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Abstract

Western blotting has been a pivotal method for analyzing protein expression since
the late 1970s, yet there is no established consensus on an optimal normalization
strategy. In this study, primary mature human adipocytes were used to investigate
the robustness of housekeeping proteins and total protein (TP) as normalization
references for western blotting. TP exhibited the lowest variance among technical
replicates compared to all investigated housekeeping proteins and was a superior
normalization reference for the chosen protein-of-interest. TP also demonstrated the
closest alignment with expected values when loaded as a protein gradient, high-
lighting the dynamic strength of TP as a normalization standard. Additionally, TP
consistently demonstrated lower intra- and inter-individual variability in comparison to
housekeeping proteins investigated across three metabolically similar individuals. In
conclusion, TP normalization is the preferred method for reliable protein expression
analysis in primary mature human adipocytes.

Introduction

Western blotting is a widely used technique for the semi-quantitative assessment
of protein levels. The method was first developed in the late 1970s [1,2] and along
with improvements remains relevant today. While many variations of the method
have been established, the fundamentals persist: Proteins are separated by size
using electrophoresis and subsequently quantified using antigen-specific reagents.
As antigen detection correlates with the amount of protein loaded, normalization is
implemented to correct for variations between loaded samples, thereby enhancing
the accuracy of comparisons across multiple samples.

Historically, housekeeping proteins such as glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), actin, and tubulin have been used to control for loading and
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transfer inconsistencies. These proteins are considered housekeeping proteins
because they are fundamental to normal cell function and are thus constitutively
expressed across all cells and tissues. Consequently, these housekeeping proteins
can be quantified and utilized as normalization references to accurately compare pro-
teins of interest across multiple samples. Numerous studies, however, have demon-
strated that housekeeping proteins are variable, both across cell lines [3-5] and
various human tissues, such as the human cortex [6], cerebrospinal fluid [7], skeletal
muscle [8] and human placenta [9]. Whilst housekeeping proteins have been studied
for their reliability in adipose tissue [10], we investigate their applicability for studies
in isolated adipocytes and compare normalization using housekeeping proteins to an
alternative method, namely total protein (TP) normalization.

In contrast to the use of specific housekeeping proteins, TP utilizes dyes, or other
chemistry, to produce a signal that represents the entire protein content of a sample.
Building on this approach, TP normalization effectively eliminates the drawbacks of
individual protein expression variability and more accurately reflects the true sample
load [11-13]. Common staining methods for TP include Coomassie Brilliant Blue,
Ponceau Red, Amido Black and SYPRO Ruby staining. Despite their effectiveness
in reflecting TP content, the above-mentioned TP methods introduce additional wash
and de-staining steps, extending the already lengthy process of western blotting. To
maintain the advantages of TP normalization while simplifying the process, stain-free
technology was developed. Stain-free technology utilizes a trihalo compound that
can be incorporated into electrophoresis gels where they covalently bind to trypto-
phan residues upon UV activation. This creates a complex that emits fluorescent light
directly proportional to the number of complexes [14], enabling quick TP detection
without washes or de-staining.

Despite these established advantages, TP normalization has not yet achieved uni-
versal adoption in western blot analysis. The persistence of traditional housekeeping
protein methods can be attributed to several factors, i) historical precedent has main-
tained housekeeping proteins as the default choice in many laboratories, particularly
given their extensive representation in published literature, ii) early iterations of TP
detection methods introduced technical complexities and potential interference with
subsequent immunodetection steps and iii) the requirement for specialized imaging
equipment and standardized detection protocols has posed implementation barriers.
Moreover, the diverse array of TP detection methods, from classical chromogenic
stains to stain-free technologies, has limited the establishment of a unified normaliza-
tion protocol.

Considering the advantages of TP normalization, this study investigates if stain-
free based TP normalization is a more suitable alternative to traditional housekeeping
protein normalization in western blotting of primary mature human adipocytes.

Materials and methods
Ethics

All experiments were performed in accordance with the statutes of the Declaration
of Helsinki. The study was approved by the regional ethics committee in Stockholm
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(Regionala etikprévningsnamnden i Stockholm, 2014/1115-31 and 2017/1156-32). Sample collection for this study began
on 9" of September 2021 and continued through 13" of March 2023 at both Ersta Hospital and Danderyd Hospital, Stock-
holm, Sweden. Informed written consent was obtained from all participants prior to surgery.

Human samples

Human surgical biopsies from omental (OM) and abdominal subcutaneous (SC) white adipose tissue were obtained from
9 individuals with obesity undergoing bariatric surgery at Ersta Hospital (n=6) or Danderyd Hospital (n=3) in Stockholm,
Sweden. Individuals were fasted overnight and blood glucose, plasma insulin and c-peptide were measured either the
morning of surgery (Ersta Hospital) or 2 weeks prior to surgery (Danderyd Hospital). Bloodwork was analyzed at the Kar-
olinska Universitetslaboratoriet. A summary of clinical and metabolic parameters of the full cohort can be found in S3 and
S4 Tables.

Adipocyte isolation

Adipocytes were extracted from the tissue sample using the method outlined in [15], with the only difference being the
exclusion of Bovine Serum Albumin (BSA). In brief, the tissue sample was finely minced and subjected to digestion in
Krebs-Ringer-phosphate buffer (containing 127 mM NaCl, 12.3mM NaPO4, 1.36 mM CaCl2, 5.07 mM KClI, 1.27 MgSO4,
pH 7.4) that had 0.05% collagenase | from Clostridium histolyticum (Sigma, #C0130), 5mM D-glucose and 50 pyg/ml gen-
tamicin. Digestion took place in a 37°C oscillating water bath for 45-60 minutes. Residual undigested tissue was filtered
out using a 250 um nylon filter. Adipocytes were washed three times with a wash buffer comprising of 5mM D-glucose
and 50 pg/ml gentamicin in DPBS (Gibco, #14190-136) at pH 7.4. After the final wash, the cells were transferred to 2mL
tubes, rapidly frozen in liquid nitrogen and stored at —80°C for subsequent protein extraction.

Protein extraction and quantification

Frozen adipocytes were mixed at 2:1 with 1% SDS buffer (Sigma, #05030-500ML-F) supplemented with Halt™ Protease
& Phosphatase Single-Use Inhibitor Cocktail (100X) (Thermo Scientific, 1:100, #78442). The mixture was heated at 95°C
for 5 minutes using a heating block, followed by incubation on a rocker at room temperature for 15 minutes. Samples were
centrifuged at 14.000 rcf for 10 minutes and the aqueous phase transferred to a new tube. Protein concentrations were
determined using a Pierce™ BCA Protein Assay (Thermo Scientific, #23227). Absorption was measured using FLUOstar
OPTIMA spectrophotometer and protein concentrations calculated using a linear regression model fitted to the BSA stan-
dard (125-2000 ng/uL), accounting for blanks.

Western blot

For each sample, 10 pg of protein was mixed with 4x Laemmli buffer (BioRad, #1610747) supplemented with
2-Mercaptoethanol (BioRad, #1610710) at 1:3 in 0.5mL tubes. Samples were heated in a heating block at 95 °C for 5min
and subsequently centrifuged at 20817 rcf for 1 min. Running buffer was prepared by mixing 100mL of 10x TGS stock
solution (BioRad, #1610772) with 900 mL ddH,O. Precast Mini-PROTEAN TGX Stain-Free Gels (BioRad, #4568094) were
used for gel electrophoresis. 3 uL of Precision Plus Protein Unstained Standards (BioRad, #1610363) was loaded in the
far left well and protein samples in the remaining wells. Gel electrophoresis was run at 200V for approximately 40 min with
a PowerPac™ Basic (BioRad, #1645050).

After electrophoresis, the gel was activated in the ChemiDoc™ MP Imaging System (BioRad, #12003154) using stain-
free technology. Prior to assembling the transfer stack, a low fluorescence (LF) PVDF membrane was activated in pure
methanol (Sigma-aldrich, #32213-1L-M) and filter papers soaked in 4°C 1x transfer buffer (Trans-Blot Turbo RTA Transfer
Kit LF PVDF, BioRad, #1704274). A transfer stack was constructed in the Trans Blot" Turbo™ Transfer system (BioRad)
and a mixed molecular weight protein transfer program was run for 7 min. The membrane was imaged in the BioRad
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ChemiDoc MP imaging system using stain-free UV activation for TP quantification as well as to ensure successful protein
transfer had occurred.

Immunoblotting

The membrane was blocked in EveryBlot Blocking Buffer (BioRad, #12010020) for 10 min on a shaker at RT. After block-
ing, the membrane was incubated with primary antibodies O/N on a shaker at 4°C. Primary antibodies, all commercially
validated, were prepared in 10 mL 5% milk (Millipore, #70166-500G) at the following concentrations; BSA (Life, 1:1000,
#A11133), GLUT4 (ProteinTech, 1:500, #66846—1-1g), PARK7 (Abcam, 1:500, #ab18257), ENOA (MyBioSource, 1:250,
#MBS9231722) and FAH (Invitrogen, 1:500, #PA5-42049). After primary antibody incubation, the membrane was washed
3 times in TBS supplemented with 0.05% tween-20 (TBST) (ChemCruz, #SC-362311) and incubated with secondary
antibody for 1 hour at RT. Secondary antibodies and GAPDH, actin or tubulin were prepared in 10mL 5% milk (in PBS)

at the following concentrations; Anti-Mouse IgG H&L HRP conjugated (Abcam, 1:5000, ab205719), hFAB Rhodamine
Anti-GAPDH (BioRad, 1:1250, #12004167), hFAB Rhodamine Anti-Actin (BioRad, 1:1250, #12004163), hFAB Rhodamine
Anti-Tubulin (BioRad, 1:2500, #12004165) and depending on the housekeeping used, StarBright Blue 700 Goat Anti-Rabbit
IgG (BioRad, #12004161) diluted either at 1:2500 (PARK7 and FAH) or 1:5000 (ENOA). The membrane was washed twice
in TBST and once in DPBS (Gibco, #14190-136) and imaged in the ChemiDoc MP imaging system. Housekeeping pro-
teins were imaged at 700nm (PARK7, ENOA or FAH), followed by rhodamine conjugated housekeeping proteins, GAPDH,
actin or tubulin. The membrane was incubated in 5mL SuperSignalTM West Femto Maximum Sensitivity Substrate
(Thermo Scientific, #34096) ECL mix for 5min on a shaker at RT. Lastly, GLUT4 was imaged using chemiluminescence.

Western blot analysis

The volume tool in ImagelLab software (BioRad) was used to analyze stain-free images of the membranes, taken immedi-
ately post transfer. Housekeeping proteins and GLUT4 band intensities were determined utilizing the lane and band tool in
ImagelLab. Visualization of data and statistics were performed using Prism 9 software (GraphPad).

Western blot normalization

In fixed point normalization, the choice of reference point can introduce a bias [16]. If the selected reference point does
not accurately represent the tendency or the range of the data, it can skew the normalized values. This bias can lead
to misinterpretation of results, as the normalized data might disproportionately emphasize certain values while under
representing others.

To avoid fixed point normalization bias, data was normalized by first dividing the intensity of each band/lane by the
total intensity of all bands/lanes within each blot (in Equation 1 shown below, denoted as the ‘observed fraction of total
intensity’). This fraction was then divided by the expected ratio (denoted in Equation 2 as the ‘expected fraction of total
intensity’), i.e., the theoretical ratio obtained by dividing the intensity of a given band by the total sum of intensities for all
bands/lanes (S1 Fig and S1 Table).

Normalization calculations

1. Calculate the Fraction of Total Intensity:

Band Intensity

Observed Fraction of Total Intensity = S Band Infensitios

This step determines the proportion of the total intensity contributed by each band.
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2. Calculate the Deviation from Expected Intensity:

Observed Fraction of Total Intensity

Deviation from E / ity =
eviation from Expected Intensity Expected Fraction of Total Intensity

This step compares the observed fraction of total intensity to the expected fraction, resulting in:

> 1 if the observed intensity is higher than expected

< 1 if the observed intensity is lower than expected

= 1 if the observed intensity matches the expected intensity
Following established statistical protocols, the coefficient of variation (CV) was selected to assess the measured variabil-
ity (precision) of normalization references both within technical replicates [5,7,9] and across a dynamic range of protein
loading [17,18] CV was calculated using the deviation values obtained from the equations above. The standard deviation
was divided by the mean of the deviation values and multiplied by 100 to generate a percentage using Prism 9 software
(GraphPad), quantifying the relative variability in protein expression across experimental conditions [6—10].

Simulation of normalization reference variability

To demonstrate the universal impact of normalization reference variability on protein quantification precision, simulated
western blot data was generated using seeded random number generation. A protein of interest data set with realistic
technical variability (CV=19.9%) was created using the Box-Muller transformation to generate normally distributed values
around a mean of 1. Normalization reference datasets with systematically increasing coefficients of variation (5%, 15%
and 30%) were similarly generated using different random seeds to ensure independence. Optimal seeds were identified
through iterative searching to achieve target CVs within £1% tolerance. Normalized protein values were calculated as the
ratio of protein of interest to reference values, and CVs were determined as described above.

Results
Theoretical impact of normalization reference variability on protein quantification

The precision of Western blot protein quantification is fundamentally determined by the variability of the normalization
reference, independent of the specific protein being analyzed. To demonstrate this principle, simulated identical protein of
interest (POI) data representing realistic technical variability (CV=19.9%) was normalized using references with systemat-
ically increasing variability ranging from 5% to 30% CV (S2 Fig).

Normalization of the POI using a stable reference (5% CV) resulted in a final CV of 16.6%, closely maintaining the
precision of the original protein signal (S2 Fig). However, as reference variability increased, the precision of the normal-
ized POI deteriorated progressively. Normalization using moderately variable references (15% CV) inflated the normal-
ized protein variability to 30.6% CV (S2 Fig). Notably, normalization using highly variable references (30% CV) resulted
in final CVs of 47.0%, representing a 2.8-fold increase in variability compared to stable reference normalization (S2 Fig,
16.6% vs 47.0%). This analysis demonstrates that normalization reference selection determines normalized protein
precision regardless of the protein target (S2 Fig). The 2.8-fold difference in variability occurred with no change in the
underlying protein signal, confirming that these effects represent universal analytical principles rather than protein-specific
phenomena.

These simulations assume identical loading conditions with CVs reflecting only imprecision in signal readout and/or
reference stability. It should be noted that simulated datasets do not incorporate biology such as potential correlations
between normalization references and target proteins, which falls outside the scope of this study.

To validate this principle experimentally in primary human adipocytes, GLUT4 was selected as a representative POI to
compare TP and housekeeping protein normalization performance.
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BSA contamination in adipocyte isolation and its impact on western blotting

Prior to investigating the suitability of TP normalization in primary mature human adipocytes, the presence of potential
protein contaminants from the adipose tissue isolation protocol was assessed. In previous western blot analyses using
mature human adipocytes, strong TP bands around 60 kDa were consistently observed, suggesting potential protein
contamination (Fig 1A). Bovine serum albumin (BSA) (kDa 65), which is commonly used in adipocyte isolation protocols
to enhance cell survival and overall viability, was suspected to be a contributing factor to this contamination. To investigate
this, an adipose biopsy was divided in half and adipocytes were isolated either with BSA (standard protocol), or without
BSA (adjusted protocol). No discernible difference in adipocyte yield was seen between standard and adjusted protocols.
Following adipocyte isolation, half of the cells from each condition were immediately frozen for protein isolation, while
the remaining half were subjected to three washes in PBS prior to freezing. The protein concentration for each lysate
was determined using a BCA kit. Despite all samples originating from the same individual biopsy, marked variations in
protein concentrations were observed across the different conditions (S2 Table). Notably, the protein concentration of the
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Fig 1. Impact of BSA contamination on protein quantification methods. (A) Stain-free image of total protein (TP) with bands corresponding to 50
and 75kDa indicated on ladder. Duplicates shown for each condition. (B) BSA (65kDa), tubulin (55kDa) and GLUT4 (54 kDa) staining. (C) Average BSA
signal from all duplicates, normalized to the smallest value above 0. (D) Average tubulin signal from all duplicates, normalized to the smallest value. (E)
Average BSA signal from all duplicates, normalized to tubulin, normalized to smallest value above 0. (F) Tubulin normalized to TP, normalized to the
smallest value.

https://doi.org/10.1371/journal.pone.0328136.9001

PLOS One | https://doi.org/10.1371/journal.pone.0328136  July 22, 2025 6/17



https://doi.org/10.1371/journal.pone.0328136.g001

PLO\Sﬁ\\.- One

unwashed BSA-isolated sample surpassed the upper BCA standard, leading to an extrapolated estimate of the exact con-
centration under linear assumptions (S3A Fig).

To visualize TP, samples were separated by electrophoresis using stain-free gels, followed by a quick UV activation
step. In the unwashed BSA-isolated sample, TP was dominated by a single band in the ~60kDa range, in contrast to
a more spread-out profile in BSA-free and washed BSA-isolated samples (Fig 1A). Strong BSA labeling was seen in
the~60kDa range in both unwashed and washed BSA-isolated adipocytes but was not detected in BSA-free samples (Fig
1B, C). The combination of reduced TP at ~60kDa (Fig 1A) and no BSA detection through antibody labeling in the BSA-
free samples (Fig 1B) indicated that BSA introduced significant protein contamination and should therefore be avoided
during tissue isolation.

Additionally, BSA contamination increased TP content in the lysate, as shown by BCA readouts (S2 Table). This can lead
to underloading of endogenous proteins, highlighted by tubulin measurements (Fig 1B, 1D), or in the ratio of BSA to tubulin
(Fig 1E). This issue stems from the limitations of BCA to distinguish between endogenous and exogenous sources of protein.
Washing BSA-isolated samples attenuates the contamination effects but does not eliminate TP normalization issues, as tubu-
lin normalized to TP is lower in both washed and unwashed BSA-isolated samples, compared to BSA-free samples (Fig 1F).

To investigate the suitability of TP normalization compared to housekeeping proteins in isolated human adipocyte
samples, glucose transporter 4 (GLUT4) was chosen as the protein of interest. GLUT4 antibody staining showed strong
bands in the unwashed BSA-isolated sample, with weaker bands in the washed BSA-isolated sample (Fig 1B). Overexpo-
sure of the blot showed that the expected GLUT4 signal (~54 kDa) was clearly present in the BSA-free samples while the
BSA-isolated samples showed non-specific bands at ~60kDa (S3B Fig). These results can be explained by non-specific
antibody binding to BSA (65kDa) leading to false positives in BSA-isolated samples but not in BSA-free samples. Thus,
subsequent experiments within this study used BSA-free samples, accentuating the importance of limiting BSA, or other
protein contaminants, in western blotting.

Normalization reference variability in technical replicates

To determine the optimal normalization strategy for western blot analysis in mature human adipocytes, housekeeping
proteins previously validated for adipocyte and obesity research, such as parkinsonism associated deglycase (PARK7),
enolase 1 (ENOA), and fumarylacetoacetase (FAH) were investigated [10]. In addition, GAPDH, actin and tubulin were
included as global housekeeping markers for a broader comparison. Evaluation of all normalization references was per-
formed using primary mature human white adipocytes. First, the assessment involved technical replicates, where each
well in a gel was loaded with 10 ug of protein from the same sample. Samples were obtained from four different individu-
als: two obese hyperinsulinemic (OBHI) patients (one subcutaneous (SC) and one omental (OM)) and two obese normo-
insulinemic (OBNI) patients (one SC and one OM). Each sample was analyzed across three separate blots to assay all
housekeeping proteins, allowing for the normalization of GLUT4 levels to two housekeeping proteins and TP within each
blot. Data was normalized and visualized such that an increasing deviation from 1 indicated a higher protein variation (S1
Fig, S1 Table, see methods for more details).

Housekeeping proteins, TP and GLUT4 were analyzed independently to investigate potential variability in loading, anti-
body stain or transfer efficiency. The coefficient of variation (CV) for housekeeping proteins was higher in comparison to
TP (Fig 2A—F, S4A—F Fig, left-side panels, S4 Fig), except in two instances: FAH exhibited the lowest CV for the OBHI OM
sample, and actin had the lowest CV for the OBNI OM sample (Fig 2D, S4F Fig). Notably, GLUT4 demonstrated high CVs
prior to normalization in all samples and across all blots (Fig 2A—F, S4A—F Fig). GLUT4 was subsequently normalized to
both housekeeping proteins and TP to compare the CV between each normalization reference. Unexpectedly, normaliza-
tion predominantly led to an increased CV for GLUT4 (Fig 2A—-F, S4A—F Fig, right-side panels). Using TP as the normal-
ization reference resulted in the lowest CV for GLUT4 in most blots (Fig 2A, B, E, F, S4A, B, E Fig). When normalized to
actin and ENOA, GLUT4 achieved the lowest CV in two blots each (Fig 2C, D, S4C, D Fig).
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Fig 2. Technical replicates from OBNI individuals. Coefficient of variation (CV) for total protein (TP) and respective housekeeping proteins, normalized

to the sum (left panels), and for GLUT4 normalized to TP or housekeeping proteins (right panels). Each dot represents one well — a technical replicate of the
same lysate sample run in separate lanes. TP demonstrated the lowest CV across all technical replicate blots, except when compared to actin in the OM sam-
ple (A—F). When normalizing GLUT4, TP showed the lowest CV in four blots (A, B, E, and F), while actin (C) and ENOA (D) exhibited lower CVs in two blots.

https://doi.org/10.1371/journal.pone.0328136.9002
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The CVs resulting from GLUT4 normalization to actin and ENOA showed depot-specific trends: Actin yielded the lowest
CVs in SC adipocytes (OBNI and OBHI), while ENOA had the lowest CVs in OM adipocytes (OBNI and OBHI) (Fig 2C,
D, S4C, D Fig). This data suggested that actin and ENOA exhibited differing variability within adipocytes from specific adi-
pose depots. Taken together, TP emerged as the most reliable normalization reference, offering lower variability and more
consistent CVs for GLUT4 normalization across technical replicates.

Dynamic range of normalization references in single sample loading gradient

To explore dynamic range differences between housekeeping proteins and TP, an OM adipocyte protein lysate from a
individual with obesity and hyperinsulinemia was loaded with a protein gradient of 2.5-20 g, in 2.5 pg increments (n=8)
(S6 Fig). The same normalization approach used for the technical replicates was used to visualize the data (S1 Fig and
S1 Table, see methods for more details).

Housekeeping proteins and TP were assessed independently: In all three blots, TP exhibited the lowest CV and was
the only normalization reference with a CV lower than 10% (Fig 3A—C). Lower protein loads typically resulted in larger
deviations from their expected value, which in turn contributed to the overall higher CVs observed in housekeeping pro-
teins (Fig 3A—C). Large amounts of lysate can cause signal saturation for highly expressed proteins, such as housekeep-
ing proteins [19], as observed in our study: Signal saturation was observed in FAH where a load of a 7.5 yg and above
showed a negligible increase in signal, likely contributing to the high CV (Fig 3C and S6C Fig). No signal saturation was
observed in other housekeeping proteins or TP within the tested range.

GLUT4 was normalized to TP and housekeeping proteins. As observed with technical replicates, the CVs from GLUT4
normalization generally increased after normalization, regardless of the chosen reference. While GLUT4 normalization
to TP yielded the lowest CV in two of three blots, there was considerable variation across all three blots (27.3 vs 15.9 vs
9.6, Fig 3D—F). This variability is primarily attributed to the CVs from GLUT4, rather than being substantially influenced by
TP variability (Fig 3A—C). The signal saturation of FAH within the tested dynamic range highlighted its unsuitability as a
reference protein due to the lack of linearity (Fig 3C, F, S6C Fig). A consequence of its insensitivity to protein loads from
7.5-20 ug also likely contributed to an artificially low CV in technical replicates (Fig 2E, F, S4E, F Fig).

Taken together, TP offers a more stable and reliable normalization reference compared to housekeeping proteins
across a dynamic range and technical replicates. Variability in normalization with housekeeping proteins, particularly
highlighted by FAH, underscores the importance of choosing a dynamic and low-variance reference protein. The relatively
lower CV resulting from TP normalization, combined with no signal saturation within the tested dynamic range, suggests
that TP as a more fitting normalization reference compared to housekeeping proteins.

Comparing normalization references across samples from multiple individuals

To assess the impact of using different normalization references on GLUT4 levels across individuals, a cohort of three
clinically and metabolically similar individuals was studied (S3 Table). Given the varying sensitivities observed at different
protein loads during the dynamic range comparisons, samples from each individual were loaded at 5, 10 and 15 pg to
minimize biasing based on dynamic range performance. Data were initially normalized to the respective protein loads (i.e.,
normalized such that 5 ug corresponds to a factor of 1, 10 ug to 2, and 15 pg to 3), and visualized as fold change from the
minimum value. This approach was adopted since there is no predefined expected value for each sample when compar-
ing between unique individuals.

Quantification of TP, housekeeping proteins and GLUT4 for each individual demonstrated consistent trends across the
three individuals: Individual 1 showed the highest levels of protein expression for all proteins, followed by individual 3, then
individual 2 (Fig 4A—C, S7 Fig). TP, ENOA, actin, FAH and GLUT4 all displayed minimal variance within individuals when
normalizing to protein load (Fig 4A—C). This was similar for PARK7, GAPDH and tubulin for individuals 2 and 3, but not for
individual 1 (Fig 4A—C). When comparing normalization references, TP and actin exhibited a relatively small fold-change
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Fig 3. OBHI OM lysate loaded in 2.5 pug gradient increments (2.5-20 pg). Lysates were visualized with a color gradient, and the coefficient of varia-
tion (CV) was calculated. Total protein (TP) showed the lowest CV across all blots when normalized to the sum (A—C). For GLUT4 normalization, PARK7

demonstrated the lowest CV in one blot (D), while TP achieved the lowest CV in two blots (E and F).

https://doi.org/10.1371/journal.pone.0328136.9003
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Fig 4. Protein gradient loading across a metabolically and clinically similar cohort (n=3). Lysates were loaded at 5, 10, and 15 pg, visualized with
a color gradient, and normalized to the minimum value. Inter- and intra-individual comparisons of normalization references and GLUT4 demonstrated
that total protein (TP) exhibited the lowest variability both within and between individuals (A—C). In contrast, housekeeping proteins normalized to TP
reveal substantial inter-individual variability (D—F), highlighting that their expression levels differ between patients even when loading is accounted for.
GLUT4 normalized to different references (TP or housekeeping proteins) further illustrate how the choice of normalization strategy can markedly influ-

ence the apparent between-patient differences (G-I).

https://doi.org/10.1371/journal.pone.0328136.9004
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(fc) difference between individuals (fc~2), versus PARK?7 (fc~6), GAPDH (fc~6), ENOA (fc~5), FAH (fc~4) and tubulin
(fc~10) (Fig 4A-C).

To determine if variations in loading amounts were responsible for the substantial differences observed in housekeep-
ing protein expression among individuals, the housekeeping proteins were normalized against TP. While this normalization
mitigated the differences in housekeeping expression between individuals, loading amount alone could not account for
these variations (Fig 4D-F), suggesting that inherent differences in housekeeping protein expression exist even amongst
individuals with similar clinical and metabolic profiles.

TP normalization led to comparable expression levels of GLUT4 between individuals 1 and 3, with a notable decrease
in individual 2 across all blots (Fig 4G—I). When normalized to TP, the fold change difference was approximately 6 in
two blots, in contrast to a fold change difference of 3 in one blot. This variability likely stems from the major variations in
GLUT4 signal, rather than from the stable TP signal observed in these individuals, with GLUT4 varying approximately
1-10-fold, and TP showing a narrower range of about 1-2-fold (Fig 4A—C). When GLUT4 is normalized against PARK7,
GAPDH or tubulin, the expression level among the three individuals is consistent (Fig 4G, I). However, normalization using
ENOA, actin or FAH reveals distinct difference in expression: Individual 2 consistently showed the lowest levels of GLUT4,
while the highest GLUT4 expression shifts between individual 1 when normalized to actin, and individual 3 when normal-
ized to ENOA or FAH (Fig 4H, I).

Collectively, these findings indicated that the choice of normalization reference dramatically affects the determination of
GLUT4 expression levels when comparing multiple individuals. Notably, the expression of housekeeping proteins var-
ies widely among individuals with similar clinical and metabolic profiles (Fig 4D—F), influencing the normalized values of
proteins of interest (Fig 4G—I). Among the housekeeping proteins, actin demonstrated smaller inter-individual variability
(Fig 4E) and yields normalized GLUT4 expression levels comparable to those obtained when normalizing to TP. Thus,
normalization references with minimal intra- and inter-individual variability, such as TP and actin, are necessary for precise
protein expression comparison across multiple individuals.

In summary, these findings highlight the importance of using normalization references with low variance both within and
among individuals. While actin demonstrated low inter-individual variability, it under performs in both dynamic range and
technical replicate analysis. Ultimately, the robust variance of TP in technical replicates, dynamic range and across individ-
uals makes it a superior normalization reference for mature human adipocyte western blot analysis. Table 1 summarizes
the performance of TP and housekeeping proteins across all experimental conditions tested, highlighting the overall best
normalization reference alongside the most robust housekeeping protein alternative when experimental conditions neces-
sitate housekeeping protein use (e.g., requirement for BSA in the isolation or culture environment).

Discussion

Western blotting is one of the most widely utilized techniques for protein expression analysis. Despite its popularity, a
consensus on the most effective normalization strategy has not been reached. Housekeeping protein normalization was
adopted to standardize western blot results. As increasingly sophisticated tools and software for precise protein quan-
tification have become available, TP normalization has emerged as an alternative approach to housekeeping protein

Table 1. Optimal normalization references for different experimental designs.

Experimental setup Best overall Best housekeeping protein
Technical replicates SC TP FAH
Technical replicates OM TP Actin
Dynamic range TP Actin
Inter-individual comparison TP Actin

https://doi.org/10.1371/journal.pone.0328136.t001
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normalization. In this study, we compare these two normalization methods in primary mature human adipocyte western
blotting, to determine which normalization strategy is superior.

In our study, TP exhibited lower variance compared to both GLUT4 and housekeeping proteins across technical
replicate- and dynamic range analyses. The high variance observed in GLUT4 and housekeeping proteins occasion-
ally made normalizing GLUT4 to housekeeping proteins, rather than TP, appear advantageous. However, this apparent
co-variance seemed to occur by chance, as GLUT4 and housekeeping proteins sometimes varied concurrently on one
blot but independently or in opposing directions on another. Moreover, even minor fluctuations in a housekeeping protein’s
expression could significantly skew the normalization process, whereas similar variations in a single protein would have a
negligible impact on TP normalization.

Previous research identified PARK7, ENOA, and FAH as suitable housekeeping proteins for western blotting in adipose
tissue [10]. That study used two-dimensional difference gel electrophoresis to assess protein stability between SC and
OM adipose tissue across individuals. In contrast, our study focused on the stability of housekeeping proteins in isolated
adipocytes, examining their performance across technical replicates, dynamic range, and relative to TP. Unlike the ear-
lier study in whole adipose tissue, we found that PARK7, ENOA, and FAH are not optimal normalization references for
isolated mature human adipocytes. Specifically, PARK7 and ENOA exhibited higher CVs across technical replicates and
a narrower dynamic range compared to commonly used housekeeping proteins, such as actin and tubulin. While FAH
showed low variance in technical replicates, its limited dynamic range plateaued at only 10 ug of protein loading, suggest-
ing that its low variance may reflect insensitivity to loading differences rather than reliability. Surprisingly, GAPDH, a widely
used housekeeping protein, performed poorly in our experiments, showing high variance among technical replicates, a
dynamic range that deviated from expected values, and significant variability between individuals.

In our subject cohort, TP levels varied by approximately 2-fold between individuals. This variation may be attributed to
the high lipid content of adipocytes, which can cause contamination during protein isolation and interfere with BCA pro-
tein quantification. In contrast, densitometry data for housekeeping proteins showed a 4- to 10-fold difference between
individuals, depending on the specific protein examined. While normalizing housekeeping proteins to TP helped reduce
some of these discrepancies, significant differences persisted that could not be explained by loading errors. These find-
ings underscore considerable variability in housekeeping protein expression, even among individuals with similar meta-
bolic profiles.

Normalization choice also impacted the interpretation of GLUT4 expression. When GLUT4 was normalized to
different references, the data patterns changed substantially, emphasizing the critical importance of using a consis-
tent normalization reference when comparing results across blots or study cohorts. For normalization to be reliable,
the reference must exhibit low variability both within and between individuals. However, factors such as the molecular
weight of the target protein, laboratory preferences, and experimental design can make a single housekeeping protein
unsuitable for all cases. Taken together, TP offers distinct advantages as a normalization reference. It does not rely
on antibodies, is not constrained by molecular weight, and provides a broadly applicable approach regardless of the
protein of interest. This makes TP an attractive and versatile choice for ensuring consistent and reliable comparisons
across experiments.

One limitation of stain-free technology is that it works by modifying tryptophan residues, which could affect TP quan-
tification depending on the sample’s tryptophan content. While tryptophan metabolism varies between individuals and
species, studies suggest that tryptophan levels in the proteome remain consistent within individuals of the same species
[20,21]. Certain conditions, such as inflammation [22], cancer [23], kidney dysfunction [24], pregnancy [25], and treat-
ments like interferon therapy [26] or indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors [27], are associated with altered
tryptophan metabolism. However, there is currently no evidence to suggest that these changes significantly impact the
tryptophan content of cellular proteins or the abundance of tryptophan-containing proteins. In cases where changes in
tryptophan-containing proteins are known or suspected, alternative TP normalization methods, such as Amido Black or
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Ponceau Red staining (which target proteins via general electrostatic and hydrophobic interactions), or the use of stable
housekeeping proteins (Table 1), may provide more reliable results.

Although tubulin outperformed TP in the presence of BSA, the fundamental issues with using housekeeping pro-
teins as normalization references, highlighted in this study, remain. For optimal western blot normalization, it is pref-
erable to eliminate exogenous protein contamination, such as BSA, rather than relying on housekeeping proteins as
an alternative. In our experiments, excluding BSA from the adipocyte isolation protocol had no effect on adipocyte
yield, however validation of removing BSA for downstream applications is needed. For experiments where the use of
BSA is unavoidable, actin, as identified in this study, may serve as a more suitable normalization reference. However,
whenever possible, adopting BSA-free protocols is strongly recommended to fully leverage the superior normalization
capabilities of TP.

To our knowledge, this is the first study comparing TP and housekeeping protein normalization strategies in isolated
primary human adipocytes. The substantial inter-individual variation in housekeeping protein expression observed in our
study aligns with findings from other primary human tissue analyses: Similar variability has been reported in the human
cortex [6], where actin displayed robust heterogeneity between individuals, while Ponceau TP staining provided more
consistent normalization. In skeletal muscle, both GAPDH and actin demonstrated age-dependent expression decreases,
while stain-free TP measurement remained stable for both inter- and intraindividual variation [8]. Similarly, placental ref-
erence proteins exhibited significant variation while total protein remained stable [9]. The biological basis for these dif-
ferences likely stems from the dynamic nature of cellular metabolism. For example, metabolic enzymes such as GAPDH
may vary with energy status [28,29], while structural proteins like actin could fluctuate with cell or tissue remodeling
processes [30,31]. These variations are particularly relevant in adipocytes, where protein expression can be influenced by
factors such as adipose depot location, BMI, age or systemic factors. The consistency of these findings across multiple
primary human tissues underscores the limitations of housekeeping protein normalization and supports the broader appli-
cability of TP normalization in human tissue analysis.

In summary, selecting an appropriate normalization strategy is essential for obtaining reliable and precise western blot-
ting results. This study compared the normalization of GLUT4 to TP and housekeeping proteins, highlighting the signifi-
cant impact of inter-individual variability in housekeeping protein expression on normalization outcomes.

While this study employed stain-free imaging to obtain TP densitometry data, alternative methods such as Coomassie
Brilliant Blue, Amido Black, and Ponceau Red staining provide viable options for total protein quantification. These meth-
ods, including stain-free imaging, are generally more cost-effective than using antibodies for housekeeping proteins and
preserve blot space, enabling greater multiplexing of proteins of interest.

In conclusion, we recommend total protein normalization as the gold standard for western blotting in studies involving
primary mature human adipocytes, owing to its superior reliability and versatility.

Supporting information
S1 Table. Step-by-step sum normalization calculations for technical replicates and dynamic range.
(XLSX)

S2 Table. Protein concentrations and loading amount for each BSA control experimental condition for Fig 1.
(DOCX)

83 Table. Clinical parameters for cohort used in Fig 4.
(DOCX)

S4 Table. Clinical parameters for all samples.
(DOCX)
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S1 Fig. Normalization schematic for technical replicates and dynamic range. (A) Schematic for sum normaliza-

tion of technical replicates, (B) theoretical and measured data, (C) fraction of sum, (D) divided by expected. (E) Sche-
matic for sum normalization of dynamic range, (F) theoretical and measured data, (G) fraction of sum, (H) divided by

expected.

(TIF)

S2 Fig. Simulation of western blot Data via seeded random number generation. (A) Simulated raw signal intensities
of a protein of interest (POI) and three different normalization references, each with a coefficient of variation (CV) of 5%,
15%, or 30%. (B) Normalized POI signal obtained by dividing the POI values by each respective normalization reference
shown in (A). This demonstrates how increasing variability in the reference impacts the stability of the normalized signal,
despite the POI having identical underlying variability in all cases.

(TIF)

S3 Fig. BSA-contaminated samples and non-specific signal. (A) Protein concentrations, determined with a BSA stan-
dard curve and absorption measurement using a spectrophotometer with duplicates for all conditions. (B) GLUT4 stain,
shown with increased exposure to better demonstrate specific GLUT4 staining in the BSA free samples.

(TIF)

S4 Fig. Technical replicates from OBHI individuals. Coefficient of variation (CV) for total protein (TP) and respective
housekeeping proteins, normalized to the sum (left panels), and for GLUT4 normalized to TP or housekeeping proteins
(right panels). Each dot represents one well — a technical replicate of the same lysate sample run in separate lanes.
Protein isolated from subcutaneous (SC) or omental (OM) adipocytes. Total protein demonstrated the lowest CV across all
technical replicate blots, except when compared to FAH in the OM sample (A—F). When normalizing GLUT4, total protein
showed the lowest CV in three blots (A, B and E), while actin (C), ENOA (D) and FAH and tubulin (F) exhibited lower CVs
in three blots.

(TIF)

S5 Fig. Technical replicate blots from Fig 2 and S3 Fig. (A) Subcutaneous obese normoinsulinemic (SC OBNI), total
protein (TP), PARK7, GAPDH and GLUT4, (B) SC OBNI, TP, ENOA, actin and GLUT4, (C) SC OBNI, TP, FAH, tubulin
and GLUT4, (D) omental (OM) OBNI, TP, PARK7, GAPDH and GLUT4, (E) OM OBNI, TP, ENOA, actin and GLUT4, (F)
OM OBNI, TP, FAH, tubulin and GLUT4. Technical replicate blots from S3 Fig: (G) Subcutaneous obese hyperinsulinemic
(SC OBHI), TP, PARK7, GAPDH and GLUT4, (H) SC OBHI, TP, ENOA, actin and GLUT4, (I) SC OBHI, TP, FAH, tubulin
and GLUT4, (J) OM OBHI, TP, PARK7, GAPDH and GLUT4, (K) OM OBHI, TP, ENOA, actin and GLUT4, (L) OM OBHI,
TP, FAH, tubulin and GLUT4.

(TIF)

S6 Fig. Dynamic range blots from Fig 3. omental obese hyperinsulinemic (OM OBHI) lysate loaded on a gradient in 2.5
Mg increments (2.5-20 ug). (A) Stain-free image of total protein (TP) and proteins stains for GLUT4, PARK7 and GAPDH,
(B) GLUT4, ENOA and Actin, (C) GLUT4, FAH and tubulin.

(TIF)

S7 Fig. Cohort blots from Fig 4. (A) Stain-free image of total protein (TP) and GLUT4, PARK7 and GAPDH staining.
(B) Stain-free image of TP and GLUT4, ENOA and actin staining. (C) Stain-free image of TP and GLUT4, FAH and tubulin
staining.

(TIF)

S$1 Raw images. All original western blot images included in the manuscript, uncropped and unedited.
(PDF)
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