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Housekeeping protein expression in tissue samples is often used to normalize immunoblotting data. However,
utilizing common loading control proteins in pathological conditions without validation can be problematic.
Here, we describe the alteration of commonly used loading control protein expressions in asthmatic lung samples
and present a simpler and more reliable loading control for western blot analysis. Lung samples from control and
asthmatic mice groups were used to assess the expression levels of three commonly used housekeeping proteins
(beta-actin, alpha-tubulin, and glyceraldehyde-3-phosphate dehydrogenase). Ponceau S staining data was also
obtained to assess the consistency of protein loading. Housekeeping protein expressions varied dramatically in
asthmatic groups, ranging from 26 to 278 % compared to the control group (p < 0.05). On the other hand, no
significant differences in Ponceau S staining were observed among the groups. There were no differences in
protein extraction from lung samples among the groups, but significant differences were observed in bron-
choalveolar lavage leukocyte populations (p < 0.05). Our data suggest that lung resident immune cells were
dramatically altered in asthma groups, and protein expression of commonly used loading control proteins are
unreliable for western blot analysis of asthmatic lungs. We recommend Ponceau S staining as a more reliable

loading control for asthmatic lung samples to normalize western blot data.

1. Introduction

Western blotting is a common laboratory technique for semi-
quantitative protein analysis that has been utilized over 40 years [1].
Since its first publicized use in 1979, immunoblotting has remained an
invaluable tool for biological research and clinical diagnostics [2].
Several steps within the western blot protocol, including antibody se-
lection, sample preparation, and normalization standards, may be sub-
ject to oversight, making the technique vulnerable to error [3]. In
particular, the assumed stability and uniformity of the expression of
common loading control proteins used is especially problematic because
several studies have shown that housekeeping protein expression is not
reliably consistent across experimental states [3,5-7]. For example, a
study investigating housekeeping protein expression in the hearts of
human diabetics found p-actin levels were reduced in the right atrium
and left ventricle, while glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was reduced in only the right ventricle when considering age

as a factor [4]. Similarly, the expressions of beta-actin and GAPDH
decrease with age in human skeletal muscle [5]. Similarly, these
housekeeping proteins have also been reported as unreliable loading
controls in some preclinical experimental models such as myocardial
infarction and hypoxic-ischemic brain injury [6,8]. This accumulating
evidence suggests that it is critical to re-evaluate the validity of
commonly used loading control protein expression in each experimental
setting.

Preclinical studies play a vital role for identifying the mechanisms of
many human diseases and the discovery of novel interventions. For
preclinical asthma studies, the ovalbumin-induced experimental asthma
model is the most frequently used model of experimental asthma
because this method stimulates a Th2-driven immune response and
produces airway hyperreactivity, conditions seen in human asthma [9].
In this model, female mice show increased ovalbumin-induced type 2
immune responses such as eosinophilia, IL-5, and IL-13 in the lungs
compared to male mice [9-11]. These classic increased Th2 immune
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responses due to the experimental asthmatic insults were suppressed in
ovariectomized mice [13]. Furthermore, castrated mice showed signif-
icantly higher sensitivity to ovalbumin-induced airway inflammation
and performed like the female mice [14,15]. Considering asthma is an
inflammatory disorder that alters resident lung immune cell pop-
ulations, the expression of commonly used housekeeping proteins such
as alpha-tubulin, GAPDH, and beta-actin may be unreliable as loading
controls. However, not many laboratories validate the loading control
for immunoblotting assays used in asthmatic lung samples. Therefore, in
this study, we analyzed the expression of three of the most commonly
used housekeeping proteins for western blot (GAPDH, beta-actin, and
alpha-tubulin) and compared them to total protein stain Ponceau S. We
hypothesized that the expression of housekeeping proteins would be
inconsistent across experimental asthmatic conditions and gonadectomy
groups, and that total protein staining would be the most reliable
method for normalization.

2. Methods

Asthma protocol: Sham and ovariectomy, and castration surgeries
were conducted on 4-week-old C57BL/6J mice by the Jackson Labora-
tory. Animals were then shipped to WVSOM animal vivarium where
housing conditions consisted of a 12H:12H dark-light cycle and a
maintained temperature of 22° + 2° celsius. Animals were provided
food and water ad libitum. Once acclimatized, animals were randomly
assigned to the following groups: 1) sham female vehicle control (VC), 2)
ovariectomized (OVX) VC, 3) sham female asthma, 4) OVX asthma, 5)
sham male VC, 6) castrated (CAST) VC, 7) sham male asthma, and 8)
CAST asthma. For the experimental asthma procedure, ovalbumin
sensitization and challenges were performed as described previously
[16]. Mice were sensitized by i.p. injection on days 1 and 6 with oval-
bumin (30 pg/mouse; Sigma-Aldrich) suspended in Imject alum
(Thermo Fisher Scientific). Non-sensitized control (VC) animals only
received the same volume of Imject alum without ovalbumin. On days
11-13, the allergen sensitized mice were exposed to challenges of
aerosolized 5 % OVA in 0.9 % saline while the controls were exposed to
0.9 % saline only, for 20 min, twice a day with a minimum interval of at
least 6 h using an ultrasonic nebulizer (De Vilbiss Healthcare). Animals
were sacrificed within 24-48 h of the last challenge for tissue collection.
All animal care and experimental procedures were performed as out-
lined in the Guide for the Care and Use of Laboratory Animals and were
approved by the WVSOM Institutional Animal Care and Use Committee
(IACUC # 2022-1).

Immunoblotting: Western blot was performed as described previ-
ously [17]. Briefly, approximately 100 mg lung tissues were pulverized
in liquid nitrogen using a Spectrum™ Bessman Tissue Pulverizer
(Fisher). Samples were then homogenized in RIPA lysis buffer supple-
mented with 1 mM DTT (Fisher), 1X protease inhibitor cocktail solution
(Sigma), and 1X phosphatase inhibitor cocktail solution (Sigma). Sam-
ples were sonicated on ice, incubated for 15 min on ice, and centrifuged
at 10,000 g at 4 °C for 10 min. The supernatant was removed, and
protein concentrations were determined by BCA method using BSA as a
standard (Pierce). Samples were diluted to 2 mg ml-1 in Laemmli sample
buffer and boiled at 95 °C for 5 min. Equivalent amounts of protein were
separated by SDS-PAGE 4-12 % gradient gels (Thermo Fisher Scientific),
and then transferred onto nitrocellulose membranes (Thermo Fisher
Scientific). Membranes were stained with Ponceau S solution (Thermo
Fisher Scientific) for 5 min and washed 3 times in distilled H,O. Images
were captured with a SynGene G:BOX Chemi XT 4 gel imaging system
(Syngene). Membranes were then blocked with 5 % nonfat milk in TBST
for 1 h at room temperature, washed 3 times in TBST, and incubated
overnight at 4 °C with primary antibodies in 5 % BSA in TBST with 0.05
% NaN3 against 1) alpha tubulin (1:1000), 2)
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:2500, and 3)
beta actin (1:2500). All antibodies were obtained from Cell Signaling
Technology. After washing 3 times in TBST, membranes were incubated
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with anti-species secondary antibody conjugated with HRP (1:5000) in
5 % milk in TBST for 1 h at room temperature and then washed again 3
times with TBST. An enhanced chemiluminescence detection system
(ECL Advance, Amersham Biosciences) was used to detect the anti-
bodies, and images were captured with a SynGene G:BOX Chemi XT 4
image system (Syngene). Western blot images were then quantified by
densitometric analysis using ImageJ (National Institutes of Health).

Bronchoalveolar lavage (BAL) differential leukocyte counts:
BAL fluid samples were collected as described previously [18] with
slight modifications. BAL fluids were collected by cannulating the tra-
chea through a small incision with three lung lavages using 0.9 % sterile
saline (1 ml saline/lavage). The BAL fluid samples were then centrifuged
for 7 min at 400xg at 4°. The pellet was then resuspended in 200 pL of
ACK lysis buffer (Thermo Fisher Scientific) and incubated for 10 min on
ice to remove the erythrocytes. After the red blood cell lysis, the samples
were centrifuged for 7 min at 400xg at 4 °C to collect the cell pellets. The
cell pellets were then suspended in 0.5 ml 0.9 % sterile saline. The total
number of cells in BAL fluids were counted by TC20 automated cell
counter (Bio-Rad Laboratories). For the differential cell analysis, the cell
suspension was further diluted by the addition of 0.5 mL cold sterile
saline and aliquoted into each well of the cytofunnel. Slides were then
placed in the Cytospin 3 (Shandon Scientific) and spun at room tem-
perature for 5 min at 800 rpm. After completing the Cytospin procedure
and air drying the slides for 24-36 h, cells were stained with Kwik-Diff
staining solutions (Thermo Fisher Scientific) based on the manufac-
turer’s protocol. Full slides were then digitally scanned and evaluated
using a Leica Aperio Versa 8 system (Leica Biosystems). The different
types of cells were counted under 40x magnification.

Data analysis: Results are presented as mean =+ standard error of the
mean (SEM). Regression analysis using GraphPad Prism was performed
across the different amounts of protein, and a one-way analysis of
variance (ANOVA) was performed for overall comparisons with the
Bonferroni post hoc test.

3. Results

Appropriate sample load: To determine the sensitivity of protein
band detection and the optimal loading amount of protein, gel electro-
phoresis, and immunoblotting analysis were performed using the half-
logio dose of protein (1, 3, 10 and 30 pg) with antibodies that recognize
alpha-tubulin, GAPDH, and beta-actin (Fig. 1). In both male and female
lungs from naive control C57BL/6 mice, the regression coefficients (R%)
for Ponceau S data showed a very strong correlation (R?> = 0.965 and
0.956 for female and male mice, Fig. 1 A). Similarly, R? values for alpha-
tubulin (R? = 0.685 and 0.684 for female and male mice, Fig. 1 B),
GAPDH (R? = 0.899 and 0.822 for female and male mice, Fig. 1 C), and
beta-actin (R2 = 0.739 and 0.712 for female and male mice, Fig. 1 D)
were strong or very strong. There were no differences across sex for all
R? values from each analyte (n = 4 each sex). Standard divisions of each
protein load increased as the protein loading increased. For this reason,
20 pg of each sample was loaded in subsequent experiments to maximize
both visibility and linearity.

Uniform Ponceau S staining with asthmatic lung tissues, but not
commonly used housekeeping proteins: To determine whether
pathological conditions influence the expression of commonly used
loading controls, western blot analyses were performed on asthmatic
lung samples (Fig. 2). Consistent with immunoblotting experiments in
Fig. 1, Ponceau S staining indicated uniform protein transfer to the
membrane among control and experimental asthmatic groups (Fig. 2 A,
ns, n = 8 each group).

Compared to lungs from female control groups, alpha-tubulin
expression was 77.9 + 21.6 % and 66.1 + 16.7 % higher in the female
sham asthma and OVX asthma lungs (Fig. 2 B, p < 0.05, n = 7 each
group), respectively. Although alpha-tubulin expression was 26.1 +
19.5 % higher in male castrated asthmatic lungs than in male control
lungs, this difference was not statistically significant due to the high data
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Fig. 1. Strength of the relationship between Ponceau S staining and western blot densitometry data with differing amounts of protein from control lung
samples. Representative images and regression analyses of the relationship between densitometry results of total protein/specific proteins, and the different amounts
of protein loadings (1-30 pg) for A) Ponceau S staining, B) alpha-tubulin, C) glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and D) beta-actin. Data are

presented as fold changes relative to the 1 pg protein loading. (n = 4).

variability (p > 0.05, n = 7 each group). Similarly, the increase in alpha-
tubulin expression observed in the male sham asthma mice group did
not reach statistical significance (sham male VC: 1.00 + 0.19 vs sham

male asthma: 1.15 + 0.17, A.U. p > 0.05).

Compared to lungs from female control groups, GAPDH expression

was 78.1 + 26.5 % and 68.1 + 13.0 % higher in the female sham asthma
and OVX asthma lungs (Fig. 2 C, p < 0.05, n = 7 each group), respec-
tively. None of the male groups showed significant differences in
GAPDH expression from male control lungs (Sham VC: 1.00 + 0.12,
Sham asthma: 1.31 + 0.18, CAST asthma: 1.23 + 0.25, A.U. p > 0.05).
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Fig. 2. Ponceau S staining is a reliable loading control in asthmatic lung samples.

Twenty ug of total protein extract from the lungs of 1) sham female vehicle control (VC), 2) OVX VC, 3) sham female asthma, 4) OVX asthma, 5) sham male VC, 6)
castrated (CAST) VC, 7) sham male asthma and 8) CAST asthma groups were analyzed by A) Ponceau S staining and immunoblotting for B) alpha-tubulin, C)
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and D) beta-actin. Data are presented as fold changes relative to each sham control croup. (n = 6~8) Asterisks
(¥, **, ****) indicate p < 0.05, 0.01 and 0.001 by One-way ANOVA.
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Compared to lungs from female control groups, beta-actin expression
was 257 + 37.4 % and 278 + 69.2 % higher in the female sham asthma
and OVX asthma lungs (Fig. 2 D, p < 0.05, n = 7 each group), respec-
tively. Although beta-actin expression in the lungs from male asthma
and CAST asthma groups were higher than in male control lungs, there
were no statistically significant differences (Sham VC: 1.00 + 0.11,
Sham asthma: 1.56 + 0.29, CAST asthma: 1.69 + 0.37, AU p > 0.05).

Altered eosinophil population with asthmatic lungs: Fig. 3 shows
the total leukocyte counts from BAL fluid samples across different
groups. Both the sham female and OVX sham groups had significantly
higher leukocyte numbers compared to their respective controls (p <
0.05). There were no statistically significant differences between the
sham female asthma and OVX asthma groups. Similarly, although there
appeared to be trends of increased leukocyte numbers in the male and
CAST asthma groups, these differences were not statistically significant
in male BAL fluid. Further analysis of BAL cells indicated classic asthma-
specific pathological changes in leukocyte populations in the asthmatic
groups. Both male and female asthma groups exhibited severe eosino-
philia compared to their respective sham control groups (male sham:
73.4 £ 3.0 %, CAST asthma: 76.1 + 6.5 %, female sham: 67.4 & 5.3 %,
OVX asthma: 82.0 + 4.6 %, Fig. 4, p < 0.05, n = 8-9 per group).

4. Discussion

The purpose of this study was to determine whether commonly used
loading control proteins are expressed uniformly in asthmatic lung
samples. Reliable loading controls are essential in western blotting
because they allow for semi-quantitative analysis via normalization.
Altered expressions of the housekeeping proteins used as loading con-
trols may lead researchers to misinterpret results. In this study, we
demonstrated that asthma conditions show increased expression of some
of commonly used housekeeping proteins compared to control, and total
protein staining confirmed by Ponceau S staining were not altered.
Therefore, Ponceau S staining may offer a better alternative to loading
control for the normalization of western blot analysis for asthmatic lung
samples.

To our knowledge, this is the first study to systematically demon-
strate that experimental asthma can alter alpha-tubulin, GAPHD, and
beta-actin expression in the lungs of asthmatic mice (Fig. 2). These
findings are in agreement with previous studies showing that experi-
mental conditions can change housekeeping protein expression in
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different tissue samples [3-6], highlighting the need for careful selection
of loading controls for western blot analysis in each experimental
setting. Although the exact mechanisms behind the asthma-associated
increase in housekeeping proteins remain unclear, we observed a
marked increase in BAL fluid leukocyte counts and eosinophilia in the
asthmatic lungs (Fig. 4). The altered number of cells and leukocyte
populations may partially explain the changes in commonly used
housekeeping proteins in the lungs that we observed. However, the data
from the present study do not establish a cause-and-effect relationship;
further research is required to elucidate the mechanisms underlying the
increased expression of these housekeeping proteins in the lungs of
asthmatic mice.

Another important finding was that total protein staining, as
confirmed by Ponceau S staining, was not altered (Fig. 2). This suggests
that total protein staining may offer a better alternative for loading
control in the normalization of western blot analysis for asthmatic lung
samples. This finding is consistent with previous research showing that
GAPDH and beta-actin are not reliable loading controls in vastus later-
alis skeletal muscle from aged and untrained human subjects, whereas
total protein staining provides a more reliable alternative for normali-
zation [5]. Ponceau S offers several additional benefits, including
affordability, near-immediate confirmation of equal loading before
using additional resources (such as antibodies) for probing, and full
reversibility without the need for a stripping buffer, which could
otherwise affect the results [19,20]. Indeed, a study demonstrated that
Ponceau S staining did not impact the sensitivity of western blotting
[21]. Taken together, our data indicated total protein staining may offer
a viable substitute to loading control protein for normalization of
western blot analysis for asthmatic lung samples.

Although it is beyond the scope of the present study, asthma research
has shown notable differences in prevalence, severity, and outcomes
between males and females, with females experiencing more severe
asthma [12]. Our data indicate that female asthmatic animals generally
showed larger increases in alpha-tubulin, GAPDH, and beta-actin
expression compared to male asthmatic groups. Similarly, OVX asth-
matic mice appeared to exhibit more severe eosinophilia. We speculate
that female sex hormones, such as estrogen and progesterone, may
contribute to these observed sex differences. However, the current study
was not designed to investigate the role of sex hormones in asthma.
Further studies will be needed to determine why female asthmatic ani-
mals appear to develop a more severe form of the disease.

B

Number of total leukocytes

male data
ns
8%106- ns ns

1

v
9 . 6x10°4
€3
>
3 E s
)
(_5 —]
38
e

Fig. 3. Effects of asthma on total leukocyte cells in bronchoalveolar lavage (BAL) fluid. Bronchioalveolar lavage (BAL) fluid cell count measurements after
ovalbumin challenges for (A) female and (B) male groups. Data are presented as means + SEM. (n = 8~9) Asterisks (*) indicate p < 0.05 by One-way ANOVA.
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Fig. 4. Asthma increases the eosinophil population in bronchoalveolar lavage (BAL) fluid total leukocytes. A) & B) Differential counts for asthmatic groups
showed extensive eosinophilia for female and male groups. C) & D) Representative images of Diff-quick staining of BAL fluid for sham female vehicle control (Sham F
VC), ovariectomized vehicle (OVX VC), sham female asthma, OVX asthma, sham male VC, castrated (CAST) VC, sham male asthma and CAST asthma groups are
shown. Differential counts for Asthmatic groups showed extensive eosinophilia. Scale bar = 50 pm, (n = 6 mice per group). Data are presented as means + SEM. (n =

8~9) Asterisks (****) indicate p < 0.0001 by One-way ANOVA.

5. Conclusion

Our data suggests that commonly used loading control protein ex-
pressions are altered in asthmatic mouse lungs, and these altered ex-
pressions were associated with an altered BAL fluid immune cell
population. Ponceau S staining was found to be reliable in asthmatic
lung samples and between sexes, with comparable sensitivity and a
higher linear correlation than the housekeeping proteins studied. For
this reason, we recommend Ponceau S staining as a reliable loading

control for western blot analysis in asthmatic lung samples. Further-
more, protein loads of 20 pg are recommended due to band visibility.
Researchers should take care that the loading control is appropriate to
the model in order to best normalize data.
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