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Abstract

High-throughput RT-gPCR results on hepatic lipopolysaccharide-binding protein (LBP) expression in
obese subjects are essential, as they reveal the endotoxin’s role in the development of obesity and non-
communicable disease (NCD). This study aimed to optimize RT-qPCR detection of LBP in diet-induced obese
mice. This study primarily focused on addressing high variability through reference gene normalization. A total
of six male C57BL/6 mice aged 6 weeks were randomly allocated into two dietary treatments (n = 3), consisting
of mice fed with the standard chow diet (SCD group) and mice fed with the high-fat and high sucrose diet
(HFHS group) ad libitum for 8 weeks. Relative quantification strategies involving the standard 2-24t method
(calibrator as mean) and the modified 2-24¢t method (calibrator as individual sample-matched biological
replicates) were compared in terms of their variability. Obesity was successfully induced in the HFHS treatment
group, as indicated by significantly higher body weight, calorie intake, and LBP relative expressions compared
to the SCD group. In addition, a sample-specific calibrator approach using the modified 2-224t method resulted
in lower variability in relative gene expression levels. A modified 244t method, which utilizes a sample-
specific calibrator to counteract sample-specific variability, was successfully employed to address high
variability in RT-gPCR results.
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INTRODUCTION

Rising obesity prevalence has become a
major public health concern, as it is one of the
primary risk factors for non-communicable
diseases, which are the leading cause of death
worldwide (World Health Organization, 2023).
Obesity is a major risk factor for metabolic
dysfunction-associated steatotic liver disease
(MASLD), the most frequent metabolic liver
disease worldwide, with a global prevalence of
32% (Teng et al., 2023). The increasing
prevalence of obesity and MASLD is closely
associated with the societal dietary shift towards

a Western diet characterized by high sugar and fat
content, as well as low dietary fiber (McKeown et

al., 2022).

LBP in obesity-related research is
considered a  surrogate marker  for
lipopolysaccharide (LPS), a Gram-negative

bacterial product, indicating altered intestinal
permeability (Seethaler et al., 2021). LBP is
primarily expressed in hepatocytes, as it is an
acute-phase protein and is regulated by the IL-
6/JAK/STAT3 pathway (Ehlting et al., 2021;
Serban et al., 2020). LBP plays a crucial role in
the LPS transfer cascade to TLR4, as LBP
introduces LPS to TLR4, thereby initiating the
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downstream MY D88-dependent NF-kB pathway
(Mohammad and Thiemermann, 2021; Page et
al., 2022). NF-kB pathway activation leads to the
release of pro-inflammatory cytokines, including
IL-1, IL-6, and TNF-o (Mohammad and
Thiemermann, 2021). This particular
inflammatory ~ pathway  underscores  the
significance of LBP as a marker of endotoxemia,
which contributes to the development of diet-
induced obesity.

Understanding the biological mechanisms
that drive obesity and its complications is crucial
for developing effective prevention strategies. In
recent years, transcriptomic approaches have
gained prominence in obesity research, offering
insights into gene regulation patterns associated
with metabolic and inflammatory responses
(Tanaka et al., 2019). Gene expression analysis
using RT-qPCR is considered accurate and
specific, as it quantifies mMRNA expression and
predicts protein synthesis. It has become the gold
standard in gene expression studies (Zhu et al.,
2020).

However, the accuracy and reproducibility
of RT-gPCR results depend on several critical
technical factors. These include the quality and
guantity of the isolated RNA, the design and
specificity of primers, amplification optimization,
and proper normalization using a stable reference
gene (F. Zhao et al., 2021). In the context of
obesity, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), p-actin, ribosomal
protein large PO (RPLPO), 18S ribosomal RNA
(18S), and TATA box-binding protein (TBP)
were widely used as reference genes in obesity-
related research (Fan et al., 2020). GAPDH has
been demonstrated to be a relatively stable
reference gene in immunological studies (Giri et
al., 2022; Kwon et al., 2021). The normalization
method for relatively quantifying mRNA target
gene expression over that of a reference gene is
carried out using the 222¢t method (Livak and
Schmittgen, 2001).

This study aimed to analyze LBP expression
using optimized RT-gPCR analysis in high-fat
and high-sucrose (HFHS) -induced obese
C57BL/6 mice. The gene of interest and reference
gene Ct value were compared among different

biological replicates (which were also conducted
on different days) to determine biological and
technical variations. The modified 242t method
was used to normalize LBP expression over
GAPDH at various concentrations to address this
limitation.

MATERIALS AND METHODS

Ethical Approval

All experimental treatments were conducted
according to the guidelines set by the Institutional
Animal Care and Use Committee (IACUC) and
approved by the Health Research Ethics
Committee of Hang Tuah University Surabaya
(approval no E/017/UHT.KEPK.03/1V/2024).

Study Period and Location

Animal acclimatization, treatment,
termination, and organ extraction were conducted
at the Animal Laboratory, Faculty of Pharmacy,
Widya Mandala Catholic University, Surabaya.
RNA isolation, reverse transcription, polymerase
chain reaction, and data acquisition were
performed at the Research Center for Vaccine
Technology and Development, Institute of
Tropical Disease, Universitas  Airlangga,
Surabaya. The study was carried out over three
months, from July 1 to September 30, 2024.

Experimental Design

A total of six male C57BL/6 mice (17-25 g)
were purchased from the Kemuning Animal
Laboratory (Karanganyar, Indonesia) at six weeks
of age. The required sample size was estimated
using a priori analysis (Mean: difference between
two independent means) with G*Power 3.1
Software (Dusseldorf, Germany) and the
following parameters: effect size d = 5.00, a =
0.05, and a target power of 0.95 according to a
previous study (Latorre et al., 2022). The mice
were acclimatized for seven days with access to a
standard chow diet and water ad libitum, housed
in solid plastic cages with a controlled
environment (12-hour light-dark cycle, room
temperature of 22-25°C, and humidity levels of
50-60%). The summary of the experimental
design is shown in Figure 1.
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After acclimatization, mice were randomly
allocated into two different groups (n = 3): the
SCD group, fed a standard chow diet (10% kcal
from fat) and water; and the HFHS group, fed a
high-fat (45% kcal from fat) pellet and high-
sucrose (20% w/v) drinking water. All diets were
provided ad libitum for a period of eight weeks.
The standard chow diet provides 3.8 kcal/g, with
69.5% of its energy derived from carbohydrates,
21% from protein, and 16.5% from fat, while the
high-fat diet contains 5 kcal/g and consists of 39%
kcal from carbohydrates, 16% from protein, and
45% from fat. Body weight was recorded weekly,
and calorie intake was recorded daily. At the end
of treatment, all mice were euthanized with
intraperitoneal ketamine-xylazine injections for
liver extraction.

Liver Tissue Extraction

Mice  were  macro-dissected  under
anesthesia. An incision was made from the thorax
to the abdomen, and the rib cage was cut open to
reveal the heart. Transcardial perfusion was
performed to flush the remaining blood from the
liver. This procedure was initiated by inserting a
26G needle into the left ventricle, preceded by an
incision in the right atrium for drainage. Once the
needle was inserted, a 0.9% NaCl solution was
administered to flush the organ for 5-10 minutes
or until the liver appeared pale. The liver and its
lobes were completely excised from connective
tissue and related vascular tissue. Biliary sacs
were excised from the liver tissue.

RNA Isolation

Liver samples were snap-frozen in liquid
nitrogen and stored at —80°C immediately after
extraction. RNA isolation was conducted
according to the protocols for RNAsimple Total
RNA Kit (Tiangen Biotech, Beijing, China). All
procedures were conducted on ice to maintain the
freezing chain. The RNA isolate was either
directly used for RT-qPCR or cryopreserved for
future use. The RNA concentration of each
sample was quantified using a Qubit™ 4
Fluorometer (Invitrogen™, USA) by analyzing 1
pL of each sample.

RT-gPCR

Complementary DNA  (cDNA)  was
synthesized by reverse transcription of RNA
using the FastKing gDNA Dispelling RT
SuperMix (Tiangen Biotech, Beijing, China) with
the MiniAmp™ Thermal Cycler (Applied
Biosystems™, USA). Since this study utilized
two-step  RT-gPCR, cDNA could be
cryopreserved for future use. Quantitative PCR
was conducted using 2X Forget-Me-Not™
EvaGreen® ¢PCR Master Mix (Biotium,
Singapore). All reaction mixes were prepared
according to the manufacturer’s standard
protocol. Amplification using the QuantStudio™
5 Real-Time PCR System (Thermo Fisher
Scientific, USA) was conducted with the
following run parameters: denaturation at 95°C
for 5 seconds; annealing at 60°C for 10 seconds;
extension at 72°C for 10 seconds as
recommended by the primer manufacturer.

Gene Relative Expression Analysis

Relative methods were used in this study,
employing relative quantification normalized to a
reference gene (244¢"), assuming an ideal PCR
efficiency (100%). The standard 222t method
was normalized to the overall mean value of the
calibrator. However, the modified 222 was
normalized to individual mean values of the
calibrator, based on their  respective
concentrations. In this instance, the SCD group
was considered the calibrator, and the HFHS
group was considered the treatment. This
modified version of the 224 method is a sample-
specific variation of the Livak method (Livak and
Schmittgen, 2001). This modification was
adopted to overcome inter-run variations in RNA
concentration and amplification efficiency, which
can be particularly relevant in small animal
models with high biological variability.
Furthermore, considering the small sample size (n
= 3 per group), this method enhances within-
group resolution while maintaining analytical
robustness.

Primer Design and Validation
The primers used in this study included LBP
(NM_008489.2) as the gene of interest and
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GAPDH (NM_001289726.2) as the reference
gene. All primers were obtained from Macrogen
(Singapore) and validated using
OligoEvaluator™ (Sigma-Aldrich®) to confirm
any secondary structures and primer dimers. All
primers were negative for secondary structures
and primer dimers. Primer sequence, Tm, and GC
content are listed in Table 1. Melt temperatures
(Tm) of PCR products were recorded for each
biological group to detect any variance in thermal
blocks and to further ensure amplification
consistency, as shown in Table 2. The
housekeeping gene GAPDH showed highly
consistent Tm values across biological groups
(SCD: 83.28+0.18 °C; HFHS: 83.46+0.21 °C),
indicating negligible inter-run temperature
variance. Similarly, LBP Tm values remained
constant (SCD: 84.86+0.05°C; HFHS:
84.99+0.05 °C), validating the specificity and
repeatability of the amplification. The use of
consistent melt temperature further supports the
reliable detection of hepatic LBP, which is a
clinically relevant biomarker in veterinary
diagnostics for hepatic endotoxemia.

Data Analysis
Data are presented as mean + standard error
of the mean (SEM). Treatment differences were

assessed using an independent T-test (with
Welch’s correction if data were distributed
heterogeneously) or the Mann-Whitney test (if
data violated the Gaussian distribution). The
statistical analysis was conducted using
GraphPad Prism (version 9.5.0, San Diego, CA,
USA). Data were considered statistically
significant if the p < 0.05.

RESULTS AND DISCUSSION

HFHS Diets Induce Obesity and Hypercaloric
Intake in Mice

Body weights of each group were measured
weekly during the 8-week treatment to illustrate
body weight progression and at week 8 to
determine obesity status, as presented in Figure
2A-B. Mice induced with HFHS diet showed a
significantly higher body weight compared to
standard-fed mice (43.87 £ 2.31 vs. 33.77 £ 0.28;
p = 0.023) at the 8" week of treatment. This
significant difference in body weight was first
observed in the 4" week of treatment (p = 0.038).
Weekly body weight details are listed in Table 3.
In agreement, daily calorie intake was
significantly higher in HFHS-fed mice compared
to standard-fed mice (19.58 + 1.70 vs. 10.88 +
0.88; p < 0.001) as shown in Figure 2C.
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Figure 1. Experimental design to assess optimal LBP expression analysis in obese mice. The biological
group consisted of mice fed a standard diet and mineral drinking water (SCD group, not
shown) and mice fed an HF (45% calories from fat) and HS (20% sucrose in drinking water)
diet (HFHS group) for 8 weeks. Created in BioRender (https://BioRender.com/amdte79).
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Table 1. Primer identity

Primer Sequence Tm (°C) GC (%)
GAPDH-F 5> AGG TCG GTG TGA ACG GAT TTG 3° 62.8 52
GAPDH-R 5’ TGT AGA CCA TGT AGT TGA GGT CA 3’ 59.4 43
LBP-F 5 GAT CACCGACAAGGGCCTG 3 64.8 63
LBP-R 5 GGC TAT GAA ACT CGT ACT GCC 3 59.6 52

Tm, annealing temperature; GC, guanine-cytosine content.
Table 2. Product melt temperature summary
Target gene Biological group Tm (°C)
GAPDH SCD 83.28 +0.18
HFHS 83.46 +0.21
LBP SCD 84.86 + 0.05
HFHS 84.99 + 0.05

Data presented as mean + SEM. Tm, product melt temperature; SCD, standard chow diet; HFHS, high-

fat high-sucrose.
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Figure 2. Anthropometric and nutritional status during the experiment. (A) Body weight progression
during 8-week treatment. (B) Total body weight gain. (C) Daily calorie intake during the 8-
week treatment. Data are presented as mean + SEM (n = 3). Statistical significance was
assessed using an independent t-test (Welch’s correction for Figure B): ***p < 0.001. SCD,
standard chow diet group; HFHS, high-fat high-sucrose group.

Hepatic LBP Relative Expression

Hepatic LBP relative expression was
estimated using the 224t (standard and modified)
methods. Each biological replicate and STD-
HFHS pair (n = 3; each pair) was conducted on a
different day, thereby increasing the biological
and technical variability. To address relative
guantification analysis that minimizes variability-
related bias, this study compared two relative
quantification methods: the calibrator’s mean-
based normalization (Figure 3B) and
individualized sample calibrator-based
normalization (Figure 3C). GAPDH and LBP Ct
values were slightly increased in the HFHS group

compared to the SCD group (p =0.129; p = 0.225,
respectively), as shown in Figure 3A and Table 4.
However, overall LBP is significantly higher in
the HFHS group compared to GAPDH despite the
dietary differences (31.31 £ 1.20 vs. 26.71 + 1.25;
p = 0.012). The standard 222t method revealed
that the HFHS group had increased LBP relative
expression compared to the SCD group, although
this difference was not significant (1.27 £ 0.54 vs.
2.17 £0.62; p = 0.167). However, the modified 2-
AACt method showed a significantly increased LBP
relative expression in the HFHS group compared
to the SCD group (1.00 £ 0.00 vs. 1.80 £ 0.24; p
= 0.032). Taken into account, the variability of
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LBP relative expression between the two methods
was indicated by the standard deviation, standard
error of the mean, and coefficient of variability
(Table 5). Overall statistical measures of
dispersion (SD, SEM, and %CV) revealed lower
variability in the modified 244 method
compared to the standard 2-22¢t method in this
particular experimental design.

Diet-induced obesity was successfully
developed in this study using a high-fat (HF, 45%
kcal) and high-sucrose (HS, 20% [w/v] in

Table 3. Weekly mice body weight

drinking water) diet through ad libitum feeding
for 8 weeks. All HFHS-fed mice exceeded the
obesity threshold of 38.84 g (15% above the
standard group) (de Moura e Dias et al., 2021).
This result aligns with previous studies using the
same HFHS diet composition for 60 days
(Tjahjono et al., 2024). Furthermore, calorie
intake was significantly higher in HFHS-fed mice
compared to standard-fed mice, indicating a
higher palatability of the HFHS diet (De
Francesco et al., 2019).

Biological Week
group 0 1 2 3 4 5 6 7 8
SCD 21.33 2497 2960 3193 2960 3220 31.00 3230 33.77
+112 +261 +191 +180 +£010 +£131 +053 +070 £0.28
HFHS 1960 26.83 29.20 3343 3777 3960 40.73 40.80 43.87
+115 +£378 +282 +185 +283 +301 +244 +254 +231
Data presented as mean = SEM. SCD, standard chow diet; HFHS, high-fat high-sucrose.
Table 4. Descriptive statistics comparing GAPDH and LBP Ct value among diet groups
Descriptive statistics >CD HFHS
GAPDH LBP GAPDH LBP
Mean 25.17 30.28 28.25 32.35
SD 2.71 3.462 3.00 2.54
SEM 1.57 1.999 1.73 1.47
%CV 10.77% 11.44% 10.62% 7.86%

SD, standard deviation; SEM, standard error of mean; %CV, coefficient of variation; SCD, standard

chow diet; HFHS, high-fat high-sucrose.

Table 5. Descriptive statistics comparing the two 222t methods

Standard 2-4A¢t

Descriptive statistics

Modified 2-44¢t

SCD HFHS SCD HFHS
Mean 1.27 2.17 1.00 1.80
SD 0.93 1.07 0.00 0.41
SEM 0.54 0.62 0.00 0.24
%CV 73.45% 49.16% 0.00% 22.98%

SD, standard deviation; SEM, standard error of mean; %CV, coefficient of variation; SCD, standard
chow diet; HFHS, high-fat high-sucrose.
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Figure 3. Hepatic LBP relative expression was analyzed using two different 222t methods. (A) Ct
value of GAPDH and LBP among dietary treatment, (B) Standard 224t method, and (C)
Modified 2-44¢t method. Data are presented as mean + SEM (n = 3). Statistical significance
was assessed using an independent t-test (Figures A and B) and a Mann-Whitney test (Figure
C): *p < 0.05. SCD, standard chow diet group; HFHS, high-fat high-sucrose group.

Obesity is associated with gut dysbiosis and
increased gut permeability, which leads to
subsequent metabolic endotoxemia (Clemente-
Postigo et al., 2019; Suryadiningrat et al., 2021).
LBP, as a surrogate marker for LPS, is measured
through gene expression analysis to assess
endotoxemia status in obese mice. However, it is
known that diet-induced obesity can alter gene
expression, including that of the reference gene
GAPDH (Fan et al., 2020). Therefore, this study
analyzes the Ct value of each gene in each diet
treatment. There is no significant difference in
GAPDH or LBP Ct values among dietary
treatments. However, this is not easily evident, as
GAPDH was steadily expressed in various dietary
challenges. There is no other reference gene
measured. Therefore, no further validation is
available for the GAPDH expression stability.
Overall, the comparison of LBP and GAPDH Ct
values showed significant results, suggesting that
GAPDH abundance is higher than that of LBP in
the context of the cumulative dietary effect.

Further analysis suggests that the standard 2
AACt method (normalized to the calibrator’s mean)
showed no significant differences in LBP relative
expression between dietary treatments, with high
statistical variability. This suggests that the
standard 222 method is not suitable for
normalizing LBP expression across different
concentrations and  biological  replicates,
contributing to inter-plate variability. There is
limited research that explicitly analyzes inter-

plate variability in the standard 224t method. The
modified 222 yields a significantly higher LBP
expression in the HFHS group compared to the
SCD group, with lower statistical variability
compared to the standard 224t method. In line
with this result, a previous study demonstrated
that sample-specific calibration showed minimal
expression variability, not only in RT-gPCR but
also in Western blot (Hawkins and Storey, 2017;
Regier and Frey, 2010; R. Zhao et al., 2019). This
suggests that the individual calibrator approach,
which matches the concentration and plate of the
treatment group to the respective concentration
and plate of the calibrator sample, is a reliable and
rational method for overcoming sample-specific
variability.

Using the modified 224t method, LBP
expression was found to be upregulated, LBP
expression was found to be upregulated in the
HFHS group relative to the standard group. While
this finding supports the hypothesis of increased
LPS exposure in diet-induced obesity, it is
essential to acknowledge that this result is based
solely on gene expression data. No corresponding
protein-level quantification (e.g., serum LBP or
LPS concentration) or downstream inflammatory
markers (e.g., IL-1, IL-6, or TNF-a) were
measured in this study. Therefore, the functional
and systemic implications of the increased hepatic
LBP expression remain speculative. Moreover,
the relatively small sample size (n = 3 per group)
may limit the statistical power and
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generalizability of the findings. Future studies
incorporating larger sample sizes, protein-level
assays, and inflammatory profiling are necessary
to confirm whether hepatic LBP elevation
translates into systemic endotoxemia and
inflammation.

CONCLUSION

This study successfully developed diet-
induced obesity and LBP upregulation in
C57BL/6 mice through HFHS treatment. The
analysis of LBP relative expression was
conducted using an optimized RT-gPCR protocol,
particularly using sample-individualized relative
quantification as a modification of the 244
method. The modified 222 method showed
minimal variability in target gene relative
expression compared to the standard counterpart.
Addressing variability in RT-gPCR with the
correct analysis method reduces systematic error
and improves the reliability of Ct data.
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