs over three different days.

Matrix Effect and Recovery

The matrix effect was evaluated by comparing the response of the analyte spiked in
the extracted matrix with the response of the analyte dissolved in pure methanol at low,
medium, and high concentrations. Each level was analyzed in triplicate.

The recovery was assessed as follows: 4-PBA methanolic solutions at each QC level
(low, medium, and high) including IS were prepared and the solvent completely evaporated
by concentrator centrifuge operating at 60 ◦C for 35 min. Hence, blank matrix (65 µL) was
added and the recovery samples were processed as reported in Section 3.3 except for the
addition of IS.

Stability Assays and Carry-Over

Bench-top, freeze–thaw, long-term, autosampler stabilities were assayed by analyzing
low, medium, and high QC in triplicate. Bench-top stability was evaluated by analyzing
QC samples after storage at room temperature for 6 h, which is longer than the time usually
needed for whole sample preparation (about 1 h and a half). Freeze–thaw stability assay
was carried out over three freeze–thaw cycles from −15 ◦C to room temperature. Long-
term and autosampler stabilities were estimated together by analyzing QC samples after
storage at 15 ◦C for 24 and then 48 h. Stability after solvent evaporation was also assayed.
Carry-over was measured by analyzing blank samples after the 24 µM calibrator, which is
the ULOQ (Upper Limit of Quantification).

3.5. Cell Lines
3.5.1. Immortalized Hippocampal Astrocytes from WT and 3xTg-AD Mice

Immortalized astrocytes (iAstro) from hippocampi of WT (wild type) and 3xTg-AD
mice (WT- and 3Tg-iAstro cells) were generated in our laboratory via transduction using
retrovirus expressing SV40 large T antigen. The procedural details are available in the
following reference [27]. iAstro lines were maintained in complete culture media containing
Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich, Cat. D5671) supplemented
with 10% fetal bovine serum (Gibco, Cat. 10270) (FBS), 2 mM L-glutamine (Sigma-Aldrich),
and 1% penicillin/streptomycin solution (Sigma-Aldrich). Cells were passaged once a
week and used for experiments between passages 12 and 20 from the establishment.
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3.5.2. Melanoma Models A375 and CHL-1 Cell Lines

Melanoma cell lines, CHL-1 (Cellosaurus Resource Identification Initiative, RRID:
CVCL_1122) and A375 (Cellosaurus RRID: CVCL_0132) were a gift from Prof. P.E. Lovat
(Newcastle University, Newcastle Upon Tyne, UK).

CHL-1 (BRAF wild type) and A375 (BRAFV600E) cell lines were cultured in DMEM
(Sigma-Aldrich) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 2 mM L-
glutamine (Sigma-Aldrich), and 1% penicillin/streptomycin solution (Sigma-Aldrich) at
37 ◦C under 5% CO2.

3.6. Media Preparation and Cell Treatments
3.6.1. Astrocytes Conditioned Medium (ACM) Preparation

For the preparation of ACM, 5 × 104 WT-iAstro or 3Tg-iAstro cells were plated in a
6-well plate. After 24 h the media was changed with neurobasal A medium (Invitrogen,
Cat. 10888022) supplemented with 2% B27 supplement (Invitrogen, Waltham, MA, USA,
Cat. 17504044), 2 mg/mL glutamine, 10 U/mL penicillin, and 100 mg/mL streptomycin.
48 h later, the media were collected and centrifuged at 12,000 rpm for 10 min at 4 ◦C. ACM
was stored at −80 ◦C.

3.6.2. Treatment WT-iAstro and 3xTg-iAstro Cells with 4-Phenylbutyric Acid (4-PBA)

WT-iAstro and 3Tg-iAstro cells were plated, and after 24 h were treated with 3 µM
4-PBA (Santa Cruz Biotechnology, Dallas, Texas, USA, Cat. sc-232961), 48 h later, and the
media were collected and processed as already described (Section 3.3).

3.6.3. Treatment of CHL-1 and A375 Cells with 4-Phenylbutyric Acid (4-PBA)

Treatment involved 25 × 104 cells/well being seeded in 6-well plates (Sarstedt,
polystyrene wells), and cells were exposed to a range of concentrations of TG (1, 5, and
10 µg/mL) in the presence or absence of 5 µM 4-PBA. After 24 h, cell media were collected
and centrifuged at 12,000 rpm for 10 min at 4 ◦C and stored at −80 ◦C.

3.7. Applications
3.7.1. Astrocytes Experiments
Astrocytes Treatment with ACM and Protein Synthesis Assessment

Astrocyte treatment involved 2 × 104 WT- and 3xTg-iAstro cells being plated in a
24 MW plate. After 24 h, the media were changed with the ACM. After 48 h, the global
protein synthesis rate was assessed using the Surface Sensing of Translation (SUnSET)
method [2,12,13]. Briefly, the cells were incubated with 4 µM puromycin dihydrochloride
(Sigma-Aldrich, Milan, Italy, Cat. P8833) for 3 h, and were lysated with Laemmli Sample
Buffer 4X (Bio-Rad, Hercules, CA, USA), and prepared for WB analysis.

Western Blot

Cell lysates were boiled at 96◦C for 5 min. Then samples were loaded on a 12%
polyacrylamide-sodium dodecyl sulphate gel for SDS-PAGE (sodium dodecyl sulphate—
polyacrylamide gel electrophoresis). Proteins were transferred onto nitrocellulose mem-
brane, using Mini Transfer Packs, with Trans-Blot® Turbo TM (Bio-Rad) according to manu-
facturer’s instructions (Bio-Rad). Ponceau staining was acquired with the ChemiDocTM
Imaging System (Bio-Rad), and was used to normalize protein loading. The membranes
were blocked in 5% skim milk (Sigma, Cat. 70166) for 45 min at room temperature. Sub-
sequently, membranes were incubated with anti-puromycin (Millipore, Burlington, MA,
USA, Cat. MABE343) primary antibody, overnight at 4 ◦C.

Goat anti-mouse IgG (H+L) horseradish peroxidase-conjugated secondary antibody
(Bio-Rad, 1:5000; Cat. 170-6516,) was used as secondary antibodies. Detection was carried
out with SuperSignalTM West Pico Chemiluminescent Substrate (Thermo Scientific), based
on the chemiluminescence of luminol and developed using ChemiDocTM Imaging System
(Bio-Rad).
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3.7.2. Melanoma Cell Lines Experiments
Real-Time PCR

Melanoma cell lines were plated in 6-well plates, as described in Section 3.5.2. After
24 h, cells were exposed (for 24 h) to TG, in the presence or absence of 4-PBA (5 µM; as
described in Section 3.6.3), and Trizol reagent (Invitrogen, Burlington, ON, Canada) was
used to isolate total RNA, as indicated by the supplier. Then, 2 µg of total RNA were used
to generate cDNA by using the ExcelRT Reverse Transcriptase kit (Smobio, Rome, Italy), fol-
lowing the manufacturer’s recommendations. Quantitative PCR reactions were performed
by using the Excel-Tag FAST qPCR SybrGreen kit (Smobio) and the CFX96 thermocycler
(Bio-Rad Laboratories, CA, USA). The primers sequence for all amplicons, designed by
using the online IDT PrimerQuest Tool software (IDT, Integrated DNA Technologies Inc.,
IA, USA) are reported below:

• L34 forward: 5′-GTCCCGAACCCCTGGTAATAGA-3′

• L34 reverse: 5′-GGCCCTGCTGACATGTTTCTT-3′

• ATF4 forward: 5′-GTGGCCAAGCACTTCAAACC-3′

• ATF4 reverse: 5′-CCCGGAGAAGGCATCCTC-3′

• ATF6 forward: 5′-TATCAGTTTACAACCTGCACCCACTA-3′

• ATF6 reverse: 5′-GCAAGGACTGGCTGAGCAGA-3′

Results were normalized by using human L34 as internal control, and comparative Ct
method (∆∆Ct) was used for the relative quantification of gene expression [8].

3.7.3. Statistical Analysis

The experiments were performed in triplicate and repeated three times. The ANOVA
statistical analysis was carried out using GraphPad software (GraphPad Prism 6) by one-
way ANOVA with Sidak’s multiple comparison (* p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001). Concerning the experiments conducted in WT- and 3xTg-iAstro cells, the
statistical differences were calculated by setting the astrocyte conditioned medium (ACM)
as the control (Figure 2), whereas the expression of ER stress markers ATF4 and ATF6 in
melanoma cell lines along the experimental conditions was evaluated by using DMEM
blank and DMEM+4-PBA (5 µM) as negative controls (Figure 3). Finally, quantified 4-PBA
concentrations after treatment were compared with the cell culture media including 4-PBA
(NBA, 3 or DMEM, 5 µM) not exposed to cells (Figures 2 and 3).

3.7.4. Adsorption Evaluation of 4-PBA in Cell-Culture Dish

Adsorption assays were conducted in quadruplicate using initial concentrations of 3.00
or 5.00 µM in NBA and DMEM, which were moved into cell-culture plates without cells to
observe the adsorption phenomenon singularly. After that, multiple aliquots were collected
over 24 or 48 h (0 h; 1 h; 2 h, 4 h, 8 h, 24 h, and 48 h) that were the final incubation times in
DMEM and NBA experiments, in order to plot an adsorption curve as a function of time.
The “log (inhibitor) vs response (three parameters)” model of GraphPad Prism version 6
was used to represent graphs. The quantified concentrations were considered acceptable
with a %RSD within±15% (Relative Standard Deviation). Adsorption preliminary assays of
4-PBA employed an initial concentration of 3.00 µM in NBA and were performed on Pyrex
glass petri dish, non-treated polystyrene petri dish (Corning; Cat. B51026), and plasma-
treated polystyrene plasticware (Corning; Cat. 353046) used in this work, monitoring its
free concentration at the outset (t0) and after 48 h of incubation (t48) by LC-HRMS. 4-PBA
adsorbed fractions were calculated by subtracting 4-PBA initial concentration at t0 and
final concentrations. Adsorption percentages were calculated by dividing the adsorbed
fraction with the initial concentration of 4-PBA multiplied by 100.

4. Conclusions

In this work, a new LC-HRMS method for the quantification of 4-PBA was developed
and successfully validated in two media, commonly used for in vitro cell cultures: NBA
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(NeuroBasal-A medium) and DMEM (Dulbecco’s Modified Eagle Medium). Our results
suggested that the free concentration of 4-PBA was affected by adsorption during in vitro
incubation. Firstly, upon addition of a nominal concentration, within an hour, ∼40% of
4-PBA is held by matrix components, such as ALB. In addition, a further loss of about 10%
occurs during 24 h in DMEM cultures of melanoma cells, similarly in NBA for immortalized
astrocytes after 48 h, reaching an overall loss of about 50%. Nevertheless, the remaining
concentration is sufficient to produce an effect on the protein synthesis of WT-iAstro but
not 3Tg-iAstro cells. In addition, we show that TG, which is a popular ER stress/UPR-
inducing drug, does not affect the absorption kinetics of 4-PBA. However, its intracellular
concentration normalized TG-induced ER stress in both A375 and CHL-1 cells.

Altogether, our paper demonstrates that the actual concentration of 4-PBA in a culture
medium depends on matrix composition and the duration of the treatment, highlighting the
importance of the control over 4-PBA in biological and drug discovery fields. In conclusion,
our LC-HRMS method provides a versatile platform for the control of 4-PBA concentrations
in culture media and paves the way for 4-PBA detection in other biological fluids.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph16020298/s1, Table S1: Instrumental LC-HRMS settings, Figure
S1: Analytes and IS mass spectra—(A) 4-PBA precursor ion, (B) NPBA precursor ion, (C) TG precursor
ion, Figure S2: Monitoring of operative TG concentration by semi-quantitative LC-HRMS, Figure S3:
Chemical structure and chromatograms of thapsigargin (TG), Supplemental S1: Details for a general
bioanalytical validation for ICH, FDA and EMA guidelines.

Author Contributions: Conceptualization, E.D.G., M.C., D.L. and L.T.; analytical methodology,
E.D.G., S.A. and S.V.; biological methodology, D.L., L.T., G.D., M.C. and M.G.; method validation,
S.V.; formal analysis and investigation, S.V., G.D. and M.G.; resources, E.D.G., M.C. and D.L.; data
curation, S.V.; writing—original draft preparation, S.V., G.D. and M.G.; writing—review and editing,
E.D.G., S.V., S.A., D.L., L.T., G.D. and M.C.; visualization, S.V.; supervision, E.D.G., D.L. and M.C.;
project administration, E.D.G.; funding acquisition, D.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This original research had the following financial support: grant 2014-1094 to D.L. from
the Fondazione Cariplo; grants FAR-2016 and FAR-2019 to D.L. from the University of Piemonte
Orientale; L.T. was supported by a fellowship from the CRT Foundation (1393-2017).

Institutional Review Board Statement: Not applicable; this research involved neither humans
nor animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and supplementary material.

Acknowledgments: This research work was funded by Fondazione Cariplo under grant no (2014-1094),
CRT Foundation with the fellowship no (1393-2017), and University of Piemonte Orientale (grants
FAR-2016 and FAR-2019). Therefore, all authors gratefully acknowledge the mentioned organizations
for their financial and technical encouragements.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Cortez, L.; Sim, V. The Therapeutic Potential of Chemical Chaperones in Protein Folding Diseases. Prion 2014, 8, 197–202.

[CrossRef]
2. Tapella, L.; Dematteis, G.; Moro, M.; Pistolato, B.; Tonelli, E.; Vanella, V.V.; Giustina, D.; La Forgia, A.; Restelli, E.; Barberis, E.; et al.

Protein Synthesis Inhibition and Loss of Homeostatic Functions in Astrocytes from an Alzheimer’s Disease Mouse Model: A Role
for ER-Mitochondria Interaction. Cell Death Dis. 2022, 13, 878. [CrossRef]

3. Ohnishi, K.; Ota, I.; Yane, K.; Takahashi, A.; Yuki, K.; Emoto, M.; Hosoi, H.; Ohnishi, T. Glycerol as a Chemical Chaperone
Enhances Radiation-Induced Apoptosis in Anaplastic Thyroid Carcinoma Cells. Mol. Cancer 2002, 1, 4. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ph16020298/s1
https://www.mdpi.com/article/10.3390/ph16020298/s1
http://doi.org/10.4161/pri.28938
http://doi.org/10.1038/s41419-022-05324-4
http://doi.org/10.1186/1476-4598-1-4
http://www.ncbi.nlm.nih.gov/pubmed/12423550


Pharmaceuticals 2023, 16, 298 14 of 15

4. Syed Haneef, S.A.; George Priya Doss, C. Personalized pharmacoperones for lysosomal storage disorder. In Advances in Protein
Chemistry and Structural Biology; Elsevier: Amsterdam, The Netherlands, 2016; Volume 102, pp. 225–265. [CrossRef]

5. Drugs@FDA: FDA-Approved Drugs Database on U.S.A. Food and Drug Administration Website. Available online: https:
//www.accessdata.fda.gov/scripts/cder/daf/index.cfm (accessed on 20 October 2022).

6. Corazzari, M.; Rapino, F.; Ciccosanti, F.; Giglio, P.; Antonioli, M.; Conti, B.; Fimia, G.M.; Lovat, P.E.; Piacentini, M. Oncogenic
BRAF Induces Chronic ER Stress Condition Resulting in Increased Basal Autophagy and Apoptotic Resistance of Cutaneous
Melanoma. Cell Death Differ. 2015, 22, 946–958. [CrossRef] [PubMed]

7. Zeng, M.; Sang, W.; Chen, S.; Chen, R.; Zhang, H.; Xue, F.; Li, Z.; Liu, Y.; Gong, Y.; Zhang, H.; et al. 4-PBA Inhibits LPS-Induced
Inflammation through Regulating ER Stress and Autophagy in Acute Lung Injury Models. Toxicol. Lett. 2017, 271, 26–37.
[CrossRef]

8. Giglio, P.; Gagliardi, M.; Tumino, N.; Antunes, F.; Smaili, S.; Cotella, D.; Santoro, C.; Bernardini, R.; Mattei, M.; Piacentini, M.; et al.
PKR and GCN2 Stress Kinases Promote an ER Stress-Independent EIF2α Phosphorylation Responsible for Calreticulin Exposure
in Melanoma Cells. Oncoimmunology 2018, 7, e1466765. [CrossRef]

9. Inden, M.; Kitamura, Y.; Takeuchi, H.; Yanagida, T.; Takata, K.; Kobayashi, Y.; Taniguchi, T.; Yoshimoto, K.; Kaneko, M.; Okuma,
Y.; et al. Neurodegeneration of Mouse Nigrostriatal Dopaminergic System Induced by Repeated Oral Administration of Rotenone
Is Prevented by 4-Phenylbutyrate, a Chemical Chaperone. J. Neurochem. 2007, 101, 1491–1504. [CrossRef] [PubMed]

10. Gilbert, J.; Baker, S.D.; Bowling, M.K.; Grochow, L.; Figg, W.D.; Zabelina, Y.; Donehower, R.C.; Carducci, M.A. A Phase I Dose
Escalation and Bioavailability Study of Oral Sodium Phenylbutyrate in Patients with Refractory Solid Tumor Malignancies. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 2001, 7, 2292–2300.

11. Bhardwaj, A.; Bhardwaj, R.; Saini, A.; Dhawan, D.K.; Kaur, T. Impact of Calcium Influx on Endoplasmic Reticulum in Excitotoxic
Neurons: Role of Chemical Chaperone 4-PBA. Cell. Mol. Neurobiol. 2022. [CrossRef]

12. Fang, C.; Weng, T.; Hu, S.; Yuan, Z.; Xiong, H.; Huang, B.; Cai, Y.; Li, L.; Fu, X. IFN-γ-Induced ER Stress Impairs Autophagy and
Triggers Apoptosis in Lung Cancer Cells. OncoImmunology 2021, 10, 1962591. [CrossRef]

13. Gorbatyuk, M.S.; Starr, C.R.; Gorbatyuk, O.S. Endoplasmic Reticulum Stress: New Insights into the Pathogenesis and Treatment
of Retinal Degenerative Diseases. Prog. Retin. Eye Res. 2020, 79, 100860. [CrossRef] [PubMed]

14. Ricobaraza, A.; Cuadrado-Tejedor, M.; Pérez-Mediavilla, A.; Frechilla, D.; Del Río, J.; García-Osta, A. Phenylbutyrate Ameliorates
Cognitive Deficit and Reduces Tau Pathology in an Alzheimer’s Disease Mouse Model. Neuropsychopharmacology 2009, 34,
1721–1732. [CrossRef] [PubMed]

15. Kubota, K.; Niinuma, Y.; Kaneko, M.; Okuma, Y.; Sugai, M.; Omura, T.; Uesugi, M.; Uehara, T.; Hosoi, T.; Nomura, Y. Suppressive
Effects of 4-Phenylbutyrate on the Aggregation of Pael Receptors and Endoplasmic Reticulum Stress. J. Neurochem. 2006, 97,
1259–1268. [CrossRef]

16. Tempio, T.; Orsi, A.; Sicari, D.; Valetti, C.; Yoboue, E.D.; Anelli, T.; Sitia, R. A Virtuous Cycle Operated by ERp44 and ERGIC-53
Guarantees Proteostasis in the Early Secretory Compartment. iScience 2021, 24, 102244. [CrossRef]

17. Gomez-Navarro, N.; Maldutyte, J.; Poljak, K.; Peak-Chew, S.-Y.; Orme, J.; Bisnett, B.J.; Lamb, C.H.; Boyce, M.; Gianni, D.; Miller,
E.A. Selective Inhibition of Protein Secretion by Abrogating Receptor-Coat Interactions during ER Export. Cell Biol. 2022, preprint.
[CrossRef] [PubMed]

18. Gallazzini, M.; Pallet, N. Endoplasmic Reticulum Stress and Kidney Dysfunction: Endoplasmic Reticulum Stress. Biol. Cell 2018,
110, 205–216. [CrossRef]

19. Laryea, M.D.; Herebian, D.; Meissner, T.; Mayatepek, E. Simultaneous LC-MS/MS Determination of Phenylbutyrate, Phenylacetate
Benzoate and Their Corresponding Metabolites Phenylacetylglutamine and Hippurate in Blood and Urine. J. Inherit. Metab. Dis.
2010, 33, 321–328. [CrossRef]

20. Jiang, Y.; Almannai, M.; Sutton, V.R.; Sun, Q.; Elsea, S.H. Quantitation of Phenylbutyrate Metabolites by UPLC-MS/MS
Demonstrates Inverse Correlation of Phenylacetate:Phenylacetylglutamine Ratio with Plasma Glutamine Levels. Mol. Genet.
Metab. 2017, 122, 39–45. [CrossRef]

21. Thibault, A.; Figg, W.D.; McCall, N.; Samid, D.; Myers, C.E.; Cooper, M.R. A Simultaneous Assay of the Differentiating Agents,
Phenylacetic Acid and Phenylbutyric Acid, and One of Their Metabolites, Phenylacetyl-Glutamine, by Reversed-Phase, High
Performance Liquid Chromatography. J. Liq. Chromatogr. 1994, 17, 2895–2900. [CrossRef]

22. Ramnaraine, M.L.R.; Tuchman, M. Aromatic and Nitrogen-Containing Acid Separation by Reversed-Phase High Performance
Liquid Chromatography and Identification by Photodiode Array Detector. J. Chromatogr. Sci. 1985, 23, 549–554. [CrossRef]

23. Annesley, T.M. Ion Suppression in Mass Spectrometry. Clin. Chem. 2003, 49, 1041–1044. [CrossRef] [PubMed]
24. FDA 2018—Bioanalytical Method Validation Guidance for Industry. 2018. Available online: https://www.fda.gov/files/drugs/

published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf (accessed on 11 October 2022).
25. Committee for Medicinal Products for Human Use (CHMP)—European Medicines Agency (EMA). EMA 2011—Guideline on

Bioanalytical Method Validation; European Medicines Agency: Amsterdam, The Netherlands, 2011.
26. ICH Harmonized Guideline 2019 Draft Version – Bioanalytical Method Validation M10. Available online: https://www.ema.

europa.eu/en/ich-m10-bioanalytical-method-validation-scientific-guideline (accessed on 11 October 2022).
27. Rocchio, F.; Tapella, L.; Manfredi, M.; Chisari, M.; Ronco, F.; Ruffinatti, F.A.; Conte, E.; Canonico, P.L.; Sortino, M.A.; Grilli,

M.; et al. Gene Expression, Proteome and Calcium Signaling Alterations in Immortalized Hippocampal Astrocytes from an
Alzheimer’s Disease Mouse Model. Cell Death Dis. 2019, 10, 24. [CrossRef]

http://doi.org/10.1016/bs.apcsb.2015.10.001
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm
http://doi.org/10.1038/cdd.2014.183
http://www.ncbi.nlm.nih.gov/pubmed/25361077
http://doi.org/10.1016/j.toxlet.2017.02.023
http://doi.org/10.1080/2162402X.2018.1466765
http://doi.org/10.1111/j.1471-4159.2006.04440.x
http://www.ncbi.nlm.nih.gov/pubmed/17459145
http://doi.org/10.1007/s10571-022-01271-y
http://doi.org/10.1080/2162402X.2021.1962591
http://doi.org/10.1016/j.preteyeres.2020.100860
http://www.ncbi.nlm.nih.gov/pubmed/32272207
http://doi.org/10.1038/npp.2008.229
http://www.ncbi.nlm.nih.gov/pubmed/19145227
http://doi.org/10.1111/j.1471-4159.2006.03782.x
http://doi.org/10.1016/j.isci.2021.102244
http://doi.org/10.1073/pnas.2202080119
http://www.ncbi.nlm.nih.gov/pubmed/35901214
http://doi.org/10.1111/boc.201800019
http://doi.org/10.1007/s10545-010-9172-9
http://doi.org/10.1016/j.ymgme.2017.08.011
http://doi.org/10.1080/10826079408013507
http://doi.org/10.1093/chromsci/23.12.549
http://doi.org/10.1373/49.7.1041
http://www.ncbi.nlm.nih.gov/pubmed/12816898
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.ema.europa.eu/en/ich-m10-bioanalytical-method-validation-scientific-guideline
https://www.ema.europa.eu/en/ich-m10-bioanalytical-method-validation-scientific-guideline
http://doi.org/10.1038/s41419-018-1264-8


Pharmaceuticals 2023, 16, 298 15 of 15

28. Hanai, T.; Hubert, J. Optimization of Retention Time of Aromatic Acids in Liquid Chromatography from Log P and Predicted
PKa Values. J. High Resolut. Chromatogr. 1984, 7, 524–528. [CrossRef]

29. Palmgren, J.; Monkkonen, J.; Korjamo, T.; Hassinen, A.; Auriola, S. Drug Adsorption to Plastic Containers and Retention of Drugs
in Cultured Cells under in vitro Conditions. Eur. J. Pharm. Biopharm. 2006, 64, 369–378. [CrossRef] [PubMed]

30. Characteristics: Highlighting the Roles of Amino Acids in Binding Kinetics and Molecular Interactions. Heliyon 2019, 5, e02879.
[CrossRef] [PubMed]

31. Zheng, X.; Baker, H.; Hancock, W.S.; Fawaz, F.; McCaman, M.; Pungor, E. Proteomic Analysis for the Assessment of Different Lots
of Fetal Bovine Serum as a Raw Material for Cell Culture. Part IV. Application of Proteomics to the Manufacture of Biological
Drugs. Biotechnol. Prog. 2008, 22, 1294–1300. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/jhrc.1240070906
http://doi.org/10.1016/j.ejpb.2006.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16905298
http://doi.org/10.1016/j.heliyon.2019.e02879
http://www.ncbi.nlm.nih.gov/pubmed/31844752
http://doi.org/10.1021/bp060121o
http://www.ncbi.nlm.nih.gov/pubmed/17022666

	Introduction 
	Results and Discussion 
	Development and Optimization of LC-HRMS Conditions and Sample Preparation 
	4-PBA Quantification in Astrocyte-Conditioned Neurobasal A Medium 
	4-PBA Quantification in Melanoma Cell-Lines Conditioned Dulbecco’s Modified Eagle Medium 
	Adsorption of 4-PBA 

	Materials and Methods 
	Reagents 
	Preparation of Standard Solutions 
	Sample Preparation 
	Instrumentation and Chromatographic Conditions 
	LC-HRMS Analyses 
	LC-HRMS Method Validation 

	Cell Lines 
	Immortalized Hippocampal Astrocytes from WT and 3xTg-AD Mice 
	Melanoma Models A375 and CHL-1 Cell Lines 

	Media Preparation and Cell Treatments 
	Astrocytes Conditioned Medium (ACM) Preparation 
	Treatment WT-iAstro and 3xTg-iAstro Cells with 4-Phenylbutyric Acid (4-PBA) 
	Treatment of CHL-1 and A375 Cells with 4-Phenylbutyric Acid (4-PBA) 

	Applications 
	Astrocytes Experiments 
	Melanoma Cell Lines Experiments 
	Statistical Analysis 
	Adsorption Evaluation of 4-PBA in Cell-Culture Dish 


	Conclusions 
	References

