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Potential supplementary tumor
markers for liquid biopsy in
non-small cell lung cancer

Jin Xiang'!, Junyan Peng?!, Zhifang Xing*, Guogiang Ren?,
Huating Zhang?, Xiaodong Song?, Bo Zhang?, Ming Guan’* and
Guojun Cao*

!Department of Laboratory Medicine, Huashan Hospital, Shanghai Medical College, Fudan University,
Shanghai, China, Tendering Office, Huashan Hospital, Shanghai Medical College, Fudan University,
Shanghai, China, *Department of Pathology, Huashan Hospital, Shanghai Medical College, Fudan
University, Shanghai, China

The identification of epidermal growth factor receptor (EGFR) tyrosine kinase
(TK) domain mutations in non-small cell lung cancer (NSCLC) patients is crucial
for therapeutic decision-making and monitoring EGFR-tyrosine kinase inhibitor
(TKI) resistance. Liquid biopsy has emerged as a promising alternative for
patients ineligible for invasive tissue sampling. This study investigated the
clinical utility of a novel chip-based digital PCR (dPCR) platform for
detecting two important EGFR mutations - exon 19 deletions (19del) and
threonine-methionine amino acid substitution at position 790 (T790M) - in
serum samples, while exploring potential serum biomarkers for mutation
prediction. The collection of 350 serum samples were conducted on
patients diagnosed with NSCLC at Huashan Hospital between August
2023 and February 2024. Cell-free deoxyribonucleic acid (cfDNA) was
extracted from serum and was analyzed for EGFR mutations using dPCR.
The serum tumor marker levels were quantified. The dPCR assay
demonstrated positive predictive values of 73.33% for 19del and 28.57% for
T790M. Biomarker analysis revealed a carbohydrate antigen (CA) 199 cutoff of
11.75 U/mL (AUC = 0.707, 95% ClI: 0.573-0.841, P = 0.005) for 19del detection,
while progastrin-releasing peptide (ProGRP) showed a cutoff of 45.15 pg/mL
(AUC = 0.628, 95% ClI: 0.521-0.735, P = 0.028) for T790M identification. Variant
rate exhibited significant positive correlations with biomarker concentrations:
19del variant rates significantly associated with CA125 levels (r = 0.624, P =
0.010), while T790M correlated with both carcinoembryonic antigen (CEA) (r =
0.531, P = 0.004) and ProGRP (r = 0.395, P = 0.041) in mutation-positive
cohorts. These findings indicate that serum-based dPCR liquid biopsy
demonstrates potential clinical utility as a supplementary approach to tissue
biopsy for NSCLC genotyping. Notably, elevated serum tumor marker levels
correlate with enhanced mutation detection rates in liquid biopsy, implying their
potential supplementary value in prioritizing patients for molecular profiling.

KEYWORDS

digital PCR, liquid biopsy, tumor markers, EGFR mutation, non-small cell lung cancer

Published by Frontiers
Society for Experimental Biology and Medicine


https://crossmark.crossref.org/dialog/?doi=10.3389/ebm.2025.10523&domain=pdf&date_stamp=2025-05-29
mailto:guanming88@yahoo.com
mailto:guanming88@yahoo.com
mailto:gjcao16@fudan.edu.cn
mailto:gjcao16@fudan.edu.cn
https://doi.org/10.3389/ebm.2025.10523
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/ebm.2025.10523

Xiang et al.

10.3389/ebm.2025.10523

100 - 100 -
80 /S 80
X 3
2 60 2 60-
2 >
= =
2 404 2 40
(1] Q
»n n
20 ; 20
0 T T T T 1 0 T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specificity%

Receiver operating characteristic (ROC) curve analysis of serum CA199 levels in 19del detection (AUC = 0.707, 95% CI: 0.573-0.841, P =
0.005), and ProGRP levels in T790M detection (AUC = 0.628, 95% Cl: 0.521-0.735, P = 0.028) by serum-based dPCR liquid biopsy.
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Variant rate exhibited significant positive correlations with biomarker concentrations: 19del variant rates significantly associated with CA125
levels (r = 0.624, P = 0.010), while T790M correlated with both CEA (r = 0.531, P = 0.004) and ProGRP (r = 0.395, P = 0.041) in mutation-

positive cohorts.
GRAPHICAL ABSTRACT

Impact statement

The dPCR liquid biopsy technique is bringing a ray of hope
for NSCLCs who are unable to provide sufficient tissue samples
for genotyping. However, its widespread clinical adoption faces
persistent challenges. Our study verified the analytical
performance of a new chip-based dPCR technique platform
for quantifying two critical EGFR mutations (19del and
T790M) in cfDNA, and
identified the potential serum biomarkers to optimize

serum-derived concurrently
patient stratification for cost-effective molecular profiling.
Key findings revealed that elevated serum CA199 and
ProGRP levels demonstrated predictive utility for 19del and
T790M mutations, respectively. Positive correlations were
observed between the 19del variant rate and CA125 level, as
well as between the T790M variant rate and CEA,
ProGRP level.

Experimental Biology and Medicine

Introduction

Lung cancer is the most common cancer type and leading
cause of cancer-related deaths in China and worldwide [1].
NSCLC constitutes approximately 75%-80% of all lung cancer
cases [2]. Because it is often asymptomatic in its early phases,
most patients are diagnosed with NSCLC at an advanced stage
with no possible surgical intervention, resulting in poor
prognosis [3]. In oncogene-driven NSCLC, accurate molecular
subtyping is the prerequisite for precision treatment. Mutations
in the EGFR gene are one of the most common oncogenic driver
mutations in non-squamous NSCLC, with a positive rate of 50%
in East Asian populations [4]. For NSCLC tumors harboring
EGFR mutations, especially in advanced patients, EGFR-TKI-
based therapy has become the standard treatment approach. This
has been shown to be superior to chemotherapy for improving
patient survival and prognosis [5]. As one of the most important
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and common EGFR mutations, 19del constitutes approximately
85% of all EGFR mutations together with exon 21 L858R point
mutations. These alterations, often referred to as “classic”
mutations, predicts good response to EGFR-TKIs [6].
However, more than 50% of patients receiving the first- or
second-generation TKIs develop a point mutation in EGFR
that results in T790M 9-14 months after treatment, leading to
drug resistance [7]. Therefore, new therapeutic methods are
needed for these NSCLC patients. Currently, EGFR gene
mutation testing requires tumor tissue acquired by surgery or
biopsy. However, the clinical application of tumor tissue biopsy is
limited. Sampling is highly invasive and cannot be used for the
dynamic monitoring of tumors during treatment and follow-up.
Moreover, tumor tissue heterogeneity may lead to certain mutant
genes not being detected in some patients. Liquid biopsy is
expected to bring new hope as a non-invasive and highly
sensitive approach for NSCLC treatment guidance and
monitoring. This minimally invasive and rapid technique
enables real-time decision-making in various clinical scenarios
by isolating, detecting, and analyzing tumor-released nucleic
acids circulating in body fluids [3, 8, 9]. Peripheral blood
samples can properly represent the tumor origin and are easy
to obtain, rendering them as optimal materials for liquid biopsy.
Circulating cfDNA in the peripheral blood of tumor origin, called
circulating tumor DNA (ctDNA), is tumor-specific and can be
representative of the full tumor tissue composition. However,
ctDNA accounts for less than 1% of ¢fDNA and is highly
fragmented with a short half-life. The proportion of ctDNA
decreases significantly in early tumors and after treatment
responses [10]. Therefore, a highly sensitive detection method
is crucial for clinical practice.

Technologies based on polymerase chain reaction (PCR),
including super amplification refractory mutation system (super-
ARMS), beads, emulsion, amplification, magnetics (BEAMing),
and dPCR, are suitable for detecting known specific loci and can
all be used to detect cfDNA. As the latest generation of PCR,
dPCR assay builds upon traditional PCR amplification and
fluorescent probe-based detection methods is able to provide
precise and absolute quantification of ¢fDNA mutations with
good analytical sensitivity [11]. The target concentration was
calculated according to Poisson distribution by directly counting
the partitions that contained fluorescent target molecules. Several
studies have identified the utility of liquid biopsy in the
identification of EGFR mutations and acquired resistance with
good sensitivities for various blood-based biomarkers. However,
the clinical application and promotion of liquid biopsy are faced
with similar difficulties at present, which including differences in
methodological sensitivity and specificity of the assay itself,
economic factors and the difficulties in conducting
experiments in some laboratories. Recent studies have focused
on developing predictive models that leverage clinical,
radiological, and laboratory characteristics to ascertain EGFR
mutation status in NSCLC [12]. This study aimed to use a new

Experimental Biology and Medicine
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chip-based dPCR technique platform for the quantification of
circulating cfDNA targets (EGFR 19del and T790M) in NSCLC
patient serum samples, and to find potential serum biomarkers
which may help to screen beneficiary patients and improve the
dPCR liquid biopsy detection efficiency.

Materials and methods
Patients and materials

In this study, serum samples were obtained from 350 patients
diagnosed with NSCLC. All samples were sent to the Department
of Laboratory Medicine of Huashan Hospital for immunological
testing between August 2023 and February 2024. The patients’
demographic and clinical data were retrospectively investigated
from an electronic medical records system. The data included
sex, age, pathological classification, disease stage, tissue gene
status, and the process of EGFR-TKI treatment. At least
4.0 mL of venous blood from each patient was collected in
BD Vacutainer ° SST™ blood collection tubes (Becton,
Dickinson and Company, USA) with gel separators and silica
coagulant. Sampling and centrifugation were performed
according to standard operating procedures. Serum samples
were included if they met the following criteria: obtained from
a donor who was histopathologically diagnosed with NSCLC, had
no obvious hemolysis and lipemia, and was no less than 1.0 mL in
volume. The selected samples were collected and stored in 1.5 mL
Eppendorf (EP) tubes at —80°C until use. All procedures were in
accordance with the Helsinki Declaration. The protocol of the
current study was reviewed and approved by Huashan Hospital
Ethical Committee (2022-572) and informed written consent was
obtained from all enrolled patients.

cfDNA extraction

Purified nucleic acids were extracted from 1.0 mL of thawed
and higher-speed centrifuged serum using a High Pure Viral
Nucleic Acid Large Volume Kit (column method, Cat. No.
05114403001, Roche Diagnostics, Mannheim, Germany)
according to the manufacturer’s instructions with an elution
volume of 70 pL.

EGFR mutation detection with the
dPCR assay

Under standard conditions, dPCR was performed using a
Digital LightCycler” System (Roche Diagnostics GmbH) to
separately amplify 19del and T790M of EGFR. A maximum of
37 uL serum cfDNA, 10 uL Digital LightCycler” 5x DNA Master
Mix, 0.5 pL restriction enzyme (Haelll), 2.5 pL Parameter-

Published by Frontiers
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Specific Reagents (PSR, containing premixed primers and
probes), and PCR-grade water were added to the reaction
mixture to a total volume of 50 pL. As recommended to
enable a higher sensitivity for detecting the target sequences,
the high
20,000 partitions per reaction was used for a higher input

sensitivity nanowell plate with approximately

volume per lane. With this nanowell plate, 45 pL of reaction
mixture were added to each lane before loading and partitioning
the plate.

The 19del mutation site was analyzed using two labeled
probes: 1) a reference probe (HEX-labeled), which was
designed to bind to the amplicon irrespective of mutation
presence, and 2) an indel probe (FAM-labeled), which was
designed to bind to the wild-type (WT) sequence but not to
any of the mutated sequences. The assay allows the detection of

28 deletions in the EGFR exon 19 (with COSMIC IDs:
COSM26038, COSM13550, COSM6223, COSM13552,
COSM13551, COSM12385, COSM®6225, COSM12728,
COSM12678, COSM12386, COSMI12416, COSM12367,
COSM12384, COSM18427, COSM12422, COSM12419,
COSM23571, COSM6220, COSMe6218, COSM12382,
COSM12383, COSM6254, COSM12403, COSM6255,
COSM12387, COSM6210, COSM12369, COSM12370). The

19del-PCR reaction was performed using the following cycling
conditions: stage 1: 50°C for 2 min; stage 2: 95°C for 2 min; stage
3: 40 cycles of 95°C for 15 s and 60°C for 30 s; stage 4: 40°C for
30 s. The T790M mutation site (COSMIC ID: COSM6240) was
analyzed using two labeled probes binding competitively to the
mutation site. The mutant probe is FAM-labeled and the WT
probe is HEX-labeled. The T790M-PCR reaction was performed
using the following cycling conditions: stage 1: 50°C for 2 min;
stage 2: 95°C for 2 min; stage 3: 40 cycles of 95°C for 10 s and 58°C
for 20 s; stage 4: 40°C for 30 s. Finally, the Digital LightCycler”
Development Software was used to perform partition clustering
and analyze the results. The 19del mutation results were analyzed
using two-dimensional (2D) scatter plots and the T790M
mutation results were analyzed using one-dimensional (1D)
scatter plots. A sample was considered mutant-positive if its
gene variant rate was above the corresponding cutoft (0.05% for
19del mutation and 0.10% for T790M mutation) as provided by
the manufacturers.

Analytical performance verification of the
dPCR assay

The sensitivity of the EGFR 19del and T790M dPCR systems
were evaluated using simulation samples with gradient mutation
loads (5%, 1%, 0.5%, 0.1%, 0.05%), which were generated by
mixing a mutant plasmid and the WT plasmid that provided by
the manufacturer at different proportions. Three replicates per
batch were used for each mutation load. Samples with only
genomic DNA (0% mutant) were also included as a control.

Experimental Biology and Medicine
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Positive 19del simulation samples, positive T790M simulation
samples, and genomic DNA samples from the peripheral blood
of healthy individuals were used to test the specificity of the
EGFR 19del and T790M dPCR systems.

Tumor marker quantification

The concentrations of tumor markers associated with lung
cancer, including CEA, cytokeratin 19 fragment (Cy211), neuron
specific enolase (NSE), ProGRP, squamous cell carcinoma
antigen (SCCA), CA199, CA125, CA153, CA724, and alphal-
fetoprotein (AFP), in residual serum samples were analyzed by
electrochemiluminescence immunoassays (ECLIAs) on a cobas®
8000 modular analyzer series €801 (Roche Diagnostics GmbH)
following the manufacturer’s instructions. The reference
intervals of these 10 serological markers were <6.5 ng/
mL, <3.3 ng/mL, <17 ng/mL, <69.2 pg/mL, <2.7 ng/
<37 U/mL, <35 U/mL, <25 U/mL, <82 U/mL,
and <7 ng/mL, respectively.

mL,

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
Version 25.0 (IBM Corp., Armonk, NY, USA) and Microsoft
Excel Version 2013 (Microsoft Corp., Redmond, WA, USA). The
figures were generated using GraphPad Prism 9.2 (GraphPad
Software Inc., La Jolla, CA, USA).

Data for continuous variables are presented as the median
with interquartile range (IQR), while data for categorical
variables are presented as numbers and percentages.
Comparisons between groups were performed by applying the
chi-squared test, McNemar test, or Mann-Whitney U test, with
correlations being analyzed by applying the Spearman test. A
two-sided P-value <0.05 was considered statistically significant.
ROC curve analysis and the Youden index were used to
determine the best cutoff value and obtain the corresponding

sensitivity and specificity values.

Results
General characteristics of patients

In this study, the frequencies of EGFR 19del and T790M
mutations in serum cfDNA from 350 NSCLC patients were
determined. The of the
participants are shown in Table 1. Among them, 217 patients
were male and 133 were female. The median age was 63 (56-70)

clinical characteristics

study

years, with 300 patients diagnosed with adenocarcinoma, 34 with
squamous carcinoma, and 16 with other subtypes (including
large cell carcinoma, sarcomatoid carcinoma, and poorly-

Published by Frontiers
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TABLE 1 Clinical characteristics of the EGFR mutant-positive and EGFR mutant-negative participants.

Features dPCR- 19del dPCR- T790M
Negative Positive Negative Positive
(n = 331) (n=19) (n = 322) (n = 28)
Sex 0.71 0.80
Male, n 206 11 199 18
Female, n 125 8 123 10
Age, year, median (IQR) 63 (57-70) 63 (48-76) 0.92 64 (56-70) 61 (58-68) 0.61
Pathology 0.63 0.096
Adenocarcinoma, n 283 17 279 21
Others, n 48 2 43 7
Stage 0.041 0.34
ILn 18 0 18 0
I, n 11 1 12 0
III, n 21 5 23 3
IV, n 186 11 178 19
N/A, n 95 2 91 6
EGFR-TKI therapy <0.001 0.51
“First or second” generation TKIs, n 46 2 44 4
“Third generation” TKIs, n 67 12 75 4
Never, n 211 5 196 20
N/A, n 7 0 7 0

EGFR, epidermal growth factor receptor; dPCR, digital polymerase chain reaction; IQR, interquartile range; TKI, tyrosine kinase inhibitor; N/A, not available; first-generation TKIs, gefitinib,
icotinib, erlotinib; second-generation TKIs, afatinib, dacomitinib; third-generation TKIs: osimertinib, almonertinib, vormetinib. Bold values indicate statistical significance (p < 0.05).

differentiated NSCLC). The numbers of cases with stage L, II, III,
and IV disease were 18, 12, 26, and 197, respectively, with
97 cases not yet staged. Tissue molecular tests were performed
on samples from 56.0% (196 of 350) of the patients. The re-
biopsy rate was 19% (38 of 196). The median time interval
between tissue biopsy and blood sampling was 16.5 (6-32)
months. For NSCLC treatment, 127 patients underwent
EGFR-TKI therapy for 17 (8-33) months. Among these cases,
48 patients started with a first- or second-generation EGFR-TKI,
with 28 of them switching to a third-generation EGFR-TKI
during later treatment. Additionally, 79 cases started their
treatment with the third-generation EGFR-TKIs (instead of
starting with first- or second-generation and then switching),
14 of whom were treated with a combination of more than one
EGFR-TKI.

Performance of the dPCR assay in
detecting EGFR 19del and
T790M mutations

For the mutational analysis, firstly the quantitative
performance of the dPCR assay was evaluated. The sensitivity

Experimental Biology and Medicine

values of different targets were evaluated by mutation load. The
results suggested that the mutant allele detection was quantitative
and linear, with the limit of detection for EGFR 19del and T790M
mutations being 0.05% and 0.10% mutation load, respectively
(Figure 1). The dPCR system amplified the target nucleic acid
template specifically, as no non-specific amplification of the
background DNA or other DNA with similar sequences
was observed.

Next, the complete workflow was analyzed. EGFR 19del
mutations were identified in 5.4% of the analyzed serum
cfDNA samples (19 positives among 350 tested serum
samples), while EGFR T790M mutations were observed in
8.0% of the cases (28 of 350). The maximum variant rate was
5.4239% for 19del and 1.7539% for T790M. Figure 2 shows an
image of the dPCR nanowell plate after the partitioning and
amplification procedures. The plate was processed using the
Digital LightCycler” analysis algorithm. Furthermore, Figure 3
shows the 2D and 1D scatter plots for partition fluorescence and
demonstrates the detection of each mutation in its corresponding
channel. In the 2D scatter plots, the red partitions were double
negative for HEX and FAM, the green partitions were double
positive for HEX and FAM, the blue partitions were positive for
only HEX, and the yellow partitions were positive for only FAM
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results for 19del. (C) Mutation load results for the EGFR T790M mutation. (D) Quantitative concentration results for T790M.

but none were observed. In the 1D scatter plots, the red partitions
were positive and blue partitions were negative for that channel.
The dPCR assay also enabled quantitative detection of gene
mutations. The median concentrations of the mutant and WT
copies of the 19del-positive samples were 0.07 (0.03-0.56) copies/
puL and 64.26 (42.17-147.65) copies/uL, respectively. These
showed significant differences when compared with the 19del
WT samples (P < 0.001, P = 0.013). For T790M, the median
concentrations of variant and WT copies were 0.1225
(0.0805-0.1583) copies/uL and 87.8397 (67.6016-110.0498)
copies/pL, respectively. Only the former was statistically
significantly higher when compared with the T790M WT
samples (P < 0.001, P = 0.193).

also shows the clinical characteristics of the patients
after they were categorized by their positive or negative status for
the EGFR 19del and T790M mutations. Among the 19del
mutant-positive patients, 58% (11 of 19) were male and 90%

12

FIGURE 2

Image of the digital polymerase chain reaction (dPCR)

nanowell plate after partitioning and amplification. Target-positive
partitions are visible as discrete fluorescent wells against a
background of non-fluorescent (target-negative) wells.

(17 of 19) were diagnosed with adenocarcinoma. The median age
was 63 (48-76) years. A statistically significant effect of different
disease stages on serum 19del mutation detection was observed
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FIGURE 3
Two-dimensional (2D) and one-dimensional (1D) scatter plots of the positive, negative, and no template control (NTC) results of the EGFR 19del
and T790M mutations using the digital polymerase chain reaction (dPCR) assay. The NTC samples were composed of only PCR-grade water. (A) 2D
scatter plot of an exon 19del-positive sample, with a variant rate of 4.4467%, 2.9903 variant copies/uL, and 64.2565 wild-type (WT) copies/uL. (B) 2D
(Continued)
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scatter plot of an exon 19del-negative sample, with a variant rate of 0%, O variant copies/pL, and 139.3881 WT copies/pL. (C) 2D scatter plot of
the 19del NTC, with a variant rate of 0%, O variant copies/uL, and 0 WT copies/pL. (D) 1D scatter plots of a T790M-positive sample, with a variant rate
of 1.39%, 1.0052 variant copies/uL, and 71.4508 WT copies/uL. (E) 1D scatter plots of a T790M-negative sample, with a variant rate of 0%, O variant
copies/pL, and 97.4854 WT copies/pL. (F) 1D scatter plots of the T790M NTC, with a variant rate of 0%, O variant copies/pL, and 0 WT copies/uL.

(P = 0.041). The positive rate of serum 19del detection was
highest in patients who used the third-generation EGFR-TKIs
compared with those who never used them or received other
generations of EGFR-TKI therapy (P < 0.001). According to the
tissue biopsy results, three cases concurrently carried EGFR
L858R mutations and one case carried a KRAS mutation in
the corresponding tissue samples. Among the T790M mutant-
positive patients, 64% (18 of 28) were male and 75% (21 of 28)
were diagnosed with adenocarcinoma. The median age was 61
(58-68) years. The numbers of cases with EGFR L858R, 19del,
ROS, KRAS, and TP53 mutations were 5, 2, 2, 2, and 1,
respectively. There were another two cases with tissue biopsy
test results showing no mutations.

Comparisons of liquid biopsy and
tissue biopsy

Furthermore, to evaluate the consistency of the serum
cfDNA gene status with tissue molecular test results, the data
of the 196 cases that underwent tissue biopsy were investigated.
Through tissue biopsy, 58% (114 of 196) of the patients were
found to carry EGFR mutations, including thirty-two 19del cases,
one T790M case, fifty-six L858R cases, four 19del-L858R co-
occurrence cases, three 19del-T790M co-occurrence cases, nine
T790M-L858R  co-occurrence cases, The
positive rate of detection by tissue biopsy was much higher
than that of liquid biopsy (19.9% vs. 7.6%, respectively, P <
0.001) for 19del. However, for T790MV,, it was slightly lower than
that of liquid biopsy (6.6% vs. 7.1%, respectively, P = 1.00). The
comparison of serum-based 19del analysis using dPCR and tissue

and nine others.

testing revealed an overall agreement of 83.67% (164 of
196 cases), kappa = 0.334. The positive predictive value (PPV)
was 73.33%. The positive agreement was 28.21% and the negative
agreement was 97.45% (Table 2). More specifically, 11 cases were
positive for the 19del mutation both in serum and tumor samples,
while four cases were detected as mutant only in serum samples. All
of the
adenocarcinoma. Two of the patients underwent and benefited

serum-positive-only ~ cases were diagnosed with
from EGFR-TKI therapy, as their previous genetic tests were
positive for L858R. The comparison of serum-based T790M
analysis using dPCR and tissue testing revealed an overall
agreement of 90.31% (177 of 196 cases), kappa = 0.244. The PPV
was 28.57%. The positive agreement was 30.77% and the negative
agreement was 94.54% (Table 3). More specifically, four cases were

positive for the T790M mutation both in serum and tumor samples,
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while 10 cases were detected as mutant only in serum samples. Three
of these serum-positive-only cases underwent EGFR-TKI therapy for
more than 20 months, with all of these patients showing disease
progression before the drug was changed to osimertinib.

The correlations between serum EGFR
19del and T790M mutations by dPCR and
serum tumor marker levels by ECLIAs

346 results of serum CY211, NSE, ProGRP, and CEA levels,
338 results of SCC levels, 309 results of CA199 and CA125 levels,
306 results of CA153 levels, 304 results of CA724 levels, and
298 results of AFP levels were finally obtained. The median
CA199 concentration was approximately two-fold higher in the
19del-positive serum samples compared with the WT serum
samples (21.2 vs. 11.0, respectively, P = 0.005). The median
ProGRP concentration was significantly higher in the T790M-
positive serum samples compared with the WT serum samples
(51 vs. 46, respectively, P = 0.028) (Table 4).

ROC curve analysis was performed to obtain cutoff values of
serum tumor marker concentrations that can predict EGFR
mutation in serum liquid biopsy. For 19del, the CA199 cutoff
value was 11.75 U/mL to reach the dPCR analytical sensitivity
threshold of 0.05% mutant (P = 0.006), with an area under the
ROC curve (AUC) value of 0.707 (95% confidence interval (CI):
0.573-0.841, P = 0.005) and a mutant positive rate of 8.78%. For
T790M, the ProGRP cutoff value was 45.15 pg/mL to reach the
dPCR analytical sensitivity of 0.10% mutant (P = 0.012), with an
AUC value of 0.628 (95% CI: 0.521-0.735, P = 0.028) and a
mutant positive rate of 11.11% (Figure 4).

Furthermore, a significant positive correlation was observed
between the variant rate and CA125 concentration in 19del
mutant-positive serum samples (r = 0.624, P = 0.010), while
significant positive correlations were found between the variant
rate and the CEA and ProGRP concentrations in T790M mutant-
positive serum samples (r = 0.531, P = 0.004; r = 0.395, P = 0.041,
respectively) (Figure 5).

The performance of serum genetic test
results by dPCR for identifying disease
progression

Table 5 shows the serum test results of EGFR 19del and
T7910M mutations in patients with progressive disease and those
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TABLE 2 Comparing EGFR 19del status detection using the dPCR assay in serum cfDNA with the tissue molecular test results included in patient
medical records (n = 196).

Serum/dPCR
Negative Positive
Tissue/clinical
Negative 153 4 157
Positive 28 11 39
Total 181 15 196

EGFR, epidermal growth factor receptor; dPCR, digital polymerase chain reaction; cfDNA, cell-free DNA.

TABLE 3 Comparing EGFR T790M status detection using the dPCR assay in serum cfDNA with the tissue molecular test results included in patient
medical records (n = 196).

Serum/dPCR
Negative Positive
Tissue/clinical
Negative 173 10 183
Positive 9 4 13
Total 182 14 196

EGFR, epidermal growth factor receptor; dPCR, digital polymerase chain reaction; cfDNA, cell-free DNA.

TABLE 4 Tumor marker levels of EGFR mutant-positive and EGFR mutant-negative samples.

dPCR- 19del dPCR-T790M

Negative Positive Negative Positive
CY211 (ng/mL) (n =346) 2.3 (1.6-4.3) 34 (2.1-5.3) 0.147 2.3 (1.6-4.6) 2.6 (2.0-3.7) 0.66
NSE (ng/mL) (n =346) 14.1 (11.9-17.0) 13 (10.7-20.3) 091 14.2 (12.1-17.1) 13.4 (11.3-15.6) 0.165
ProGRP (pg/mL) (n =346) 46.7 (35.7-59.2) 439 (36.9-58.4) 0.85 46 (35.7-58.5) 51 (45.2-71) 0.028
CEA (ng/mL) (n =346) 32 (1.8-9.96) 9.8 (2.09-140) 0.084 32 (1.8-10.0) 4.1 (29-189) 0.098
SCCA (ng/mL) (n =338) 1.2 (0.8-1.9) 1.15 (0.6-1.4) 0.115 1.2 (0.8-1.9) 1.2 (0.9-1.8) 091
CA199 (U/mL) (n =309) 11 (7.05-20.3) 212 (12.0-102.2) 0.005 111 (7.1-21) 14.9 (7.7-25.6) 041
CA125 (U/mL) (n =309) 15.7 (10.3-31.6) 21.7 (14.0-23.4) 0.059 15.8 (10.3-34) 16.5 (12.1-29) 0.70
CA153 (U/mL) (n =306) 15.1 (9.2-23.9) 15.9 (9.1-23.4) 0.77 15.1 (9.2-23) 19.2 (9.4-26.2) 045
CA724 (U/mL) (n =304) 2.8 (15-7.0) 2.7 (1.5-3.9) 1.00 2.8 (1.5-7.3) 2.6 (2-3.7) 050
AFP (ng/mL) (n =298) 32 (22-42) 25 (1.8-3.9) 0.164 32 (22-42) 29 (23-42) 1.00

EGFR, epidermal growth factor receptor; dPCR, digital polymerase chain reaction; Cy211, cytokeratin 19 fragment; NSE, neuron specific enolase; ProGRP, progastrin-releasing peptide;
CEA, carcinoembryonic antigen; SCCA, squamous cell carcinoma antigen; CA199, carbohydrate antigen 199; CA125, carbohydrate antigen 125; CA153, carbohydrate antigen 153; CA724,
carbohydrate antigen 724; AFP, alphal-fetoprotein. Bold values indicate statistical significance (p < 0.05).

with stable disease after EGFR-TKI treatment. The EGFR T790M
variant rates and copies of patients with progressive disease were
significantly higher than those of patients with stable disease (P =
0.031, P = 0.024, respectively). ROC curve analysis showed
that the AUC values were 0.6091 (95% CI: 0.5091-0.7091,

P = 0.036 for the variant rate and 0.6135 (95% CI:
0.5129-0.7140, P = 0.030) for the variant copies. The Youden
index values were 0.25 and 0.239, respectively. Additionally, the
optimal cutoff values for the serum T790M variant rate and
copies determined by ROC analysis were 0.0248% (with 64.2%
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Receiver operating characteristic (ROC) curve analysis of serum tumor marker concentrations in EGFR mutation detection. (A) ROC curve of
CA199 levels in 19del detection (AUC = 0.707, 95% Cl: 0.573-0.841, P = 0.005). (B) ROC curve of ProGRP levels in T790M detection (AUC = 0.628,

95% Cl: 0.521-0.735, P = 0.028).
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Correlations between the variant rates of epidermal growth factor receptor (EGFR)-mutant samples and serum tumor marker concentrations.

(A) Positive correlation between the serum carbohydrate antigen 125 (CA125) levels and EGFR 19del variant rate (r = 0.624, P = 0.010). (B) Positive
correlation between the serum carcinoembryonic antigen (CEA) levels and EGFR T790M variant rate (r = 0.531, P = 0.004). (C) Positive correlation
between the serum progastrin-releasing peptide (ProGRP) levels and EGFR T790M variant rate (r = 0.395, P = 0.041).

sensitivity and 60.8% specificity) and 0.0247 copies/uL (with
60.4% sensitivity and 63.5% specificity).

Discussion

Compared with patients with WT EGEFR, patients harboring
EGFR TK domain mutations benefit more from EGFR-TKI
therapy [2]. Accurate detection of EGFR mutations in NSCLC
patients is therefore crucial for therapeutic stratification and
longitudinal treatment monitoring. While tissue biopsy
remains the diagnostic gold standard, its clinical utility is
constrained by inherent limitations. In addition to its invasive
nature, it provides only a static and spatially-limited assessment

of the disease at the moment of the surgical procedure. Indeed,
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studies have shown that 27%-31% of NSCLC patients are unable
to provide a biopsy sample suitable for EGFR mutation analysis
at diagnosis or following disease progression [11]. This statistic
increased to 70% for patients with locally advanced or metastatic
disease at the time of NSCLC diagnosis [2]. Furthermore, a subset
of patients with progressive disease decline repeat biopsies for
molecular profiling despite clinical recommendations. In
contrast, liquid biopsy offers a minimally invasive alternative
enabling rapid, cost-effective, and real-time cancer longitudinal
monitoring method that can capture tumor heterogeneity.
Nevertheless, technical challenges persist in circulating ¢fDNA
due to genomic DNA
contamination, and high fragmentation [13]. Additionally,
dPCR  methodologies -
particularly regarding reference interval thresholds and gene

analysis its low concentration,

inter-platform  variability  in
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TABLE 5 The dPCR results of patients with progressive disease and stable disease after EGFR-TKI treatment.

EGFR mutations PD (n = 53)
19del
Variant rate (%) 0 (0-0.0272)
Variant (copies/uL) 0 (0-0.0266)

Wild type (copies/pL) 92.8651 (51.7457-179.8197)

T790M
Variant rate (%) 0.0446 (0-0.0683)
0.0471 (0-0.0740)

72.8253 (43.4522-147.4915)

Variant (copies/pL)
Wild type (copies/uL)

SD (n = 74) p value
0 (0-0) 0.31

0 (0-0) 0.50
84.1420 (44.9914-147.6963) 0.53
0.0147 (0-0.0555) 0.031
0.0238 (0-0.0546) 0.024
67.7830 (35.0735-121.2496) 0.41

dPCR, digital polymerase chain reaction; PD, progressive disease; SD, stable disease; EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitor. Bold values indicate statistical

significance (p < 0.05).

panel configurations - complicates result standardization across
laboratories.

The data in this study described the performance
characteristics of a novel dPCR assay platform for detecting
EGFR 19del and T790M mutations in serum-derived cfDNA
from NSCLC patients. This work demonstrated that the dPCR
assay could achieve absolute quantification of mutant alleles
The copy
concentrations showed statistically significantly differences

according to Poisson distribution. variant
between EGFR mutant and WT samples. As was well known
dPCR adopted the concept of “divide and conquer”, which
endowed it with excellent anti-interference ability. Based on
the data provided, the dPCR method was found to be capable
of detecting EGFR gene mutations in serum cfDNA samples that
it could even detect gene mutations missed by tissue biopsy in
some cases. However, the comparisons of gene status in serum
cfDNA samples by dPCR assay and in tissue samples from
patient clinical medical records suggested a rather high
negative agreement and rather low positive agreement, which
indicated that the assay was useful for ruling out mutations, but
its sensitivity for detecting positives may be insufficient. The
moderate performance of the current dPCR technology was
indeed not as good as previously reported. In particular,
further refinement might be necessary to improve the tests’
low PPV in order to meet the clinical needs. It must be
admitted that the differences in EGFR mutation detection
capabilities between serum and tissue samples did exist that
could not be ignored. There were several possible reasons for this.
First, for the purpose of measuring multiple other cancer
associated protein markers, we chose serum samples instead
of the usual plasma samples for cfDNA extraction. The
amount of ctDNA in each 1 mL serum sample was limited,
with a potentially insufficient amount for dPCR amplification.
Previous studies [14-17] have demonstrated that there are very
low concentrations of cfDNA (1-5 ng/mL in healthy individuals
and 5-1,500 ng/mL in cancer patients) and ctDNA (only a small
fraction; <1% of the total ¢fDNA) in the bloodstream.
Furthermore, the proportion of ctDNA present in a blood
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sample is related to the concordance of mutation profiles
between tissue and blood. Insufficient materials could lead to
false negative results. Second, the tissue and blood collection
processes were not conducted at the same time in our study, and
with long intervals. Jeffrey et al. [18] determined that a shorter
time interval between tissue and blood collection was associated
with increased concordance. As time goes by, secondary
mutations and genotypic shifts might occur with recurrent
tumors. This temporal genomic heterogeneity can have a
substantial impact on the subsequent treatment outcomes [19].

Our study evaluated the potential relationship between
serum biomarker levels and mutation detection in serum
cfDNA by dPCR. Interestingly, we found that enhanced levels
of certain tumor markers, specifically CA199 and ProGRP, could
be potentially used as simple and practical clinical predictors of
EGFR 19del and T790M mutation detection by dPCR liquid
biopsy assay. Individuals with a serum CA199 level higher than
11.75 U/mL or ProGRP level higher than 45.15 pg/mL had an
increased likelihood of EGFR mutation. However, the AUC
values were below 0.8, which indicated that although the test
can differentiate between mutation-positive and -negative cases
to some extent, it might miss some positives or generate some
false positives. On the other hand, significant positive
correlations between serum CA125, CEA, and ProGRP levels
and the variant rates in the EGFR mutant samples were observed.
ProGRP is a tumor marker often used for the differential
diagnosis of SCLC and NSCLC. Increasing ProGRP levels can
help rule out NSCLC. Kudo et al. [20] reported that high ProGRP
levels is also associated with neuroendocrine differentiation
components of NSCLC. Kato et al. [21, 22] reported cases of
NSCLC to SCLC transformation following EGFR-TKI treatment
in patients whose ProGRP levels increased with disease
Our the
application potential of this tumor marker. Serum tumor
markers partly reflect the condition of ctDNA. A high
proportion of ctDNA in the blood may enhance the mutation

study further expanded clinical

progression.

detection capability. Higher serum tumor marker levels were
predictive of increased concordance in treatment-related genes
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between paired tissue and plasma samples [17]. It was suggested
that patients with higher serum CEA and CA199 levels had a
significantly higher disease control rate and longer survival time
with EGFR-TKI treatment [23].

It was suggested that for patients who underwent EGFR-TKI
therapy, T790M mutation detection in serum had a predictive
value of disease progression, even when the variant rate was
lower than the corresponding cutoff value. More specifically,
disease progression might present when the serum T790M
variant rates or copies were higher than 0.0248% or
0.0247 copies/pL, respectively. The secondary EGFR T790M
mutation constitutes the predominant acquired resistance
mechanism to first- and second-generation TKIs [24]. The
data the
negative results.

Our study indicated that the dPCR technology was indeed
helpful in reducing the rate of missed diagnosis and was valuable

indicated clinical ~significance of mutation-

for improving the level of clinical diagnosis, although the current
effect was still not entirely satisfactory. There were certain
limitations of this study that should be noted. First, this study
was conducted in a single center, which resulted in a limited
sample size and a possibility of bias. Thus, the results cannot truly
reflect the dPCR assay performance for detecting EGFR 19del
and T790M mutations among the population. Second, the low
cfDNA concentration and high possibility of genomic DNA
could
insufficient quantity of alleles for PCR amplification. Future

contamination in serum samples result in an
studies that include an increased plasma volume and magnetic
bead extraction method in place of the column method are
needed to improve the cfDNA extraction efficiency. Third, the
performance index data of the dPCR method, including
sensitivity and specificity values, were difficult to accurately
obtain because it was not feasible to perform tissue rebiopsy
for further comparison. The moderate performance of the dPCR
assay using serum suggested that further refinement or
complementary markers might be necessary to improve the
tests’ PPV, especially in populations with lower mutation
prevalence.

In conclusion, serum-based dPCR liquid biopsy assay
demonstrates intermediate diagnostic capability for EGFR
mutation monitoring. The assay should be reserved as an
ancillary diagnostic tool in clinical scenarios characterized by
contraindications to tissue biopsy or insufficient tumor material
availability. Although further technical refinement is required to
improve positive predictive performance, the assay is with good
application value and prospects. Notably, its potential clinical
utility lies in indicating possible disease transformation,
oncogene drift or secondary mutations during longitudinal
monitoring of NSCLC progression. To enhance practical
implementation, combined detection of certain serum tumor
markers emerges as a pragmatic triage strategy. This may
facilitate the identification of subgroups most likely to benefit
from EGFR testing, thereby improving the cost-effectiveness of
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precision oncology workflows through targeted patient

stratification.
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Abstract

The relationship between drinking and sarcopenia remains controversial. The aim
of the present study was to investigate the association of alcohol drinking with
sarcopenia in the older adults. A prospective study with 5244 Chinese community-
dwelling older adults aged >65 years was performed. Sarcopenia was assessed by
appendicular skeletal muscle mass index, grip strength, and gait speed. A
quantitative questionnaire was used to obtain the information of alcohol
drinking. After 4-year follow-up, our study showed that drinkers had lower
incidence of sarcopenia than those non-drinkers (19.4% vs. 30.4%, P < 0.001 in
males and 9.5% vs. 20.4%, P = 0.004 in females, respectively). Moreover, male
drinkers had higher levels of muscle mass [median (IQR): 7.3 (6.7-7.9) kg/m? vs. 7.1
(6.5-7.7) kg/m?, P < 0.001] grip strength [median (IQR): 31.1 (26.5-35.0) kg vs. 29.6
(24.8-38.8) kg, P < 0.001], and gait speed [median (IQR): 1.08 (0.98-1.17) m/s vs.
1.05(0.94-1.15) m/s, P < 0.001] than those non-drinkers, while female drinkers had
higher gait speed [median (IQR): 1.02 (0.94—-1.11) m/s vs. 0.99 (0.89-1.09) m/s, P =
0.031] than those non-drinkers. Multivariate logistic regression showed that in older
adults younger than 85 years, both interim drinking (RR = 0.60; 95%Cl = 0.39-0.93;
P =0.021for males; RR = 0.36; 95%Cl = 0.13-0.90; P = 0.035 for females) and daily
drinking (RR = 0.78; 95%CI = 0.61-0.99; P = 0.045 for males; RR = 0.34; 95%Cl =
0.12-0.96; P = 0.041 for females) were correlated with decreased risk of
sarcopenia even after adjustment for confounding factors. However, our dose-
response analysis did not show any significant relationship between daily alcohol
intake and the risk of sarcopenia as well as the components of sarcopenia. In
conclusion, our results indicated that alcohol drinking may not be a risk factor for
sarcopenia in the older adults. Further research will help to understand the
underlying mechanism of the observed causal relationship.

KEYWORDS
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Impact statement

Although the possible role of alcohol consumption in
sarcopenia has attracted increasing attention, the results of
current studies remain controversial. OQur prospective study
provides a novel information that alcohol consumption
may not be a risk factor for sarcopenia in a community-
dwelling population of Chinese older adults. Specifically,
alcohol consumption might have a potential protective
effect against the risk of sarcopenia in older adults
younger than 85 years old and those who were not
underweight (BMI1>18.5 kg/m?*). However, heavy drinking
has significant social burden in addition to human health
and therefore is not recommended. Advices regarding
the health effects of alcohol drinking on sarcopenia need
to be further individualized according to the specific
medical status.

Introduction

Sarcopenia has been identified as a novel geriatric disorder
characterized by loss of muscle mass and muscle strength
compromising with age [1]. The prevalence of sarcopenia in
the older adult ranges from 6% to 12% worldwide [2], and
10.6%-38.8% in China [3-6]. Emerging evidence have linked
sarcopenia with a variety of adverse outcomes including frailty,
falls, fracture, morbidity and mortality, leading sarcopenia
becomes a heavy burden and hotspot in the society of
geriatrics [7].

Lifestyle is closely related to sarcopenia, among which
drinking is one of the most modifiable behaviors [8].
Drinking is a traditional cultural behavior in China, with
the drinking rate of 36.5% and 8.1% in aged male and female,
respectively [9]. Although the possible role of alcohol
has
current

consumption in sarcopenia attracted
the of

controversial. Three studies based on Asian population

increasing

attention, results studies remain
suggested that alcohol drinking might be risk factor for
sarcopenia [10-12], whereas another study did not found
any correlation between alcohol consumption and sarcopenia
[13]. Intriguingly, meta-analysis even indicated that alcohol
intake might have protective effect on sarcopenia, especially
in males [14, 15], while another recently published meta-
analysis reported negative result [16]. The inconsistent
results may attribute to the difference of diagnostic criteria
for sarcopenia as well as the lack of the specificity of drinking
information, such as drinking frequency and consumed
alcohol volume. Therefore, the present study aimed to
investigate the association of alcohol consumption with
sarcopenia in a size with Chinese

larger sample

community-dwelling older adults.
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Materials and methods
Study participants

This prospective study was based on participants from the
National Basic Public Health Project in Yuetang Community
Medical Center in Yangzhou, Jiangsu Province, China in 2020.
Participants completed the general information questionnaire
(including alcohol intake), physical examinations (including the
collection of blood samples), and anthropometry information. A
total of 5976 older adults aged >65 years were recruited. The
exclusion criteria included: (1) unable to accomplish the specified
actions (n = 173); (2) had a history of malignant tumors,

dementia, mental disorders, severe cardiopulmonary
dysfunction (New York Heart Association class III-IV) (n =
537); (3) With missing drinking information (n = 22). Finally,
5244 older adults were included in the follow-up study. This
study was performed in accordance with the principles stated in
the Declaration of Helsinki [17] and approved by the Ethics
Committee of Sir Run Run Hospital, Nanjing Medical University
(approval No. 2019-SR-S041). Written informed consent was

obtained from each participant.

Assessment of alcohol consumption

Participants were classified as non-drinkers, interim drinkers
(<7 days/week), and daily drinkers, as previously described [18].
For the daily drinkers, we further collected information about the
type of alcohol (hard liquor, wine, beer) as well as the amount of
intake, which was calculated in grams per day by multiplying the
average frequency (times per day) by the amount of each
beverage and its corresponding pure ethanol content (5 g
ethanol for every 100 g of beer, 12 g ethanol for every 100 g
of wine, and 40 g for every 100 g of hard liquor) [12].

Assessment of sarcopenia

The status of sarcopenia was assessed every year. Muscle
mass was measured by bioelectrical impedance analysis (BIA)
(Inbody S10; Inbody Korea Ltd., Korea). The height-adjusted
appendicular skeletal muscle mass index (ASMI) was calculated
as ASM (the sum of skeletal muscle in the arms and legs)
divided by height squared in meters (ASM/height [2]). Low
muscle mass was defined as an ASMI <7.0 kg/m’ in men
and <5.7 kg/m® in women [8]. Muscle strength was
represented by grip strength measured using a dynamometer
(CAMRY EH101, China). Low muscle strength was defined as
handgrip strength <28 kg in men and <18 kg in women [8]. Gait
speed on a 6-m test <1 m/s was defined as declined physical
performance [8].
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TABLE 1 Characteristics according to alcohol consumption at baseline.
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Variables Men Women

Total (n = Non-drinker Drinker Total (n = Non-drinker Drinker

2,603) (n = 1,669) (n = 934) 2,641) (n = 2,525) (n = 116)

Age, y 72 (69-76) 73 (69-78) 73 (68-77) 0.861 73 (69-77) 73 (69-77) 72 (69-76) 0.363
BMI, kg/m’ 235 + 3.3 232 (20.9-25.6) 233 (205-25.6) | 0763 = 247 (22.4-27.2) 247 (22.4-27.3) 247 (225-26.7)  0.637
Waist-to-hip 0.90 (0.87-0.94) 0.90 (0.86-0.94) 0.90 (0.87-0.93) | 0.882 = 0.90 (0.86-0.94) 0.90 (0.86-0.94) 0.90 (0.87-0.93)  0.630
ratio
HGB, g/L 137 (128-144) 137 (126-142) 138 (127-144) | 0221 134 (127-139) 133 (127-139) 135 (129-142) 0.013
WBC, 10°/L 5.4 (4.6-6.4) 5.4 (4.6-6.5) 5.4 (4.6-6.4) 0.486 53 (4.5-6.3) 5.4 (4.5-6.3) 52 (4.6-6.0) 0.652
PLT, 10°/L 139 (110-171) 139 (109-170) 140 (110-171) | 0.164 146 (116-181) 146 (115-181) 146 (116-182) 0.560
FBG, mmol/L 5.4 (5.1-5.9) 5.4 (5.1-5.9) 5.4 (5.1-5.9) 0.558 5.4 (5.1-6.0) 5.4 (5.1-6.0) 55 (5.2-5.9) 0.762
ALB, g/L 37.2 (35.6-43.2) 37.2 (35.3-43.9) 37.3 (35.4-43.5) | 0745 | 36.5 (34.2-41.2) 362 (33.8-43.1) 363 (33.4-42.8)  0.152
AST/ALT ratio | 1.48 (1.15-1.92) 1.4 (1.13-1.86) 1.57 (1.21-2.00) = <0.001 = 1.53 (1.20-1.96) 1.52 (1.20-1.96) 1.56 (1.25-1.96)  0.479
TBIL, pmol/L 13.5 (10.6-17.7) 13.2 (10.4-17.2) 145 (11.0-19.0) | <0.001 = 11.8 (9.3-15.1) 11.8 (9.3-15.1) 11.8 (9.2-15.0) 0.780
Cr, pmol/L 64.1 (53.1-75.1) 64.2 (53.5-76.2) 64.1 (523-756) | 0.110 = 625 (53.9-71.6) 62.6 (54.0-71.8) 62.1 (53.8-70.7) 0413
BUN, mmol/L 5.3 (4.4-6.6) 5.3 (4.5-6.6) 5.4 (4.4-6.7) 0.683 53 (4.4-6.4) 5.3 (4.4-6.4) 5.5 (4.5-6.5) 0.184
TC, mmol/L 46 (4.1-52) 46 (4.1-5.1) 4.6 (4.2-5.0) 0.416 45 (4.1-5.1) 4.5 (4.0-5.1) 5.6 (4.1-5.3) 0.109
TG, mmol/L 1.1 (0.9-1.6) 1.1 (0.9-1.5) 1.1 (0.8-1.6) 0.775 1.2 (1.1-1.4) 1.2 (1.1-1.5) 1.2 (1.0-1.4) 0.813
LDL-C, mmol/L = 1.93 (1.55-2.32) 1.93 (1.59-2.33) 192 (1.58-232) = 0245 | 2.18 (1.78-2.58) 2.17 (1.78-2.58) 225 (1.82-2.63)  0.304
ASMLI, kg/m? 7.7 (7.1-8.8) 7.6 (7.1-8.9) 7.7 (7.2-8.9) 0.823 6.1 (5.6-6.7) 62 (5.6-6.7) 6.1 (5.7-6.6) 0.954
Grip 342 (32.3-38.3) 33.6 (31.8-39.8) 34.1 (32.5-40.0) | 0572 20.9 (18.0-23.8) 20.8 (18.0-23.8) 214 (192-23.5)  0.181
strength, kg
Gait speed, m/s = 1.36 (1.06-1.56) 1.35 (1.04-1.65) 138 (1.03-1.77) = 0221 | 1.19 (1.09-1.29) 1.19 (1.09-1.30) 118 (1.04-130)  0.131

BMI, body mass index; ALB, albumin; ASMI, appendicular muscle mass index; HGB, hemoglobin; WBC, white blood cell; PLT, platelet; FBG, fasting blood glucose; AST, aspartate
transaminase; ALT alanine transaminase; TBIL, total bilirubin; Cr, creatinine; BUN, blood urea nitrogen; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein

cholesterol; HDL-C, high-density lipoprotein cholesterol.
Statistical analysis

Kolmogorov-Smirnov test was applied to test the normality
of continuous variable. Non-normal data were represented as
median and interquartile range (IQR), and compared by Mann-
Whitney U test. Qualitative variables were represented as
frequencies and compared by Pearson x2 test. Logistic
regression analyses were performed to identified the variables
associated with the risk of sarcopenia. Odds ratios (ORs) and 95%
confidence intervals (CIs) were calculated. Dose-response
analysis was performed by the method described by
Greenland and Orsini [19, 20]. The ORs that were the most
confounding factors were adjusted and their 95% CIs were used
to estimate log ORs and their standard errors (SEs). Linear
regression was used to explore the dose-response relationship
of every 1g increase in daily alcohol intake with the aspects of
sarcopenia. Restricted cubic splines (four knots at fixed
percentiles of 5%, 35%, 65%, and 95% of the distribution)

Experimental Biology and Medicine

were applied to evaluate potential nonlinear dose-response
relationship between alcohol consumption and sarcopenia. All
statistical analyses were performed by using SPSS 28.0 (IBM
SPSS, Inc., USA). All analyses were two-sided and P < 0.05 was
considered as statistical significance.

Results
Baseline characteristics

Among 5244 enrolled subjects, there were 1,050 older adults
drank alcohol (20.0%) with 35.9% in males and 4.4% in females.
As shown in Table 1, the male drinkers had higher levels of
aspartate transaminase (AST)/alanine transaminase (ALT) ratio
and total bilirubin (TBIL), whereas the female drinkers had
higher levels of hemoglobin (HGB) at baseline (P < 0.05). By
contrast, there were no significant differences in other clinical
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FIGURE 1

The levels of ASMI, grip strength, and gait speed in male (A—C) and Female (D—F) non-drinkers and drinkers after 4-years follow-up.

parameters as well as the ASMI, grip strength, and gait speed
between drinks and non-drinkers at baseline (P > 0.05).

Association of alcohol consumption with
sarcopenia

After a follow-up of 4 years, there were 691 aged males had
sarcopenia (26.5%), with 184 patients in the drinking group
and 507 patients in the non-drinking group. In addition, there
were 527 aged females had sarcopenia (20.0%), with
11 patients in the drinking group and 516 patients in the
non-drinking group. Interestingly, drinkers had a lower
incidence of sarcopenia than those non-drinkers both in
males (19.7% vs. 30.4%, P < 0.001) and females (9.5% vs.
20.4%, P < 0.001). Moreover, male drinkers also had higher
levels of muscle mass [median (IQR): 7.3 (6.7-7.9) kg/m? vs.
7.1 (6.5-7.7) kg/m?, P < 0.001], grip strength [median (IQR):
31.1 (26.5-35.0) kg vs. 29.6 (24.8-38.8) kg, P < 0.001], and gait
speed [median (IQR): 1.08 (0.98-1.17) m/s 1.05
(0.94-1.15) m/s, P < 0.001] than those non-drinkers
(Figures 1A-C). By contrast, female drinkers had higher
gait speed [median (IQR): 1.02 (0.94-1.11) m/s vs. 0.99

VS.
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(0.89-1.09) m/s, P = 0.031], with no significant difference
of muscle mass [median (IQR): 6.0 (5.2-6.4) kg/m’ vs. 6.1
(5.2-6.7) kg/m?, P = 0.827] and grip strength [median (IQR):
19.1 (18.3-21.0) kg vs. 18.6 (17.8-22.3) kg, P = 0.103] when
compared to those female non-drinkers (Figures 1D-F).
Univariate logistic analysis indicated that the factors
correlated with the risk of sarcopenia in males included age,
low levels of body mass index (BMI), HGB, white blood counts
(WBC), fasting blood glucose (FBG), TBIL, triglyceride (TG),
and low-density lipoprotein cholesterol (LDL-C), but higher
AST/ALT
(HDL-C) (Table 2). Importantly, compared with non-drinkers,
older men with interim drinking (RR = 0.56; 95%CI = 0.38-0.81;
P =0.003) and daily drinking (RR = 0.56; 95%CI = 0.46-0.69; P <
0.001) were less likely to have sarcopenia. For aged females,

ratio and high-density lipoprotein cholesterol

univariate logistic analysis indicated that the risks factors of
sarcopenia included age, low levels of BMI, HGB, FBG, and
TG, but higher AST/ALT ratio and HDL-C. Compared with non-
drinkers, older women with daily drinking (RR = 0.35; 95%CI =
0.14-0.88; P = 0.024) were less likely to suffer from sarcopenia
(Table 2). However, these protective effects of drinking on the
incidence of sarcopenia were lost after adjustment for potential
confounding factors (Table 3). Subgroup analysis suggested that
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TABLE 2 Univariate logistic analysis for risk factors of sarcopenia in older adults.

Variables Men

OR (95%CI)

Women

OR (95%CI)

Age 0.141 1.15 (1.13-1.17) <0.001 0.143 1.15 (1.13-1.18) <0.001
BMI —-0.264 0.77 (0.74-0.79) <0.001 -0.296 0.74 (0.72-0.77) <0.001
HGB -0.035 0.97 (0.96-0.97) <0.001 -0.028 0.97 (0.96-0.98) <0.001
WBC -0.090 0.91 (0.86-0.97) 0.003 -0.037 0.96 (0.90-1.03) 0.268
PLT —-0.001 1.00 (1.00-1.00) 0.302 -0.001 1.00 (1.00-1.00) 0.135
FBG —-0.098 0.91 (0.84-0.98) 0.013 -0.077 0.93 (0.86-0.99) 0.041
ALB 0.003 0.98 (0.97-1.03) 0.546 0.008 1.02 (0.98-1.05) 0.411
AST/ALT ratio 0.438 1.55 (1.38-1.74) <0.001 0.645 1.91 (1.67-2.17) <0.001
TBIL -0.019 0.98 (0.97-0.99) 0.008 -0.009 0.99 (0.97-1.01) 0.340
Cr 0.001 1.00 (1.00-1.00) 0.617 0.003 1.00 (1.00-1.00) 0.261
BUN 0.034 1.03 (0.98-1.08) 0.143 0.063 1.07 (1.01-1.13) 0.029
TC —-0.058 0.94 (0.87-1.03) 0.170 0.011 1.01 (0.93-1.10) 0.790
TG -0.339 0.71 (0.62-0.82) <0.001 -0.241 0.79 (0.70-0.88) <0.001
LDL-C —-0.159 0.85 (0.74-0.99) 0.036 —0.095 0.91 (0.78-1.06) 0.220
HDL-C 0.575 1.78 (1.42-2.23) <0.001 0.868 2.38 (1.82-3.12) <0.001
Alcohol consumption

Non-drinker (64.12%) 1 (reference) 1 (reference)

Interim drinker (7.07%) —-0.584 0.56 (0.38-0.81) 0.003 —0.741 0.48 (0.20-1.12) 0.089

Daily drinker (28.81%) ~0.574 0.56 (0.46-0.69) <0.001 ~1.057 0.35 (0.14-0.88) 0.024

OR, odds ratio; CI, confidence interval; BMI, body mass index; HGB, hemoglobin; WBC, white blood cell; PLT, platelet; FBG, fasting blood glucose; ALB, albumin; AST, aspartate
transaminase; ALT alanine transaminase; TBIL, total bilirubin; Cr, creatinine; BUN, blood urea nitrogen; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein

cholesterol; HDL-C, high-density lipoprotein cholesterol.

in the older adults with age <85 years old, both interim drinking
(RR = 0.60; 95%CI = 0.39-0.93; P = 0.021 for males; RR = 0.36;
95%CI = 0.13-0.90; P = 0.035 for females) and daily drinking
(RR = 0.78; 95%CI = 0.61-0.99; P = 0.045 for males; RR = 0.34;
95%CI = 0.12-0.96; P = 0.041 for females) were correlated with
decreased risk of sarcopenia even after adjustment for
confounding factors. Moreover, daily alcohol consumption
(RR = 0.75; 95%CI = 0.58-0.95; P = 0.019) was also related to
decreased risk of sarcopenia in aged males who were not
underweight (BMI >18.5 kg/m?) (Table 3).

Dose-response relationship between daily
alcohol consumption and sarcopenia

We further analyzed the dose-response relationship between
daily alcohol consumption and sarcopenia. Considering the small
number of daily drinkers (n = 61) in the females, we only
performed dose-response analysis in the male daily drinkers
(n = 750). As shown in Figure 2, restricted cubic splines
model indicated no nonlinear dose-response relationship
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between daily alcohol intake and risk of sarcopenia (y2 = 1.76,
P = 0.414), low muscle mass (y2 = 3.68, P = 0.159), low grip
strength (y2 = 2.38, P = 0.304), and low gait speed (y2 = 0.55, P =
0.760). Unfortunately, we did not find linear dose-response
relationship between daily alcohol intake and the risk of
sarcopenia (P = 0.423), as well as low muscle mass (P =
0.297), low grip strength (P = 0.460), and low gait speed
(P = 0.156).

Discussion

Along with the population aging, sarcopenia has been getting
more and more attention worldwide. Although various types of
lifestyles have been linked to the etiology of sarcopenia [21];
however, the exact correlation between alcohol beverage
consumption and  sarcopenia  remains  controversial.
Interestingly, we here showed that alcohol drinking might
have a potential beneficial effect on the risk of sarcopenia in a
community-dwelling population in Yangzhou city of older

adults, especially in those younger than 85 years old. Further
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TABLE 3 Multivariate logistic regression analyses for the association of alcohol consumption with sarcopenia.

Variables

Men

Model 1

OR (95%CI)

Model 2

OR (95%CI)

Overall analyses

Non-drinker (64.12%)

1 (reference)

1 (reference)

Interim drinker (7.07%) ~0.283 0.75 (0.50-1.15) 0.187 ~0.249 0.78 (0.51-1.19) 0.249
Daily drinker (28.81%) -0.225 0.80 (0.63-1.01) 0.058 —-0.150 0.86 (0.67-1.10) 0.236
Stratification analyses
Age
<85 years (n = 2,489)
Non-drinker (63.08%) 1 (reference) 1 (reference)
Interim drinker (7.15%) —-0.562 0.57 (0.38-0.87) 0.009 —-0.504 0.60 (0.39-0.93) 0.021
Daily drinker (29.77%) —-0.383 0.68 (0.55-0.85) 0.001 —-0.247 0.78 (0.61-0.99) 0.045
>85 years (n = 114)
Non-drinker (86.84%) 1 (reference) 1 (reference)
Interim drinker (5.26%) 1.154 3.17 (0.30-33.57) 0.338 1.147 3.15 (0.18-54.19) 0.430
Daily drinker (7.89%) -0.721 0.49 (0.11-2.20) 0.349 -1.109 0.33 (0.05-2.26) 0.259
BMI
<18.5 kg/m” (n = 164)
Non-drinker (81.71%) 1 (reference) 1 (reference)
Interim drinker (4.27%) -1.029 0.36 (0.07-1.79) 0.211 —1.240 0.29 (0.05-1.72) 0.172
Daily drinker (14.02%) —-0.553 0.58 (0.23-1.46) 0.245 —0.264 0.77 (0.24-2.44) 0.654
>18.5 kg/m” (n = 2,439)
Non-drinker (62.94%) 1 (reference) 1 (reference)
Interim drinker (7.26%) ~0.221 0.80 (0.53-1.21) 0.296 ~0.217 0.81 (0.53-1.23) 0.314
Daily drinker (29.81%) —-0.240 0.79 (0.63-0.99) 0.040 -0.294 0.75 (0.58-0.95) 0.019
Women
Overall analyses
Non-drinker (95.61%) 1 (reference) 1 (reference)
Interim drinker (2.08%) ~0.935 0.39 (0.16-1.01) 0.057 ~0.937 0.39 (0.15-1.01) 0.059
Daily drinker (2.31%) -0.951 0.39 (0.14-1.04) 0.061 —-0.886 0.41 (0.15-1.11) 0.080
Stratification analyses
Age
<85 years (n = 2,511)
Non-drinker (95.58%) 1 (reference) 1 (reference)
Interim drinker (2.07%) ~1.052 0.35 (0.12-0.99) 0.048 ~1.022 0.36 (0.13-0.90) 0.035
Daily drinker (2.35%) -1.135 0.32 (0.11-0.91) 0.033 -1.089 0.34 (0.12-0.96) 0.041
>85 years (n = 130)
Non-drinker (96.15%) 1 (reference) 1 (reference)
Interim drinker (2.31%) 0.385 1.47 (0.13-16.93) 0.758 0.248 1.28 (0.09-18.10) 0.854
Daily drinker (1.54%) ~0.616 0.54 (0.03-9.00) 0.668 ~0.443 0.64 (0.03-14.11) 0.779
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TABLE 3 (Continued) Multivariate logistic regression analyses for the association of alcohol consumption with sarcopenia.

Variables Model 1 Model 2

OR (95%CI)

OR (95%CI)

BMI

<18.5 kg/m* (n = 111)
Never drinker (99.10%) - _
Interim drinker (0.90%) - R
Daily drinker (0.00%) - -

>18.5 kg/m2 (2,530)
Never drinker (95.45%)
Interim drinker (2.13%)
Daily drinker (2.41%)

1 (reference)
0.44 (0.18-1.09)
0.43 (0.16-1.11)

1 (reference)
0.50 (0.21-1.20)
0.43 (0.17-1.12)

—-0.816
-0.855

0.120
0.085

-0.701
—-0.841

0.075
0.080

OR, odds ratio; CI, confidence interval; BMI, body mass index.
Model 1: Adjusted for age (for overall analyses and BMI stratification analyses) or BMI (for overall analyses and age stratification analyses).

Model 2: Adjusted for age (for overall analyses and BMI stratification analyses) or BMI (for overall analyses and age stratification analyses), HGB, WBC, PLT, FBG, AST/ALT ratio, TBIL,

Cr, BUN, TC, TG, LDL-C, and HDL-C.
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FIGURE 2
Dose-response relationship between alcohol intake and (A) sarcopenia, (B) low AMSI, (C) low grip strength, and (D) low gait speed. The solid line
and the long dash line represent the ORs and its 95%CI. Short dash line represents the linear relationship. Linear and spline models were adjusted for
age, BMI, HGB, WBC, PLT, FBG, AST/ALT ratio, TBIL, Cr, BUN, TC, TG, LDL-C, and HDL-C.
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studies will be needed to identified the appropriate amount of
alcohol consumption for the prevention of sarcopenia.

Alcohol consumption is growing globally and accounts for
about 5.1% of the global burden of human diseases, especially
cardiovascular disease and cancer [22-24]. Animal studies have
demonstrated that alcohol can inhibit the synthesis of protein
predominately in type II muscle fibers which in turn causes
muscle atrophy [25-28]. Moreover, ethanol exposure also
C2Cl12 myotubes, which
contributes to the pathogenesis of sarcopenia [26]. However,

induces autophagy flux in
previous retrospective studies showed controversial results on the
relationship between alcohol consumption and sarcopenia. Some
studies found detrimental effects of alcohol on the risk of
sarcopenia [10-12, 29, 30], whereas others reported negative
results between two of them [31-34]. Although the different
types of alcoholic beverages, the amount of consumption, as well
as the different drinking patterns may affect the relationship
between drinking and human diseases [35], the observed
protective effects of alcohol intake on the risk of sarcopenia in
our present study should be interpreted with caution. According
to the dietary guidelines for Chinese residents, the recommended
amount of alcohol intake should less than 25g/day [36].
Particularly, daily drinking was associated with lower risk of
sarcopenia only in older adults younger than 85 years. This age
difference in the relationship between alcohol consumption and
sarcopenia may be attribute to the decreased alcohol intake along
with aging [37]. Moreover, drinking pattern, such as whether the
alcohol is taken at mealtimes [38], may also influence the effect of
alcohol consumption on sarcopenia. Interestingly, a previous
study showed that drinking with meals might be beneficial for
decreasing the all-cause mortality [39]. However, we did not find
a significant dose-response relationship between alcohol intake
and sarcopenia. Considering that the individual dose was
obtained by self-report, the limitation in measurement
precision could obscure such a relationship. Therefore, further
studies focused on different drinking pattern will help us to
understand the potential health effects of alcohol on sarcopenia.

There are some potential explanations that may account for
the protection effects against sarcopenia by alcohol consumption.
Since malnutrition, especially with low BMI (<18.5 kg/cm?), has
been demonstrated as one of the most important risk factors for
sarcopenia [7], the leading possibility might be related to the
weight gain in alcohol consumers, especially in those daily
drinkers [40]. However, considering that weight gain induced
by alcohol consumption primarily due to an increase in fat mass,
which often contributes to obesity, further studies are needed to
confirm the association of drinking with the detailed amount of
body composition. Another potential reason may be related the
relatively positive life attitude of people who drink moderate
amounts of alcohol [41]. In the present study, older adults with
interim drinking also had a lower risk of sarcopenia. These
people may have more social intercourse and exercise, both of
which are important preventive measures for the management of
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sarcopenia [7]. Moreover, another study reported that alcohol
consumption could also increase the level of HDL-C [42], which
is inversely correlated with the risk of sarcopenia [43].
Sphingolipids level is also decreased in drinkers when
compared to those non-drinkers [44]. As an important
bioactive sphingolipid, previous studies have shown that
ceramide can directly activate atypical PKC isoform protein
kinase C{ to induce endoplasmic reticulum stress and
mitochondrial dysfunction [45], which play crucial roles in
the pathogenesis of sarcopenia [46]. Therefore, moderate
alcohol may play a protective role in skeletal muscle by
depleting sphingolipids, especially ceramide. Nevertheless,
further in-depth experiments are needed to investigate the
explicit mechanism governing the effects of different types
and amount of alcohol on the development of sarcopenia.

Several limitations should still be considered in the present
study. Firstly, the information of alcohol consumption was self-
reported, which may cause social desirability bias and recall error.
Future prospective studies with an intervention of different
amount of alcohol will help to determine the dose-dependent
effects of alcohol consumption on the prevention of sarcopenia.
Secondly, almost all the older adults in this study consumed
liquor. The effects of different types of alcohol beverages such as
wine, beer, sake, yellow rice, efc. on the risk of sarcopenia will
need to be assessed. Thirdly, we cannot rule out the possibility of
other potential confounding dietary factors, such as the
nutritional status, physical activity, and socio-economic
conditions as well as the consumption of tea, coffee, fruits,
vitamins or other antioxidant substances.

Conclusion

In summary, our findings suggest that alcohol intake may
not be a risk factor for the development of sarcopenia in this
Yangzhou cohort. Instead, appropriate amount of alcohol
be related risk  of
sarcopenia in older adults younger than 85 years. However,

consumption might to decreased
heavy drinking has significant social burden in addition to
human health and therefore is not recommended. Advices
regarding the health
sarcopenia need to be further individualized according to the

effects of alcohol drinking on

specific medical status.

Author contributions

WG, Z-KS, and X-LY contributed to the conception and
design of the study. E-HM, Y-LB, Q-LL, and J-SX contributed to
data acquisition. Y-LB, E-HM, and Z-KS analyzed the data.
E-HM and Y-LB drafted the manuscript. WG, Q-LL, and
X-LY revised the manuscript. All authors contributed to the
article and approved the submitted version.

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10520

Mao et al.

Data availability

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by The Ethics
Committee of Sir Run Run Hospital, Nanjing Medical University.
The studies were conducted in accordance with the local
legislation and institutional requirements. The participants
provided their written informed consent to participate in
this study.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by grants from the National Key Research and
Development Plan of China (No. 2020YFC2008505 to XL),
the National Natural Science Foundation of China (No.
81970217 to WG), and the Jiangsu Commission of Health

References

1. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyere O, Cederholm T, et al.
Sarcopenia: revised European consensus on definition and diagnosis. Age and
Ageing (2019) 48:16-31. doi:10.1093/ageing/afy169

2. Shafiee G, Keshtkar A, Soltani A, Ahadi Z, Larijani B, Heshmat R. Prevalence of
sarcopenia in the world: a systematic review and meta- analysis of general
population studies. J Diabetes Metab Disord (2017) 16:21. doi:10.1186/s40200-
017-0302-x

3. Du Y, Wang X, Xie H, Zheng S, Wu X, Zhu X, et al. Sex differences in the
prevalence and adverse outcomes of sarcopenia and sarcopenic obesity in
community dwelling elderly in East China using the AWGS criteria. BMC
Endocr Disord (2019) 19:109. doi:10.1186/s12902-019-0432-x

4. Meng P, Hu YX, Fan L, Zhang Y, Zhang MX, Sun J, et al. Sarcopenia and
sarcopenic obesity among men aged 80 years and older in Beijing: prevalence and its
association with functional performance. Geriatr and Gerontol Int (2014) 14(Suppl.
1):29-35. doi:10.1111/ggi.12211

5. Yang Q, Vijayakumar A, Kahn BB. Metabolites as regulators of insulin
sensitivity and metabolism. Nat Rev Mol Cel Biol (2018) 19:654-72. doi:10.1038/
541580-018-0044-8

6. Zeng Y, Hu X, Xie L, Han Z, Zuo Y, Yang M. The prevalence of sarcopenia in
Chinese elderly nursing home residents: a comparison of 4 diagnostic criteria. ] Am
Med Directors Assoc (2018) 19:690-5. doi:10.1016/j.jamda.2018.04.015

7. Cruz-Jentoft AJ, Sayer AA. Sarcopenia. The Lancet (2019) 393:2636-46. doi:10.
1016/s0140-6736(19)31138-9

8. Chen LK, Woo J, Assantachai P, Auyeung TW, Chou MY, lijima K, et al. Asian
working group for sarcopenia: 2019 consensus update on sarcopenia diagnosis and
treatment. ] Am Med Directors Assoc (2020) 21:300-7.e2. doi:10.1016/j.jamda.2019.
12.012

9. Yaru L, Jing W, Liyun Z, Zhihong W, Dongmei Y, Yuna H, et al. The drinking
status and associated factors in adults in China Chinese Journal of Epidemiology
(2018);39:898-903.

10. Gabat JAL, Faltado AL, Jr, Sedurante MB, Tee ML. Association of obesity and
sarcopenia among adult Filipinos. Osteoporos sarcopenia (2018) 4:109-13. doi:10.
1016/j.af0s.2018.08.001

Experimental Biology and Medicine

10.3389/ebm.2025.10520

(No. LKZ2023005 to WG, No. LKM2023004 to Z-KS), the
project of Zhongda Hospital Affiliated to Southeast University
for cultivating academic talent (No. CZXM-GSPRC22 to WQ),
the Zhongda Hospital Affiliated to Southeast University, Jiangsu
Province High-Level Hospital Pairing Assistance Construction
Funds (No. ZDLYG10 to WG), the Zhongda Hospital Affiliated
to Southeast University, Jiangsu Province High-Level Hospital
Construction Funds (No. GSP-LCYJFH17 to WG), China Heart
House-Chinese Cardiovascular Association HX fund (No. 2022-
CCA-HX-082 to WG), Bethune Charitable Foundation (No.
2024020185BA to WG).

Conflict of interest

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

11. Pang BWJ, Wee SL, Lau LK, Jabbar KA, Seah WT, Ng DHM, et al.
Prevalence and associated factors of sarcopenia in Singaporean adults-the
yishun study. ] Am Med Directors Assoc (2021) 22:885.e1-885.e10. doi:10.
1016/j.jamda.2020.05.029

12. Zhai J, Ma B, Qin ], Lyu Q, Khatun P, Liang R, et al. Alcohol consumption
patterns and the risk of sarcopenia: a population-based cross-sectional study among
Chinese women and men from Henan province. BMC public health (2022) 22:1894.
doi:10.1186/s12889-022-14275-6

13. Hai S, Wang H, Cao L, Liu P, Zhou J, Yang Y, et al. Association between
sarcopenia with lifestyle and family function among community-dwelling Chinese
aged 60 years and older. BMC Geriatr (2017) 17:187. doi:10.1186/s12877-017-
0587-0

14. Steffl M, Bohannon RW, Petr M, Kohlikova E, Holmerova I. Alcohol
consumption as a risk factor for sarcopenia - a meta-analysis. BMC Geriatr
(2016) 16:99. doi:10.1186/s12877-016-0270-x

15. Bu YL, Wang C, Zhao C, Lu X, Gao W. The association of alcohol
consumption with the risk of sarcopenia: a dose-response meta-analysis. The
Am ] Drug Alcohol Abuse (2024) 50:305-20. doi:10.1080/00952990.2023.2300049

16. Hong SH, Bae YJ. Association between alcohol consumption and the risk of
sarcopenia: a systematic review and meta-analysis. Nutrients (2022) 14:3266. doi:10.
3390/nul4163266

17. Anonymous. Code of ethics on human experimentation adapted from the
Helsinki declaration of the world medical association. The Am ] orthopsychiatry
(1968) 38:589-90. d0i:10.1111/j.1939-0025.1968.tb02426.x

18. Lau EM, Lynn HS, Woo JW, Kwok TC, Melton LJ, 3rd. Prevalence of and risk
factors for sarcopenia in elderly Chinese men and women. The Journals Gerontol Ser
A: Biol Sci Med Sci (2005) 60:213-6. doi:10.1093/gerona/60.2.213

19. Greenland S, Longnecker MP. Methods for trend estimation from
summarized dose-response data, with applications to meta-analysis. Am ]
Epidemiol (1992) 135:1301-9. doi:10.1093/oxfordjournals.aje.al16237

20. Orsini N, Bellocco R, Greenland S. Generalized least squares for trend
estimation of summarized dose-response data. The Stata ] Promoting Commun
Stat Stata (2006) 6:40-57. doi:10.1177/1536867x0600600103

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1186/s40200-017-0302-x
https://doi.org/10.1186/s40200-017-0302-x
https://doi.org/10.1186/s12902-019-0432-x
https://doi.org/10.1111/ggi.12211
https://doi.org/10.1038/s41580-018-0044-8
https://doi.org/10.1038/s41580-018-0044-8
https://doi.org/10.1016/j.jamda.2018.04.015
https://doi.org/10.1016/s0140-6736(19)31138-9
https://doi.org/10.1016/s0140-6736(19)31138-9
https://doi.org/10.1016/j.jamda.2019.12.012
https://doi.org/10.1016/j.jamda.2019.12.012
https://doi.org/10.1016/j.afos.2018.08.001
https://doi.org/10.1016/j.afos.2018.08.001
https://doi.org/10.1016/j.jamda.2020.05.029
https://doi.org/10.1016/j.jamda.2020.05.029
https://doi.org/10.1186/s12889-022-14275-6
https://doi.org/10.1186/s12877-017-0587-0
https://doi.org/10.1186/s12877-017-0587-0
https://doi.org/10.1186/s12877-016-0270-x
https://doi.org/10.1080/00952990.2023.2300049
https://doi.org/10.3390/nu14163266
https://doi.org/10.3390/nu14163266
https://doi.org/10.1111/j.1939-0025.1968.tb02426.x
https://doi.org/10.1093/gerona/60.2.213
https://doi.org/10.1093/oxfordjournals.aje.a116237
https://doi.org/10.1177/1536867x0600600103
https://doi.org/10.3389/ebm.2025.10520

Mao et al.

21. Gao Q, Hu K, Yan C, Zhao B, Mei F, Chen F, et al. Associated factors of
sarcopenia in community-dwelling older adults: a systematic review and meta-
analysis. Nutrients (2021) 13:4291. doi:10.3390/nu13124291

22. Aberg F, Byrne CD, Pirola CJ, Mannisto V, Sookoian S. Alcohol consumption
and metabolic syndrome: clinical and epidemiological impact on liver disease.
J Hepatol (2023) 78:191-206. doi:10.1016/j.jhep.2022.08.030

23. Monteiro MG. Alcohol consumption: overview of international trends.
Reference Module Biomed Sci (2019). doi:10.1016/B978-0-12-801238-3.03186-X

24. Organization W. Global status report on noncommunicable diseases 2014 (2014);

25. Steiner JL, Lang CH. Alcohol impairs skeletal muscle protein synthesis and
mTOR signaling in a time-dependent manner following electrically stimulated
muscle contraction. J Appl Physiol (2014) 117:1170-9. doi:10.1152/japplphysiol.
00180.2014

26. Thapaliya S, Runkana A, McMullen MR, Nagy LE, McDonald C, Prasad SVN,
et al. Alcohol-induced autophagy contributes to loss in skeletal muscle mass.
Autophagy (2014) 10:677-90. doi:10.4161/auto.27918

27. Lang CH, Frost RA, Svanberg E, Vary TC. IGF-I/IGFBP-3 ameliorates alterations
in protein synthesis, eIF4E availability, and myostatin in alcohol-fed rats. Am J Physiol
Endocrinol Metab (2004) 286:E916-26. doi:10.1152/ajpendo.00554.2003

28. Lang CH, Pruznak AM, Nystrom GJ, Vary TC. Alcohol-induced decrease in
muscle protein synthesis associated with increased binding of mTOR and raptor:
comparable effects in young and mature rats. Nutr and Metab (2009) 6:4. doi:10.
1186/1743-7075-6-4

29. Prokopidis K, Witard OC. Understanding the role of smoking and chronic
excess alcohol consumption on reduced caloric intake and the development of
sarcopenia. Nutr Res Rev (2022) 35:197-206. doi:10.1017/s0954422421000135

30. Fanelli Kuczmarski M, Mason MA, Beydoun MA, Allegro D, Zonderman AB,
Evans MK. Dietary patterns and sarcopenia in an urban African American and
White population in the United States. ] Nutr Gerontol Geriatr (2013) 32:291-316.
doi:10.1080/21551197.2013.840255

31. Ko YC, Chie WC, Wu TY, Ho CY, Yu WR. A cross-sectional study about the
relationship between physical activity and sarcopenia in Taiwanese older adults.
Scientific Rep (2021) 11:11488. doi:10.1038/s41598-021-90869-1

32. Daskalopoulou C, Wu YT, Pan W, Gine Vazquez I, Prince M, Prina M, et al.
Factors related with sarcopenia and sarcopenic obesity among low- and middle-
income settings: the 10/66 DRG study. Scientific Rep (2020) 10:20453. doi:10.1038/
$41598-020-76575-4

33. Castillo EM, Goodman-Gruen D, Kritz-Silverstein D, Morton DJ, Wingard
DL, Barrett-Connor E. Sarcopenia in elderly men and women: the Rancho Bernardo
study. Am ] Prev Med (2003) 25:226-31. doi:10.1016/s0749-3797(03)00197-1

Experimental Biology and Medicine

29

10.3389/ebm.2025.10520

34. Akune T, Muraki S, Oka H, Tanaka S, Kawaguchi H, Nakamura K, et al.
Exercise habits during middle age are associated with lower prevalence of
sarcopenia: the ROAD study. Osteoporos Int (2014) 25:1081-8. doi:10.1007/
s00198-013-2550-z

35. Hendriks HFJ. Alcohol and human health: what is the evidence? Annu
Rev Food Sci Technol (2020) 11:1-21. doi:10.1146/annurev-food-032519-
051827

36. Wang SS, Lay S, Yu HN, Shen SR. Dietary guidelines for Chinese residents
(2016): comments and comparisons. ] Zhejiang Univ Sci B (2016) 17:649-56. doi:10.
1631/jzus.b1600341

37. Ferreira MP, Weems MK. Alcohol consumption by aging adults in the
United States: health benefits and detriments. ] Am Diet Assoc (2008) 108:1668-76.
doi:10.1016/j.jada.2008.07.011

38. Valencia-Martin JL, Galan I, Rodriguez-Artalejo F. The association
between alcohol consumption patterns and adherence to food consumption
guidelines. Alcohol Clin Exp Res (2011) 35:2075-81. doi:10.1111/§.1530-0277.
2011.01559.x

39. Trevisan M, Schisterman E, Mennotti A, Farchi G, Conti S. Drinking pattern
and mortality:. Ann Epidemiol (2001) 11:312-9. doi:10.1016/s1047-2797(00)
00183-6

40. Traversy G, Chaput JP. Alcohol consumption and obesity: an update. Curr
Obes Rep (2015) 4:122-30. doi:10.1007/s13679-014-0129-4

41. French MT, Norton EC, Fang H, Maclean JC. Alcohol consumption and body
weight. Health Econ (2010) 19:814-32. doi:10.1002/hec.1521

42. Gaziano JM, Buring JE, Breslow JL, Goldhaber SZ, Rosner B, VanDenburgh
M, et al. Moderate alcohol intake, increased levels of high-density lipoprotein and its
subfractions, and decreased risk of myocardial infarction. New Engl ] Med (1993)
329:1829-34. doi:10.1056/nejm199312163292501

43. Damayanthi H, Moy FM, Abdullah KL, Dharmaratne SD. Health related
quality of life and its associated factors among community-dwelling older people in
Sri Lanka: a cross-sectional study. Arch Gerontol Geriatr (2018) 76:215-20. doi:10.
1016/j.archger.2018.03.009

44. Zhao X, Zhou R, Li H, Fan Y, Sun Y, Hu X, et al. The effects of moderate
alcohol consumption on circulating metabolites and gut microbiota in patients with
coronary artery disease. Front Cardiovasc Med (2021) 8:767692. doi:10.3389/fcvm.
2021.767692

45, Chavez JA, Summers SA. A ceramide-centric view of insulin resistance. Cell
Metab (2012) 15:585-94. doi:10.1016/j.cmet.2012.04.002

46. Hoogkamer W. Perception of gait asymmetry during split-belt walking. Exerc
Sport Sci Rev (2017) 45:34-40. doi:10.1249/jes.0000000000000094

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3390/nu13124291
https://doi.org/10.1016/j.jhep.2022.08.030
https://doi.org/10.1016/B978-0-12-801238-3.03186-X
https://doi.org/10.1152/japplphysiol.00180.2014
https://doi.org/10.1152/japplphysiol.00180.2014
https://doi.org/10.4161/auto.27918
https://doi.org/10.1152/ajpendo.00554.2003
https://doi.org/10.1186/1743-7075-6-4
https://doi.org/10.1186/1743-7075-6-4
https://doi.org/10.1017/s0954422421000135
https://doi.org/10.1080/21551197.2013.840255
https://doi.org/10.1038/s41598-021-90869-1
https://doi.org/10.1038/s41598-020-76575-4
https://doi.org/10.1038/s41598-020-76575-4
https://doi.org/10.1016/s0749-3797(03)00197-1
https://doi.org/10.1007/s00198-013-2550-z
https://doi.org/10.1007/s00198-013-2550-z
https://doi.org/10.1146/annurev-food-032519-051827
https://doi.org/10.1146/annurev-food-032519-051827
https://doi.org/10.1631/jzus.b1600341
https://doi.org/10.1631/jzus.b1600341
https://doi.org/10.1016/j.jada.2008.07.011
https://doi.org/10.1111/j.1530-0277.2011.01559.x
https://doi.org/10.1111/j.1530-0277.2011.01559.x
https://doi.org/10.1016/s1047-2797(00)00183-6
https://doi.org/10.1016/s1047-2797(00)00183-6
https://doi.org/10.1007/s13679-014-0129-4
https://doi.org/10.1002/hec.1521
https://doi.org/10.1056/nejm199312163292501
https://doi.org/10.1016/j.archger.2018.03.009
https://doi.org/10.1016/j.archger.2018.03.009
https://doi.org/10.3389/fcvm.2021.767692
https://doi.org/10.3389/fcvm.2021.767692
https://doi.org/10.1016/j.cmet.2012.04.002
https://doi.org/10.1249/jes.0000000000000094
https://doi.org/10.3389/ebm.2025.10520

< EBM

‘ @ Check for updates

OPEN ACCESS

Abigail L. Pfaff,
abigail.pfaff@murdoch.edu.au

12 March 2025
06 May 2025
03 June 2025

Pfaff AL and K&ks S (2025)
Retrotransposition-competent L1s are
increased in the genomes of individuals
with amyotrophic lateral sclerosis.

Exp. Biol. Med. 250:10575.

doi: 10.3389/ebm.2025.10575

© 2025 Pfaff and Kdks. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Experimental Biology and Medicine

Experimental
Biology and
Medicine

Original Research
03 June 2025
10.3389/ebm.2025.10575

Retrotransposition-competent
L1s are increased in the genomes
of individuals with amyotrophic
lateral sclerosis

Abigail L. Pfaff*?* and Sulev K&ks'?

Perron Institute for Neurological and Translational Science, Perth, WA, Australia, 2Personalised
Medicine Centre, Health Futures Institute, Murdoch University, Murdoch, WA, Australia

Abstract

An individual's genetics contributes to their risk of developing amyotrophic
lateral sclerosis (ALS); however, there is still a large proportion of the heritability
of ALS to be understood. Part of this missing heritability may lie in complex
variants, such as the long interspersed element 1 (L1) retrotransposon, which
have yet to be evaluated. The majority of L1 insertions in the human genome are
no longer able to retrotranspose, but to date 279 retrotransposition-competent
(RC) L1s have been reported. Many RC-L1s are polymorphic for their presence/
absence; therefore, each individual will have a different number and
complement of RC-L1s. These elements have been hypothesized to be
involved in disease processes by multiple mechanisms such as somatic
mutation by retrotransposition, the triggering of neuroinflammation and
DNA damage. We hypothesize that L1s may influence disease development
either through their effects on endogenous genes or through the properties
that enable them to retrotranspose. Whole genome sequencing data from the
New York Genome Center ALS consortium were used to characterize
L1 variation identifying 2,803 polymorphic L1 elements and association
analysis was performed in European individuals (ALS/ALS with other
neurological disorder (ALSND) n = 2,653, controls n = 320). There were no
individual L1 elements associated with disease, but we did identify a significant
increase in the number of RC-L1s in ALS/ALSND genomes (p = 0.01) and the
presence of >46 RC-L1s showed the most significant association (OR = 1.09
(1.02-1.16), p = 0.01) with disease. Analysis of individual L1s and their association
with age at onset and survivalidentified one L1 whose presence was significantly
associated with a lower age at onset (52.7 years) compared to homozygous
absent individuals (59.2 years) (padj = 0.009). Our study has identified novel
genetic factors for both disease risk and age at onset in ALS providing further
evidence for the role of L1 retrotransposons in neurodegenerative diseases.
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Impact statement

This is the first study to assess genome-wide L1 variation in a
large number of ALS and control genomes and to identify novel
genetic factors involved in ALS risk and age at onset. ALS is a
genetically heterogeneous disease with a large proportion of its
heritability yet to be identified. Our study addressed this missing
heritability by evaluating the presence/absence of the
L1 retrotransposon and focusing on the subset of these
elements that are still able to mobilize in the human genome.
By understanding the mechanisms and risk factors that lead to

10.3389/ebm.2025.10575

ALS, new therapeutic targets can be identified for a disease with
very limited treatment options.

Introduction

The long interspersed element-1 (L1) is the only autonomous
family of retrotransposons in the human genome that contains
elements currently able to mobilize and has played an important
role in shaping the structure and function of the human genome
[1]. Lls propagate through a “copy and paste” mechanism,
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FIGURE 1

L1 structure and insertion allele frequencies of polymorphic L1s in the ALS consortium. (A) Schematic of a full-length L1 ~6 kb in length that
consists of a 5'untranslated region (5'UTR) containing the endogenous L1 promoter and an antisense promoter, three open reading frames (ORFO,
ORF1, and ORF2), and a 3'untranslated region (3'UTR) flanked by target site duplications (TSDs). (B) The insertion allele frequency of 205 reference

and 2,598 non-reference L1s in the NYGC ALS consortium (n = 4,393).
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termed target primed reverse transcription [2, 3], and mobilize
the Alu SINE-VNTR-Alu
retrotransposons. The ongoing mobilization of L1s has led to

non-autonomous and
genetic variation between individuals and can affect the function
and expression of endogenous genes. There are at least
29 instances of disease caused by an L1 insertion, generally
through loss-of-function mutations or aberrant splicing [4]. A
full-length L1 element is ~6 kb in size, contains both a 5’ and 3'-
untranslated region (UTR), three open reading frames (ORFO,
ORF1, ORF2), a poly A tail at its 3’end, and is flanked by variable
target site duplications (Figure 1A). The proteins encoded by
ORF1, a ~40 kDa protein with RNA binding and chaperone
activities, and ORF2, a ~150 kDa protein with endonuclease and
reverse  transcriptase  activities, are  required  for
retrotransposition [5-8]. Despite Lls contributing to 17% of
the human genome and more than one million L1s annotated in
hg38 only 146 Lls are full-length with intact ORFs [9]. The
majority are unable to mobilize due to internal deletions or
rearrangements, 5" truncations and mutations in the ORFs
encoding the proteins required for retrotransposition [10, 11].
The dysregulation and elevated expression of Lls, along
with other families of retrotransposons, have been detected in
the
neurodegenerative disease amyotrophic lateral sclerosis
(ALS) [12, 13].

neuron disease (MND), is a progressive disease that is

several neurological conditions including

ALS, the most common form of motor

characterized by the loss of motor neurons in the brain and
spinal cord and the life expectancy after diagnosis is 2-5 years
[14]. 1t is a clinically and genetically heterogeneous condition,
and the neurodegenerative mechanisms involved are not fully
understood. Several processes have been shown to be altered
or dysregulated in the disease, such as protein aggregation,
axonal transport, oxidative stress, mitochondrial dysfunction,
RNA processing and the expression of retrotransposable
elements [12, 15]. Changes in the expression of multiple
of retrotransposons
identified in subsets of individuals with ALS [16, 17]. An
increase in expression of several families of retrotransposons

classes and families have been

was identified in the frontal cortex of individuals with ALS
who carried the COORF72 expansion when compared to those
without the expansion and healthy controls [16]. Another
study using machine learning identified three subtypes of ALS
based on transcriptomic data from the frontal and motor
cortices, one of which was characterized by the activation of
retrotransposons and TAR DNA-binding protein 43 (TDP-
43) dysfunction [17]. Cytoplasmic accumulation of TDP-43,
encoded by the gene TARDBP, in which mutations can cause
ALS, is a hallmark of the majority of ALS cases. There is
evidence in human tissues and cell lines that TDP-43 binds to
retrotransposon transcripts of different classes, which is
thought to aid in the repression of these elements [18].
Heterochromatin formation over

repetitive  elements,

including Lls, acts to suppress their expression, but loss of
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nuclear TDP-43 from neurons results in chromatin
decondensation over L1 elements [19].

We hypothesize that polymorphic L1s may play a role in ALS
development either through their effects on endogenous genes,
such as loss-of-function mutations, or through properties that are
inherent in their ability to mobilize. These include somatic
mutation the
neuroinflammation via the interferon pathway and DNA
damage through the endonuclease activity of the
ORF2 protein [13, 20]. The ability of specific Lls to
be  detected cellular

retrotransposition assays and by tracing the source elements

through retrotransposition, triggering  of

retrotranspose can using
of both germline and somatic insertions using 3'transductions
[21-23]. Retrotransposition-competent L1s (RC-L1s) annotated
in the human reference genome and non-reference RC-L1s can
be polymorphic for their presence or absence. Therefore, each
individual will have a different number and complement of RC-
Lls in their genome, which could potentially lead to differing
levels of functional L1 mRNA.

To investigate the role of Lls in ALS we utilized whole
genome sequencing from the New York Genome Center
(NYGC) ALS consortium to characterize the landscape of
polymorphic Lls in ALS and control genomes to evaluate
their effects on ALS risk, age at onset, and survival. These
analyses were performed for both individual L1 insertions and
the total number of RC-L1s present. We identified an increased
burden of RC-L1s, those still able to mobilize, in the genomes of
individuals with ALS and a single L1 associated with a reduction
in the age at onset of the disease.

Materials and methods

Genotyping of L1s using whole genome
sequencing from the ALS consortium

Whole genome sequencing data in cram file format aligned to
hg38 were obtained from the NYGC ALS consortium. The ALS
consortium includes individuals with a range of diagnoses such
as ALS spectrum MND (ALS), other MND, other neurological
disorders (including Parkinson’s disease and dementias) and ALS
with other neurological disorders (ALSND) along with non-
neurological controls (NNCs). The structural variant caller
Delly', with default settings, was used to identify structural
244) [24]. The
structural variants from each individual were merged and

variants in a subset of individuals (n =
those deletions that overlapped with reference Lls were

extracted. This generated a list of reference Lls that were
absent in at least one of the 244 individuals. This panel of

1 https://github.com/dellytools/delly
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TABLE 1 Demographics of the NYGC ALS consortium cohort in which association analysis was performed.

Demographic NNC (n = 320) ALS/ALSND (n = 2,653)
Male 157 (49.1%) 1,594 (60.1%)
Gender
Female 163 (50.9%) ‘ 1,059 (39.9%)
Age®
Mean (min-max) 57.4 (17-90) 59.1 (12-90)
“For NNC age at collection (43 unknown) and ALS/ALSND age at symptom onset (159 unknown).
reference L1s was used in the second call step of Delly to generate polymorphic in the European subset. The 3 RC-L1s located
genotypes for the entire ALS consortium cohort available (n = on the X chromosome were removed from further analysis so
4,393). Non-reference L1s were genotyped using Mobile Element that men and women could be compared and 1 RC-L1s was
Locator Tools (MELT version 2.2.2 in MELT-split mode) [22]. filtered out because >5% of genotypes were missing. Only
The L1 insertions detected were filtered to keep those supported individuals with genotypes for all 89 RC-L1s were retained for
by >2 split reads and an assessment score >3 and that had passed analysis. Linear regression adjusted for sex, age and sequencing
the filtering criteria performed by MELT. There were preparation was used to analyze the association between the total
210 reference and 2,649 non-reference polymorphic Lls number of RC-L1s present and disease status. In addition, NNCs
identified in the ALS consortium cohort and after filtering for and individuals with ALS/ALSND were categorized based on the
Hardy-Weinberg equilibrium (p <1 x 107 in NNCs) number of alleles with an RC-L1 present to analyze the
205 reference and 2,598 non-reference L1s remained. association between the likelihood of having ALS/ALSND and

a certain number of RC-L1s. Logistic regression adjusted for sex,
age and sequencing preparation was performed on these RC-L1

Identification of retrotransposition groupings to determine if having more than a certain number of
competent L1s these defined elements was associated with ALS/ALSND. P

values were adjusted for multiple testing using Bonferroni

RC-L1s were identified using published data on those L1s correction.

that displayed activity in a cellular retrotransposition assay or Age at onset analysis was performed using linear regression
were identified as source elements for germline or somatic of age at onset on L1 genotype or RC-L1 number with sex,
insertions using 3’ transduction events and details can be sequencing platform and site of onset as covariates and p values
found in Pfaff et al [25]. The list of 198 RC-L1ls from Pfaff were adjusted for multiple testing (Bonferroni correction).
et al has been extended using data from a more recent publication Survival analysis was completed using the Cox proportional
[26] and consists of 279 RC-L1s, 102 reference and 177 non- hazards model from the ‘coxme’ package in R with sex,
reference Lls. sequencing platform, age at onset and site of onset as

covariates and p values were adjusted for multiple testing

(Bonferroni correction). Individuals in the ALS consortium
Association, age at onset and dataset who were still alive were censored at their last follow-up.
survival analysis

Association analysis was performed on those individuals who L1s in ALS-associated loci
were >90% European according to the ALS consortium metadata

and those diagnosed with ALS-spectrum MND or ALS-spectrum To identify polymorphic Lls from the ALS consortium
MND with another neurological condition (n = 2,653) and located in ALS-associated loci the L1 coordinates were
compared to non-neurological controls (n = 320) (see Table 1 intersected with the coordinates of ALS-associated genes. The
for demographics). Association analysis of 501 polymorphic L1s list of ALS associated genes was generated from the amyotrophic
(minor allele frequency >0.01) with ALS was performed using lateral sclerosis online database (ALSoD)? using those defined as
logistic regression adjusted for age, sex and sequencing definitive ALS genes or with strong evidence for their association.

preparation in PLINK (v1.07) and p values were adjusted for
multiple testing (Bonferroni correction). Of the polymorphic L1s
genotyped in the NYGC ALS consortium 106 were
retrotransposition competent and 93 of these were 2 https://alsod.ac.uk/
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TABLE 2 Top 5 L1s significantly associated with ALS before correction.

Minor allele MAF

NNCs

ALS/ALSND

10.3389/ebm.2025.10575

OR (95% CI)

Unadj p value

Bonferroni p value

NRL1_20_43323466 P 0.431 0.371 0.76 (0.63-0.91) 0.003 1
NRL1_13_90973977 P 0.155 0.124 0.72 (0.57-0.92) 0.007 1
NRL1_20_29125080 P 0.025 0.014 0.46 (0.25-0.83) 0.011 1
NRL1_7_17055090 P 0.339 0.290 0.77 (0.64-0.94) 0.011 1
NRL1_10_89957889 P 0.081 0.105 1.54 (1.09-2.16) 0.013 1

Expression quantitative trait loci analysis in
medial and lateral motor cortex

Matrix eQTL was used to calculate the L1 loci regulating the
expression of transcript variants [27]. We used an additive linear
model with covariates, age and sex, and FDR was used to correct
multiple testing with only the results that remained significant
after FDR correction (<0.05) reported here. Matrix eQTL also
reports effect-size estimates as beta values or slope coefficients.

Results

The landscape of polymorphic L1s in the
NYGC ALS consortium

In 4,393 whole genomes analyzed from the NYGC ALS
consortium 205 reference and 2,598 non-reference Lls were
identified as polymorphic for their presence/absence. The
insertion allele frequencies (IAF) of the reference Lls were
higher than those of the non-reference elements with 89.3% of
the reference L1s having an IAF of >0.1 compared to 5.7% of the
non-reference Lls (Figure 1B). The majority of L1 insertions
were found in intergenic regions (59.5%) followed by 39.9% of
the LlIs found in introns. There were 3 (0.1%) L1 insertions
located in exons, 2 (0.07%) in the 5'UTR and 12 (0.4%) in the
3'UTR of genes. The three exonic insertions were located in
coding exons of the following genes AASDH, HLA-DRBI and
FSTL4. The non-reference L1s located in the AASDH and HLA-
DRBI genes were each found in a single individual diagnosed
with ALS. The third exonic L1 is a common insertion (IAF =
0.77) found in the reference genome and the FSTL4 transcript
initiates from the antisense promoter of this L1 element. There
were two L1 insertions located in the introns of ALS-associated
genes ERBB4 and SCFD1 with TAF of 0.13 and 0.15 respectively in
the
with disease.

ALS consortium, neither of which was associated
Association analysis was conducted on 501 L1 insertions
(MAF >0.01) in the individuals of European descent in the ALS

consortium as this formed the largest proportion of the cohort
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(Table 1 for demographics of this subset). There were 25 Lls
associated with ALS/ALSND, but these did not survive correction
for multiple testing (Supplementary Table S1). The top 5 Lls
significantly associated with ALS/ALSND before correction are
shown in Table 2. Age at onset analysis was performed
identifying 31 associated Lls before correction with one L1
(NRL1_9_4265417) surviving correction for multiple testing
$2). of NRL1_9_
4265417 was associated with a lower age at onset (est = -6.55,

(Supplementary Table The presence
SE = 1.51, padj = 0.009). The average age at onset for individuals
with the PA genotype was 52.7 years compared to 59.2 years for
those with the AA genotype (Figure 2). NRL1_9_4265417 is a
rare insertion with an IAF of 0.017 and located in intron 2 of the
GLIS3 gene. Survival analysis was performed identifying
26 associated Lls before correction for multiple testing
(Supplementary Table S3), the top 5 of which are shown
in Figure 3.

The number of RC-L1s is significantly
increased in ALS/ALSND genomes

In the NYGC ALS consortium 106 RC-L1s, 34 reference and
72 non-reference, were identified as polymorphic for the
presence or absence from the compiled list of 279 RC-L1s. In
the European subset of the cohort 93 RC-L1s were polymorphic.
Not all the RC-L1s were detected as variable in our cohort as
some were fixed in the population or were very rare and may only
be present in specific population groups. The number of present
alleles of 89 of the polymorphic RC-Lls in the European
individuals, those on the sex chromosomes and with missing
genotypes >5% were removed, was significantly higher in the
genomes of individuals with ALS/ALSND compared to NNCs
(B = 0.40, p = 0.01). The number of alleles present in NNCs
genomes ranged from 32 to 56 and in ALS/ALSND genomes
from 30 to 63 and their distribution is shown in Figure 4A. The
ALS/ALSND and NNC individuals were grouped into 6 different
categories to determine whether having more than a certain
number of RC-L1s present at the 89 loci was associated with
disease. The presence of >45, >46 and >47 polymorphic RC-L1s
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FIGURE 2

The presence of NRL1_9_4265417 is associated with a lower age at onset. The average age at onset of individuals diagnosed with ALS/ALSND
was significantly lower in individuals with the PA genotype (52.7 years) compared to the AA genotype (59.2 years). PA n = 66 and AA n = 2,429.
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FIGURE 3

The top 5 most significant L1s associated with survival before correction. The black diamonds represent the hazard ratio and the black lines the

95% confidence intervals.

Hazard ratio (95% Cl)

was significantly associated with ALS/ALSND (Figure 4B) and
the percentage of individuals with a certain number of RC-L1s is
shown in Figure 4C. The presence of >46 RC-L1s showed the
most significant association (OR = 1.09 (1.02-1.16), p = 0.01)
with 38.5% of NNCs having >46 compared to 46.5% of
individuals with ALS/ALSND. The number of RC-L1s present
in the genomes was not associated with age at onset or survival.

To determine whether the RC-Lls might influence ALS
pathogenesis through effects on gene expression, an analysis
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was performed using genotypes of the 2,803 polymorphic L1s in
this study and transcriptomic data from the medial and lateral
motor cortex. This eQTL analysis identified 252 L1s that were
significantly associated with expression changes of 395 different
transcripts, but only 11 of these Lls were retrotransposition
competent (Supplementary Table 54). The proportion of RC-L1s
acting as eQTLs (4.4%) was not significantly different from the
genome-wide proportion (3.8%) (Fisher’s exact test p = 0.60)
suggesting that they are not enriched as eQTLs over those L1s
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FIGURE 4

The total number of RC-L1s is increased in ALS/ALSND genomes. (A) The distribution of the total number of present alleles of 89 polymorphic
RC-L1s in individuals diagnosed with ALS or ALSND compared to non-neurological controls (NNCs). (B) The forest plot represents the odds ratio of
having ALS/ALSND based on an increasing number of polymorphic RC-L1s being present in an individual's genome. The likelihood of having ALS/
ALSND was significantly associated with having >45, >46 and >47 present alleles of the polymorphic RC-L1. The black diamonds represent the
odds ratio, and black lines the 95% confidence intervals. (C) The percentage of individuals with a given number of RC-L1 alleles present. NNCs n =

288, ALS/ALSND n = 2,420. *p < 0.05.

that are not able to retrotranspose. There were 25 transcripts
whose expression was associated with the 11 RC-L1s and the
majority (72%) were either pseudogenes or novel transcripts with
limited functional information available. Genes whose
expression was associated with the presence/absence of RC-
Lls included zinc finger protein 367 (ZNF367), olfactory
receptor family 5 subfamily K member 1 (OR5K1) and

maturin (MTURN).

Discussion

Here we present data from a genome-wide analysis of
polymorphic Lls using 4,393 whole genomes from the NYGC
ALS consortium to identify novel genetic factors involved in ALS
development and age at onset. ALS is a genetically heterogeneous
disease with different patterns of inheritance and levels of gene
penetrance with more than 30 genes associated with its
development. The majority of large-scale studies have focused
on single-nucleotide variants and suggest a heritability of
10-20%, which leaves 30-40% to be explained [28]. This
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missing heritability is likely to be found for other types of
genetic variants and structural variants have already been
associated with ALS [29]. Our study focused on polymorphic
reference and non-reference Lls, evaluating their association
with ALS as individual elements and in combination for those
that can still mobilize within the human genome.

In the NYGC ALS consortium data 2,803 polymorphic L1s
(205 reference and 2,598 non-reference) were identified.
Association analysis performed on 501 Lls (MAF >0.01)
did not identify individual L1s associated with disease after
correction for multiple testing; however, when evaluating RC-
L1s we identified an increased number of these elements in the
genomes of individuals with ALS compared to controls. When
analyzing the number of alleles present in 89 RC-L1s the total
number of RC-Lls was higher in ALS/ALSND genomes
(Figure 4A) and having >46 RC-L1s was most significantly
associated with disease (Figures 4B,C). RC-Lls encode
functional proteins that enable them to mobilize in the
human genome and have the potential to generate somatic
insertions, cause DNA damage and generate cytosolic RNA:
DNA hybrids that activate the innate immune response and
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affect normal cellular function [13, 20]. These features of RC-
L1s that are inherent in their ability to retrotranspose are
important factors in how they may contribute to
neurodegeneration and neuroinflammation. An increased
number of these elements present in a genome could lead
to higher levels of functional mRNA in a cell when these
elements are expressed and potentially greater effects.
Elevated expression of retrotransposons, including Lls, in
ALS has been reported by multiple studies and was often
restricted to a subset of individuals [12, 16, 17]. Analysis of
locus specific expression of reference L1 elements encoding
intact proteins showed an overall decrease in expression in the
brains of individuals with ALS, but in a small number of
individuals with ALS this expression was massively increased,
up to 25 times the average [30]. This study was limited to
reference L1s and included all L1s encoding intact proteins
(not specifically those with evidence of their ability to
retrotranspose); therefore, evaluation of both reference and
RC-L1s data
regarding their expression profile in ALS.

Methylation of a CpG island located in the L1 5'UTR is

involved in regulating L1 expression and a reduction in

non-reference would provide important

methylation could indicate which elements are most likely to
be expressed. For example, the expression of a specific L1 located
on chromosome 13 occurred alongside its hypomethylation
during hESC neurodifferentiation and in adult tissues such as
the hippocampus [31]. Changes in methylation of L1s may also
be associated with disease states, for example Lls were
the of
individuals with psychiatric disorders [32]. When analyzing a

differentially methylated in prefrontal  cortices
small number of highly active RC-L1s we identified a reduction
in the methylation of selected RC-L1s in the motor cortex of
individuals with ALS compared to healthy controls [33]. A global
evaluation of RC-L1 methylation and expression in ALS could
help identify those elements that are altered in the disease to
refine the list of RC-L1s used in our analysis. For example, when
analyzing the burden of RC-L1s in Parkinson’s disease (PD) we
identified an increased number of highly active RC-L1s in PD
genomes rather than an increase in the presence of all
RC-L1s [25].

Another potential mechanism by which RC-L1s may
contribute to ALS pathogenesis is through their effects on
endogenous  gene Transcriptomic
identified 252 Lls acting as eQTLs in either the medial or
lateral motor cortex, of which 11 were RC-Lls affecting

expression. analysis

25 different transcripts. The global association of RC-Lls as
opposed to individual elements being linked to disease and the
small number affecting gene expression suggest that it is their
retrotransposition properties that are more likely to be involved
in disease processes.

L1s, along with other retrotransposons, are therapeutic
targets in a number of neurological conditions [34]. Reverse
transcriptase inhibitors that target the L1 protein have been
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tested in a clinical trial for the neurodevelopmental disorder
Aicardi-Goutieres syndrome [35, 36] and trials are currently
underway in C9orf72 expansion positive individuals with ALS
with
analyzing RC-L1

or frontotemporal dementia and in individuals

palsy. By
variation and activity the aim would be to identify those

progressive supranuclear
individuals with ALS in whom Lls are contributing to
disease development and who may benefit the most from
these therapies targeting L1 activity.

We performed age at onset and survival analysis for both
individual L1s and the burden of RC-L1s, identifying a single L1
(NRL1_9_4265417) whose presence was associated with a
reduced age at onset (Figure 2). Age at onset of ALS is
influenced by sex, family history and genetics [37]. Carriers of
a Mendelian genetic variant have a lower age at onset and two
recent age at onset GWAS have identified only two associated
variants [28, 38, 39]. NRL1_9_4265417 is not in a known ALS-
associated region and is located in intron 2 of the GLIS3 gene,
which is a transcriptional regulator and has been shown to
modulate genes involved in autophagy and neuronal function
[40]. Variants in GLIS3 have also been associated with levels of
tau and ptau in Alzheimer’s disease [41]. Analysis of the
functional consequences of this L1 insertion will be required
to determine its effects and how it may act as a disease modifier.

This study has identified novel genetic factors for both
disease risk and age at onset in ALS providing further
role of Ll
disease

evidence for the retrotransposons in  this

neurodegenerative and their potential as a

therapeutic target.
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Abstract

The threat of antimicrobial resistance in Ghana is increasing with the recent
emergence of KAPE pathogens (K. pneumoniae, A. baumannii, P. aeruginosa
and Enterobacter species) from the hospital environment. As opportunistic
pathogens, KAPE leverage the formation of biofilms and swarms to survive
stringent environmental conditions. As research continues to investigate
approaches that bacteria employ to exacerbate infection, this study explored
biofilm and swarm formation in MDR KAPE pathogens under polymyxin B stress
emerging from Ghanaian hospitals. The antimicrobial susceptibility profile of
KAPE pathogens to conventional antibiotics and polymyxin B was investigated
via antibiotic disk diffusion and broth microdilution assays. Biofilm inhibition and
eradication assays, swarm motility and a resazurin-based metabolic assay were
used to profile bacterial phenotypic characteristics under polymyxin B stress.
The strains exhibited resistance to the tested antibiotics with a high level of
resistance to polymyxin B (PMB) (=512 ug/mL). Additionally, the strains formed
biofilms and bacterial swarms at 37°C. In the presence of PMB (=512 pg/mL),
KAPE pathogens formed swarms with no significant reduction in bacterial
swarms at 1,048 pg/mL. Biofilm was observed for all strains with PMB
neither inhibiting nor eradicating at high PMB (2048 ug/mL). Additionally,
there were no significant differences in the phenotypic and antimicrobial
susceptibility profiles of clinical and environmental KAPE pathogens from
Ghanaian ICUs. Overall, the study established that clinical and environmental
KAPE pathogens from Ghanaian ICUs exhibit adaptive phenotypic and
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resistance characteristics that could potentially enhance bacterial survival
during host colonization and infection. This could undermine treatment
strategies and pose public health challenges in Ghana.

KEYWORDS

KAPE pathogens, polymyxin, biofilms, surface-motility, swarming

Impact statement

Critical priority bacterial pathogens pose serious public
health challenges with increasing therapeutic failures. This is
attributed to the development of survival mechanisms that
facilitate antimicrobial resistance, host colonization and
These the
expression of diverse phenotypic traits including biofilm

immune evasion. mechanisms depend on
formation and surface-motility. Bacteria use biofilm and

motility machinery to survive stringent environmental
conditions, initiate virulence and persist in the presence of
antibiotics. These traits contribute to the pathogenicity of
bacteria and increase the burden of antimicrobial-resistant
infections. This study examined biofilm-motility interplay as a

mechanism of tolerance to polymyxin B.

Introduction

The hospital environment represents a model of microbial
interaction because it plays a key role in disease pathogenesis.
The interplay between humans and bacteria in the hospital
environment threatens the safety of all hospital users, thereby
increasing the frequency of hospital-acquired infections (HAISs)
[1-3]. There is increased morbidity and mortality associated with
HALISs [4] with ventilator-associated pneumonia (VAP), central line-
associated bloodstream infections (CLABSI), catheter-associated
urinary tract infections (CAUTI) and surgical site infections (SSI)
being the predominant HAIs [5-7]. Incidence rates of HAIs (5.7%-
19.1%) have been reported in developing countries including Ghana
(82%) [3] with VAP, CLABSI and CAUTI being frequently
reported [6-8]. Bacteria are the most commonly isolated
pathogens and contribute to 87% of reported HAIs [5, 7, 9].
They survive in the hospital largely as commensals and
normal human flora,
and the

environment. Globally, reported bacterial strains implicated in

opportunistic  pathogens  from

immunocompromised  patients general  hospital
HALIs include Pseudomonas aeruginosa, Acinetobacter baumannii,
members of the Enterobacteriaceae and Staphylococcus aureus [7,
10-12]. Of this group, Gram-negative bacteria represent a high risk
to public health due to an increase in AMR [1, 7].
Gram-negative KAPE (K. pneumoniae, A. baumannii, P.
aeruginosa and Enterobacter spp.) [1] or the friendly
amendment ESCAPE [13] (C. difficile, A. baumannii, P.
aeruginosa and Enterobacteriaceae), have been implicated in
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major bacterial infections and described as extremely critical
with global precedence [14, 15]. They are ubiquitous and
associated ~ with  HAIs
immunocompromised and critically ill patients [1, 6]. They

primarily particularly  among
have a tendency to circumvent lethal doses of antibiotics.
These pathogens present with multidrug resistant, extensively
drug-resistant or pan-drug-resistant phenotypes [16, 17] and
infections resulting from these resistant Gram-negative
pathogens have been associated with poorer patient outcomes
than susceptible isolates [18]. The mechanisms employed by
KAPE pathogens to display resistance and induce virulence
include drug inactivation, modification of the target site, and
reduction in drug permeability [19] and quorum sensing by
utilizing surface-motility and biofilm development to promote
resistant populations [20].

Swarming surface-motility and biofilm formation are
hallmark survival mechanisms utilized by multidrug-resistant
pathogens [21] during harsh, unfavorable conditions such as
antibiotic treatment. Both processes allow for rapid colonization
and establishment of infection with bacterial swarming enabling
initial attachment of cells to surfaces including catheters to
22, 23].

induce biofilm formation [22,
adaptations provide strains with mechanical and biochemical

These multicellular
advantages, making it difficult to eliminate bacteria using
conventional antibiotics [24]. In addition, swarming and
biofilm-forming cells exhibit increased adaptive phenotypic
resistance and tolerance due to innate and acquired resistance
markers that promote AMR [25, 26]. Increased tolerance and
resistance to conventional antibiotics lead to dependence on last-
resort antibiotics such as carbapenems and polymyxins [21]. For
antibiotics to disrupt and inhibit swarming and biofilm
formation, higher antibiotic concentrations, combinations, or
disruption of gene targets are required [26]. Although some
studies report an inverse relationship between biofilm formation
and swarm motility [27], the ability to form these coordinated
multicellular behaviors particularly in MDR strains leads to
increased virulence and pathogenicity [28-30].

There are few studies on how biofilm and motility, as
phenotypic factors contribute to HAIs in Gram-negative
bacteria in Ghana. Also, how these factors enhance the level
of AMR, leading to reduced treatment options in the Ghanaian
hospital setting, has not been fully explored. The majority of
pathogens implicated in HAIs exhibit a tendency to colonize
diverse surfaces via the formation of biofilms [29, 31] and surface
swarm motility [21, 24]. In this study, we explored the
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phenotypic characteristics of clinical and environmental Gram-
negative KAPE, Citrobacter sp. and E. coli from ICUs of
Ghanaian hospitals. Additionally, the interplay of surface-
motility and biofilm profiles under polymyxin B as survival
characteristics was explored.

Materials and methods
Bacterial strains and culture conditions

of KAPE
pathogens (obtained from air, fomites, and patients) from the
ABISA™ bacterial culture library at the Department of
Biochemistry, Cell and Molecular Biology, University of

Archived Gram-negative bacterial strains

Ghana were used in this study (This study is part of a larger
study approved by the Ghana Health Service: GHS-ERC01/02/
17). Six environmental and six clinical strains associated with
HAIs
Enterobacter sp., Citrobacter sp. and Pseudomonas aeruginosa)
were selected. Control strains were UK19 E. coli (ATCC 25922)
for antimicrobial susceptibility testing, Pseudomonas aeruginosa
(PS03) for biofilms and Proteus mirabilis (PT01) for swarm
motility. Bacterial strains were recovered from a —80°C freezer

(Klebsiella  pneumoniae, Acinetobacter —baumannii,

and revived in Luria-Bertani broth (LB) (Invitrogen Life Tech,
United States) at 37°C for 18 h with shaking at 60 rpm. Strains
were refreshed in LB broth, streaked on MacConkey agar (Oxoid,
England, CM0007B) and incubated at 37°C overnight.

AMR susceptibility profiles of strains

Fifteen standard commercial antibiotics including cloxacillin
(5 pg), nitrofurantoin (200 pg), penicillin (15 pg), ampicillin (10 pg),
nalidixic-acid (30 pg), ceftazidime (30 ug), chloramphenicol (50 pg),
cefotaxime (10 ug), cefuroxime (30 pg), cotrimoxazole (25 pg),
gentamycin (10 pg), tetracycline (30 pg), ceftriaxone (30 ug),
erythromycin (15 pg) and flucloxacillin (10 pg) were used.
bacterial
0.5 McFarland, seeded on sterile Mueller Hinton agar (Invitrogen

Briefly,  overnight culture  was adjusted to
life tech) plates and antibiotic discs were aseptically applied
(incubation, 16-18 h at 37°C). The diameters of the zone of
inhibition were recorded to the nearest millimeter (mm) and
strains were classified as resistant, intermediate, or susceptible
based on CLSI guidelines [32, 33]. The broth microdilution assay
with polymyxin B (PMB) was conducted as previously described
[34]. Briefly, PMB powder was prepared to a stock concentration of
12,000 pg/mL. Broth microdilution was performed with cation-
adjusted Mueller Hinton broth in a range of two-fold dilutions
(0.16-2,048 ug/mL) of PMB. One hundred microliters of PMB were
transferred to 96-well plates and a final bacterial inoculum of 100 uL
(1-5 x 10° CFU/mL) was transferred to each well. The plates were

incubated with shaking at 37°C for 18 h and the absorbance was read
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with a multimode microplate reader (Varioskan LUX Thermo
Fisher Scientific). The minimum inhibitory concentration (MIC)
was calculated as the percentage of OD < 10.

Bacterial surface-motility assay

The swarming motility assay was performed as described by
Morales-Soto et al. [35] with a few modifications, with and without
PMB. Nutrient agar (Oxoid) was prepared to a concentration of
0.5% (w/v). The media was cooled to 60°C, and 15 mL was
transferred to 60 mm Petri dishes. The plates were left to air dry
for 1 h. Each strain was cultured to log phase (ODgg 0.2-0.5~1 X
10°9), harvested (5,000 rpm/5 min), and resuspended in double-
distilled water. Five microliters of culture were spotted in the center
of swarm media plates and incubated at 25°C, 37°C and 45°C for
24-72 h. Motility was assessed by measuring the diameter (mm) of
the widest point of spread. For the swarm assay with PMB, nutrient
agar plates were seeded with 512 pg/mL, 1,024 pug/mL and 2048 g/
mL PMB. Five microliters of bacterial culture at the log phase
(ODgop 0.2-0.5), was spotted onto the center of the plates (25°C,
37°C, 45°C for 24-72 h). Biological and technical replicates were
performed for each strain.

Biofilm assays

Biofilm formation was assayed with the capillary tube adherence
method and the 96-well microtiter plates (MTP) adapted from
O’Toole, 2011 [34]. Briefly, 200 uL and 2 mL overnight cultures
normalized to ODgy 0.1 in LB broth were transferred to 96-well
plates and capillary tubes respectively and incubated for 3-5 days at
37°C. Spent media were removed and the plates/tubes were washed
three times with sterile distilled water to remove loosely adherent
bacteria. Plates/tubes were air-dried for 30 min, stained with 0.1%
(w/v) crystal violet solution, and incubated at room temperature for
30 min. Plates were washed with sterile distilled water, air-dried and
quantitatively assessed with 200 pL of 96% (v/v) ethanol and
determined at 590 nm. The
interpreted according to the cut-off value (ODc) adapted from

absorbance was data were
Stepanovi¢ et al, [36]. The isolates were characterized as no
biofilm producers when OD < ODc, weak when ODc < OD <
20Dc, moderate with 20Dc < OD < 40D, and strong with OD >
40Dc, where OD represents the absorbance value. For the biofilm
inhibition assay, the MIC established for the strains was used as the
the biofilm
concentration. Briefly, microtiter wells were seeded with 100 pL
of standardized culture at log-phase (ODgop 0.2-0.5). 100 ul of
PMB at 512 pg/mL, 1,024 ug/mL and 2048 pg/mL were transferred
to the wells and incubated at 37°C for 5 days. The wells were washed

standard condition to determine inhibitory

and subjected to crystal violet staining to quantify biofilm products,
and bacterial viability was confirmed with resazurin assay [38]. The
Biofilm eradication assay was performed as previously described
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FIGURE 1
AMR profiles to conventional antibiotics relative to the
UK19 E. coli control strain. (KBO1, KBO2) K. pneumoniae; (ABO1,
ABO2) A. baumannii; (PS01, PS02) P. aeruginosa; (ENO1, ENO2)
Enterobacter sp.; (CT01, CT02) C. freundii; (ECO1, EC02)
E. coli. Error bars indicate the percentage of resistance of the
strains to the tested antibiotics.

[38]. Preformed biofilms were treated with 200 uL of PMB at 512 pg/
mL, 1,024 pg/mL and 2048 pg/mL. Plates were incubated for
18-24 h at 37°C. Crystal violet and resazurin were used to
quantify biofilm formation and determine the level of bacterial
viability [38].

Statistical analysis

The data were expressed as mean * standard deviation and
analyzed using Microsoft Office Excel and GraphPad Prism 7.0
(GraphPad Software, Inc. CA, USA). One-way ANOVA and
Dunnett’s correction test were used to compare means between
biofilm formation in strains relative to their untreated controls.
Two-way ANOVA and Dunnett’s multiple comparison test were
used to compare means between swarming strains under the
different treatment conditions and incubation times. For the
metabolic assay, two-way ANOVA and Dunnett’s multiple
comparison were employed to compare controls (Pseudomonas
sp. (PS03) and Negative control (PC)) to test strains. P < 0.05,
statistically significant; ns (P > 0.05); *P < 0.05, **P < 0.009, ***P =
0.001, ***P < 0.0001.

Results

Strains are multidrug resistant with high
levels of resistance to last-resort
antibiotics

The strains were tested against 15 different antibiotics
belonging to 8 classes (B-lactams, macrolides, aminoglycosides,
nitrofurans, sulfonamides,

phenicols, tetracyclines and
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quinolones). All the strains were highly resistant with at least
80% levels of AMR to the tested antibiotics (Figure 1). The strains
were resistant to at least two of the eight classes of antibiotics,
with different resistance patterns and a multiple antibiotic
resistance index of >0.8 relative to 0.4 for the E. coli control
strain (Supplementary) indicating high levels of resistance per
the CLSI guidelines. All strains displayed high levels of resistance
to PMB with a MIC of 512 pg/mL, which was above the CLSI
breakpoint for resistance of <4 ug/mL (Supplementary).

Strains have strong biofilm phenotypes
and swarm at high polymyxin B
concentrations

Biofilm formation was observed in both clinical and
environmental strains (Figure 2). 37°C for 24-72 h was the
determined condition for strong biofilm formation. At 72 h,
there was formation of mature biofilms with characteristic strong
adherence to the walls of the tube and plate after crystal violet
staining. The strains were categorized as negative, weak, moderate or
strong based on the biofilm-forming index standard. The majority
(66%) of the strains displayed a strong biofilm phenotype (Figure 2).
Both clinical and environmental K. pneumoniae, P. aeruginosa. and
Enterobacter sp. formed strong biofilms while environmental
Citrobacter sp., clinical A. baumannii were weak biofilm formers.
Clinical Citrobacter sp. and E. coli were moderate formers. In total,
63% of the environmental strains displayed a stronger biofilm
phenotype compared to the clinical strains (37%).

Surface-motility, particularly swarming was determined by
measuring the mean diameter of the swarms formed at 37°C (for
24, 48 and 72 h). Strains were described as non-motile with <5 mm
diameter, 5 - 20 mm as intermediate and >20 mm as strong
swarmers. For the majority of the strains, swarming was gradual
while others showed a sharp increase in diameter after 24 h
(Figure 3). Eight of the strains showed robust motility with
diameters above 20 mm after 48 h (KB01, KB02, ABO1, AB02,
PS01, EN02, CT01, EC02). Clinical P. aeruginosa (PS02), Citrobacter
sp. (CT02), environmental E. coli (EC01) and Enterobacter
sp. (ENO1) were intermediate swarmers. At 512 pg/mL, 1,024 g/
mL and 2048 pg/mL PMB, swarming was significantly reduced
relative to the respective wild types (Figure 3). The majority of the
strains exhibited an intermediate motility phenotype (5 - 20 mm) in
the presence of PMB with strains of K. pneumoniae (KB02) and A.
baumannii (ABO1 and AB02) being inhibited at 1,024 and 2048 ug/
mlL, respectively (Figures 3B,C).

Strains formed biofilms in the presence of
polymyxin B

At 512 pg/mlL, 1,024 ug/mL and 2048 pg/mL PMB treatment,
strains formed biofilms (Figure 4). There was no complete
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FIGURE 2
Biofilm profiles of clinical and environmental strains biofilm biomass was measured at 590 nm after 0.1% crystal violet staining. The relative

biofilm produced for the strains was compared to PS03 (a biofilm-forming strain). The data are presented as mean + standard deviation (n = 2), P <
0.05 statistically significant; *P < 0.05, **P < 0.005, ***P < 0.001, ***P < 0.0001; one-way ANOVA using Dunnett's correction for multiple
comparisons.
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Dunnett’s correction for multiple comparisons.

inhibition and eradication of biofilm, but the degree of biofilm
formed relative to the controls (without PMB) varied. There was
an increase in biofilm biomass with increasing antibiotic
concentration. For the determination of biofilm inhibition
(Figure 4B), environmental K. pneumoniae (KB02) assumed a
weak biofilm phenotype at 512 pg/mL relative to its strong
phenotype in the absence of PMB. At 1,024 pg/mL and
2048 pg/mlL, it formed strong biofilms. However, clinical K.
pneumoniae formed strong biofilms at all PMB concentrations
(Figure 4B), indicating no biofilm inhibition. The clinical A.
baumannii strain formed a weak biofilm at 512-1024 ug/mL with
a strong phenotype at 2048 pg/mL, while the environmental
strain maintained a strong biofilm phenotype irrespective of
(Figure 4C).
environmental P. aeruginosa was moderate at all antibiotic

PMB concentrations Biofilm formation in
concentrations with the clinical strain displaying moderate
biofilm formation at 1,024 ug/mL (Figure 4D). Environmental
Enterobacter sp. was observed as a strong biofilm former under
antibiotic pressure while the clinical strain displayed a moderate

phenotype at 512 pug/mL and 1,024 pg/mL but a strong one at
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2048 ug/mL (Figure 4E). The environmental Citrobacter
sp. strain formed a weak biofilm in the absence of antibiotics,
but showed a moderate biofilm phenotype at the three antibiotic
concentrations (Figure 4F), while the clinical strain was observed
as weak, moderate and strong at 512 pg/mL, 1,024 pg/mL and
2048 pg/mL respectively. In E. coli, the environmental strain
(EC01) displayed a moderate phenotype at 512 pg/mL and
1,024 pg/mL, while the clinical strain (EC02) was observed as
moderate at all the antibiotic concentrations (Figure 4G).
Overall, the selected antibiotic concentrations did not inhibit
biofilm formation, although some strains exhibited reduced
biofilm (Figure 4H).

High concentrations of polymyxin B could
not eradicate preformed biofilms

To determine the concentration of antibiotic needed to reduce
preformed biofilm (Figure 5A), strains were challenged with PMB
at MIC concentrations (512 pg/mL) (Figures 5A-G). In general, the
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biofilm index of all the strains at 2048 ug/mL was strong, indicating
that the antibiotic concentration did not eradicate the preformed
biofilm (Figures 5B-G). At 1,024 ug/mL, the biofilm index ranged
between moderate and strong (Figure 5C). At 512 pug/mL, there
was a reduction in preformed biofilm from a strong index to a
moderate index for the majority of the strains with clinical K.
pneumoniae and A. baumannii (ABO1 and AB02) assuming a weak
phenotype (Figure 5B). In general, the degree of biofilm eradicated
at 512 pg/mL was greater than at 1,024 pg/mL and 2048 ug/
mL (Figure 5H).

Bacterial strains were viable after biofilm
inhibition and eradication assay

The viability of the strains was inferred by employing a
resazurin metabolic assay after inhibition and eradication
assays. Strains were observed as metabolically active 24 h after
incubation for the inhibition assay (Figure 6A) with some strains
activity 48 h eradication

displaying metabolic after
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(Supplementary - 48 h Metabolic Eradication). Relative
fluorescence units (RFU) ranged from 1,500-2000, indicating
a difference in strain reduction ability and viability of the cell
population (MBIC). Some strains (KB01, PS02, EN02, and
ECO01) reduced resazurin more rapidly than others (KB02,
ENO1, CT02, and EC01); however, reduction was observed in
all strains after biofilm formation and indication of strain
viability (Figure 6A). For inhibition (MBIC),
viability was higher at 1,024 pg/mL and 2048 ug/mL
compared to 512 pg/mL for the majority of strains. There

reduction/

was no significant difference in the metabolic activity of the
strains relative to the PS03, but there was a significant difference
in cell viability after the inhibition assay relative to the negative
control (NC). In the eradication assay (Figure 6B), the majority
of the strains displayed low RFU levels at the 3 antibiotic
concentrations. Although the reduction was low in MBEC
(Figure 6B), relative to the negative control, a reduction was
observed in all strains mainly at 48 h (Supplementary - 48 h
Metabolic Eradication), indicating a degree of viability after
antibiotic treatment.
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Metabolic activity of strains after PMB treatment at 24 h. MBIC and MBEC metabolic heatmap. The horizontal bar represents the degree of RFU
measurement. Relative to controls (upper rows), each row panel represents treatment with PMB at 512 pg/mL, 1,024 pg/mL and 2048 ug/mL
respectively. Two-way ANOVA with Dunnett's correction for multiple comparisons was used to compare metabolic activity between strains and
controls. For the inhibition assay, there was a significant difference in metabolic activity of strains relative to NC (p < 0.0028) compared to PS03

(p > 0.1). For the eradication assay, no significant difference in the metabolic activity of strains relative to PS03 (p > 0.05) and NC (p > 0.05). P <
0.05 statistically significant; ns (P > 0.05); *P < 0.05, **P < 0.009, ***P < 0.001.

Discussion

This study characterized Gram-negative KAPE pathogens,
spp. and E.
environments and explored their phenotypic profiles (biofilm

Citrobacter coli from Ghanaian hospital
and swarm motility) under polymyxin B pressure. The clinical
and environmental isolates displayed average (80%-85%) levels
of AMR to the tested antibiotics. This raises concern as clinical
isolates are expected to be more resistant than environmental
isolates due to antibiotic exposure during treatment [39]. The
resistance patterns exhibited by environmental isolates suggest
that these strains have either acquired mobile genetic elements in
the environment or have a tendency to adapt to environmental
stress factors [40]. The MIC to polymyxin B was 512 pg/mL;
seven times higher than the CLSI standard for AMR for A.
baumannii, P. aeruginosa and Enterobacter spp. The presence of
in the
increases the risk of treatment failure during infection. The

polymyxin-resistant ~ strains hospital environment
resistance pattern displayed to both conventional antibiotics
and polymyxin B confers a multidrug-resistant phenotype to
the strains. This relatively high level of resistance observed is
particularly worrying in Ghana and adds to the growing reports
of AMR observed globally [3, 41].

Surface-motility and biofilm formation can be described as
complex adaptations associated with adaptive multidrug
[21]. The
colonization ability of the strains was analyzed in vitro by

resistance, bacterial persistence, and virulence
studying the biofilm-motility interplay. In this study, all

strains exhibited surface movement on the semi-solid agar
from the point of inoculation after 24 h. The degree of
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swarming was conditional, strain-specific and dependent on
the ability of bacterial strains to generate and maintain
moisture on the agar surface as described by Carabarin-Lima
et al,, 2016 and Lai et al., 2009 [26, 42]. Proteus sp. exhibited
increasing swarming with increasing incubation times at 37°C.
The majority of the strains displayed swarming to a lesser degree
relative to the control (PT01); however, clinical strains of A.
baumannii, Enterobacter sp., and E. coli and the environmental
strain of Citrobacter sp. showed higher swarming ability after
48 h. Although some strains are classified as non-motile
(Klebsiella sp. & Acinetobacter sp.), they have a tendency to
display motility, which is evident as swarming on agar plates [42,
43]. It is possible that the halos observed on the agar plates for
Acinetobacter sp. could employ twitching or surface-associated
motility [44-46] and flagella-mediated motility for Klebsiella
under certain defined conditions [42]. This is particularly
important as motility is also characterized as a host invasion
and evasion strategy. Motility regulation is often coupled to the
expression of virulence determinants including the ability to
invade diverse cell types, leading to persistent infections [44,
45]. The clinical relevance of surface-motility is particularly
observed in acute infections, as it allows for rapid colonization
and establishment of infection [46]. The incidence of HAIs is
enhanced by the pathogenic tendencies of opportunistic
KAPE pathogens.

The strains also exhibited swarming under polymyxin B
pressure. Previous studies have reported higher AMR during
bacterial swarming in P. aeruginosa, S. marcescens [26] and S.
enterica [47]. As swarming is a multicellular coordinated
behavior, cell density confers a protective layer to withstand
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exposure to lethal concentrations of antibiotics [48, 49]. Death in
a subpopulation of bacterial cells could enhance adaptive
resistance in the surviving population [50] leading to reduced
swarm diameter but persistent swarming; this is evident in the
intermediate phenotype observed. Although both clinical and
environmental strains displayed intermediate swarming and
polymyxin B tolerance at 512, 1,024, 2048 ug/mL, surface-
motility for Klebsiella (KB02) and A. baumannii (ABO1 and
ABO02) was inhibited at higher concentrations, an indication of
cell death. Overall, the presence of polymyxin B reduced the
swarming ability of the strains but did not result in total cell death
for the majority of strains relative to the Proteus sp. control. This
suggests that surface-motility, particularly swarming could be a
mechanism employed by bacteria to resist lethal concentrations
of antibiotics, resulting in AMR and persistent infections in
immunocompromised individuals in hospital settings [21].

We explored the ability of the strains to form biofilms
following polymyxin B stress. Biofilm-associated bacteria can
cause chronic infections that persist, unlike their planktonic
counterparts, causing acute infections [51]. Biofilm formation
can be suppressed through inhibition of the planktonic
initial
established biofilm [52]. All strains were biofilm formers with

population,  preventing adhesion, and removing
some exhibiting higher degrees of biofilm biomass. Based on the
biomass index, the majority of the strains (66%) were strong
formers in the absence of antibiotics. Biofilm can be described
as a stress-induced response to environmental factors such as
exposure to antimicrobials to enable bacterial persistence during
infection. The MIC of 512 pg/mL established for the planktonic
cells did not inhibit biofilm formation even at 2048 ug/ml. A study
of sub-MIC concentrations of antibiotics was reported to induce
biofilm formation by a factor of 2 in P. aeruginosa [48], indicating
that higher concentrations would induce even stronger biofilm
phenotypes. In addition, Cernohorska & Votava, [48] showed that
strains of P. aeruginosa, K. pneumoniae, A. baumannii and E. coli
exhibited enhanced survival and resistance in a biofilm population
relative to the planktonic cells.

As a result of the difficulty in eradicating biofilms, some
studies suggest increasing the antibiotic concentrations [52, 53].
In the eradication assay, the degree of biofilm was reduced at
512 ug/mL relative to the untreated control. Eradication did not
result in complete clearance of the biofilm formed but in a
moderation of the biofilm index, similar to reports that
polymyxin B led to a reduction of preformed biofilm in S.
aureus, E. coli [54] and Pseudomonas sp. [55]. Clearance of
preformed biofilm cells is difficult, hence a multistep
combination antibiotic treatment is required to efficiently
reduce biofilm biomass in KAPE pathogens [56]. There was,
however, strong biofilm formation in all strains at 2048 ug/mlL,
indicating the role of higher antibiotic concentration in inducing
stronger biofilms and resistance [52]. When comparing the
swarm and biofilm profiles, all strains that exhibited surface-
motility formed biofilms at higher concentrations of polymyxin
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B. The robust swarming nature and the biofilm profile exhibited
by the strains indicate a positive correlation between biofilm
formation and swarming motility in our strains. Microbial
biofilms and swarms pose a significant challenge in the
hospital environment, as they influence antibiotic resistance
phenotypes and enhance persistent infections in that setting.

To determine the viability of biofilm cells, a resazurin assay was
adopted, in which metabolically active cells reduce blue non-
fluorescent resazurin to pink and highly fluorescent resorufin
[53]. The wild type reduction of the majority of the strains was
above 1500 RFU relative to below 200 RFU for the negative control,
indicating the presence of a viable number of active bacterial cells
after biofilm development. During inhibition, fluorescence readings
were above 500 RFU at 1,024 and 2048 pg/mL. Some studies have
reported different metabolizing abilities of cells, such as S. aureus,
which rapidly reduces resazurin compared to P. aeruginosa and B.
cenocepacia [57]. The removal of the stress factor resulted in strains
assuming a metabolically active phenotype; however, at 512 ug/mlL,
the majority of the strains displayed low metabolic activity at 24 h
post-stress conditions. The reduction in biofilm at 512 pug/mL during
inhibition corresponds to the reduction in cell viability observed at
512 pg/mL in the resazurin assay. Comparing the concentration of
PMB at 512 and 1,024 pg/mL, sub-MIC concentrations of PMB
could further reduce bacterial viability in a biofilm environment
compared to increasing antibiotic concentration. In the eradication
assay, a reduction of 500 RFU was recorded for the majority of the
strains, which could indicate lower numbers of viable cells or
dormancy after stress. Studies have reported low nutrient
availability to bacterial cells in the deeper layers of a biofilm,
leading to dormancy in this state with reversal of dormancy after
stress removal [32]. Strains within a biofilm inhibition and
eradication assay could be characterized as metabolically active
and slow-growing strains, respectively. Metabolically active cells
enhance biofilm formation and induce resistance phenotypes
through the expression of diverse enzymes required for strain
survival [58]. Additionally, preformed biofilms are characterized
by slow-growing cells with reduced antibiotic efficacy due to biofilm
biomass and reduced metabolic activity [58-61].

Conclusion

The clinical and environmental strains displayed appreciably
similar growth and AMR patterns indicating that the strains
could be described as multidrug resistant. The ability to form
biofilm and display robust surface-motility, particularly under
polymyxin B pressure indicates a greater ability to tolerate, resist
and survive under high antibiotic pressure. Since polymyxin B
did not significantly inhibit or reduce the degree of biofilm
formed, the tendency for increased pathogenesis and virulence
of infections during host colonization is possible. The presence of
viable cells particularly during biofilm inhibition indicates a
growing tolerance to antibiotics and therefore a need for
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guided treatment options. The challenge of resistance coupled
with the ability of strains to exhibit phenotypes corresponding to
characteristics that enhance infection persistence in the hospital
environment is challenging. These characteristics are particularly
concerning, as environmental isolates exhibit similar phenotypes
to clinical isolates. This poses a challenge to treatment outcomes
and the subsequent spread of AMR in a closed environment such
as the ICU. More worryingly, these strains are present in
Ghanaian hospital environments, implying the need to
intensify research into the mechanisms of AMR and explore
possible therapeutic interventions.
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Abstract

Dystonia, a challenging movement disorder, poses significant therapeutic
challenges due to its resistance to treatment, resulting in both physical
impairment and substantial mental distress, ultimately impacting overall
quality of life. Cerebral palsy (CP) is a major non-genetic cause of secondary
dystonia, characterized by diverse clinical presentations. This study aims to
comprehensively evaluate the effectiveness of deep brain stimulation (DBS) as a
therapeutic intervention for individuals with dystonic CP. We conducted a
systematic analysis of studies assessing the safety and effectiveness of DBS,
with a focus on its long-term outcomes [PROSPERO (Unique identifier:
CRD42023399285)]. We examined factors that influence treatment response
and proposed strategies to enhance patient quality of life. DBS, especially when
targeting the basal ganglia or innovative targets, shows promise as a therapeutic
approach for dystonic CP. While existing controlled studies confirm its safety
and effectiveness, a thorough evaluation of long-term efficacy remains crucial.
This research highlights the potential of DBS in improving the lives of individuals
with dystonic CP, providing hope for further refinement, innovation, and
broader clinical application of this therapeutic approach.

KEYWORDS

dystonia, cerebral palsy, deep brain stimulation, functional neurosurgery,
movement disorders

Impact statement

This work is crucial to the field because dystonia, especially in the context of cerebral
palsy (CP), presents significant therapeutic challenges due to its resistance to conventional
treatments, leading to severe physical impairment and mental distress. Our study
advances the field by providing a comprehensive evaluation of deep brain stimulation
(DBS) as a therapeutic intervention for dystonic CP, emphasizing long-term outcomes. By
systematically analyzing studies on the safety and effectiveness of DBS, and examining
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factors influencing treatment response, this research introduces
new insights into optimizing DBS for better patient outcomes.
The findings suggest that DBS, particularly targeting the basal
ganglia or innovative targets, holds significant promise in
improving the quality of life for individuals with dystonic CP.
This new information could guide further refinement and
broader clinical application of DBS, potentially revolutionizing
treatment strategies for dystonic CP and offering new hope to
affected individuals.

Introduction

Dystonia is a movement disorder characterized by sustained
or intermittent involuntary muscle contractions, which result in
abnormal and repetitive movements or postures in affected
individuals [1]. It is considered the third most common
movement disorder, following Parkinson’s disease and
essential tremor, with an estimated overall prevalence of
601.1 per million [2]. Typically, dystonia is triggered or
worsened by voluntary actions and is associated with overflow
muscle activation. This disorder can present a range of
challenges, including pain, depressive symptoms, anxiety,
social stigmatization, and reduced self-esteem, ultimately
leading to a compromised health-related quality of life [3].
Depending on its underlying cause, dystonia can manifest as
primary, hereditary, or idiopathic, or it can occur as a secondary
consequence of various neurological or systemic disorders [4].

Dystonia can be divided into two main subtypes based on
clinical manifestations: motor dystonia and postural dystonia.
Motor dystonia is characterized by abnormal muscle tension
during movement, resulting in involuntary twitches and tremors
across various body regions. These movements can occur
intermittently or continuously and often worsen during
voluntary actions, affecting motor function and causing
Motor

movement patterns, from focal (affecting a specific body part)

dyskinesia. dystonia includes a wide range of
to generalized (involving multiple body regions). Examples of
motor dystonia include writer’s cramp (focal hand dystonia),
cervical dystonia (involving neck muscles), and generalized
dystonia (affecting various body regions). Some forms of
motor dystonia are specific to certain tasks, such as musician’s
dystonia when playing a musical instrument. On the other hand,
postural dystonia is characterized by atypical and sustained
postures without the repetitive muscle movements seen in
motor dystonia. These postures are often involuntary and can
cause discomfort and pain. They typically remain stable over
time and occur in specific postures. Common examples of
postural dystonia are camptocormia (forward bending of the
trunk), Pisa syndrome (lateral bending of the trunk), and
anterocollis (forward flexion of the neck). These postures
become more pronounced when the individual tries to stand

or walk. Postural dystonia significantly affects an individual’s
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stability and balance, making it challenging to maintain an
upright posture or engage in daily activities. In summary,
both conditions have a significant impact on an individual’s
quality of life, requiring management strategies that may include
physical therapy, medication, and other interventions tailored to
the specific dystonic symptoms.

Cerebral palsy (CP) is the most common condition
associated with dystonia in children, often resulting from
brain injury due to complications of prematurity, stroke, or
hypoxic-ischemic encephalopathy [5]. The incidence of CP
was 1.77 per 1,000 live births, and it was commonly
other
communication disorders, hearing and visual impairments,

accompanied by conditions such as seizures,
and intellectual disabilities [6]. Dystonia significantly affects
various aspects of well-being in the CP population, including
motor function, emotional balance, and Health-Related Quality
of Life (HRQoL). Many patients experience severe physical
disabilities due to abnormal movements, posturing, and
musculoskeletal deformities [7].

CP is the most common non-genetic condition associated with
secondary dystonia, and its clinical management presents
significant challenges [8]. The main goals in treating dystonia
associated with CP are to reduce dystonic symptoms, improve
functional capacity, relieve pain, and enhance overall care [9].
Traditional approaches, such as medication and physical therapies,
often produce unsatisfactory results. On the other hand, deep brain
stimulation (DBS) has emerged as a key intervention for cases that
do not respond to medical treatment [10]. DBS improves dystonic
symptoms by electrically modulating abnormal neuronal signals in
the basal ganglia’s output structure. This modulation has the
potential to restore more effective signal transmission in the
cortico-basal ganglia circuit, thereby reducing abnormal cortical
excitability and normalizing synaptic plasticity in the motor cortex
[11]. Recent studies have shown that DBS is significantly effective
of

primary dystonia [12]. However, the effectiveness of DBS in

in myoclonus dystonia and tardive dystonia, which are types

secondary dystonia is still being investigated and varies in
different cases.

of
the impact of DBS surgery on the prognosis of functional

This review aims to provide a comprehensive evaluation

adaptation in individuals with secondary dystonia associated
with CP. In order to accomplish this, we have synthesized and
analyzed the neurophysiological mechanisms, therapeutic
effectiveness, factors influencing outcomes, and strategies for
enhancing the results of DBS treatment in this particular group
of patients.

Neurophysiological mechanisms of
DBS in dystonia management

The general concept of DBS is that high-frequency
stimulation modulates abnormal neural activity and trains it
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into a pattern of normative behavior, with the possible
mechanism being an inhibitory neuronal effect of the pulses
on the somata. The inhibitory effect may manifest as a direct
result of depolarization block, a phenomenon mediated by
mechanisms that encompass sodium channel inactivation and
augmentation of potassium currents. Furthermore, DBS may also
increase and normalize signal output in the stimulated area by
activating local axons [13]. Therefore, a thorough understanding
of the neurophysiological basis of dystonia is essential for the
development of DBS and new therapeutic approaches.

CP results from damage to the developing brain during
pregnancy, birth, or early childhood. This damage affects
important brain regions responsible for motor control,
including the motor cortex, basal ganglia, cerebellum, and
thalamus. Specific anatomic lesions are often found in CP,
including diffuse cortical dysplasia and atrophic lobar
sclerosis. These lesions can be observed as scattered scar-like
marks resembling marbling within the cortex and basal nuclei.
The regulation of normal muscle tone hinges on the dynamic
balance between the inhibitory effect of descending cortical fibers
and the facilitatory effect of peripheral afferent fibers. When
brain injuries disrupt the descending cortical fiber tracts, this
balance is disturbed. As a result, the inhibitory effect weakens,
and the excitatory influence of peripheral afferent fibers becomes
more prominent. Clinically, this disruption presents as spastic
dyskinesia and postural anomalies.

In the past, dystonia was primarily believed to be caused by
dysfunction in the basal ganglia. However, a new perspective
suggests that other areas of the brain may also be involved.
According to the emerging network model, dystonia can result
from dysfunction in different parts of the brain network,
dysfunction  across  multiple nodes, or  abnormal
communication between nodes [14]. The current evidence
supports the idea that dystonia is a circuit disorder that
affects the basal ganglia-thalamo-cortical and cerebello-
thalamo-cortical pathways. This includes various regions such
as the deep cerebellar nuclei, cerebellar cortex, pontine nuclei,
basal  ganglia, subthalamic nucleus, thalamus, and
cerebral cortex [15].

The basal ganglia, a cluster of nuclei located deep within the
brain, are widely acknowledged to play a pivotal role in the
pathophysiology of dystonia arising from CP. In individuals with
CP, damage to the basal ganglia leads to abnormal neuronal firing
patterns and a compromised ability to inhibit unwanted
movements. These nuclei are involved in various critical

functions, including motor control, learning, cognition,
motivation, emotion, and social behavior. The basal ganglia
consist of the striatum, globus pallidus, subthalamic nucleus
(STN),

(PPN). The cerebral cortex communicates with the basal

substantia nigra, and pedunculopontine nucleus
ganglia through the corticostriatal pathway, which includes
both the direct and indirect pathways [16]. The direct

pathway projects from the striatum to the substantia nigra
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pars reticulata (SNr) and the globus pallidus interna (GPi),
while the indirect pathway projects to SNr and GPi through
the globus pallidus pars externa (GPe) and STN [17].
Additionally,
dysfunction may also contribute to the development of

there is growing evidence that cerebellar
dystonia in CP. The cerebellum is involved in motor functions
such as coordination, balance, and posture, as well as non-motor
functions like language, social cognition, and emotion [18-21]. It
has connections with the thalamus, vestibular nuclei, and inferior
olive through monosynaptic projections. There are also
the
cerebellum and key structures, including the basal ganglia

polysynaptic  short-latency ~ connections  between
[22]. This interconnectedness provides a basis for using DBS
stimulation of the cerebellum in dystonia treatment, considering
its anatomical and pathophysiological relationship with nuclei
like the basal ganglia and thalamus.

Distinctions in the neurophysiological underpinnings of
motor dystonia and postural dystonia are apparent. Motor
dystonia primarily involves dysfunction within the basal
ganglia, which plays a crucial role in motor regulation.
Abnormalities in the basal ganglia can result in difficulties
The

connection between the basal ganglia and the cerebral cortex

initiating and controlling voluntary ~movements.
is essential for coordinating motor actions. The disrupted
interaction between these regions is believed to contribute to
the development of motor dystonia. On the other hand, postural
dystonia focuses more on maintaining specific body positions
rather than executing discrete movements. Postural dystonia
often involves abnormalities in muscle tone regulation, leading
to sustained muscle contractions and abnormal postures. In the
case of postural dystonia, dysfunction of the direct pathway
causes rigid hypertonia in childhood due to disinhibition of
descending basal ganglia output [17]. Dysfunctions in the
feedback loop between the sensory system, responsible for
providing information about body position, and the motor
system may have a stronger impact on postural dystonia.
Although the cerebellum, located at the back of the brain, is
not the primary area involved, abnormalities in this region can
also contribute to postural dystonia. It is important to note that
these are general descriptions, and there is a wide range of
subtypes and variations within both motor and postural
dystonia. Therefore, the specific causes and anatomical
the
individual and the particular manifestation of dystonia

irregularities can vary considerably depending on
they present.

The motor circuits involved in dystonia due to CP are highly
complex and involve multiple regions within the brain. The basal
ganglia, cerebellum, and cerebral cortex work together as an
interconnected network, with the basal ganglia-to-cerebellum
pathway playing a significant role in the manifestation of
dystonic movements. Further research is needed to gain a
better understanding of the underlying mechanisms and to
develop effective therapeutic interventions for this condition.
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FIGURE 1

Forest plot of random effects meta-analysis of non-randomized studies reporting on dystonia before and after deep brain stimulation. Mean

difference across studies reporting on BFMDRS-M scales.

Efficacy of DBS in treating dystonia
in CP

A comprehensive literature review was performed using the
Web of Science and PubMed database to identify relevant
English-language articles published until 1 June 2024. The

retrieval details have been registered at PROSPERO
(CRD42023399285). Search terms included cerebral palsy,
secondary  dystonia, and deep brain  stimulation.

Supplementary Material SI  provides detailed criteria and
statistical methods. Each article was meticulously scrutinized
for patient-centric information. The clinical outcomes were
commonly evaluated using the Burke-Fahn-Marsden Dystonia
Rating Scale Movement (BFMDRS-M) score [23].

Twenty-one non-randomized studies [7, 24-43] assessed the
efficacy of DBS using the BEMDRS-M scores. A meta-analysis of
19 studies [7, 24-40, 43] (n = 148) showed that DBS significantly
improved dystonia due to CP (SMD 14.90; 95% CI 11.13 to 18.67;
Figure 1). The mean BEMDRS-M score was 73.74 + 25.23 before
the procedure and 60.10 + 29.06 after the procedure, indicating
an overall improvement of 20.46% (P < 0.001). Except for the
study by Koy et al., all studies reported the effectiveness of DBS in
reducing motor symptoms of dystonia. However, the degree of
improvement varied considerably across the studies, with a range

Experimental Biology and Medicine

54

of 1.23%-49.22% reduction in the BEMDRS-M score (Figure 2).
While the overall effect observed in the forest plot supports a
beneficial role for DBS in CP-associated dystonia, the
heterogeneity among studies was not negligible (Chi-square
p = 0.01, I’ = 46%). Although an I* value below 50% is often
interpreted as low, in this context it may represent moderate
heterogeneity. Potential sources of variability include differences
in DBS implantation techniques, stimulation parameters, patient
selection criteria, and outcome assessment methods. To account
for this clinical and methodological variability, a random-effects
model was employed in our meta-analysis. This approach
provides a more conservative and robust estimate of treatment
effect in the presence of heterogeneity, thereby strengthening the
validity of the overall findings despite inter-study differences.
Three additional studies were evaluated but not included in
the meta-analysis. Lin et al. reported a case of CP with severe
dystonia in a 21-year-old female due to hypoxia at birth [42]. The
patient did not benefit from GPi DBS surgery and was
subsequently treated with high-frequency DBS on superior
cerebellar peduncles (SCPs). After 6 months of follow-up,
there was a reported improvement of 36.4% in the BEMDRS-
M score (pre-operation = 93.5, post-operation = 59.5). Kim et al.
conducted a study comparing bilateral GPi DBS with GPi DBS
plus unilateral thalamotomy in 10 adult patients with CP [41].
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FIGURE 2
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BFMRS-M scales variations in the individual studies on DBS in cerebral palsy. Negative values represent improvement. Standard error bars

are showed.

The results did not show any significant improvement in the
overall BEMDRS score between the two groups. Romina et al.
reported a decrease in mean BEMDRS-M after 12 months of DBS
implantation, but no change in individual patients [44]. Romina’s
study employed a within-subject design comparing pre- and
post-operative outcomes without including an external control
group, making it incompatible with the meta-analysis criteria.
Galanda et al. reported positive improvements in posture and
spasticity anterior  cerebellar

in CP patients through

stimulation [45].

Factors influencing the efficacy
of DBS

While patients with dystonia due to CP may potentially
benefit from DBS, it is generally believed that the response to
DBS treatment in CP patients with dystonia is not as favorable
as in patients with idiopathic or genetic dystonia. This
observation is particularly noteworthy considering the
greater variability associated with acquired dystonia
compared to its inherited or idiopathic counterparts [38,
46, 47]. The poorer response in patients with acquired
dystonia is thought to be attributed to brain network
damage, which limits the effectiveness of neuromodulation
[48]. Therefore, there is a critical clinical need to identify
prognosis and clinical predictors of surgical intervention for
dystonia patients undergoing DBS in order to improve

treatment outcomes.

Experimental Biology and Medicine

Demographic criteria

In a recent meta-analysis, it was found that disease duration
and age at surgery were weakly negatively associated with percent
improvements in BEMDRS scores, as measured by the Pearson
correlation coefficient. Through stepwise multiple regression
analysis, only disease duration was identified as a significant
predictor (B = — 0.165, P = 0.006). This finding highlights the
positive correlation between shorter disease duration and greater
efficacy of DBS treatment. On the other hand, factors such as age
at onset, follow-up period, and BFMDRS motor and disability
scores at baseline were found to have no association with the
clinical outcomes [49]. In contrast, Romina et al. suggested that
the age of dystonia onset was related to DBS response, with less
favorable results in early-onset forms [44]. Additionally, Isaias
et al. found that disease duration and age at operation exhibited a
significant negative correlation with DBS outcomes [50].

Structural brain lesions

The depiction of the brain on the preoperative magnetic
resonance imaging (MRI) scan was an essential predictor for a
favorable surgical response [47]. Researchers found a significant
difference in Global Outcome Scale (GOS) scores between
patients with normal and abnormal MRI scans, indicating that
those with normal scans had a better prognosis. Elkaim et al. also
that  the
pathology—whether inherited or acquired—is associated with

emphasized presence of underlying brain
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less favorable DBS outcomes in pediatric patients. In their
analysis, brain pathologies such as pantothenate kinase-
associated neurodegeneration, Lesch-Nyhan disease, and
choreiform athetosis were discussed as examples of conditions

linked to reduced therapeutic efficacy [51].

Target selection for DBS

The choice of target and the success of DBS treatment depend
on the precise diagnosis, individual’s condition, and expertise of
the neurosurgical team. When selecting targets for DBS surgery
to treat dystonia, the most commonly used nucleus is GPi. This
nucleus is generally applicable to both primary and secondary
dystonia [52]. As the principal output structure of the basal
ganglia, the GPi primarily projects to the thalamus and midbrain,
allowing it to control contralateral limb movement [53].
However, regulating all parts of the GPi and associated globus
pallidus circuits can be challenging due to the large size and
potential structural abnormalities of the GPi. This is particularly
true for patients with perinatal injuries, such as those with CP
[41]. As a result, alternative targets such as STN, ventral
intermediate nucleus (Vim), ventralis oralis anterior (Voa),
ventralis oralis posterior (Vop), and PPN have been proposed
for CP patients with severe dystonia [31, 40, 54].

In a recent meta-analysis, patients who underwent GPi-DBS
and STN-DBS showed significant improvements in movement
symptoms, disability symptoms, 36-item Short Form Health
Survey (SF-36) scores, and Beck Depression Inventory (BDI)
scores [55]. Although the mean movement and disability scores
were slightly higher in the STN group compared to the GPi group,
the difference was not statistically significant. STN-DBS helps
regulate abnormal activity patterns in the basal ganglia, leading
to improved motor control. The STN is located upstream of the
GPi in the motor circuit of the basal ganglia, suggesting that
stimulation of the STN may be more effective than stimulation of
GPi [52]. Schjerling et al. found that BEMDRS-M scores improved
by 13.8 points with STN stimulation and 9.1 points with GPi
stimulation after 6 months of follow-up (p = 0.08) [56]. Lin et al.
also reported a significantly larger percentage improvement in the
BFMDRS total movement score after 1 month of follow-up with
STN-DBS (64%) compared to GPi-DBS (48%) (p = 0.01) [57].
Although the STN has shown promise as a potential target for DBS
in certain movement disorders, its small size and deep anatomical
location make accurate localization more challenging, especially in
pediatric patients. Additionally, the STN has been less extensively
investigated in this population, whereas the GPi remains the most
well-established and commonly used target with a more robust
evidence base supporting its efficacy.

The Voa and Vop serve as the principal outputs of the globus
pallidus, receiving retroactive feedback from the motor cortex.
Thalamic DBS intervenes in the tremor circuitry, reducing or
eliminating tremors. In individuals with dystonia, the neuronal
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firing of the ventralis oralis occurs at the same frequency as the
STN and GPi. These aberrant neuronal activities can be inhibited
or modulated by DBS or lesioning [58]. Katsakiori et al.
documented a favorable functional outcome in a patient with
secondary dystonia who underwent Voa-DBS [27]. Additionally,
Ghika et al. reported significant improvement in a patient with
dystonia after systemic hypoxia who was treated with GPi and
Voa stimulation, specifically after Voa-DBS surgery [59].
Previous studies have shown that around 83% of dystonic-
related activity is located in the Vim region, which is likely
associated with the upper limb [58]. Kim et al. demonstrated that
patients who underwent GPi plus Vim DBS had significantly
improved movement in the contralateral upper limb and better
health-related quality of life compared to patients who
GPi [31]. DBS,
particularly combining the thalamus with either the GPi or

underwent surgery alone Dual-target
subthalamic nucleus, has shown superior efficacy in managing
coexisting dystonia and tremor compared to single-target
approaches. Previous study reported that Vim DBS provided
an 85% tremor reduction but limited dystonia relief, while GPi
DBS achieved 64% improvement in dystonia with only 40%
tremor reduction [60]. Several patients required subsequent
implantation of a second target (Vim or GPi) to manage
residual symptoms, suggesting a complementary effect of
these targets. Objective motion assessments further supported
greater tremor control with combined stimulation compared to
either target alone. These findings, though based on limited case
series, highlight the potential of dual-target DBS to optimize
outcomes in patients with complex movement disorders
involving both tremor and dystonia.

The cerebellum has shown promise as a potential therapeutic
target for individuals with CP. According to Dr. Ross Davis,
600 patients with CP have received cerebellar stimulation
treatment, resulting in improvement for about two-thirds to
three-quarters of the patients. Additionally, at least 50% of the
patients experienced a reduction in spasticity of more than 20% [61].
A case study conducted by Stroud et al. also demonstrated
significant benefits from cerebellar cortical stimulation, leading to
a more than 50% decrease in BEMDRS-M scores for a patient with
acquired dystonia [62]. Another study has reported four cases of
cerebellar DBS with functional improvement that might be useful in
the specific population of patients with dystonia [45]. Furthermore,
DBS targeting the PPN shows promise in addressing locomotion
and balance issues, potentially improving gait-related problems [54].

Stimulation programming

Stimulation programming in patients with CP showed
significant heterogeneity. While there is no consensus on the
optimal stimulation settings, several advanced programming
approaches can potentially maximize clinical benefit [63]. A

recent meta-analysis provided the average stimulation
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parameters for STN-DBS for acquired dystonia, including an
amplitude of 2.56 + 0.73 V, pulse width of 100.61 + 40.62 ps,
34.87 Hz [64]. Additionally,
Magown et al. reported prevalent stimulation parameters

and frequency of 143.79 *

for CP patients, with an amplitude of 3.0 V, frequency of
130 Hz, and pulse width of 120 ps. [65]. Moro et al
emphasized that frequency and amplitude were crucial
factors in determining the clinical benefit of GPi-DBS [66].
In addition, the marginal effects of interleaving stimulation (a
programming strategy that alternates stimulation between
two sets of contacts to optimize therapeutic benefit) in
reducing adverse effects and enhancing clinical outcomes
were evident [67].

Follow-up and long-term care

Regular follow-up appointments with the healthcare team are
important for monitoring progress, making any necessary
adjustments to the stimulation parameters, and addressing any
issues that may arise [68]. The overall success of DBS
interventions is significantly influenced by the patient’s
psychological and emotional well-being, as well as the support
system. Research studies have indicated that music, when used as
a complementary form of therapy, can assist individuals with CP
in overcoming emotional challenges and reducing levels of
anxiety and pain [69]. After 30 min of intervention, the
modified Yale preoperative anxiety scale for children’s anxiety
score of the music group was significantly lower than that of the
control group (t = 4.72, P = 0.00).

Measures to improve the efficacy
of DBS

Comprehensive patient assessment and
appropriate patient selection

A thorough assessment is essential in confirming the
diagnosis of dystonia and evaluating the severity, type, and
distribution of symptoms. Motor dystonia is characterized by
abnormal movements, often associated with dysfunction in the
basal ganglia and cerebral cortex, which can result in difficulties
initiating and controlling voluntary movements. On the other
hand, postural dystonia primarily involves maintaining
abnormal bodily positions, possibly due to irregular muscle
tone and disrupted sensory feedback mechanisms, with
potential involvement from the cerebellum. It is crucial to
determine the specific type of dystonia exhibited by the
patient. Candidates eligible for surgical intervention are those
who have not responded adequately to other treatments, are
medically suitable for surgery, and have realistic expectations

regarding potential outcomes.
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Advancements in imaging modalities

Most patients with dystonia do not have significant lesions on
routine clinical imaging. However, the application of comprehensive
imaging techniques such as positron emission tomography and MRI
have revealed subtle quantitative abnormalities that are crucial for
ensuring precise and safe electrode implantation [70]. With
advancements in imaging modalities, diffusion tensor imaging
(DTI) has become a valuable tool for visualizing white matter
tracts formed by axonal projections of cortical and subcortical
neurons in vivo. This allows for better optimization of DBS
electrodes and stimulation paradigms, focusing on tract
stimulation rather than deep brain nuclei introduction [71]. The
White Matter Attenuated Inversion Recovery (WAIR) sequence is
particularly useful in targeting the normally MRI-indistinguishable
VIM, providing accurate preoperative planning, direct targeting, and
anatomical analysis for DBS surgery [72]. Additionally, it is
important to ensure that the electrodes reach the optimal depth
for effective response to stimulation. Deviating more than 2 mm
from the intended target can significantly impair treatment
effectiveness or require higher stimulus energy, leading to
intolerable adverse reactions [63]. Therefore, obtaining high-
quality preoperative and intraoperative MRI images is crucial for

optimizing the efficacy of DBS procedures.

Optimal target selection for DBS
intervention

The determination of the optimal target for deep brain
(DBS)
comprehensive assessment of individual cases. This assessment

stimulation for dystonia is dependent on a
considers factors such as the specific type and distribution of

dystonia, previous responses to medications and other
treatments, unique patient attributes, and surgical expertise.
The GPi is the primary target for dystonia, as it is involved in
both motor and postural dystonia through basal ganglia
pathways. By modulating activity in this region, DBS can
improve motor control and reduce abnormal movements.
STN is less frequently used for dystonia. However, existing
literature suggests that it may be more effective in certain
specific circumstances and should be considered accordingly.
In cases of postural dystonia, especially when tremor is a
of the the

thalamus, specifically the Vim, may be a relevant consideration.

significant component condition, targeting

Pharmacological administration

Besides DBS surgery to treat dystonia in patients with CP,
there are various pharmacological management options that can
be used in conjunction with surgical therapy. These options aim
to preserve or restore function, relieve abnormal posture, and
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minimize pain [73]. Despite Multiple medications have been
evaluated, including oral baclofen, benzodiazepines, clonidine,
gabapentin, levodopa, benzhexol, botulinum toxin, and
intrathecal baclofen (ITB), the availability of high-quality
evidence remains limited [74]. Currently, existing evidence does
not strongly support the use of oral medications or botulinum
toxin alone to effectively reduce dystonia in individuals with CP,
likely due to the complex and multifactorial nature of dystonic
pathophysiology. Among neurosurgical alternatives, ITB has
shown promise, particularly in reducing spasticity and
associated symptoms. ITB may be considered a secondary
option for patients who do not experience adequate symptom
control following DBS. However, due to the considerable
heterogeneity in treatment response among patients with CP,
these conclusions should be interpreted with caution. Further
well-designed clinical trials are needed to clarify the optimal

therapeutic approaches for this population.

Long-term DBS management

The programming of DBS can begin immediately after
confirming the correct position of the DBS lead and ensuring
there are no complications from the procedure. Alternatively, it
can be initiated several weeks after surgery to address potential
improvements related to the effects of lead insertion [75]. Despite
the lack of consensus on the best stimulation parameters, it is
highly recommended to take a systematic approach to optimize
these settings [76]. Fine-tuning the parameters based on patient
feedback and clinical assessment is an ongoing process. Real-time
recording of neurophysiological biomarkers based on the
patient’s clinical status can be used to optimize stimulation
parameters according to individual needs [77]. Specialized
visualization software can estimate the volume of activated
tissue and assist in programming by visualizing activation
maps based on pre-defined target maps [78]. The response to
DBS in patients with CP varies greatly, and dystonic symptoms
often continue to progress and fluctuate during the follow-up
period after DBS. Alongside the long-lasting effectiveness of DBS
in treating dystonia, there have been cases of worsening
symptoms and tolerance to treatment, necessitating staged or
rescue DBS interventions. Post-surgery, intensive rehabilitation
and physical therapy should be provided to help patients
maximize their improved motor abilities. In the field of
nursing, the phenomenological interview and theoretical tools
of phenomenology are used to gain a deeper understanding of the
lives of CP patients [79]. Caregivers should approach these
interviews with an open and empathetic attitude, aiming to
establish a foundation of trust with the interviewee. It is
crucial for the caregiver to actively engage with the
interviewee, encouraging them to provide detailed descriptions
that are relevant to their experiences. The provision of
comprehensive care, led by a multidisciplinary team including
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neurologists, neurosurgeons, neuropsychiatrists, nurses, and
rehabilitation specialists, is crucial for delivering holistic care
and achieving optimal outcomes. Therefore, the long-term
management of DBS is a dynamic process that requires
collaborative efforts between healthcare professionals, patients,
and their caregivers.

Conclusion

DBS has proven to be an effective therapeutic intervention for
dystonia in selected patients with CP. However, the clinical
response to DBS can vary significantly depending on several
factors, including disease duration, the presence of structural
brain  abnormalities, target site selection, stimulation
programming, and the quality of long-term multidisciplinary
care. Optimizing DBS outcomes requires continuous
advancements in neuroimaging technologies, thorough patient
selection and evaluation, tailored pharmacological management,
and close collaboration between patients, caregivers, and
healthcare professionals. A personalized, patient-centered
approach—alongside regular assessment and adjustment—is
results.

Promising innovations such as brain sensing, closed-loop DBS,

essential to achieving the best possible clinical

and remote programming offer significant potential to further
improve motor symptoms and enhance quality of life in CP
patients. Nevertheless, to fully elucidate the therapeutic role of
DBS in dystonic CP, further research is warranted. In particular,
prospective cohort studies with large sample sizes conducted under
standardized protocols and using a multidimensional assessment
framework are needed to systematically evaluate the impact of DBS
on both motor function and quality of life.
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Abstract

Cannabis and cannabinoid mixtures have been linked to a variety of health
benefits including pain mitigation, suppression of nausea produced by
chemotherapeutic agents, anti-inflammatory effects, and effects on energy
homeostasis, glucose, and lipid metabolism. The latter properties have led to
the suggestion that these products could have therapeutic effects on the
development of metabolic dysfunction-associated steatohepatitis (MASH) - a
severe type of liver pathology in obese and diabetic patients. However, varying
agonist and antagonistic properties of different cannabinoids on the
endogenous cannabinoid system make prediction regarding hepatic effects
and diet interactions difficult. The current study was designed to examine
hepatic pathology following chronic administration of a cannabinoid mixture
(NEPE14) at a dose equivalent to one previously demonstrating antihyperalgesic
effects in rats. The effects of NEPE14 were investigated in a mouse model of
MASH produced by feeding a Western diet rich in fat and simple sugars. After
24 weeks of NEPE14 administration, there was no hepatotoxicity in mice
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receiving the control diet and no significant exacerbation of MASH in mice
receiving the Western diet. In conclusion, no chronic liver toxicity was observed,
but there was also no evidence for protection against MASH by this product.

KEYWORDS

cannabis, liver,

Impact statement

Cannabinoid preparations are increasingly being used for
medicinal purposes. Different cannabinoids were previously
reported to promote or hinder steatosis of the liver. We
evaluated a Non-Euphoric Phytocannabinoid Elixir #14
(NEPE14) at an antihyperalgesic dose for effects on liver
pathology and on the development of metabolic dysfunction-
associated steatohepatitis (MASH) in male mice. Chronic
administration of NEPE14 caused neither amelioration nor
worsening of hepatic toxicity, steatosis or inflammation in
mice fed a Western diet for 24 weeks.

Introduction

Medical and recreational use of cannabis and cannabinoid
products have increased dramatically as a result of legalization in
many states in the US. The most prominent and well characterized
phytochemicals in cannabis are delta-9-tetrahydrocannabinol
(THC) and cannabidiol (CBD). However, cannabis contains
alkaloids,
flavonoids, and terpenoids [1]. The endocannabinoid system,

many other potentially bioactive cannabinoids,
involving signaling through the arachidonic acid-derived ligands
anandamide and 2-arachidonylglycerol and cannabinoid receptors
1 and 2 (CBI and CB2 encoded by genes CNRI and CNR2) are
involved in the regulation of many neuronal systems, immune
responses, and energy balance [2-4]. However, research into the
potential beneficial or harmful effects of exogenous cannabinoids
and other cannabis components has historically been limited until
recently due to their registration as Schedule 1 substances by the
Drug Enforcement Administration (DEA). Although they remain
Schedule 1 substances to date, various state legally-approved medical
marijuana programs (MMPs) have allowed for increased focus on
these substances’ medical uses. For instance, in addition to the
known psychopharmacological and behavioral effects of cannabis,
there is evidence from pre-clinical studies and clinical trials that
various formulations with individual or multiple cannabis
constituents can have anti-inflammatory effects on inflammatory
bowel disease, potential anti-obesity effects, and possible protective
effects against fatty liver disease [4].

Regarding the latter, the epidemiological and animal studies
are inconclusive [4-6]. Both CB1 and CB2 receptors are
expressed in liver and have a variety of effects on lipid and
glucose homeostasis, insulin sensitivity and development of
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hepatic steatosis [4, 7]. In general, CB1 agonists induce
steatosis via increases in de novo fatty acid synthesis and
of

CB2 agonists increase steatosis by increasing expression of

increased  expression lipogenic ~ enzymes, whereas
CB1 receptors [4]. Cannabinoid receptor antagonists are
antisteatotic [4, 5]. Given that THC is a partial agonist it
could be predicted to be steatotic. Conversely, CBD can
decrease CB1 activation and is anti-inflammatory, which
would suggest it to be both anti-steatotic and protective
against fatty liver disease [4]. However, predictions about the
effects of cannabis and cannabis-derived mixtures on steatosis
and progression of fatty liver disease are complicated by the
entourage effects of the many different cannabinoids and other
phytochemicals in cannabis, and by the potential development of
tolerance after chronic use [4-6]. Several studies have observed
reduced steatosis in cannabis users [5] and a cross-sectional study
found a 43% reduction in the incidence of non-alcoholic
steatohepatitis (NASH) in chronic cannabis users [4]. These
studies contrast with other studies that have observed no
significant effects [5, 7]. Pre-clinical studies with CBD and
hemp seed oil have demonstrated anti-steatotic, anti-
inflammatory, and antioxidant effects in liver models of Non-
Alcoholic Disease (NAFLD) [8-10]. Phase

2 randomized control trials with CBD showed no significant

Fatty Liver

benefit (Jazz Pharmaceuticals. A Randomized, Partially-blind,
Placebo-controlled, Pilot, Dose-ranging Study To Assess The
Effect Of Cannabidiol (CBD) On Liver Fat Levels In Subjects
With Fatty Liver Disease. 2018.").

NAFLD is a common and increasingly prevalent metabolic
disorder [11]. The Western style dietary pattern with fast-food
consumption is associated with increased frequency liver
steatosis and liver disease [12, 13]. In light of the inconsistent
data in the current literature and possible entourage effects of
cannabinoids other than THC and CBD [1], the current study
was designed to determine the chronic effects of a proprietary
cannabis-derived mixture, Non-Euphoric Phytocannabinoid
Elixir #14 (NEPE14), at an antihyperalgesic dose on liver
pathology [14] and on development of metabolic dysfunction-
associated steatohepatitis (MASH) in response to feeding a
Western diet.

1 https://clinicaltrials.gov/study/NCT01284634
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TABLE 1 Weight-to-volume assessments for specific cannabinoids identified in the batch of NEPE14 used for this experiment.

Non-euphoric phytocannabinoid elixir 14 (NEPE14)

Batch #009
Constituent cannabinoids mg/mL LOD/LOQ (mg/mL)
A9-THC 0.174 0.0001/0.0005
THCA 0.020 0.0001/0.0002
CBD 0.004 0.0001/0.0004
CBDA 0.016 0.0001/0.001
CBC 0.002 0.0001/0.0004
CBCA 0.0015 0.0001/0.0006
A8-THC 0.001 0.0003/0.0008
THCV 0.001 0.0001/0.0004
CBG 0.001 0.0001/0.0002
CBGA 0.001 0.0001/0.0003
CBN 0.001 0.0001/0.0003

The cannabinoids listed were identified by high performance liquid chromatography with diode-array detection (HPLC-DAD). Limit of Detection (LOD) refers to the lowest amount
detectable, where Limit of Quantification (LOQ) refers to the lowest amount of an analyte in a sample that can be determined quantitatively with suitable precision/accuracy. The “A” after
a cannabinoid, such as THCA, refers to the acid form of the cannabinoid.

Materials and methods previously developed by Krishnan et al. to produce fibrosing
MASH with high fidelity to the human condition [15]. The
NEPE 14 control diet was AIN-93G (no. 5TJS) from TestDiet with

normal drinking water. For each diet, mice in half the cages
Non-Euphoric Phytocannabinoid Elixir #14 (NEPE14) is a received NEPE14 and mice in the other half received corn oil

proprietary cannabis-derived whole-plant botanical formulation provided daily at a volume of 1 uL/g body weight into the cheek
supplied by Full Spectrum Omega Therapeutics, Inc. (Adelanto, pouch at 1,500 + 90 min providing 0.23 ug of major cannabinoids
CA). It is a mixture of extracts from the Cannabis sativa plant, per g body weight, of which 78% is A°~THC. This dose of
hemp (hempseed oil) and marijuana (proprietary extract NEPE14 was similar to the lowest antihyperalgesic volume
process), and the final product contains less than 0.3% used in a previous study [14]. There were 10 mice per
A°-THC. The concentrations of the major phytocannabinoids experimental group. At 40 weeks of age, mice were sacrificed
are shown in Table 1. A certificate of analysis (COA) with the by CO, asphyxiation after an overnight fast with collection of
levels shown in Table 1 was provided for NEPE14 by SC serum and tissues. The Institutional Animal Care and Use
Laboratories California LLC (Santa Cruz, CA). The regulatory Committee (IACUC) of LSU Health Sciences Center approved
compliance testing as reflected in the COA showed no the animal experiments.

measurable levels of pesticides, mycotoxins, microbes, residual

solvents, or heavy metals.
Serum parameters

Animals Alanine transaminase (ALT), aspartate aminotransferase
(AST), triglycerides, cholesterol and insulin were determined

Male C57Bl/6] mice were purchased from the Jackson by kits ab105134 (Abcam), MET-5127 (Cell Biolabs, Inc.),
Laboratory and housed two per cage. At 16 weeks of age, #10010303 (Cayman), #10007640 (Cayman) and ab277390

cages were randomized to receive a high-fat Western diet or a (Abcam), respectively. Glucose was measured with kit
low-fat control diet ad libitum. The Western diet was AIN-76A ab65333 (Abcam) in serum after deproteinization with 10 kDa
(no. 5342 from TestDiet (Richmond, IN) supplemented with spin columns ab93349 (Abcam). HOMA-IR was calculated from
21.3 g/L fructose and 18.9 g/L glucose in the drinking water, a diet the fasted insulin and glucose levels.
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Target Gene Forward primer Reverse primer
18S rRNA CGGACAGGATTGACAGATTG CAAATCGCTCCACCAACTAA
COL1AL Collal CTGACGCATGGCCAAGAAGA ATACCTCGGGTTTCCACGTC
aSMA Acta2 GTGGCTATTCCTTCGTGACTAC GAGCTACATAGCACAGCTTCTC
TNFa Tnf TTCTATGGCCCAGACCCTCA CACTTGGTGGTTTGCTACGA
IL-6 16 CTTCACAAGTCGGAGGCTTAAT GCAAGTGCATCATCGTTGTTC
IEN-y Ifng ATCGGCTGACCTAGAGAAGA AGCCAAGATGCAGTGTGTAG
B220 Ptpre CCCTTCTTCTGCCTCAAAGT CACCTGGATGATATGTGGTCTC
CD3E Cd3e GACGATGCCGAGAACATTGA GCTTCTGAGGCAGCTCTTG
CYBB Cybb AGAGTCGGGATTTCTGACCG GCCCCCTTCAGGGTTCTTGAT
CB2 Cnr2 GCTGACAAATGACACCCAGT AGCCGTTGGTCACTTCTGTC
CD36 Cd36 GCAAAACGACTGCAGGTCAA CACCAATGGTCCCAGTCTCA
FATP1 Fatpl GTCCGCAATGAGTTCACCCT GCTTGACGACTGCCTTGACT

Liver pathology

The left liver lobe was fixed for 3 days in alcoholic formalin made
of 0.2 L 37% formaldehyde, 1.2 L 100% ethanol and 0.6 L H,O
followed by storage in 10% neutral buffered formalin. H&E-stained
slides were scored by a board-certified veterinary anatomic
pathologist blinded to the treatment groups for steatosis and
inflammatory foci. Microsteatosis and macrosteatosis were graded
separately for the periportal, midzonal and centrilobular zones with
scores of 0, 1, 2 and 3 if steatosis was present in <5%, 5%-33%, 33%—
66% and >66%, respectively, of the hepatocytes. Overall
microsteatosis and macrosteatosis scores were the averages for the
three zones. The total steatosis score was the average of the
microsteatosis and macrosteatosis scores. Inflammatory foci were
counted in six fields with a x10 objective. Fibrosis was assessed after
picrosirius red (PSR) staining. PSR stains collagen red and most
other cellular components yellow. Liver parenchyma PSR (red)
staining was quantified by the same Image] settings (threshold
50 for green image in a RGB stack) from four images from each
mouse. The images were acquired by an Olympus BX43 microscope
with DP28 camera. Liver triglycerides were determined from 87.5 to
100 mg flash-frozen liver tissue using the kit #10010303 (Cayman)
and a TissueLyser II instrument (Qiagen, Hilden, Germany).

Immunohistochemistry

Five-micrometer-thick tissue liver sections were deparaffinized
and rehydrated. Heat-mediated antigen retrieval was achieved in a
pressure cooker at a temperature of 115-118°C and a pressure of
10.2-11.6 psi for 10 min. After blocking with Invitrogen eBioscience
IHC/ICC blocking buffer-high protein (Fisher Scientific #50-184-
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85), slides were incubated with rabbit anti-CD3e (Fisher Scientific
#PIMAS535204) at a 1:1,000 dilution or rat anti-CD19 (Life
Technologies #14-0194-80) at a 1:300 dilution primary antibodies.
Alkaline phosphatase-conjugated goat anti-rabbit and rabbit anti-rat
antibodies (Fisher Scientific #A18874 and # A18918, respectively)
were added to the slides at a 1:500 dilution. Slides were incubated
with a Vulcan Fast Red Chromagen kit (Fisher Scientific #50-828-59)
for 10 min, washed with distilled water and counterstained with
Harris hematoxylin (ThermoFisher Scientific #1859352). Slides were
dehydrated cover-slipped  with Mounting Medium
(ThermoFisher Scientific #1859351). The images were acquired
using an Olympus

and

BX43 microscope with an Olympus
DP28 color camera.

QRT-PCR

The left part of the medial liver lobe was immersed in
RNAProtect overnight at 4°C, followed by storage at —80°C
until RNA extraction. RNA was extracted from 20 to 30 mg
liver tissue using a TissueLyser II instrument and an RNAeasy
Plus Mini Kit (Qiagen). RNA concentration was determined by
absorbance at 260 nm on a NanoDrop spectrophotometer, and
the quality assessed on a TapeStation 2200 instrument (Agilent
Technologies, Santa Clara, CA). All RNA extracts were of high
quality with RNA Integrity Numbers (RIN) between 8.9 and 9.6.
Assays were run with Power SYBR Green RNA-to-CT 1-step kit
reagents (Thermo Fisher Scientific, Waltham, MA) on a
LightCycler 480 II (Roche, Indianapolis, IN). Primers are
listed in Table 2. Targets were normalized to the amount of
total RNA with each reaction containing 0.5 ng RNA for 18S
rRNA and 5 ng RNA for all other targets.
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FIGURE 1

The Western diet promotes obesity. Mice were fed either a control diet or a Western diet and administered daily with corn oil or with NEPE14 for
a dosage of 0.23 pg cannabinoids per Gram of body weight. (A) The total energy intake from pelleted food, drinking water with glucose and fructose,
and corn oil/NEPE14 treatment in the first four weeks of the experiment was calculated. N = 5 cages per group with two mice per cage. (B) Time
course of body weight; N = 10 mice per group. At sacrifice, body weight (C), liver weight (D), relative liver weight (E), gonadal fat pad weight (F)
and relative gonadal fat pad weight (G) were determined. ns: not significant. *, **, ****: p < 0.05, 0.01, 0.0001 for post-hoc comparisons after two-

way ANOVA with Tukey's adjustment.
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FIGURE 2

Serum parameters. Blood drawn from mice fasted overnight was used to determine serum glucose (A), insulin (B), HOMA-IR (C), triglycerides
(D), cholesterol (E), alanine transaminase (ALT) (F), and aspartate aminotransferase (AST) (G). *, **, ****: P < 0.05, 0.01, 0.0001 for post-hoc

comparisons after two-way ANOVA with Tukey's adjustment.

Statistics

When considered appropriate, data were analyzed by an
analysis of variance (ANOVA) with comparisons of means
with Tukey’s adjustment. For qRT-PCR data, two-way
ANOVA was conducted of cycle threshold (Cy) values
with conversion to linear scale for figure presentation.
For liver pathology scores, non-parametric Kruskal-
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Wallis
comparison of rank means. Incidence data were analyzed

tests were conducted with Dunn’s test for
by pair-wise Fisher’s exact test. Effects and differences were
considered statistically significant for test probabilities P <
0.05. Statistical analyses were conducted with GraphPad
Prism 10.2.0. Unless otherwise stated, figures show means
and standard error of means in addition to individual

measurements.
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FIGURE 3

The Western diet promotes liver steatosis. Examples of H&E stained liver sections from each of the four treatment groups (A—D). The livers were
scored for microsteatosis (E), macrosteatosis (F), overall steatosis (G) and difference (A score) in macrosteatosis and microsteatosis scores (H). *, **,
xHx kxkx P < 0.05, 0.01, 0.001, 0.0001 for post-hoc comparisons after Kruskal-Wallis test with Dunn's test. (I) Liver triglyceride content was
determined. ns: not significant. *: P < 0.05 for post-hoc comparisons after two-way ANOVA with Tukey's adjustment. Hepatic concentrations of
(Continued)
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Cd36 mRNA (J) and Fabpl mRNA (K) were determined and scaled to a value of 1 for the mean of the control diet + corn oil group. **, ****: p <
0.01, 0.0001 for post-hoc comparisons after two-way ANOVA with Tukey's adjustment.

Results

The Western diet increases body, liver, and
fat mass

The daily dosage of NEPE14 (1 pL/g body weight/day)
provided 0.23 pg of quantified cannabinoids per Gram of
body weight, of which 78% was A°~THC (Table 1). The
mean intake for each experimental group was monitored
for the first four weeks. The average energy intake in kcal
was higher for the Western diet than control diet, with no
indication that NEPE14 significantly increased intake
(Figure 1A). Body weights increased faster for mice fed
the Western diet than mice fed the control diet (Figure 1B).
At sacrifice, mice given the Western diet had significantly
higher body weights than mice given the control diet with
no significant effect of the corn 0il/NEPE14 administration
and no significant interaction between these factors
(Figure 1C). With the Western diet, the liver weights
and liver weights relative to body weights were
significantly increased (Figures 1D,E) with no significant
effects of NEPE14. The gonadal fat pad weight was likewise
increased for mice fed the Western diet with no significant
effect of NEPE14 (Figure 1F). Relative to body weight,
NEPE14-treated mice had significantly increased relative
gonadal fat pad weight when fed the control diet, but not
the Western diet, with a significant (P = 0.032) interaction

between diet and NEPE14 administration (Figure 1G).

The Western diet promotes
hyperglycemia, dyslipidemia, and
hepatic injury

Mice fed the Western diet had significantly higher fasting
glucose than mice fed the control diet (Figure 2A), while there
were no significant effects for serum insulin or the HOMA-IR
parameter for insulin resistance (Figures 2B,C). The Western diet
further led to decreased levels of serum triglycerides and
increased levels of total serum cholesterol (Figures 2D.E).
Mice fed the Western diet also had significantly increased
concentrations of ALT and AST, indicative of liver damage
(Figures 2F,G). There were no significant effects of the corn
oil/NEPE14 treatment and no significant interactions between
diet or NEPE14 administration for any of these serum
parameters.
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The Western diet promotes a liver
phenotype consistent with metabolic
dysfunction-associated
steatohepatitis (MASH)

Livers from mice fed the Western diet tended to show a
higher degree of steatosis than livers from mice fed the control
3A-D). The
significantly increased by the Western diet in mice treated

diet (Figures index of microsteatosis was

with corn oil, while an index of macrosteatosis was
significantly increased by the Western diet for both treatment
groups (Figures 3EF). The combined score of micro- and
macrosteatosis was significantly increased by the Western diet
(Figure 3G). To assess the degree of macrosteatosis relative to
microsteatosis, we calculated the difference between the
macrosteatosis and microsteatosis score (delta score). For mice
fed the Western diet, this parameter was significantly increased
(P = 0.005) by NEPE14 administration (Figure 3H). We further
determined that the amount of liver triglycerides per Gram of
liver tissue was significantly increased by the Western diet (P =
0.002 for main effect of diet) (Figure 3I). Thus, during intake of
the Western diet, NEPE14 seems to shift storage of hepatic
triglycerides towards macrosteatosis without alteration of the
total amount of stored triglycerides.

CD36 is a fatty acid translocase with a possible role in
pathogenesis of NAFLD. Hepatic expression of CD36 tends to
be elevated in conditions of NAFLD, and CD36 overexpression
can promote lipogenesis and steatosis [16, 17]. We observed that
the concentration of Cd36 mRNA was significantly higher in
mice fed the Western diet than in mice fed the control diet with
no clear effect of NEPE14 (Figure 3]). Fatty acid binding protein
1 (FATP1) is an abundant hepatocyte protein that is important
for intracellular fatty acid trafficking and protection from
lipotoxicity of free fatty acids [18, 19]. In at least some
cohorts of humans with steatosis and in some mouse models
of NAFLD, hepatic expression of FATP1 is diminished.
FATP1 also binds cannabinoids, including THC and CBD,
which plays a role in hepatic detoxification of cannabinoids
[20, 21]. We observed a small, but significant, upregulation of
Fabpl mRNA by NEPE14 administration in mice fed the control
diet (Figure 3K).

Collagen was stained red with picrosirius red (PSR), and the
sections were counterstained with hematoxylin. Hematoxylin
stains nuclei and their nucleoli, generating a small amount of
background signal. An image from each group is presented in

Figures 4A-D. At sacrifice, upon macroscopic examination, three
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FIGURE 4

The Western diet promotes liver inflammation. Examples of liver sections stained with picrosirius red from each of the four treatment groups

(A—D). The sample in (D) was taken from one of the mice with a stiff, fibrotic liver. (E) Quantification of parenchymal PSR stained area. (F) Counting of

inflammatory foci from H&E stained liver sections. In panels E and F, the horizontal lines indicate medians. The data points indicated by letter “F" are

from stiff, fibrotic livers. ns: not significant. **: P < 0.01 for post-hoc comparisons after Kruskal-Wallis test with Dunn'’s test. (G,H) An example of
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immunohistochemistry of a hyperplastic lymphoid follicle from a mouse fed the control diet and exposed to NEPE14 with the red-purple color
demonstrating the occurrence of both CD3e-positive (G) and CD19-positive cells (H). (I) Incidence of mice with hyperplastic lymphoid follicles

observed in H&E stained liver sections.

mice had stiff, fibrotic livers. Two of these were mice that were fed
the Western diet and received NEPE14, while the third was fed
the control diet and administered corn oil. The three livers found
to be highly fibrotic at sacrifice showed the highest degree of
parenchymal PSR staining (Figures 4D,E). The Western diet led
to significantly increased staining with picrosirius red in mice
administered NEPE14 (P < 0.05). However, this increase was
largely due to the two out of ten livers that were highly fibrotic
(Figure 4E). In addition, there was a significant decrease in PSR
staining produced by NEPE14 administration in mice fed the
control diet, even though the staining intensity was already low in
nine of the corn oil-administered mice.

The number of foci with inflammatory cells was significantly
increased in mice fed the Western diet (Figure 4F). In some of the
livers, there were one to three, small to medium size hyperplastic
lymphoid follicles containing both CD3 positive (T-lineage cells)
and CD19 positive (B-lineage cells) (Figures 4G,H). The
higher administered NEPE14
(Figure 4I), but this was not statistically significant (P =

incidence was in mice
0.18 by Fisher’s exact test). In addition, there were three
incidental findings in mice without hyperplastic lymphoid
follicles: 1) a large pancreatic cyst in a mouse that received
the Western diet and corn oil; 2) a hyperplastic nodule with a
focus of cellular alteration in a mouse with a fibrotic liver that
received the Western diet and NEPE14; and 3) a hepatocellular
adenoma and moderate bile duct hyperplasia in a mouse with a
fibrotic liver that received the control diet and corn oil (data
not shown).

PSR staining provides a measure of collagen accumulation
over time. To get a snapshot of collagen production at the time of
sacrifice, we measured expression of mRNA for collagen lal
(Collal) and for alpha smooth muscle actin (aSMA) which is a
marker of stellate cell activation. Concentrations of Collal and
aSMA mRNA were increased to the same degree by the Western
diet (P < 0.05) in both the control and NEPE14 groups (Figure 5),
suggesting activation of stellate cells promoting fibrosis. A key
feature of steatohepatitis is enhanced inflammation. In addition
to counting inflammatory foci (Figure 4F), we assessed the
inflammatory milieu by determining expression of mRNAs for
proinflammatory cytokines TNFa, IL-6 and interferon-y that are
upregulated in conditions of steatohepatitis [22-24]. We further
measured B220 as a marker of B-cells; CD3e as a marker of
T-cells; and the catalytic subunit CYBB of NOX2 that is a marker
of Kupffer cells and other phagocytic cells with a role in the
immune response. The Western diet led to significantly increased
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expression of mRNAs for TNFa, IL-6, B220, CD3e and CYBB
(P < 0.0001, P = 0.015, P = 0.001, P = 0.0001, and P < 0.0001,
respectively, for the main effects of diet) consistent with an
enhanced inflammatory state (Figure 5). There were no
significant effects of NEPEI4 and no significant interactions
between diet and chronic NEPE14 administration for any of
these parameters. Finally, as receptors for phytocannabinoids, we
explored expression of CB1 and CB2 receptors (expressed from
genes Cnrl and Cnr2), and TRPV1 receptors. Likely due to low
expression, we could not design robust qRT-PCR assays for
Cnrl and Trpvl mRNA. Expression of Cnr2 mRNA was
induced by the Western diet, with no significant effects of
NEPE14 (Figure 5).

Discussion

In agreement with Krishnan et al. [15], chronic consumption
of a Western diet rich in fat and simple sugars resulted in
development of obesity and liver pathology consistent with
fibrosing metabolic ~ dysfunction-associated steatohepatitis
(MASH) in male C57BL/6 mice. Furthermore, serum glucose
and cholesterol were elevated in both studies. There were a small
number of differences with the current study. We did not observe
any significant increase in serum insulin, which may be due to the
length of time between removal of the diet and sacrifice, which
was 6 h in Krishnan et al. [15] and an overnight fast in the current
study. We further observed a significant decrease in serum
triglycerides, consistent with other studies of rodents fed a
Western diet [25]. Feeding mice with the Western diet also
promoted traits of the liver associated with development of
MASH such as increased liver weight, increased liver steatosis,
increased infiltration of inflammatory cells, and increased
expression of profibrotic
NEPE14, a

formulation has previously been shown to have significant

and proinflammatory genes.

cannabis-derived ~ whole-plant  botanical

antihyperalgesic ~ effects ~ when  administered  either
intraperitoneally or at the current dose via the cheek pouch
[14]. Given potential entourage effects between the different
cannabinoid ingredients and other phytochemicals present in
NEPE14, it was difficult to predict what effects chronic
administration would have on energy utilization, glucose and
lipid homeostasis, and liver pathology. The only significant effect
of NEPE14 on body composition was a significant increase in

relative adipose tissue weight in mice fed the control diet. This
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Hepatic mRNA expression. gRT-PCR was conducted for 18S
rRNA as a house keeping gene, genes involved in fibrosis
(Colal and aSMA), genes involved in inflammation (TNFa, IL-6,
IFN-y, B220, CD3e and Cybb), and the gene encoding
cannabinoid receptor 2 (Cnr2). N = 10 mice per experimental
group. *, **, ****:p (.05, 0.01, 0.0001 for post-hoc comparisons
after two-way ANOVA with Tukey's adjustment.

contrasts with previous studies showing weight loss and
improved adiposity in animals administered delta-9-THC
chronically [4]. For mice fed the control diet, administration
of NEPE14 did not cause overt liver pathology, indicating a lack
with  this
Decreased PSR staining and

of  hepatotoxicity  associated particular
phytocannabinoid ~mixture.
increased expression of Fatpl mRNA in mice administered
NEPE14 could be beneficial effects, although that would need
to be substantiated in future studies. For mice fed the Western
diet, no significant differences were observed in the development
of overall MASH pathology or gene expression with or without
co-administration of NEPE14. However, there were some subtle
differences related to the nature of hepatic fat accumulation. A
significant shift in lipid droplet size toward macrosteatosis was
observed after NEPE14 administration, suggesting a change in
lipid packaging, but overall levels of steatosis and triglyceride
accumulation were similar between the two groups that received
the Western-style diet.

Limitations of the current study include using only male

mice and only one volume of NEPE14. Future studies that
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include female mice and higher doses may be important, as
females have been shown to be more sensitive than males to
the antinociceptive effects of cannabinoids. In one study, for
example, CB1 and CB2 antagonists were used to demonstrate
that while both the acute antinociceptive and motoric effects
of A9-THC were produced via activation of CB1 receptors, the
CB1 antagonist rimonabant was up to 10 times more potent in
female than male rats and the antagonism of the A9-THC-
induced antinociception was greater than the antagonism for
the motor impairment [26].

The occurrence of stiff, fibrotic livers in three mice,
especially for a mouse on the control diet that was
administered corn oil, was unexpected and contributes to
the likelihood that these
Nevertheless, these livers also showed the highest degree of

findings were idiopathic.
bridging and intralobular fibrosis by picrosirius red staining
and the highest number of inflammatory foci. While we did
not substantiate mRNA expression data with data on protein
levels, it was remarkable that the mice with these livers also
had the highest expression of mRNA for COL1A1, TNFaq,
IFN-y, CD3E and CYBB within their respective experimental
groups (data not shown), demonstrating an enhanced
inflammatory state. The focus of cellular alterations found
in the fibrotic liver of a mouse that received the Western diet
and NEPE14, as well as the hepatocellular adenoma found in
the fibrotic liver of a mouse that received the control diet and
corn oil, could not be directly tied to a particular diet or
substance administered due to the inconsistent occurrence of
these pathological findings across the experimental groups.
Interestingly, the role of endogenous cannabinoids on
hematopoietic cell proliferation, differentiation, and
migration has been found to be both positive and negative.
For example, most fatty acid ethanolamides such as
anandamide inhibit migration, whereas most fatty acid
glyceryl esters stimulate migration [27]. The role of the
cannabinoid receptors in these effects has also been
difficult to establish as experiments with both CB1 and
CB2 receptor antagonists indicated that the effects of 2-
arachidonyl glycerol on cell migration were receptor
dependent, but the effects of anandamide on cell migration
were receptor independent.

Hepatic lymphoid hyperplasia was another unexpected
finding. In humans, hepatic reactive lymphoid hyperplasia
is a rare, but apparently benign condition [28]. While we
cannot exclude the possibility of NEPE14 stimulating
the NEPE14-

administered mice was not significantly higher than in

lymphoid  hyperplasia, incidence in
mice administered the corn oil control. There are reports
of NEPE14 increasing lymphocyte counts in response to total
(29
marrow

body irradiation combined with skin wounding
this  type
clonogenicity solely with NEPE administration would be
difficult without further studies because NAFLD alone can

however, associating of bone
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increase lymphocyte counts [30]. These data would also
contrast with data demonstrating that cannabinoids often
decrease lymphocyte counts. In one study, for instance,
both purified delta-9-tetrahydrocannabinol (THC) and
cannabidiol (CBD), along with THC- and CBD-enriched
cannabis  extracts, reduced activated lymphocyte
proliferation in a murine bone marrow transplantation
(BMT) model [31]. This study was also able to show that
THC, but CBD, produced this effect

CB2 receptors using splenocytes from CB2 knockout mice

not through
in a succinyl ester (CFSE)-labeled lymphocyte proliferation
model. Another notable finding from this study was the effect
of THC alone on lymphocyte proliferation, as it was
eliminated in splenocytes lacking CB2 receptors, but was
potent the THC-enriched
suggesting that other constituents of the extract might also

only less after extract -
be responsible for limiting lymphocyte proliferation.

In conclusion, a Western diet for 24 weeks resulted in the
development of obesity and liver pathology consistent with
fibrosing metabolic dysfunction-associated steatohepatitis
(MASH) in male C57BL/6 mice administered either corn
oil or the cannabis-derived mixture NEPE14. The relative
absence of an effect with NEPE14 in mice fed the Western
diet indicated it did not worsen hepatotoxicity at a volume
previously shown to have significant antihyperalgesic effects
for pain management. It did, however, increase hepatic
macrosteatosis compared to microsteatosis over this time
period in mice fed the Western diet and produce small
increases in relative adiposity in mice fed the control diet.
Thus, NEPE14 administration neither significantly reduced
nor enhanced development of MASH in response to a Western

diet in this mouse model.
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Abstract

The Acadian variant of Fanconi Syndrome (AVFS) is a rare genetic disorder
characterized by renal deficiencies. AVFS is caused by a mutation to NDUFAF6
encoding a complex | assembly factor, and leading to metabolic alterations. We
confirmed that fibroblasts derived from AVFS patients have lower complex |
activity, mitochondrial membrane potential and cellular respiration. These
mitochondrial defects were accompanied by higher levels of 8-hydroxy-
2'deoxyguanosine, malondialdehyde and carbonyl, which are markers of
oxidative damage to DNA, lipids and proteins, respectively. Thus, we
hypothesized that the antioxidant N-Acetyl-L-cysteine (NAC) would reduce
oxidative stress and mitochondrial defects in AVFS fibroblasts. Treatment with
NAC during 5 days partially restored complex | activity, mitochondrial
membrane potential and cellular respiration in AVFS fibroblasts. NAC also
prevented oxidative damage in AVFS fibroblasts. This work shows for the first
time that the physiopathology of AVFS includes high oxidative stress. It also
reveals that NAC and other antioxidant-based strategies might represent an
effective pharmacological treatment for AVFS.

KEYWORDS

mitochondrial disease, antioxidant, oxidative stress, kidney disease, rare disease

Impact Statement

The Acadian variant of Fanconi Syndrome is a rare mitochondrial disease for which
there is no treatment. This work identifies oxidative stress as the most important
mechanism in this disorder. It also suggests that the antioxidant NAC might be
useful for the treatment of patients with this syndrome. This work will be of high
interest for both fundamental biologists and clinicians.
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Introduction

The Acadian variant of Fanconi Syndrome (AVES) is a rare
autosomal recessive genetic disorder characterized by defects in
proximal tubular reabsorption and chronic kidney disease [1-3].
AVES has only been reported in the Acadian population, who are
descendants of the first French settlers on the East Coast of Canada.
AVEFS systematically progresses to end-stage renal disease and
eventually requires kidney replacement therapy [2, 3]. AVES has
also been associated with other clinical features, namely pulmonary
interstitial fibrosis and retinal blindness in some patients [2].

A non-coding mutation in NADH: ubiquinone oxidoreductase
complex assembly factor 6 (NDUFAF6) has been reported as the
cause of AVFS [1]. This mutation causes abnormal splicing of the
NDUFAF6 mRNA, which impairs the assembly of complex I (CI) of
the electron transport system within mitochondria, leading to
dysfunctional oxidative phosphorylation (OXPHOS) [1, 4].
OXPHOS is performed by a series of enzymatic complexes (CI
to IV) which transfer high-energy electrons to O, to create an
the
membrane. This gradient then feeds the ATP synthase to

electrochemical gradient across inner mitochondrial
generate ATP [5, 6]. Incomplete reduction of O, during
OXPHOS can lead to reactive oxygen species (ROS) such as the
superoxide anion [6]. ROS can damage cellular structures and high
ROS levels are associated with numerous pathological conditions,
including renal diseases [7]. Thus, CI is a major entry point for
electrons in OXPHOS and its dysfunction significantly increases
ROS production [8]. This suggests that the mutation of
NDUFAF6 could trigger high oxidative damage which would
lead to the clinical symptoms of AVFS.

In this study, we hypothesized that N-Acetyl-L-cysteine (NAC),
a well-known antioxidant, would alleviate AVFS symptoms. To
address this, NAC was applied to fibroblasts derived from AVES
patients, in which we examined mitochondrial deficiencies and
oxidative damage. The data obtained show that AVFS fibroblasts
have high levels of oxidative damage which can be reduced by NAC.
This work thus demonstrates for the first time the role of oxidative
damage in AVFS and the potential of NAC as a pharmacological
treatment in this syndrome.

Materials and methods
All procedures were approved by the Comité d’éthique de la
recherche (CER) du Réseau de santé Vitalité (#101701_2023) and

the Comité d’éthique de la recherche avec les étres humains de
Puniversité de Moncton (#2223-067).

Fibroblasts culture

Control fibroblasts were obtained from ATCC (ref. PCS-201-
012). Fibroblasts from patient 1 were generated by T. Mracek
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(Cezch Academy of Science) and fibroblasts of patient 2 were
generated at the University of Moncton. Control and patient
1 fibroblasts were used to be able to compare our data to the
original work on AVFS published in 2016 [1]. The patients did
not present pulmonary interstitial fibrosis at the time of the
study. Information about the patients has to remain confidential
considering the low number of known patients with AVFS.
Patients provided written informed consent for the use of
their skin biopsies.

To generate culture of fibroblasts from patients, skin biopsies
were minced and then transferred in petri dish with Dulbecco’s
modified Eagle’s medium (DMEM) containing 4.5 g L' glucose,
2 mM glutamine, 1 mM pyruvate, 20% (v/v) of fetal bovine serum
(FBS), 100 units*mL™" penicillin and 100 g*mL™" streptomycin.
All primary fibroblasts were maintained at 37°C in 5% CO, and
95% humidity in the same culture medium.

Chemicals
NAC (ref. A8199, Sigma-Aldrich) was first dissolved in

distilled water and then
concentration of 1 mM. Cells were treated for 5 days

in the culture medium at a

before analyses.

Oxidative stress markers

For lipid oxidation, malondialdehyde (MDA) levels were
assessed using the lipid peroxidation MDA assay kit (ref.
AB233471, Abcam) with some modifications. Briefly, after cell
lysis and protein normalization, thiobarbituric acid (TBA) was
added to samples during 1 h at 95°C. MDA levels were detected
by fluorescence using Synergy H1 microplate reader (Biotek
Instrument). For protein oxidative damage, carbonyl levels
were determined using the protein carbonyl content assay kit
(ref. MAKO094, Sigma Aldrich)
instructions. DNA oxidative damage were determined by
measuring the 8-OHAG levels by ELISA (ref. ab201734,
Abcam) following manufacturer’s instructions.

following manufacturer’s

Complex | activity
For complex I activity, fibroblasts were harvested and protein

levels were quantified. For each condition, 100 ug of protein was
used in the assay as described previously [9].

Mitochondrial membrane potential

Cells were harvested and centrifuged at 1,000*g for 5 min.
Cells were then washed twice with phosphate buffered saline
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(pH 7.2). Cells were then incubated with 200 nM of
tetramethylrhodamine methyl (TMRM, Ref. T668,
ThermoFisher) and incubated for 30 min at 37°C in cell
media. As of control, all cells were also pre-incubated with
5 uM of FCCP during 5 min at 37°C to verify that the
TMRM was FCCP-sensitive. TMRM labeling was then
measured using Attune cytometer (Invitrogen).

ester

Cellular respiration

Oxygen consumption rates (OCR) were measured using the

Oxygraph-2k Oroboros system (Innsbruck, Austria), as
previously described [10-12]. Briefly, cell respiration was
determined at 37°C with 2 x 10° intact cells in 2 mL
chambers. Three different states of OCR cells were measured:
(i) basal respiration, (i) leak respiration after injection of
oligomycin (2 ug mL™), and (iii) uncoupled respiration after

injection of FCCP (2.5 uM).

SDS-PAGE and immunoblotting

SDS-PAGE was performed as described previously [11, 12].
Proteins were extracted in buffer containing 62.5 mM
Tris-HCl, pH 6.8; 10% (v/v) glycerol, 2% (w/v) sodium
dodecyl sulfate (SDS), 0.5% bromophenol blue, 2.5% (v/v) B-
mercapto-ethanol) and boiled at 95°C during 5 min. Proteins
were then separated at 200 V during 60 min, using 10 or 12%
(VIV) of 22.2-
trichloroethanol for total protein staining, as previously
described [13].

After
polyvinylidene difluoride (PVDF) membranes. Membranes
were blocked for 1 h in 50 mM Tris-Cl, pH 7.6; 150 mM
NaCl, 0.1% Tween, containing 5% BSA or 5% skimmed milk.
PVDF membranes were incubated with primary antibodies

polyacrylamide gel containing 0.35%

electrophoresis, proteins were transferred to

overnight at 4°C. Protein immunodetection was performed
directed against NDUFA9
(ab14713, Abcam), NDUFAF6 (sc-17091, Santa Cruz),
SDHA (abl14715, Abcam), UQCRC2 (abl14742, Abcam),
TOM20 (sc-17764, Santa Cruz). Then, PVDF membranes
incubated for 1

using primary antibodies

were h with appropriate peroxidase-
conjugated antibodies. Finally, immunoblots were visualized
by chemiluminescence using the ChemiDoc Touch imaging

system (Biorad, USA).

Statistical analyses
Data are presented as mean + SEM and were statistically

analyzed using one-way or two-way ANOVA followed by Tukey
post hoc test with GraphPad Prism 9. In figures, the datapoints
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correspond to experiments conducted independently on different
days. The results of post hoc tests are shown with letters: datapoints
with different letters are statistically different (p < 0.05) whereas
datapoints with the same letters are not statistically different (p >
0.05). For instance, a datapoint labelled with the letter a is
statistically different from datapoints marked with the letters b
or bc, whereas it is not statistically different from datapoints
labelled with the letters a or ab.

Results

We first compared the mitochondrial physiology in fibroblasts
from control and AVES patients. The control and patient
1 fibroblasts are the same cells analyzed in the original work on
AVES [1], whereas the fibroblasts of patient 2 were generated for
this study. We characterized the molecular defects associated with
the syndrome. AVFS is caused by a mutation in the CI assembly
factor NDUFAF®6, reducing the levels of the NDUFAF6 protein,
thereby impairing complex I assembly and activity [1]. To confirm
this, we compared levels of different mitochondrial proteins
between fibroblasts derived from one control and two AVES
patients by immunoblotting. The data obtained show reduced
levels of NDUFAF6 and of the complex I subunit NDUFA9
(Figure 1A). However, levels of CII subunit SDHA, CIII
subunit UQRCRC2, and TOM20 were similar between control
and AVFS fibroblasts (Figure 1A), confirming that AVES
specifically involves CI deficiencies and is not linked to a global
reduction of mitochondrial mass, as previously reported [1].

In parallel to decreased levels of CI-related proteins (Figure 1A),
we also observed reduced enzymatic activity of CI in AVES
fibroblasts (Figure 1B). To evaluate the impact on OXPHOS, we
then measured mitochondrial membrane potential and oxygen
consumption. Labeling with the mitochondrial membrane
potential-dependent dye TMRM showed that AVFS fibroblasts
have altered OXPHOS as compared to the control fibroblasts
(Figure 1C). Similarly, OCR of 3 different respiratory states were
also decreased in AVFS fibroblasts (Figure 1D). These data confirm
the presence of mitochondrial dysfunction in AVFS fibroblasts, as
observed previously [1].

Alterations in CI assembly and activity are a major cause of
oxidative stress [3]. To address whether the AVFS-related CI
deficiencies result in higher oxidative damage, we examined levels
of 8-hydroxy-2'deoxyguanosine (8-OHdG), malondialdehyde (MDA),
and carbonyl, which are well-known biomarkers for oxidative damage
to DNA, lipids and proteins, respectively. Strikingly, levels of 8-OHdG,
MDA and carbonyl were all increased in AVFS fibroblasts (Figures
1E-G). These findings indicate that AVFS involves oxidative stress.

We hypothesized that a treatment with an antioxidant, such as
NAC, would alleviate the mitochondrial and oxidative alterations
observed in AVFS fibroblasts. To address this, fibroblasts were
treated with NAC (1 mM) for 5 days. This treatment had no effect
on TMRM fluorescence and MDA levels in control fibroblasts
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Fibroblasts derived from Acadian variant of Fanconi syndrome (AVFS) patients have mitochondrial deficits and oxidative damage. (A)
Immunoblotting and quantification of mitochondrial proteins in fibroblasts derived from control or AVFS patients showing lower levels of
NDUFAF6 and the complex | subunit NDUFA9 but not of SDHA, UQRCRC2 and TOM20. (B) The enzymatic activity of complex | is decreased in AVFS

fibroblasts (n

= 9). (C) Fluorescence of the mitochondrial membrane potential-dependent TMRM is decreased in AVFS fibroblasts (n = 6). (D)

Oxygen consumption rates (OCR) at different respiratory states indicating lower mitochondrial metabolism in AVFS fibroblasts (n = 3-4). (E-G) Levels
of (E) 8-hydroxy-2'-deoxyguanosine (8-OHdG), (F) malondialdehyde (MDA) and (G) carbonyl, which indicate oxidative damage on DNA, lipid and
protein, respectively, are increased in AVFS fibroblasts (n = 3). Data are presented as mean +- SEM. Data with different letters are statistically different,

as measured by one way ANOVA followed by post-hoc Tukey test.

(Figures 2A,B). Treatment of AVFS fibroblasts with NAC did not
rescue NDUFAF6 levels (Figure 2C), but almost completely
restored CI activity (Figure 2D) and mitochondrial membrane
potential (Figure 2E). The NAC treatment fully rescued basal and
leak OCR, but partially rescued uncoupled respiration in AVFS
fibroblasts (Figure 2F). Levels of 8-OHAG were partially restored,
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whereas levels of MDA and carbonyl were completely restored in
AVFS fibroblasts treated with NAC (Figures 2G-I). These findings
indicate that the treatment with NAC is sufficient to reverse most
of the oxidative damage induced by AVES, and restore, at least
partly, the mitochondrial deficiencies in fibroblasts derived
from patients.

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10448

Al-Younis et al.

10.3389/ebm.2025.10448

A B c . . D
3 100+ 8— g L. 5
g s | s £65£5 5 > 157
el 3625 SEEZEF 2k
g 607 3, NAC--+--+% 8 2 1.0
N [ —
€ 40 & NDUFAF6|— = =
g 2 %_ E’os_
g 207 ] FEE==® .
z 20 2 sE-== : !
9 0- Total protein load =
P NAC -+ NAC - + P"° O = (.0-
e NAC
> o
&° S o
P ¢ ooq&\eq
F —_ Basal Leak Uncoupled G H . | .
m —
T U7 40 N
3150 ap® gde abcde _ Ea o -Ezoa a a
€ = 30 ] - o
e 100 a a ac [° e: ;%6 ) 2 15
14 * b [+ o = g 2 ]
5 T 207 3 47 S o104 &
ov T 3 2
g ™ Q 104 <, 3
o 9 <, . .
2, inlll [elinf ) - 5 :
& NAC - -+ -+ - -+ -+ - -+ -+ NAC--+._+ NA?C_--+_+ 5NA0C_--.+
e S e 2 S sSe e
ST I S S U G S N\ \so Q& «0\ X <o~\ N2
FIGURE 2

Treatment with the antioxidant N-Acetyl-L-cysteine (NAC) reverses oxidative damage in fibroblasts derived from Acadian variant of Fanconi
syndrome (AVFS) patients. (A) TMRM fluorescence in control ﬁbrobtasts do not change after treatment with NAC (1 mM, 5 days, n = 9). (B) MDA levels

in control fibroblasts do not change after treatment with NAC (n =

). (C) Representative immunoblotting (n = 3) of NDUFAF6 in control and AVFS

fibroblasts with vehicle or NAC, showing that NAC does not rescue tevets of NDUFAF6. (D) The enzymatic activity of complex | is partly rescued
in AVFS fibroblasts upon treatment with NAC (n = 12). (E) TMRM fluorescence is partly rescued in AVFS fibroblasts treated with NAC (n = 6-7). (F)

Oxygen consumption rates (OCR) at different respiratory states are partly rescued upon treatment with NAC (n =

3)(G-1) Levels of (G) 8-hydroxy-2'-

deoxyguanosine (8-OHdG), (H) malondialdehyde (MDA) and (l) carbonyl, which indicate that oxidative damage on DNA, lipid and protein,
respectively, are partly rescued in AVFS fibroblasts treated with NAC (n = 3). Data are presented as mean +- SEM. Data with different letters are
statistically different, as measured by one way ANOVA followed by post-hoc Tukey test.

Discussion

The aim of this work was to examine whether fibroblasts
from AVES patients have higher oxidative stress and test the
potential beneficial effect of the antioxidant NAC to rescue the
cellular and molecular defects linked to AVFS. Our findings
demonstrate that AVFS fibroblasts from two different patients
have higher levels of oxidative damage than control fibroblasts.
Our findings also indicate that treatment with NAC can rescue
the mitochondrial dysfunction and the oxidative damage
associated to AVFES. This work suggests that NAC might be
considered as promising treatment for AVFS.

NAC is a derivative of the amino acid cysteine and its
antioxidant effect originates from its ability to promote the
concentration of glutathione, an important thiol compound
regulating redox potential within cells [14]. NAC is considered as
a safe and inexpensive dietary supplement with limited side-effects,
and is available over-the-counter in several countries [14]. It has
received FDA approval for treatment of hepatotoxic dose of
acetominophen [14]. NAC was also approved more recently for
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conditions with abnormal mucus secretion, including pneumonia and
bronchitis [14]. NAC is used as short- and long-term treatment in
several diseases related to both acute and chronic kidney impairments.
For instance, short-term NAC treatment has been used in contrast-
induced acute kidney injury, a condition in which kidney function is
acutely altered after intravascular administration of iodinated contrast
media for imaging purposes [15]. However, no global positive effects
of NAC have been observed in this condition [16]. This could be due
to the low bioavailability of the antioxidant upon oral administration
[17-20]. However, various types of treatment with NAC appears to
improve eGFR and reduce cardiovascular events in chronic kidney
disease (CDK) [15]. For instance, patients with CDK treated with a
chronic NAC regimen (600 mg of NAC orally twice daily during
3 years) had improved eGFR as compared to non-NAC users [19].
Overall, this suggest that chronic regimen with NAC could improve
the renal function of AVFS patients.

Our findings suggest that oxidative stress is an important
component within the physiopathology of AVEFS since the most
part of cellular defects in AVFS were rescued by NAC. For
instance, the CI activity was almost completely rescued by
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NAC, indicating that the CI enzymatic alterations caused by the
AVFS-related mutation of NDUFAF6 are likely a consequence of
oxidative damage on CI itself. Although this work is the first to
report increased oxidative damage in AVFS, oxidative stress is
commonly observed in mitochondrial diseases and other
pathologies involving secondary mitochondrial dysfunctions,
including neurodegenerative diseases [21]. In turn, NAC has
been used to reverse oxidative stress in several pathological
conditions related to mitochondrial dysfunctions [22-24]. For
instance, it has been shown that NAC decreases levels of ROS and
improve ATP production as well as mitochondrial membrane
potential in fibroblasts derived from patients with different
mitochondrial diseases [24]. NAC also delays the progression
of motor deficits and improves mitochondrial functions in the
R6/1 mouse models of Huntington’s disease [25]. Overall, NAC
improves mitochondrial function in cellular and animal models
of various disorders involving mitochondrial dysfunction.
However, this work is the first to demonstrate that NAC can
be beneficial in AVFS patients.

It will be important to examine whether the positive effects of
NAC observed in AVES fibroblasts can be translated in patients.
Indeed, fibroblasts from patients might not perfectly mimic the
renal and lung cell types affected in AVES since mitochondrial
physiology varies across tissue and cell types [26-29]. Our
findings could also be biased by the comparison with control
fibroblasts obtained from ATCC, which potentially introduced
variability due to differences in donor age, sex, and genetic
background. Thus, the physiopathology of AVFS and the
effect of NAC or other antioxidants should also be examined
in patient-derived renal cells.

In conclusion, NAC represents a promising option for the
treatment of AVFS since it rescued oxidative damage and
mitochondrial dysfunction of AVES fibroblasts. More studies
should explore the potential beneficial effect of NAC and other
antioxidant-based strategies in AVES patients.
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Abstract

Malaria remains a significant cause of childhood morbidity and mortality, with
Plasmodium falciparum Histidine-Rich Protein 2 (PfHRP2)-based malaria rapid
diagnostic tests (MRDTs) widely used in endemic regions where microscopy is
sometimes not feasible. While these tests offer high sensitivity, persistent
PfHRP2 antigenemia and gene deletions can cause false-positive and false-
negative results, compromising their accuracy for malaria case management
and surveillance. This study evaluated the diagnostic performance and antigen
persistence of PfHRP2-mRDTs using data from a longitudinal birth cohort of
750 children followed monthly from birth to 36 months in a holoendemic
region of Kenya. Malaria diagnosis was performed using both microscopy and
mRDTs, with a total of 15,006 clinical events recorded from 573 children
between 2017 and 2023. Data from an independent acute febrile cohort of
937 children (<5 years) followed for 14 days was analyzed to validate the
findings. The mRDT showed a high sensitivity of 97.27% but a moderate
specificity of 65.00% in acute febrile illness, indicating frequent false-positive
results. The positive predictive value was low (35.10%), suggesting that
confirmatory testing is needed, while the negative predictive value was high
(98.89%), reinforcing the reliability of mRDTs in ruling out malaria. Persistent
PfHRP2 antigenemia was observed, with a median antigen clearance time of
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51.14 days, respectively. Higher initial parasite densities (>50,000/uL) were
associated with a slower antigen decay rate (p = 0.001), highlighting the
challenge of interpreting positive mRDT results after treatment. Validation
using the acute febrile cohort showed that mRDT specificity exceeded 95%
at initial diagnosis and follow-up. Overall, PfHRP2-based mRDTs remain
valuable for frontline malaria diagnosis but are limited by antigen
persistence, leading to false positives in follow-up testing. Where feasible,
integration of confirmatory diagnostic methods, such as microscopy or

molecular assays, could improve the performance of malaria case
management and clinical decision making, particularly in high-transmission
settings.
KEYWORDS

malaria diagnosis, Plasmodium falciparum, histidine rich protein, PFHRP2, mRDT

Impact statement

The findings from this study provide critical insights into the
diagnostic performance and antigen persistence of PfHRP2-
(mRDTs) in a

strengths  and

based malaria rapid diagnostic tests
highlighting  their

limitations in clinical and surveillance settings. The study

holoendemic  region,
advances the field by demonstrating that while mRDTs have
high sensitivity and reliability in ruling out malaria, their
specificity is compromised due to prolonged antigenemia,
leading to false positives during follow-up assessments. This
work presents novel longitudinal data showing that antigen
persistence extends beyond two months post-treatment, with
higher initial parasite densities slowing clearance. These findings
have significant implications for malaria case management,
emphasizing the need for confirmatory diagnostic strategies to
improve accuracy and treatment decisions. By identifying
antigenemia persistence as a key challenge, this study informs
malaria control programs and underscores the necessity for
improved diagnostic algorithms to enhance surveillance,
reduce overtreatment, and guide policy development in high-
transmission regions.

Introduction

Malaria continues to pose a major global public health threat,
with 263 million cases of illness and 597,000 deaths annually [1].
In the World Health Organization (WHO) African Region,
deadliest
accounts for the majority of the cases (247 million, 94%) and
mortality (567,000, 95%) [1]. Children under five are the most
vulnerable group, accounting for 76% of the malaria-related
fatalities (432,400) in this region [1-3]. Kenya faces a
with  ~3.29  million
1,060 deaths annually, primarily in this susceptible age group

Plasmodium  falciparum, the malaria  species,

substantial ~ challenge, cases and

[1]. In western Kenya, the highest-burden area, malaria
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prevalence is exceptionally high in Siaya County, where the
microscopy positivity rate among children under five was
reported to be 54.9% [4]. Another survey in western Kenya
found a positivity rate of 32.8% among children under five,
with prevalence increasing with age [5]. These findings
highlight the disproportionate impact of malaria on young
children in western Kenya, emphasizing the need for targeted
interventions and prevention measures to reduce morbidity and
mortality in this high-risk population.

Achieving these goals requires accurate diagnosis and timely
treatment, which are critical for effective malaria management
[6]. Misdiagnosis or delays in treatment can result in severe
complications and increased mortality rates [3, 6]. To address
this, the WHO recommends the use of parasite-based diagnostic
methods, such as microscopy and/or malaria rapid diagnostic
tests (mRDTs) before administering antimalarial treatment [7].
Moreover, residual drug concentrations in misdiagnosed
individuals can shape a selective environment facilitating the
evolution of drug resistance [8, 9].

Microscopy is the gold standard for malaria diagnosis,
providing highly sensitive and specific detection of malaria
parasites, allowing for quantifying parasitemia and identifying
the infecting Plasmodium species, which is crucial for
determining appropriate treatment strategies [3, 7, 10].
these advantages,
challenges in resource-limited settings. The method requires

Despite microscopy faces significant
personnel with expertise in preparing and interpreting blood
smears, along with access to specialized equipment, high-quality
reagents, and a reliable electricity supply. These infrastructure
and resource constraints limit microscopy’s availability and
consistent application in many endemic regions [10, 11].
Consequently, alternative diagnostic tools, such as mRDTs
have become essential for improving access to cost-effective
malaria diagnosis in resource-limited settings [12, 13]. The
mRDTs are tests that detect
parasite-specific antigens in peripheral blood, typically using a

immuno-chromatographic

finger-prick blood sample [7]. Compared to microscopy, mRDT's
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are relatively simple to perform and interpret, overcoming the
challenges of infrastructure limitations and making them
valuable in resource-constrained areas [7, 14]. The mRDTs
vary in their ability to detect different malaria species (e.g., P.
falciparum, P. vivax, P. ovale, and P. malariae) by targeting
specific antigens produced by the malaria parasites, enabling the
differentiation of species or confirming the presence of
Plasmodium parasites in mixed infections [7, 10]. For P.
falciparum, the commonly targeted antigen is histidine-rich

protein 2 (PfHRP2) with some cross-reactivity —with
PHRP3 [10, 15]. Other mRDTs detect the enzyme
Plasmodium lactate dehydrogenase (PLDH), which is

expressed by all Plasmodium species but can be species-
specific depending on the test [10]. Additionally, aldolase,
another enzyme involved in the parasite’s glycolytic pathway,
may be targeted for broader detection of non-P.
falciparum species [10].

However, challenges such as PfHRP2 gene deletions can
impact the reliability of mRDTs in diagnosing P. falciparum
infections and provide false negative results [3, 15]. Such
deletions have been reported in multiple malaria-endemic
areas, including Kenya, although with a low prevalence
[16-18]. Infection caused by non-falciparum species can also
result in false negatives since P/HRP2-based mRDT is designed
to detect P. falciparum-specific antigens [19]. In addition, low-
density parasitemia below the detection threshold (100-
200 parasites/pL) [20] of mRDTs can decrease the sensitivity
of PfHRP2-specific
results [21, 22].

The widespread use of PAHRP2-based mRDTs for detecting P.

falciparum in holoendemic regions (e.g., western Kenya) presents

tests and generate false negative

both advantages and disadvantages. While these tests offer a viable
tool for prompt diagnosis in resource-constrained settings, the
thermostable PfHRP2 antigens can persist in the bloodstream
after parasite clearance, leading to false-positive results in
individuals who have cleared the parasite [23-25]. This persistent
antigenemia complicates the detection of new infections after
antimalarial treatment, reducing the effectiveness of mRDTs for
post-treatment follow-up, particularly in high-transmission areas
where recurrent malaria infections are common. Collectively, both
false-negative and false-positive results can impact treatment
decisions and potentially contribute to the misinterpretation and
mismanagement of malaria cases.

Treating a child with antimalarials when the individual is
aparasitemic can contribute to the selection and spread of drug-
resistant malaria strains by exerting unnecessary drug pressure,
potentially eliminating susceptible parasites while allowing
resistant ones to survive and propagate [26]. In addition,
treating a child for malaria when they do not have the
infection can result in missing the actual cause of their
symptoms, such as bacterial or viral infections that are
common co-morbidities in malaria-endemic settings and
require different treatments [27-29]. This can result in
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potentially delaying appropriate care and lead to worsening of
the child’s condition or complications from the untreated
underlying illness. Antimalarial drugs can also have side
effects, including gastrointestinal symptoms and allergic
severe adverse effects like
[30, 31]. Unnecessary

administration of these drugs exposes the child to these risks

reactions and, in rare cases,

neurotoxicity or cardiac issues
without any therapeutic benefit.

In the current study, we utilized concurrent microscopy and
mRDTs for diagnosis of malaria infection in a mother-child birth
cohort followed for 36 months (mos.), aimed at improving
malaria management in affected cases. The longitudinal design
provided valuable insights into the sensitivity and specificity of
these diagnostic tools in detecting malaria in a highly vulnerable
population children.
measurements allowed for the evaluation of diagnostic

of young Repeated  longitudinal
methods during early childhood when children are most
vulnerable to malaria, as their immunity develops through
repeated infections with varying parasite levels. Additionally,
the study enabled an assessment of the persistence of
antigenemia detected by the PfHRP2 based mRDT across
multiple infection events (n = 9,958). Collectively, these
findings present a comprehensive evaluation of mRDT
performance in children during their first 3 years of life in a
high P. falciparum transmission setting.

Materials and methods

Mother-child pair longitudinal
birth cohort

To evaluate the performance of mRDTs (i.e., CareStart Malaria
HRP2, Pf) in a holoendemic P. falciparum setting, we first utilized
data collected from a prospective birth cohort that enrolled
750 mother/child pairs between July 2017 and February 2023 at
the Siaya County Referral Hospital (SCRH). Details of the study area
have previously been described [32]. The mother/child cohort study
was designed to investigate the pathogenesis of severe malaria
[SMA (hemoglobin, Hb) <6.0 g/dL]
development of naturally acquired malarial immunity over the
first 36 mos. of life in HIV-negative children. Data utilized for
the current investigation included measures collected from the

anemia

during the

mothers at delivery and from the children across the follow-up
period. Pregnant women received an explanation of the research
protocol and were provided with HIV counseling, with the
understanding that enrollment decisions would be made
following HIV screening using rapid serological tests. HIV-
negative women, regardless of malaria status, who met the
following criteria were enrolled: >16 years of age, capable and
willing to sign informed consent, willing to enroll their child in
the study, committed to attending scheduled appointments and
study visits over 36 mos., able to provide two contacts familiar with
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[ Child enroliment at birth (n=750 mother-child pairs) and followed for 36 months ]
| | | || L]
0 12 24 36
[ Monthly visits ] [ Quarterly visits, malaria episodes, and well visits ]

Heel/finger prick blood:
+ Malaria diagnosis [microscopy (MPS) and RDT]
+ Complete blood count

Venipuncture blood:

* Malariadiagnosis [microscopy (MPS) and RDT]
» Complete blood count

* Hb electrophoresis (at 6 months)

[ Demographic and geospatial data and clinical exam collected at each visit ]

[ Enrollment of mothers ]

!

HIV negative
216 years of age

Mother’s enrollment criteria

Capable and willing to sign informed consent
Willing to enroll their child in the study

Committed to attending scheduled visits

Living within 25 kilometers radius from the hospital

Venipuncture blood:
* Malariadiagnosis [microscopy (MPS)]
+ Complete blood count

FIGURE 1

Mother-child longitudinal cohort study design. The study was conducted at Siaya County Referral Hospital, a holoendemic P. falciparum
transmission region. Infants were enrolled at birth (n = 750) and followed for 36 months. Malaria and other endemic infections were monitored
monthly and at acute febrile episodes throughout the study. Monthly testing for malaria was performed using microscopy and mRDT in heel/finger
prick blood samples. Quarterly testing for malaria was conducted using microscopy and mRDT in venipuncture blood. Venipuncture was also
performed on children found to have malaria at monthly or acute febrile visits and a 14-day follow-up (well-visit). Demographic and geospatial data
were collected at each visit and a complete physical exam was performed. The study included HIV-negative mothers who met the inclusion criteria,
regardless of malaria status. MPS: Malaria parasite, mRDT: malaria rapid diagnostic test, (+): positive, (-): negative.

the child’s whereabouts, and living within a 25-km radius from the
hospital. The study was approved by the Institutional Review Board
of the University of New Mexico, United States, and the Maseno
University Scientific and Ethics Review Committee, Kenya.

Follow-up of children in the longitudinal
birth cohort

Children were followed monthly for 36 months. Comprehensive
demographic data was collected, and a complete physical exam was
performed at each scheduled and non-scheduled (acute) visit. If
parents/guardians missed a scheduled visit, study staff visited the
residence to check the child’s health status (including mortality).
Children were readily located through our geospatial surveillance
system, which captured the participants’ location at enrollment
when mothers/guardians were provided transport to their
residences/homesteads. To monitor infections and hematological
parameters, heel/finger-prick blood (<100 pL) was collected
monthly, while venipuncture blood (2-3 mL) was obtained
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quarterly, during malaria episodes, and 14 days after a
documented illness (well-check). To monitor health status,
parents/guardians were provided with a thermometer (Vive
Precision”) and asked to bring their child to the hospital when
febrile (>37.5°C). To ensure comprehensive documentation of all
malaria episodes and other pediatric infectious diseases during the
study, all participants underwent comprehensive laboratory testing
for proper diagnosis, followed by clinical management according to
the Kenya Ministry of Health guidelines. The study design and
information captured at the visits are presented in Figure 1.

Acute febrile validation cohort

A prospective cohort study of children with acute febrile
illness was also conducted at SCRH, enrolling 937 children aged
1-59 months between March 2017 and January 2024. Children
presenting at SCRH with symptoms of infectious diseases were
eligible if they met the following criteria: temporal temperature
of >37.5°C, in-patient admission residence within 25 km of the
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[ Enrollment at birth (n=750 mother-child pairs) and children followed for 36 months ]

!

( Children lost to follow up (n=177) )

|

[ childrenfollowed for 36 months (n=573) with 15,006 events |

[ Malaria screening events ]

]

[§

( Microscopy test (MPS) n=15,006 ]

[ Malaria rapid diagnostic test(mRDT) n=9,958 ]

!
! !

| !

[ MPs(+):n=2277 | [ MPS():n=12729 |

( mRDT(+):n=4,479 | | mRDT():n=5479 |

!

!

[ Non-concomitant microscopy only (n=5,048) ]

( concomitant screening by MPS and mRDT (n=9,958) |

FIGURE 2

|
MPS(+)/mRDT(+): n=1,572
MPS(-)/mRDT(+): n=2,907
MPS(+)/mRDT(-): n=61
MPS(-)/mRDT(-): n=5,418

Data selection strategy for mother-child longitudinal cohort. The study enrolled 750 mother-child pairs in the longitudinal birth cohort. Based

on relocation of study participants during the COVID-19 pandemic, 573 children had comprehensive follow-up information over 36 months,
contributing to 15,006 clinical events. Malaria screening was performed using microscopy in all events, with 2,277 positive cases and

12,729 negatives. Malaria rapid diagnostic tests (mRDTs) were conducted for 9,958 events, with 4,479 positive and 5,479 negative results. A
subset of 9,958 events had concomitant microscopy and mRDT results, classified as MPS (+)/mRDT (+) (n = 1,572), MPS (=)/mRDT (+) (n = 2,907), MPS
(+)/mRDT (=) (n = 61), and MPS (=)/mRDT (=) (n = 5,418). An additional 5,048 events underwent microscopy-only screening since mRDT was
introduced later in the study. MPS: Malaria parasite, mRDT: malaria rapid diagnostic test, (+): positive, (-): negative.

hospital, and the parent/guardian willing to sign an informed
consent and commit to a day-14 follow-up. Children with non-
infectious diseases or a history of prior hospitalization were
excluded from the study. Demographic and clinical data were
child underwent a
blood
(3-4 mL) was drawn via venipuncture before starting

collected at enrollment, and each

comprehensive  physical examination. Peripheral
antimalarial treatment for hematological parameters, as well as
malaria diagnosis using microscopy and an mRDT (CareStart

Malaria HRP2, Pf).

Laboratory procedures for longitudinal
birth and acute febrile validation cohort

Complete blood counts (CBCs) were performed using a DxH
500 hematology analyzer (Beckman-Coulter; Miami, FL,
United States). The mRDT (CareStart Malaria HRP2, Pf) was
used to screen for malaria infection following the manufacturer’s
protocol [33]. Briefly, 5 uL of whole blood was placed on a sample
well, and two drops of buffer were added to the buffer well. The
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results were determined after 15-20 min at room temperature.
Malaria parasite densities were determined using light
microscopy as previously described [32]. Briefly, Giemsa-
stained thick and thin blood smears were prepared and
examined for asexual malaria parasites in 200 high-power
fields

(i.e, a x100 objective lens with a x10 eyepiece). Parasite

under oil immersion at x1,000 magnification
density was determined per 300 leukocytes and estimated
using the total leukocyte count for each patient as determined
by the hematology analyzer. For quality control, a second well-
trained laboratory personnel read and independently confirmed
the malaria microscopy results. Thick blood smears were
considered negative if no parasites were observed in 200 high-
power fields. The thresholds of low (<999 parasites/uL), medium
(1,000-49,999  parasites/pL), high

(>50,000 parasites/uL) were defined by a combination of

and parasitemia
nominal and prior field studies in holoendemic transmission
settings. For example, mRDTs can perform less favorably
at <1,000 parasites/uL (~0.02% parasitemia, assuming a
standard RBC count of 5 M cells), whereas more severe

malaria cases in our studies and others are commonly
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[ Children (n=937, 1-59 months) enrolled and followed on day 14 (n=824) ]

|

!

Malaria screening:
microscopy only (n=429)

Concomitant screening:
microscopy and mRDT (n=508)

[ I

J

Malaria screening:
microscopy only (n=412)

Concomitant screening:
microscopy and mRDT (n=412)

I ]

MPS(+)/mRDT(+): n=250
MPS(-)/ mRDT(+): n=127
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FIGURE 3

MPS(+)/mRDT(+): n=23
MPS(-)/mRDT(+): n=254
MPS(+)/mRDT(-): n=1
MPS(-)/mRDT(-): n=134

Data selection strategy for the short-term febrile cohort. Malaria screening outcomes among 937 febrile children (aged 1-59 months) enrolled

in an acute febrile illness cohort and followed up on Day 14 (well-visit). At Day O (acute presentation, pre-treatment), malaria screening was
performed using microscopy alone (n = 429) or concomitant microscopy and malaria rapid diagnostic tests (mRDT) (n = 508). Among those with
concomitant screening, 250 children were positive by both microscopy and mRDT [MPS (+)/mRDT (+)], 127 were negative by microscopy but
positive by mRDT [MPS (=)/mRDT (+)], 2 were positive by microscopy but negative by mRDT [MPS (+)/mRDT ()], and 129 were negative by both tests
[MPS (=)/mRDT (-)]. At the Day 14 follow-up visit, 824 children returned, with 412 undergoing microscopy-only screening and 412 receiving
concomitant microscopy and mRDT testing. Among the concomitant testing group, 23 children were positive by both microscopy and mRDT,
254 were negative by microscopy but positive by mRDT, 1 was positive by microscopy but negative by mRDT, and 134 were negative by both tests.
MPS: Malaria parasite, mRDT: malaria rapid diagnostic test, (+): Positive, (-): Negative.

associated with parasite densities above 50,000 parasites/uL
(~1.0% parasitemia) [24, 34-38]. Sickle-cell trait status was
determined by alkaline cellulose acetate electrophoresis
(Helena Laboratories, Beaumont, TX, United States). In the
acute febrile cohort, HIV-1 status was determined by two
rapid serological antibody tests (Unigold™ Trinity Biotech,
Jamestown, NY, United States and Determine™). For cases
with single or concordant positive results, an HIV-1 proviral
DNA PCR test was used to confirm infection [39]. Bacteremia
was diagnosed by performing bacterial cultures on ~1.0 mL of
venipuncture blood collected aseptically, inoculated into BD
BACTEC™ PEDS Plus PRIME Medium Culture Vials
(Becton-Dickinson, Franklin Lakes, NJ, United States), and
incubated in an automated BACTEC 9050 system (Becton-
Dickinson) for 5 days. Positive alerts were then examined by
Gram staining and sub-cultured on blood agar, chocolate agar or
MacConkey agar plate (Hardy Diagnostics, Santa Maria, CA,
United States) [27].

Data selection for evaluating diagnostic
accuracy and antigenemia persistence of
the PfHRP2-mRDT in the

longitudinal cohort

The mother-child cohort study enrolled 750 mother-child
pairs with children followed longitudinally for 36 mos. after
delivery (Figure 2). Due to the COVID-19 pandemic, there was a
substantial relocation of study participants and subsequent loss
to follow-up of 177 children. As such, 573 children remained in
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the cohort with comprehensive data for the scheduled
longitudinal follow-up and acute visits, totaling 15,006 events.
Of these, 2,277 were microscopy positive for malaria (MPS+) and
12,729 were microscopy negative (MPS-). From the 15,006 events
for which microscopy was performed, there were 9,958 events
with concomitant mRDT results. The mRDT (+) events were
4,479, while the mRDT (-) events were 5,479. All analyses
presented are based on the 9,958 events with concomitant
microscopy and mRDT results, enabling a direct comparison
of mRDT performance against microscopy as the gold standard.

Data selection to validate the mRDT
specificities and sensitivities in an acute
febrile cohort

The short-term cohort enrolled 937 children on day 0 (acute
episode) and had 824 individuals return for the follow-up (well-
visit) on day 14 (Figure 3). Concomitant microscopy and mRDT
results were available for 508 children on day 0 and
412 on day 14.

Statistical analysis

The
concomitant microscopy and mRDT measures were analyzed
using SPSS (version 23.0, SPSS Inc., Chicago, IL, United States)
and R (version 4.3.0). To compare the distributions of categorical

demographic and clinical characteristics for

variables to null distributions, Xz goodness of fit test was used.
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Steps of pre-processing to obtain interval-censored data.
Illustrated are the seven filtering steps applied to patient visits to
obtain interval-censored time-to-event data to ensure accurate
evaluation of PfHRP2 antigen persistence. Filter 1. Excludes
patients without both mRDT and microscopy results; Filter 2:
Retains only patients with at least one positive malaria microscopy
(MPS+) and mRDT (+) event; Filter 3: Removes redundant
consecutive positive MPS(+) events, selecting only the last
occurrence in each sequence; Filter 4: Eliminates inconsistent
mRDT (=) results within an MPS(+) sequence to ensure HRP2 decay
tracking; Filter 5: Retains only the first microscopy-negative (MPS-)
visit following the last positive malaria episode; Filter 6: Removes
intermittent mRDT-positive results in sequences where
microscopy was negative; Filter 7: Final refinement ensures
consistent representation of diagnostic results. The final data set
captures distinct malaria infection episodes and HRP2 antigen
(Continued)
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FIGURE 4 (Continued)

persistence to evaluate mRDT accuracy and antigen

clearance over time. Horizontal lines correspond to longitudinal
follow-up periods past the enrollment date (i.e., birth). Vertical
lines indicate patient visits, with MPS and mRDT results. For
example, patient 1 was eliminated by the first filter since the patient
had no MPS (+) and mRDT (+) result. Patient 2 has three interval-
censored events, which are treated as independent observations in
the parametric Cox proportional hazard model.

Continuous variables across groups were compared using
Kruskal-Wallis test. In contrast, the Mann-Whitney U test
was utilized for pairwise comparisons, particularly when the
parasitemia variable had a median of zero. The sensitivity,
specificity, and predictive values of the mRDT were calculated
using the two-by-two contingency tables [40]. The Wilson score
method was used to calculate the 95% confidence intervals for the
sensitivity, specificity, Positive Predictive Value (PPV), and
Negative Predictive Value (NPV) [41]. A parametric, interval-
censored Cox proportional hazards model with a gamma
distribution was wused to evaluate PfHRP2 antigenemia
persistence. This distribution offers flexibility and accounts for
variability in antigen clearance, allowing for non-constant hazard
rates by modeling antigen decay as a multi-step process with a
non-constant hazard function capturing individual heterogeneity
and providing a biologically relevant estimation of antigen
persistence. To obtain interval censored data, all observations
need to be pre-processed by applying seven filters to the dataset
to accurately analyze definitive malaria events (MPS+) in
HRP2 decay across time (Figure 4). (Filter 1) Inclusion
Criteria: Inclusion of subjects who were (MPS+) and mRDT
(+) at least once. From these data, all visits before the first
(MPS+) and mRDT (+) visit were disregarded. This approach
focused the analysis on the period following the initial confirmed
malaria episode. (Filter 2) Data Refinement: Only cases where an
mRDT result was available were selected to ensure that the
analysis was based on consistent diagnostic criteria across all
participants (microscopy results were available for all visits).
(Filter 3) Sequential Data Selection: To analyze HRP decay, only
the last visit in sequences of consecutive MPS (+) visits was used.
This strategy was used to avoid over-representation of repeated
positive results, which could bias the decay analysis. (Filter 4)
Consistency in Diagnostic Results: If a visit was MPS (+) but
mRDT (-), the mRDT result was considered false negative. Since
such outcomes cannot be used for the decay of malaria antigens,
all visits from the preceding MPS (+) and RDT (+) visit to the
next were excluded. This ensured that only sequences of visits
with consistent positive results across both diagnostic methods
were considered. (Filter 5) Handling Negative Results: For
subjects who were negative by both microscopy and mRDT in
consecutive visits, only the first of these visits was retained. This
eliminated redundant negative visits, focusing on the first
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TABLE 1 Child and maternal characteristics in the mother-child cohort study.

10.3389/ebm.2025.10585

Characteristic p-value

Maternal Factors

Number of mothers, n (%) 573 (100)

Age (years) 23.3 (7.8) N/A

Gravidity, n (%)

Primigravidae 232 (40.5) 3.067E-51*
Secundigravidae 126 (22.0)
Multigravida (>3) 215 (37.5)

Type of delivery, n (%)

Normal birth 529 (92.3) <2.200E-16"
Cesarian birth 44 (7.7)

Twins, n (%) 12 (2.1) N/A

Preterm labor (<37 weeks), n (%) 114 (19.9) N/A

Childhood Factors

Number of children, n (%) 573 (100)

Sex, n (%)

Female 255 (44.5) 0.010°
Male 318 (55.5)

Sickle cell genotypes, n (%)

HbAA 367 (82.7) 0.492¢
HbAS 72 (16.2)
HbSS 5(1.1)

Number of events in children, n (%) 15,006 (100)

Temperature, °C 36.5 (0.6) N/A
Afebrile, <37.5 13,704 (91.3) <2.200E-16*
Febrile, >37.5 1,302 (8.7)

Hemoglobin, (g/dL) 10.58 (1.99) N/A

Parasite density, MPS/uL 7,980 (33,881) N/A
Low (<999), n (%) 399 (17.5) 1.972E-260*
Medium (1,000-49,999), n (%) 1,496 (65.7)

High (>50,000), n (%) 382 (16.8)

Geomean parasite density 7,303.6 N/A

Total Plasmodium cases, n (%) 2,277 (15.2)

Plasmodium falciparum troph 2,261 (99.3) <2.200E-16*

Plasmodium malariae troph 13 (0.6)

Mixed infection (Pf/Pm) 3(0.1)

mRDT measurements, n (%) 9,958 (66.4) N/A

Demographic and clinical characteristics of mother-child pairs (n = 573). Data are presented as median (interquartile range; IQR) unless stated otherwise. Statistical significance was

determined using the
*Chi-square goodness of fit.

*Proportions test (binomial test for equal frequencies), and

‘Hardy Weinberg equilibrium. Bold indicates a statistically significant p-value after multiple test corrections using the Bonferroni-Holm method (familywise error rate, significance level at
0.050). MPS: malaria parasites, mRDT: malaria rapid diagnostic test, troph = trophozoites, Pf/Pm; Plasmodium falciparum/Plasmodium malariae.
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occurrence of a negative result in each sequence. (Filter 6)
Addressing Inconsistent mRDT Results: In cases where a
subject was intermittently mRDT (-) and MPS (-) between
two mRDT (+) but MPS (-) visits, only the visits up to
(including) the first mRDT (-) result were considered.
Subsequent visits in such sequences were excluded to
maintain the focus on initial malaria clearance. (Filter 7)
Selecting the Relevant Endpoint in a Sequence: If a
sequence began with an mRDT (+) and MPS (+) visit, and
was followed by consecutive mRDT (+) and MPS (-) visits,
only the final mRDT (+) and MPS (-) visit in the sequence was
retained. This approach focused on the period directly
associated with PfHRP decay and malaria clearance. After
applying these filters, it was possible to define intervals in
which the parasite antigen decayed. As such, an mRDT (+)
and MPS (+) visit at time t, is either followed by (i) an mRDT
(-) and MPS (-) event at time t;, in which case the antigen
decayed in the interval (t, t;); first an mRDT (+) and MPS (-)
and second an mRDT (-) and MPS (-) visit at times t; and t,,
in which case the antigen decayed in the interval (t;, t,); or (iii)
and first an mRDT (+) and MPS (-) and second an mRDT (+)
and MPS (+) visit at times t; and t,, in which case the antigen
decayed in the interval (t;, co). Antigen decays between
malaria episodes of the same patient were considered
independent, as the analysis focused on the decay rather
than the patient. The model was fitted separately: (i)
without covariates, (ii) with stratification based on initial
parasite densities, and (iii) sickle cell genotypes. All
p-values <0.05 were deemed statistically significant.

Results

Maternal and child characteristics in the
longitudinal cohort

The demographic characteristics of individuals in the
mother-child birth cohort (n =
573 children) are presented in Table 1. The median age for

573 mothers and n =

the mothers was 23.3 years, with gravidity differing among the
women (p = 3.067E-51). The majority of the cohort had
normal vaginal (92.3%) and singleton (97.9%) deliveries
with 19.9% of the women experiencing preterm labor
(<37 weeks). There was a higher proportion of male
(55.5%) offspring than female (44.5%) in the cohort (p =
0.010). HbS genotypes were found to be in Hardy-Weinberg
equilibrium in the study population (p = 0.492), but the
prevalence of sickle cell trait [HbAS (16.2%)] and sickle cell
disease [HbSS (1.1%)] was higher and significantly different
from populations in other high-transmission regions in
[42-45]. Throughout the
36 mos. follow-up, there were 15,006 child contact visits,
13,704),

central and western Africa

the majority of which were afebrile (91.3%, n =
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with 8.7% (n = 1,302) being febrile (p < 2.200E-16). The
median Hb concentration across the follow-up period was
10.58 g/dL. During the contact visits, 15.2% (n = 2,277) were
malaria-positive based on light microscopy on thick and thin
blood smears. The overall distribution of low (17.5%, n = 399),
medium (65.7%, n = 1,496), and high (16.8%, n = 382) density
parasitemia was not uniform (p = 1.972E-260), with the
majority of the 2,277 microscopy-positive events being of
medium density. The geometric mean parasite density for
positive blood smears was 7,303.6 MPS/uL. Nearly all
microscopy-confirmed cases had single-species infections
with P. falciparum (99.3%, n = 2,261), followed by P.
malariae (0.6%, n = 13). Mixed-species infections with P.
falciparum and P. malariae (0.1%, n = 3) were rare, and the
distribution of infections was not uniform (p < 2.200E-16). P.
falciparum specific HRP2 based malaria rapid diagnostic test
(mRDT) results were performed for 66.4% (n = 9,958) of the
total events.

Demographic and clinical characteristics
for concomitant microscopy (MPS) and
mMRDT events

The primary objective of this study was to assess the
performance characteristics and antigenemia persistence
associated with PfHRP2-mRDT, using microscopy as the
reference standard. To achieve this objective, only events
that included both microscopy and mRDT were utilized (n =
9,958). Based on concomitant MPS/mRDT measures, events
were stratified into four groups: MPS (+)/mRDT (+) [15.8%, n =
1,572], MPS (=)/mRDT (+) [29.2%, n = 2,907], MPS (+)/mRDT
(=) [0.6%, n = 61], and MPS (-)/mRDT (-) [54.4%, n = 5,418].
The demographic and clinical characteristics for each category
are shown in Table 2. The distribution of females and males was
0.176). Temporal
temperatures at visits varied across the groups (p = 3.280E-
86) with more febrile events (>37.50°C) in the MPS (+)/mRDT
(+) groups (p = 7.537E-129). Consistent with microscopy

comparable across the groups (p =

accurately detecting acute malaria infections, Hb levels
differed across the groups (p = 7.525E-155) and were lower
in the MPS (+)/mRDT (+) and MPS (+)/mRDT (-) categories.
Comparison of the two MPS (+) groups revealed higher parasite
and geometric mean densities in MPS (+)/mRDT (+) than MPS
(+)/mRDT (-) group (p = 9.513E-09, and p = 0.018,
respectively) with a higher percentage of low-density
parasitemia (<999 uL) in the MPS (+)/mRDT (-) group (p =
6.097E-08). Among the total MPS (+) events (n = 1,633), there
were 1,620 infections due to P. falciparum and 13 attributable to
P. malariae. The distribution of sickle cell genotypes differed
across the groups (p = 2.048E-22), with a higher percentage of
HbAS in MPS (-)/mRDT (+) and MPS (-)/mRDT (-),
consistent with the protective nature in HbAS carriers [46, 47].
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TABLE 2 Demographic and Clinical Characteristics for Concomitant Microscopy (MPS) and mRDT Events.

Concomitant Microscopy (MPS) and mRDT Events

Characteristic Total MPS MPS MPS MPS
(+)/mRDT (+) (-)/mRDT (+) (+)/mRDT (-) (-)/mRDT (-)

No of events, n (%) 9,958 (100) 1,572 (15.8) 2,907 (29.2) 61 (0.6) 5418 (54.4)

Sex, n (%) 4,439 (44.58) 686 (43.6) 1,260 (43.3) 31 (50.8) 2,462 (45.4) 0.176"

Female 5,519 (55.12) | 886 (56.4) 1,647 (56.7) 30 (49.2) 2,956 (54.6)

Male

Temperature, (°C) 365 (0.5) 36.6 (1.20) 36.5 (0.4) 36.8 (1.4) 36.5 (0.5) 3.280E-86"
Afebrile, <37.5°C 9,071 (91.09) | 1,125 (71.6) 2,759 (94.9) 37 (60.7) 5,150 (95.1) 7.537E-129°
Febrile >37.5°C 887 (8.91) 447 (28.4) 148 (5.1) 24 (39.3) 268 (4.9)

Hematological Parameter

Hemoglobin, (g/dL) 10.6 (2.0) 9.9 (2.1) 10.2 (1.9) 9.7 (2.5) 10.9 (1.8) 7.525E-155"

Parasitological Indices

Parasite density, (MPS/uL) 6,607.8 7,030 (30,826.7) - 957.0 (3,397.6) - 9.513E-09°
(30,476.3)
Low (<999/uL), n (%) 319 (19.5) 288 (15.6) - 31 (50.8) - 6.079E-08*
Medium (1,000-49,999/uL), = 1,063 (65.1) 1,038 (66.1) - 25 (41.0)
n (%)
High (>50,000/pL), n (%) 251 (15.4) 246 (18.3) - 5(8.2)
Geometric mean parasite 3,526.7 21,886.2 - 11,708.7 - 0.018¢
density
Plasmodium falciparum troph | 1,620 (16.3) 1,572 (100.0) - 48 (78.7) - N/A
Plasmodium malariae troph 13 (0.1) 0.0 - 13 (21.3) - N/A
Genetic Variants
Sickle cell genotype, n (%) 9,621 (100) 1,333 (87.0) 2,435 (86.0) 54 (90.0) 4,082 (78.6) 2.048E-22°¢
HbAA 7,906 (82.2)
HbAS 1,607 (16.7) 183 (12.0) 381 (13.5) 6 (10.0) 1,035 (19.9)
HbSS 108 (1.1) 16 (1.0) 16 (0.5) 0 (0.0) 76 (1.5)

Data are presented as counts, median (interquartile range; IQR), or mean (standard error of the mean; SEM). Statistical significance was determined using

*Chi-square homogeneity test.

"Kuskal-Wallis rank test.

‘Mann-Whitney U test (pairwise comparison).

9Two-sample t-test, with equal variance, and

“Fisher’s exact test. Bold indicates a statistically significant p-value at 0.05 after multiple test corrections using the Bonferroni-Holm method (familywise error rate). MPS: malaria parasites,
mRDT: malaria rapid diagnostic test, troph: trophozoites.

High sensitivities and moderate 35.10% (95%CI: 33.71-36.51), whereas the NPV was high at 98.89%
specificities of the mRDT (95%CT: 98.57-99.13). When considering only P. falciparum cases
(Figure 5B), sensitivity showed a slight increase to 97.04% (95%CI:

The sensitivities, specificities, and predictive values of mRDT's 96.10-97.76) and NPV to 99.12% (95%CI: 98.84-99.34), while

can vary based on geographical regions, parasite genetic diversity, specificity and PPV remained unchanged.

and levels of parasitemia [47]. Therefore, the diagnostic Performance characteristics were further evaluated by stratifying
characteristics were evaluated in a high transmission region in events based on visit type (ie, acute vs. scheduled follow-up),
western Kenya. Using microscopy as the reference standard, excluding P. malariae cases. During acute visits, the mRDT
there were 1,572 true positives (TP), 2,907 false positives (FP), demonstrated a sensitivity of 97.27% (95%CI: 95.75-98.28) and
61 false negatives (FN), and 5,418 true negatives (TN) for the specificity of 71.29% (95%CI: 68.77-73.68), with a PPV of 65.00%
combined P. falciparum and P. malariae infections (p < 2.20E- (95%CI: 62.09-67.77) (Figure 5C). In contrast, for scheduled follow-

16, k = 0.361, Figure 5A). The mRDT demonstrated a high up visits, while sensitivity remained high at 96.83% (95%CI:
sensitivity of 96.27% (95%CIL: 95.23-97.08) and a moderate 95.39-97.84), specificity  decreased to  63.87%  (95%CL
specificity of 65.07% (95%Cl: 64.04-66.09). The PPV was low at 62.73-64.99), resulting in a lower PPV of 2537% (95%CL:
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Specificity 65.07 64.04-66.09 Specificity 65.07 64.04-66.09
PPV 35.10 33.71-36.51 PPV 35.10 33.71-36.51
NPV 98.89 98.57-99.13 NPV 99.12 98.84-99.34
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Indicators % 95% CI Indicators % 95% ClI
Sensitivity 97.27 95.75-98.28 Sensitivity 96.83 95.39-97.84
Specificity 71.29 68.77-73.68 Specificity 63.87 62.73-64.99
PPV% 65.00 62.09-67.77 PPV% 25.37 23.90-26.83
NPV% 97.96 97.07-98.84 NPV% 99.37 98.14-99.66
FIGURE 5

Sensitivity, specificity, and predictive values for mRDT measurements. Sensitivity, specificity, and predictive values for concomitant mRDT
events (n = 9,958), using microscopy test (MPS) as the reference standard. Diagnostic measures are reported for four different scenarios: (A) P.
falciparum (n = 1,620) and/or P. malariae (n = 13). (B) P. falciparum only. (C) P. falciparum only at acute visits. (D) P. falciparum only at scheduled
follow-up visits. Statistical significance was determined using a Chi-square homogeneity test with a significance level of p < 0.050. Inter-rater
agreement was calculated using Cohen’s Kappa (k). TP: True positives, FP: False positives, FN: False negatives, TN: True negatives, PPV: Positive

predictive value, NPV: Negative predictive value.

23.90-26.83) (Figure 5D). These results are supported by the 2.3-fold
higher Cohen’s kappa value (k) observed during acute visits,
indicating a more substantial agreement between the mRDT and
microscopy than in scheduled follow-ups. Importantly, the NPV
remained consistently high, exceeding 97% for both visit types,
demonstrating the mRDTs reliability in ruling out malaria
infections regardless of visit type.

Longitudinal measures indicate prolonged
HRP2 antigenemia

The rate of PAHRP2 antigen decay following parasite clearance

significantly impacts mRDT performance, influencing the

sensitivity, specificity, and overall efficiency of the test [47]. A
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Cox proportional hazards model for ordered events was utilized
to evaluate the decay kinetics in the longitudinal cohort. To ensure
accurate analysis of malaria episodes [MPS (+)] and PfHRP2 decay,
the dataset was filtered to include only cases where microscopy and
mRDT were consistently positive at least once. Visits before the first
confirmed malaria episode and those with inconsistent diagnostic
results were excluded. Intermittent positive results focused only on
visits relevant to malaria progression and resolution. This approach
ensured the analysis reflected the actual dynamics of malaria
infection and PfHRP2 persistence in the pediatric cohort. After
rigorous filtering steps, the data included 291 children with
1,294 events. The positivity rate of PfHRP2 antigenemia
remained high (80-100%) within the first month and declined
significantly over time (p < 2.200E-16). The time for the
positivity rate of PAHRP2 antigenemia to reach 0.5 (ie, 50% of
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FIGURE 6
Probability of mRDT positive post-infection. Parametric,
interval-censored Cox proportional hazards models with a
gamma-exponential distribution were used to evaluate
PfHRP2 antigenemia persistence. The dataset used for this
analysis was pre-processed to include only cases where both
microscopy and mRDT were consistently positive at least once
(n = 291 children; 1,294 events). The x-axis represents the time in
months, and the y-axis shows the probability of mRDT remaining
positive after parasite clearance. The curved dotted lines represent
upper and lower confidence bounds, and the solid lines depict the
decay probabilities of each group. Dotted gray lines aty =
0.50 represent the 50% probability. Vertical lines depict the median
time to mRDT negative. (A) Survival curve representing the
probability of mRDT (+) post-infection. (B) Survival curve
representing the probability of mRDT (+) post-infection with
(Continued)
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FIGURE 6 (Continued)

parasitemia levels as covariates [<999/uL (grey); medium

[mid, 1,000-49,999/pL (turquoise)l; and high [>50,000/pL
(maroon)]. (C) Survival curve representing the probability of mRDT
(+) post-infection with HbS genotypes as covariates: AA

(grey), AS (turquoise), and SS (maroon).

PfHRP2 decay) was 1.68 months (51.14 days), respectively
(Figure 6A), indicating the persistence of PfHRP2 in the
bloodstream of the pediatric cohort. Stratification of children
with initial parasite levels revealed that those with low parasite
densities had a significantly faster PAHRP2 antigen decay compared
to those with either high initial parasite densities (p = 0.001) or
medium parasite densities (p = 0.001). The 50% of PHRP2 decay for
the three groups were 1.44 mos. (43.83 days), 1.99 mos. (60.58 days)
and 1.68 mos. (51.14 days) respectively (Figure 6B).

Additional analyses revealed that sickle cell genotypes
partially influence PfHRP2 antigen decay rates (Figure 6C).
Specifically, 50% of PfHRP2 decay takes
(51.75 days), 1.51 mos. (45.66 days) and 1.75 mos.
(53.27 days) for malaria patients with HbAA, HbAS, and
HDSS genotypes, respectively. Relative to the HbAA reference
group, carriers of the HbAS genotype had a non-significantly

1.72  mos.

shorter decay rate (p = 0.088), but no difference was observed for
carriers of the HbSS genotype (p = 0.991). These analyses reveal
that antigenemia persists for a prolonged period and is influenced
by the
cell genotypes.

initial parasite density and potentially, sickle

Validation of mRDT performance in a
short-term (14-day) febrile cohort

To further explore the performance of the mRDT, we utilized
an independent dataset from a prospective febrile cohort with
concomitant microscopy and mRDT results on day 0 (acute
508) and day 14 (well-visit, n = 412). The
demographic and clinical characteristics of the children at

illness, n =

enrollment (day 0) are presented in Table 3. As expected
during acute or recent malaria infections, Hb concentrations
differed across the four groups (p = 0.025) and were highest in the
MPS (-)/mRDT (-) group. The distribution of sickle cell
genotypes also significantly differed (p = 1.000E-05) with the
highest percentage of HbAS carriers in the MPS (-)/mRDT (-)
group. Comparison of mRDT performance at days 0 and
14 revealed that acute disease (day 0) was characterized by
higher sensitivity [99.21% (95%CI: 96.40-99.70) vs. 95.83%
(95%CI:  84.68-99.27)],  specificity  [50.47%  (95%ClI:
44.10-56.05) vs. 34.54% (95%CI: 28.28-41.01)], and PPV
[66.34%  (95%CI:  60.75-71.53) vs. 830%  (95%CI:
4.98-12.73%) (Figures 7A,B). The NPV remained high on
both visit days (>98%). These results indicate that the mRDT
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TABLE 3 Demographic and Clinical Characteristics for Concomitant Microscopy (MPS) and mRDT Categories in the Febrile Cohort.

Concomitant Microscopy (MPS) and mRDT Measures

10.3389/ebm.2025.10585

Characteristic Total MPS MPS MPS MPS
(+)/mRDT (+) (-)/mRDT (+) (+)/mRDT (-) (-)/mRDT (-)

Sample size, n (%) 508 (100) 250 (49.2) 127 (25.0) 2 (0.4) 129 (25.4)

Sex, n (%) 237 (46.7) 116 (46.4) 61 (48.0) 2 (100.0) 58 (45.0) 0.581°

Female 271 (53.3) 134 (53.6) 66 (52.0) 0.0 71 (55.0)

Male

Age at enrollment (months) 21.7 (26.6) 20.8 (22.73) 25.2 (30.1) 10.5 (N/A) 16.1 (26.7) 0.004°

Temperature, (°C) 38 (0.7) 38.0 (0.6) 38.0 (0.6) 39.2 (N/A) 38.0 (0.8) 0.137°
Afebrile, <37.5°C 37 (7.3) 16 (6.4) 10 (7.9) 0.0 11 (95.1) 0.756*
Febrile, >37.5°C 471 (92.7) 234 (93.6) 117 (92.1) 2 (100.0) 118 (4.9)

Hematological Parameter

Hemoglobin, (g/dL) 7.6 (4.4) 7.3 (3.8) 7.0 (4.5) 7.1 (N/A) 8.9 (5.2) 0.025"

Parasitological Indices

Parasite density, (MPS/uL) 5,514 5,514 (39,506) - 77,886 (N/A) - 3.256E-

(39,714) 94°

Low (<999/uL), n (%) 65 (25.8) 65 (25.8) - 0.0 - N/A
Medium (1,000-49,999/uL), 132 (52.4) 131 (52.4) - 1 (50.0) - N/A
n (%) N/A
High (250,000/uL), n (%) 55 (21.8) 54 (21.8) - 1 (50.0) -

Geometric mean parasite 0.0 6,147 - 14,580 - N/A

density

Plasmodium falciparum troph 250 (99.6) 250 (100) - 0 (0.0) - N/A

Plasmodium malariae troph 1(0.2) 0 (0.0) - 1 (50.0) - N/A

Mixed Infection (Pm/Pf) 1(0.2) 0.0 - 1 (50.0) - N/A

Genetic Variants

Sickle cell genotypes, n (%) 492 (100) 208 (84.9) 96 (79.3) 2 (100.0) 71 (57.2) 1.000E-

HbAA 377 (76.6) 05*
HbAS 56 (11.4) 22 (9.0) 11 (9.1) 0.0 23 (18.5)
HbSS 59 (12.0) 15 (6.1) 14 (11.6) 0.0 30 (24.3)

Data are presented as median (interquartile range; IQR), unless otherwise indicated. Statistical significance was determined using

“Fisher’s exact test.
"Kruskal-Walli’s rank test, or

‘Mann-Whitney U test (pairwise comparison). The boldface indicates a statistically significant p-value at a 0.05 threshold after multiple test corrections using the Bonferroni-Holm method

(familywise error rate). MPS: malaria parasites, mRDT: malaria rapid diagnostic test, troph: trophozoites, Pm/Pf. Plasmodium falciparum/Plasmodium malariae.

is more effective at detecting and ruling out a malaria infection
during acute disease (day 0) and follow-up visits, respectively.
Next, a direct comparison was made of the mRDT
performance between days 0 and 14 (Figure 7C). Although
higher on day 0, sensitivity did not differ between days 0 and
14 (p = 0.234), whereas specificity was significantly higher on day
0 than day 14 (p < 0.0001). The PPV was higher on day
0 compared to day 14 (p < 0.0001), highlighting the mRDT’s
reliability in detecting true malaria cases at initial diagnosis.
However, the NPV remained consistently high on both days (p =
0.618), exceeding 98%, demonstrating the test’s continued
reliability in ruling out malaria infection when test results are
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negative. These results illustrate the utility of the mRDT’s
diagnostic performance during acute malaria episodes and the
potential for increased false positives during short-term follow-
up assessments.

Discussion

Rapid and reliable diagnostic methods are crucial for effective
disease management in malaria-endemic regions, especially
where P. falciparum transmission is high. Accurate and timely
diagnosis is critical to guide appropriate treatment, especially in
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FIGURE 7

Sensitivity, specificity, and predictive values for mRDT measurements on day 0 and day 14. The mRDT performance was evaluated using
microscopy as the reference standard. (A) Sensitivity, specificity, and predictive values for mRDT measurements on day O (n = 508 children). (B)
Sensitivity, specificity, and predictive values for mRDT measurements on day 14 (412 events). For A and B, statistical significance was determined
using Fisher's exact test, and the level of agreement between the two diagnostic tests was computed using Cohen’s Kappa statistics (k). (C)
Comparison metric of the sensitivities, specificities, and predictive values between day 0 and day 14. Statistical significance was determined using
Fisher's exact test. TP: True positives, FP: False positives, FN: False negatives, TN: True negatives, PPV: Positive predictive values, NPV: Negative

predictive value.

children under five, who are most vulnerable to severe malaria
complications [3, 10]. In resource-limited settings where
microscopy is sometimes not available, mRDTs have become
essential tools, enabling timely diagnosis and treatment decisions
[3,7, 10, 11]. Our study provides a comprehensive evaluation of
the diagnostic performance of PfHRP2-based mRDTs and
antigenemia persistence of PfHRP2 in a P. falciparum
holoendemic region of Kenya, contributing to a better
understanding of their strengths and limitations in both acute
and follow-up scenarios.

Findings from this study confirmed the high sensitivity
(97.04%) and negative predictive value (NPV >99%) of the
mRDTs in patients with P. falciparum, reinforcing their utility
as frontline diagnostic tools in resource-constrained settings
[48-50]. Our results are consistent with previous studies
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demonstrating their reliability in detecting P. falciparum
infections, even in cases of low parasitemia [6, 15, 35].
However, the moderate specificity (65.07%), particularly
during longitudinal follow-up visits, represents significant
limitations, illustrating that mRDTs are not useful diagnostic
tools for following the patients’ malaria status after initial
diagnosis. Reduced specificity is likely attributed to the
persistence of PfHRP2 antigen in the bloodstream after
parasite clearance [37, 47, 51-53].

The performance of mRDTs can vary depending on parasite
species, the target gene(s) deletion, and the timing of persistent
antigenemia [47, 54]. Our study expands current knowledge in
real-world settings by demonstrating how the type of patient
visits influences mRDT performance. Performance varied
significantly by visit type, with better specificity and positive
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predictive value (PPV 65.00%) during acute visits when patients
presented with higher parasitemia and clinical symptoms in the
longitudinal study and validation cohort. These findings align
with evidence showing that higher parasite densities improve the
accuracy of mRDTs [18, 55, 56]. Conversely, during scheduled
follow-up visits after administration of antimalarial therapy,
specificity and PPV declined substantially, likely because
This
highlights the challenge of using mRDTs for post-treatment

PfHRP2 antigens persisted from prior infections.

monitoring, particularly in high-transmission areas with
persistent exposure, since positive results may not necessarily
indicate active infection but rather residual antigenemia.

Notably, the mRDT specificities in the longitudinal mother-
child and validation (acute febrile) cohorts were lower than the
sensitivities, potentially due to recent antimalarial treatment that
could reduce detectable parasites by microscopy but have little
influence on the persistence of circulating antigens measured by
the mRDT. While microscopy remains the gold standard for
malaria diagnosis, the mRDT’s utility lies in its rapid and
accessible nature, particularly in resource-limited settings [12].
This moderate agreement between mRDTs and microscopy
highlighted the need for confirmatory testing to improve
malaria control and patient outcomes in endemic regions.

The
comparing results from the mother-child longitudinal

sensitivity and specificity were validated by

birth cohort to those of an independent acute febrile
cohort enrolled on day 0 (n = 508) and followed up on
day 14 (n = 412) in the identical community. The mRDT
demonstrated better sensitivity and specificity on day 0 than
on day 14 (well-visit), confirming the trends observed in the
mother-child cohort during acute and follow-up visits. For
clinical relevance, the diagnostic performance of mRDTs
should be interpreted in the context for which they are
most aptly applied: evaluating febrile illness in symptomatic
To this,
performance analyses of mRDTSs at acute pre-treatment visits

individuals. address we conducted targeted
in symptomatic children in both the longitudinal and the short-
term febrile cohorts. These analyses reflect real-world clinical
application. Sensitivity was high in both settings, 97.27% in the
longitudinal cohort and 99.21% in the short-term cohort, while
specificity was lower, at 71.29% and 50.39%, respectively.
Factors that may account for lower specificity include
submicroscopic infections undetected by microscopy that
yield a positive mRDT (apparent false positives). Moreover,
residual PfHRP2 antigenemia from recent infections may
persist in holoendemic settings despite parasite clearance,
yielding discordant results. The acute febrile cohort’s even
lower specificity may be due to the likelihood of this cohort
having a broader range of severe, non-malarial conditions and
more recent treatment since they came directly from the
community and were not part of a longitudinal study. The
Cohen’s kappa value observed during acute visits was 2.3 times

higher than at scheduled follow-ups, indicating substantially
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greater agreement between mRDT and microscopy when used
in symptomatic, pre-treatment cases. The consistency of
findings across both studies strengthens the generalizability
of our observations.

The longitudinal study design of the mother-child cohort
with 36 mos. of follow-up allowed for a thorough evaluation of
PfHRP?2 antigen decay kinetics. We found the time for positivity
rate of PfHRP2 antigenemia to reach 0.5 after parasite clearance
was 1.68 months (i.e., 51.14 days). A comprehensive analysis
using a Bayesian survival model, which aggregated data from
multiple published studies, predicted the clearance time of the
PfHRP2 antigen following malaria treatment. The model
estimated that 95% of PfHRP2 tests are negative within
36 days (95%CI: 21-61 days) after treatment [23]. Our
findings fall within the upper limit of this range, suggesting a
similar, albeit slightly prolonged, antigen clearance timeline in
our cohort. This could be explained by the rigorous study design
and filters employed during this analysis, which enabled detailed
tracking of antigen decay kinetics in the current study.

Stratification of the cohort by initial P. falciparum parasite
density revealed that higher parasite densities were associated
with prolonged antigen persistence, consistent with findings from
previous studies in Uganda [60]. This prolonged persistence
underscores the challenge of using mRDTs in high-transmission
settings, where high parasite burdens are more frequent [19]. In
addition, we explored the impact of sickle cell status on antigen
decay. Although not statistically significant, results suggested trends
of slower P/HRP2 antigen decay rates in individuals with HbAS and
HbSS compared to those with the HDAA genotype. These findings
suggest a potential influence of host genetics on antigen clearance
and require further investigation, particularly in regions where the
sickle cell trait is prevalent.

The issue of PfHRP2 gene deletions presents an additional
diagnostic challenge that can lead to false-negative mRDT
results. Such gene deletions have been increasingly reported
in malaria-endemic regions; however, the prevalence is
relatively low in Kenya compared to other countries such as
Eritrea and Djibouti [17, 54, 58-61]. However, we are currently
investigating deletions of the target gene in the false negatives
detected in this study. The false negative results in this study are
likely due to low parasite densities (957 MPS/pL) in the MPS
(+)/MPS (=) group in which the mRDT failed to detect the
antigen. Additional reasons for false-negative results in the
MPS (+)/mRDT (-) group may be due to the timing of
infection, in which very early infections were detected by
microscopy, but before PfHRP2 is secreted at detectable
levels. It is unlikely that false negatives were due to a
prozone effect (highly excessive antigen) since children with
very high parasite densities fell withing the MPS (+)/mRDT
(+) group.

In conclusion, our findings emphasize the utility of
PfHRP2-based mRDTs as a valuable tool for diagnosing
acute malaria in children under five, where sensitivity and
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NPV were high. However, reduced specificity during follow-up
visits, due to PfHRP2 antigen persistence, poses significant
challenges for ongoing patient monitoring. This can result in
overtreatment and misdiagnosis, underscoring the importance
of integrating confirmatory diagnostics, such as microscopy or
molecular tests, to improve diagnostic accuracy and patient
outcomes. The strengths of this study include the extensive
follow-up of children, which allows for an unbiased assessment
of PfHRP2 antigen decay rates and the validation of the results
using an independent cohort. A potential limitation of the study
is the use of microscopy as the reference standard for evaluating
mRDT performance, since submicroscopic infections would go
undetected. Future studies incorporating molecular diagnostics
could provide more precise estimates of mRDT performance.
Another potential limitation is that we did not directly measure
PfHRP2 protein levels using ELISA or Western Blot due to
limited sample volume. However, our transcriptomic profiling
of P. falciparum in a subset of patients provided indirect
evidence of the antigenemia detected by the mRDT.
PfHRP2 was among the most highly expressed P. falciparum
genes in Day 0 (pre-treatment) samples and was absent at Day
14 (well visit) in aparasitemic children. This suggests that
persistent mRDT positivity reflects residual circulating
antigen rather than active infection. Collectively, PfHRP2-
based mRDTs are valuable diagnostic tools at initial
presentation, where sensitivity and specificity are optimal,
but antigen persistence limits their effectiveness in follow-up
assessments. Understanding these limitations in the context of
confirmatory testing is crucial for optimal patient management
and malaria control efforts to reduce the disease burden in

high-transmission regions.
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