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Abstract

Objective: Chronic fatigue syndrome (CFS) is a prevalent symptom of post-coronavirus disease 2019 (COVID-19) and is
associated with unclear disease mechanisms. The herbal medicine Qingjin Yigi granules (QJYQ) constitute a clinically approved
formula for treating post-COVID-19; however, its potential as a drug target for treating CFS remains largely unknown. This study
aimed to identify novel causal factors for CFS and elucidate the potential targets and pharmacological mechanisms of action of
QJYQ in treating CFS.

Methods: This prospective cohort analysis included 4,212 adults aged >65 years who were followed up for 7 years with 435
incident CFS cases. Causal modeling and multivariate logistic regression analysis were performed to identify the potential causal
determinants of CFS. A proteome-wide, two-sample Mendelian randomization (MR) analysis was employed to explore the proteins
associated with the identified causal factors of CFS, which may serve as potential drug targets. Furthermore, we performed a virtual
screening analysis to assess the binding affinity between the bioactive compounds in QJYQ and CFS-associated proteins.

Results: Among 4,212 participants (47.5% men) with a median age of 69 years (interquartile range: 69-70 years) enrolled in
2004, 435 developed CFS by 2011. Causal graph analysis with multivariate logistic regression identified frequent cough (odds ratio:
1.74, 95% confidence interval [Cl]: 1.15-2.63) and insomnia (odds ratio: 2.59, 95% Cl: 1.77-3.79) as novel causal factors of CFS.
Proteome-wide MR analysis revealed that the upregulation of endothelial cell-selective adhesion molecule (ESAM) was causally
linked to both chronic cough (odds ratio: 1.019, 95% CI: 1.012-1.026, P = 2.75 %) and insomnia (odds ratio: 1.015, 95% Cl:
1.008-1.022, P = 4.40 e %) in CFS. The major bioactive compounds of QJYQ, ginsenoside Rb2 (docking score: —6.03) and RG4
(docking score: —6.15), bound to ESAM with high affinity based on virtual screening.

Conclusions: Our integrated analytical framework combining epidemiological, genetic, and in silico data provides a novel strategy
for elucidating complex disease mechanisms, such as CFS, and informing models of action of traditional Chinese medicines, such
as QJYQ. Further validation in animal models is warranted to confirm the potential pharmacological effects of QJYQ on ESAM and
as a treatment for CFS.

Keywords: Causal factors, Causal graph analysis, Chronic fatigue syndrome, Drug targets, Mendelian randomization, Qingjin Yigi
Graphical abstract: http://links.lww.com/AHM/A95.

Introduction pain, chills, and feverishness, which are not alleviated by
rest!!l. According to a literature review by the Institute of
Medicine, the prevalence of ME/CFS in the U.S. popula-
tion is between 836,000 and 2.5 million, with an annual
economic burden of $17 to $240 billion?. Globally,
this illness affects 17 to 24 million people worldwide,

Chronic fatigue syndrome (CFS), also known as myalgic
encephalomyelitis (ME), is a severe illness characterized
by persistent and debilitating fatigue that lasts for at least
6 months and is accompanied by various somatic mani-
festations, such as muscle pain, tender lymph nodes, joint
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which is approximately equal to 1% of the population,
with a greater proportion of female patients than male
patients®l. In addition, CFS is an important aspect of
post-coronavirus disease 2019 (COVID-19) (PCC) and
is associated with long-term fatigue, physical weakness,
and cognitive impairment after COVID-19 infectionl.
A previous study has demonstrated that although most
COVID-19 symptoms resolve after discharge from the
hospital, approximately 69% of patients still report
experiencing persistent fatiguel®.. Therefore, understand-
ing the etiology and causes of CFS is critical for devel-
oping effective treatment strategies and improving the
quality of life for individuals with this disease.

Previous studies have indicated an increased risk of
CFS in patients with viral infections!®l. In addition,
immune system dysfunctions, genetic causes, and envi-
ronmental factors were reported to be significantly asso-
ciated with CFS"!. Although several potential risk factors
have been identified, the pathogenesis of CFS remains
unclear. This is largely because of the reliance on evi-
dence from cross-sectional studies, which can establish
only associations, not causality.

Causal inference employs statistical methods and arti-
ficial intelligence to infer causal relationships between
variables based on observed data. This approach can
elucidate disease mechanisms. In causal graphical mod-
els, graphs are used to describe conditional independence
relationships between multiple random variables. Each
vertex represents a variable, and each edge represents
a causal link between variables. These graphs elucidate
the important effects of variables on disease occurrence,
including variable interactions. Two common algorithms
in causal graph modeling are fast causal inference (FCI)
and fast greedy equivalence search (FGES). FCI uses a
constraint-based algorithm that constructs causal struc-
tures based on conditional independence constraints
which includes two key steps!®l. First, the FCI creates a
fully connected graph of the random set V. It uses a signif-
icance threshold a to test the conditional independence
of adjacent statistical variables. Any edges between con-
ditionally independent variables are deleted. Second, the
FCI determines the directionality of the remaining edges
in the graph. Furthermore, the FCI algorithm has the
capability to detect potential confounding factors in the
causal network. By contrast, FGES utilizes a score-based
search?), beginning with an empty graph and adding or
deleting edges to maximize the Bayesian information
criterion (BIC)!"Y, The first search stage uses a greedy
forward search to sequentially add edges to the empty
graph until the BIC stops increasing. The second search
stage employs a greedy backward search to continuously
delete edges until the BIC can no longer increase!'!l.
Currently, causal graph learning has been applied in sev-
eral disease studies. For example, causal determinants
of length of hospital stay after heart surgery have been
explored!™, the risk of coronary artery disease has been
estimated!"] and the problem of genetic admixture has
been studied"¥. However, causal graphs have not yet
been used in CFS studies.

Mendelian randomization (MR) is another approach
for inferring causal inference, leveraging natural genetic
variations arising from meiosis to investigate potential
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causal relationships between exposures and outcomes!".
A key strength of MR is that, unlike observational stud-
ies, it is less susceptible to bias from reverse causation
and confounding since genetic variants are randomly
assigned at conception!'®, Case—control studies have
demonstrated alterations in circulating proteins and
metabolites such as purines and phospholipids in patients
with CFS versus control participants!'”. However, infor-
mation on which proteins are causally linked to the
determinants of CFS is limited. Thus, identifying these
genes could reveal potential drug targets.

Qingjin Yiqi granules (QJYQ) is a formula con-
taining the following 16 herbs: Ginseng Radix et
Rhizoma (Renshen), Ophiopogonis Radix (Maidong),
Schisandrae chinensis Fructus (Wuweizi), Poria cocos
(Fuling), Pinelliae Rhizoma (Banxia), Scrophulariae
Radix (Xuanshen), Atractylodis Rhizoma (Gangzhu),
Citri Reticulatae Pericarpium (Chenpi), Glycyrrhizae
Radix et Rhizoma (Gancao), Bupleuri Radix (Chaihu),
Cimicifugae Rbizoma (Shengma), Coicis Semen
(Yiyiren), Scutellariae Radix (Huangqin), Verbenae
Herba (Mabiancao), Phragmitis Rhizoma (Lugen), and
Lophatheri Herba (Danzhuye). Chemical fingerprint
analysis revealed 163 phytochemicals in QJYQ, the main
active ingredients of which were ginsenoside Rb1, ginse-
noside Rb2, and glycyrrhizic acid™®. Clinically, QJYQ
is recommended for use in rehabilitation guidelines for
patients with PCC in the Hebei and Tianjin Provinces of
China. A recent randomized controlled trial has demon-
strated that QJYQ significantly improved breathlessness
and fatigue in patients with PCC after 14 d of treat-
ment!"’). However, the specific drug targets and pharma-
cological mechanisms of action of QJYQ in treating CFS
have not been identified.

To address these gaps, this study aimed to iden-
tify novel causal factors involved in CFS pathogenesis
through causal graph analysis of data from the Wisconsin
Longitudinal Study (WLS) prospective cohort. We sub-
sequently performed a proteome-wide MR analysis to
explore the proteins causally associated with the iden-
tified CFS risk factors. Furthermore, virtual screening
analysis was conducted to elucidate the potential phar-
macological mechanisms of QJYQ for treating CFS. Our
study demonstrated a new approach for elucidating the
mechanisms of complex diseases as well as the pharma-
cological actions of traditional Chinese medicine (TCM).

Materials and methods
Population

The WLS is a long-term study of 10,317 graduates from
Wisconsin high schools conducted in 19572%. This study
provides information on the life course of the respon-
dents and their parents, covering social background,
youthful aspirations, education, military service, family
characteristics, social engagement, and psychological
qualities. Since 1977, data have also been collected on
respondents’ siblings, who share a family identifier (fam-
ilypub) that enables the investigation of genetic factors.
We examined WLS data from 20,470 participants
from 2004 to 2011. We excluded those who died after
2004 (n = 3,735), had missing values for CFS (n = 8,130)



SMIAGZUMIPXZOBBAeOATOAEIOYIASALLIKIPOOAEIEAHIOI/AOA

UMY TXOMADYOINXZOHISABZIY T +eyNIOITWNOIZTABNHIRSHNAYE Ag Wiye/wod mm| sfeulnol//:dny woly pspeojumoq

¥20¢/2T/¥0 uo

Lietal. ® Volume 4 e Number 1 e 2024

or follow-up time (7 =1,595), or had CFS in 2004
(n =760), leaving a final sample of 4,212 participants.
Altogether, 4,212 individuals without a history of CFS at
baseline in 2004 were included to determine the causal
factors associated with the 435 individuals who devel-
oped CFS by 2011 (Figure 1). The study protocol was
approved by the Ethics Committee of Macao Polytechnic
University (no. CI237/DEI/2022). Written or electronic
informed consent was obtained from all the participants
during the survey.

Outcome ascertainment

According to the US Centers for Disease Control and
Prevention criteria, CFS is defined as extreme exhaus-
tion lasting >6 months and accompanied by at least one
type of pain!l. Participants responded “approximately
once a week” or “daily or more often” to the question
“How often have you had fatigue/exhaustion in the
past 6 months?” were considered potential CFS cases.
Confirmation required reporting both regular fatigue and
at least one form of pain (hand/wrist pain, ankle/knee
pain, neck/shoulder pain, headache, joint swelling, chest
discomfort, foot pain, back pain/strain, or bone pain).

Exposure variables for causal graph modeling

Categorical data extracted from the 2004 WLS study
included 35 potential exposure variables across five
domains: basic information, lifestyle, pre-existing dis-
eases, pre-existing pain, and viral infection symptoms.
Among them, marital status was classified as currently
married, single/separated, divorced, or widowed™!l. Body
mass index (BMI) was categorized as <25, 25 to 30, or
>30. Education level was classified as attended/never
attended college. Pre-existing diseases were reported as

www.ahmedjournal.com

yes/no. Pre-existing pain and viral infection symptoms
were defined as follows: no pain, monthly pain or less,
approximately once a week, daily, or more. The contin-
uous variables included income, age, light exercise time,
vigorous exercise time, BMI, number of restaurant vis-
its, number of diagnoses, medications taken, and alcohol
intake [Supplementary Table S1, http:/links.lww.com/
AHM/A96].

Causal graph modeling

To enhance the accuracy of identifying CFS-associated
factors, causal graphical models were constructed sepa-
rately for the six variable groups [Supplementary Table
$1, http://links.Iww.com/AHM/A96]. The FCI and FGES
algorithms were used to construct causal graphs using the
Tetrad software package (https:/github.com/cmu-phil/
tetrad). For the FCI algorithm, the default settings were
applied for the depth parameter (maximum size of the
conditioning set) and maxPathLength parameter (max-
imum length for any discriminating path), imposing no
restrictions. Similarly, in the FGES algorithm, the maxi-
mum degree of the graph was left unrestricted. The appli-
cation of these two complimentary algorithms allowed
us to leverage their respective strengths to increase con-
fidence in the determination of CFS-associated factors.

Family cohort validation

Individuals from the same family (including full siblings,
twins, and those with a common father or mother) were
screened from among the 4,212 participants to fur-
ther investigate whether genetic background could be
a potential confounding variable. A logistic regression
analysis was performed on 186 individuals from 93
families (two individuals per family, one with and one
without CFS).

A

Total participants from CFS 2004-2011
(n=18,432)

Excluded participants with:
Participants died after 2004 (n = 3,735)

A

Participants complete life course from 2004-2011
(n=14,697)

Excluded participants with:
Missing data on CFS (n = 8,130)

Excluded participants with:
Missing data on follow-up time (n = 1,595)

A 4

Participants with data on follow-up time
(n=4.972)

Excluded participants with:
Participants with CFS in 2004 (n = 760)

Participants included in the final analysis
(n=4,212)

2004 2011

!

Normal

U | B

i
f

n=4,212

Figure 1. Flowchart illustrating participant inclusion in this study (A) and a schematic representation of the prospective cohort study design (B).

CFS: Chronic fatigue syndrome.

124


http://links.lww.com/AHM/A96
http://links.lww.com/AHM/A96
http://links.lww.com/AHM/A96
https://github.com/cmu-phil/tetrad
https://github.com/cmu-phil/tetrad

SMIAGZUMIPXZOBBAeOATOAEIOYIASALLIKIPOOAEIEAHIOI/AOA

UMY TXOMADYOINXZOHISABZIY T +eyNIOITWNOIZTABNHIRSHNAYE Ag Wiye/wod mm| sfeulnol//:dny woly pspeojumoq

¥20¢/2T/¥0 uo

Lietal. ® Volume 4 e Number 1 e 2024

MR analysis

In the MR analysis, genetically predicted circulating
proteins from nine proteomic genome-wide association
studies (GWASs) were treated as the exposures, and two
CFS risk factors (cough and insomnia) were treated as
the outcomes. The detailed data of the nine studies are
presented in Supplementary Table S2, http:/links.lww.
com/AHM/A96, and public databases for outcomes
were accessible from the IEU GWAS database (https:/
gwas.mrcieu.ac.uk/), with two databases used for each
outcome. The cis-pQTLs in single-nucleotide polymor-
phisms (SNPs) were used as candidate instrumental
variables because they have a more direct and specific
biological effect on protein levels than trans-pQTLs!?2,
SNPs were selected according to the following require-
ments. First, SNPs were associated with any protein at
the genome-wide significance level in the corresponding
study [Supplementary Table S2, http:/links.lww.com/
AHM/A96]. Second, SNPs within the human major
histocompatibility complex region (chr6: from 26 to
34 Mb) were excluded due to complex linkage disequi-
librium (LD) patterns in this region. Lastly, SNPs were
clumped to avoid LD using a strict window threshold
(7> > 0.01 within a clumping window of 5,000kb).

In the main analysis, the inverse-variance weighted
method was used for primary analysis to estimate MR
effects between plasma proteins and CFS risk factors. In
addition, the Wald ratio method was applied when only
a single pQTL was available.

To avoid potential heterogeneity and horizontal pleiot-
ropy among instruments, we conducted Cochran’s O test
and MR-Egger intercept analysis as further sensitivity
analyses. If heterogeneity existed, the weighted median
method was employed; similarly, if horizontal pleiotropy
was identified, MR-Egger was performed to correct the
pleiotropy among the genetic instruments!?!.

Protein structure prediction, preparation, and structural-
based virtual screening

The structure of the endothelial cell-selective adhesion
molecule (ESAM; UniProt ID: Q96AP7) identified by
MR analysis was predicted using AlphaFold2 accessed
through the EBI repository (https://AlphaFold.ebi.
ac.uk/entry/Q96AP7). The predicted structure was then
imported into the Schrédinger Maestro software (New
York, USA), and any missing side chains were recon-
structed with Prime in the Protein Preparation Wizard.
The protonation states of the titratable residues were
assigned using PROPKA at pH 7.0. Furthermore, hydro-
gen bonding optimization and restrained minimization
were conducted considering a root-mean-square devia-
tion cutoff value of 0.5 A using the OPLS3 (Optimized
Potentials for Liquid Simulations) force field. All the
ligands were structurally prepared, and up to eight tau-
tomers and four stereoisomers were generated per tau-
tomer at pH 7.0 = 0.4 using Schrodinger LigPrep and
OPLS3 energy minimization.

Protein-ligand docking was performed using the
Schrodinger’s Glide software (New York, USA). The
standard-precision Glide mode was selected to provide
more accurate scoring of ligand binding affinities. The
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163 previously identified bioactive compounds from
QJYQ were used as ligands!'®l. We utilized the HDOCK
server (http://hdock.phys.hust.edu.cn/) to analyze pro-
tein—protein interactions. To ensure accuracy, the top
poses were selected based on a combination of scoring
metrics and known biological data.

Statistical analysis

Descriptive statistics were used to analyze the charac-
teristics and distribution of the populations. Categorical
variables are presented as numbers and proportions.
Continuous variables are presented as medians and
interquartile ranges (IQRs) as they were non-normal
distributions. All continuous variables were normalized
using the z score before analysis. A two-proportional z
test was used to compare the CFS and non-CFS groups
across variables.

The potential causal factors identified from the FCI
and FGES analyses were evaluated using forward and
backward stepwise multivariate logistic regression, and
the 95% confidence intervals (Cls) were calculated.

All the analyses were conducted using the Tetrad soft-
ware package®, SAS software version 9.4, GraphPad
Prism 9.5 (San Diego, CA, USA), “TwoSampleMR”
package (http://github.com/MRCIEU/TwoSampleMR)
in R (version 4.1.2), and PyMOL (PyMOL Molecular
Graphics System, Version 2.5.2; Schrodinger, LLC,
New York, USA). P values were Bonferroni-adjusted to
account for multiple testing, and a two-sided P < 0.05
was considered to indicate statistical significance.

Results
Population characteristics

The baseline characteristics of the 4,212 participants
are presented in Table 1. The median age was 69 (IQR:
69-70) years, and data for 435 patients with CFS were
recorded. Participants resided in Wisconsin (65.5%) or
elsewhere (34.5%). The cohort included 1,999 (47.5%)
men and 2,213 (52.5%) women. The median age and
BMI were 69 (69, 70) years and 27 (24, 30), respectively.
Most were currently married (81.7%), and almost half
(50.2%) had attended college. High blood pressure and
high cholesterol were the most prevalent conditions,
accounting for 42.7% and 44.9 %, respectively. Allergic
reactions were reported by 29.6% of the individuals,
which is a relatively high proportion. Only 1.4% of
individuals had experienced a stroke. The prevalence of
other diseases ranged from 7% to 10%. The incidence
of each type of pain symptom was very similar, with
36% to 46% of patients experiencing some form of pain
symptom within 6 months. The distributions of sociode-
mographic characteristics in 2011 are presented in the
supplemental materials [Supplementary Table S3, http://
links.Iww.com/AHM/A96].

Causal graph modeling reveals the potential causal factors
linked to CFS

The FCI algorithm identified 15 variables that may ulti-
mately lead to CFS (Figure 2) as follows: BMI and sex in
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Baseline characteristics of the 4,212 participants (Continued)
enrolled in the study in 2004

Variables Baseline

Varlables Baseline Vigorous exercise time, median (QR: 25%, 75%), 0(0,8)

Age, median (IQR: 25%, 75%) 69 (69, 70) hours

Male, n [%] 1,999 [47.5] Going to restaurant/bar time, median (IQR: 25%, 6(3,10)

Marital status, n [%] 75%), hours
Currently married 3,441 [81.7] Diagnosed illnesses number, median (IQR: 25%, 11,2

75%
Single/separated 146 [3.5] i .
Divorced 350 [8.3] Prescriptions taken number, median (IQR: 25%, 75%) 2(0,3)
Widowed 975 [6‘ 5 Have diabetes, n [%] 498 [11.9]
Race, n [%] ' Have heart attack, n [%] 436 [10.4]
y 0
White 3.927 [93.2] Have high blood pressure, n [%] 1,797 [42.7]
' ' Have stroke, n [% 59 [1.4
Black/African American 75[1.8] o [ 1.4
Asian 7102] Have circulation problem, n [%] 242 [5.8]
' Have asthma, n [% 302 (7.2
Black/African American and American Indian 40 [1.0] (%l [7.2)
Missing 163 3.9 Have irritable bowel syndrome, n [%] 312 [7.4]
EonIE] ' Have allergy, n [%] 1,245 [29.6]
Atten de: sl 2116 [50.2] Have high cholesterol, n [%] 1,889 [44.9]
' ' Hands/wrists pain, n [%]
Never attended college 2,096 [49.8] : i el
ave not ha ) .
Child, median (IQR: 25%, 75%) 32,9 Monthlv of ess oft 813 1[9 ] ]
onthly or less often .
BMI, median (IQR: 25%, 75%) 27 (24,30) y (193]
Residence, n [% About once a week 368 [8.7]
s (]
Daily or more often 350 [8.3
Foreign Country 1453 [34.5] 4 , 83]
Wisconsin 2,750 [65.5] Neck/shoulder pain, n [%]
Trouble sleeping, n [%] Have not had 2,268 [53.9]
Have not had 2,026 [48.1] Monthly or less often 1,140 [27.1]
' ' About once a week 456 [10.8
Monthly or less often 1,154 [27 4] . - ! e
About once a week 806 [19.1] Daily or more often 348 [8.3]
. ' Ankles/knees pain, n [%]
Daily or more often 226 [5.4]

Do light exercise, n [% Have not had 2,362 [56.1]
Never 881 [20.9] Monthly or less often 894 [21.2]
Rarely 1286 3 0 . About once a week 474 [11.3]
Often 1 Y584 [37.6] Daily or more often 482 [11.4]

. ) ' : Headache, n [%]

Do vigorous exercise, n [%]

Never 1,344 [31.9] Have not had 2,386 [56.7]
Rarely 1,159 [27.5] Monthly or less often 1,488 [35.3]
Often 1248 [29.6] About once a week 286 [6.8]

Go to restaurant/bar frequency, n [%] Daily or more often 52[1.2]
Never 2,335 [55.4] Stiff/swollen joints, n [%]

Rarely 1,668 [39.6] Have not had 2,644 [628]
Often 4111.0] Monthly or less often 801 [19.0]

Smoke, n [%] About once a week 351 [8.3]
Never smoke 1,967 [46.7] Daily or more often 416 [9.9]
Ever smoke 1,827 [43.4] Palpitations, n [%]

Currently smoke 41819.9] Have not had 3,536 [84.0]

Drink alcohol, median (IQR: 25%, 75%) 6 (1,20) Monthly or less often 544 [12.9]

Income, median (IQR: 25%, 75%), thousand (dollar) ~ 52.4 (28.8, 87.2) About once a week 105 [2.9]

Light exercise time, median (IQR: 25%, 75%), hours 20 (8, 35) Daily or more often 2710.6]

(Continued) (Continued)
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(Continued)
Variables Baseline
Excessive sweating, n [%)]
Have not had 3,538 [84.0]
Monthly or less often 377 19.0]
About once a week 150 [3.6]
Daily or more often 147 [3.5]
Ringing in the ears, n [%]
Have not had 3,048 [72.4]
Monthly or less often 466 [11.1]
About once a week 176 [4.2]
Daily or more often 521 [12.4]
Shortness of breath, n [%]
Have not had 3,421 [81.2]
Monthly or less often 577 [13.7]
About once a week 151 [3.6]
Daily or more often 63 [1.5]
Coughing/wheezing, n [%]
Have not had 3,067 [72.8]
Monthly or less often 787 [18.7]
About once a week 1751[4.2]
Daily or more often 183 [4.3]
Numbness, n [%]
Have not had 3,453 [82.0]
Monthly or less often 420 [10.0]
About once a week 166 [3.9]
Daily or more often 164 [3.9]
Upset stomach, n [%]
Have not had 3,204 [76.1]
Monthly or less often 821 [19.5]
About once a week 158 [3.8]
Daily or more often 2910.7]
Dizziness/faintness, n [%]
Have not had 3,659 [86.9]
Monthly or less often 493 [11.7]
About once a week 48 [1.1]
Daily or more often 12 [0.3]

IQR: Interquartile range. Continuous variables are either the mean + standard deviation or
median and the (IQR: 25%, 75%) depending on the data distribution. Categorical data are
expressed as n [%].

Group A; trouble sleeping and light exercise in Group B;
heart attack, circulation issues, and irritable bowel syn-
drome in Group C; ankles/knees pain and neck/shoulder
pain in Group Dj; shortness of breath, excessive sweating,
numbness, and cough in Group E; and number of med-
ications taken, diagnosed illnesses, and BMI in Group
F. Edges with round circle ends in Figure 2 indicate the
presence of potential unmeasured confounders associ-
ated with these variables [definitions of causal graphs
are provided in Supplementary Table S4, http:/links.
Iww.com/AHM/A96].
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Figure 3 presents the models from the FGES algo-
rithm, revealing seven CFS-associated variables as fol-
lows: BMI in Group A, trouble sleeping in Group B,
circulation problems in Group C, ankles/knees pain in
Group D, shortness of breath in Group E, and number
of medications taken, diagnosed illnesses, and BMI in
Group F. The exposure variables that have arrows point-
ing toward CFS in Figure 3 represent potential causal
factors for CFS, either directly or indirectly through the
definition of causal graphs in Supplementary Table S4,
http://links.lww.com/AHM/A96.

Stepwise multivariate logistic regression

To explore the robustness of the results from causal
graphical models, forward and backward stepwise mul-
tivariate logistic regression analyses were conducted.
According to the unadjusted model (Figure 4A), the
number of medications, coughing/wheezing, shortness of
breath, ankle/knee pain, neck/shoulder pain, circulation
problems, trouble sleeping, light exercise, BMI, and sex
were significantly associated with an increased risk of
CFS.

In the adjusted model (Figure 4B), the number of med-
ications, coughing/wheezing, shortness of breath, ankle/
knee pain, circulation problems, trouble sleeping, light
exercise, and BMI remained statistically significant. Daily
sleep troubles (odds ratio [OR]: 2.59, 95% CI: 1.77-
3.78), cough (OR: 1.74,95% CI: 1.15-2.63), and ankle/
knee pain (OR: 1.77, 95% CI: 1.30-2.41) increased the
risk of CFS, whereas weekly shortness of breath (OR:
2.07,95% CI: 1.34-3.20) decreased such risk. Frequent
light exercise (OR: 0.59, 95% CI: 0.45-0.79) also low-
ered the risk of CFS. However, circulation problems (OR:
1.68, 95% CI: 1.17-2.41), increased number of medica-
tions taken (OR: 1.11, 95% CI: 1.06-1.17), higher BMI
(OR:1.03,95% CI: 1.00-1.05), and the female sex (OR:
1.49,95% CI: 1.19-1.87) significantly increased the risk
of CFS.

Influence of genetic background on potential causal factors

To investigate the potential genetic confounding fac-
tors for CFS, a family cohort validation was performed.
According to the unadjusted model (Figure 5A), the num-
ber of medications taken and the presence of cough were
significantly associated with an increased risk of CFS in
the family cohort with similar genetic backgrounds.

According to the adjusted model (Figure 5B), these
two variables maintained statistical significance. Daily
or more frequent coughing (OR: 4.05, 95% CI: 1.14-
14.38) and more medications taken (OR: 1.21, 95% CI:
1.03-1.42) increased the likelihood of CFS.

Identification of causal factor-associated proteins as drug
targets of CFS

After processing nine plasma databases, 8,285 pQTLs
for 4,421 proteins (2,518 unique proteins) remained;
among them were 3,811 cis-pQTLs for 2,958 proteins
(1,558 unique proteins) as instruments for MR analysis
[Supplementary Table S5, http:/links.lww.com/AHM/


http://links.lww.com/AHM/A96
http://links.lww.com/AHM/A96
http://links.lww.com/AHM/A96
http://links.lww.com/AHM/A96

SMIAGZUMIPXZOBBAeOATOAEIOYIASALLIKIPOOAEIEAHIOI/AOA

UMY TXOMADYOINXZOHISABZIY T +eyNIOITWNOIZTABNHIRSHNAYE Ag Wiye/wod mm| sfeulnol//:dny woly pspeojumoq

¥20¢/2T/¥0 uo

Lietal. ® Volume 4 e Number 1 e 2024

www.ahmedjournal.com

Allergy
BMI CFS
o X
\ / ‘-\ Stroke Asthma
Gender c—— CFs Vigor pyhs fl‘j \ Drink
[\ Heart attack HBP
/ \ P
/ \ e
Residence Child - TR
Smoke [ ing o
/ \ Diabetes e IBS
/ A \ J
/ \‘w. \\\- /J?
Race Education / \ N
’j \r) Circulation < - . CFs
Marital Status Sleep Light pyhs High Cholesterol
Age
s Breath
CFS - o
4 ™ :
7 S i Light pyhs time
/ ES o - CFS o T S
/ N /f \ I
Stiff Joints Handpain [N { O
! / \o Vigor pyhs BMI
/ Stomach | Cough .;’
< | | < Eating out
Neckpain Headpain | — Prescriptions ng
Ring ‘;' Dizziness
| Drink liinesses
o) S
y Palpitations Numbness
Kneepain Income

Figure 2. Causal graph models constructed by the FCI algorithm. The arrows in the figure indicate the possible direct or indirect causal relationships
between the variables and CFS. An arrow pointing to the CFS from a variable suggests that the variable may contribute to the development or
exacerbation of CFS. Additionally, the circles at the end of the arrows represent potential unmeasured confounding factors that may be associated
with the causal relationships. BMI, Body mass index; BP, High blood pressure; Breath: Shortness of breath; CFS, Chronic fatigue syndrome; ES,
Excessive sweating; FCI: Fast causal inference; IBS, Irritable bowel syndrome; llinesses: Diagnosed illnesses; Prescriptions: Number of prescrip-
tions; Ringing: Ringing in ears; Sleep, Trouble sleeping; Stomach: Upset stomach.

A96]. Based on the causal diagram analysis, we consid-
ered the CFS-associated factors of cough and insomnia as
outcomes for MR. Overall, 19 protein-cough associations
reached the Bonferroni-corrected threshold for 12 proteins,
and 28 proteins were significantly associated with insom-
nia. The Bonferroni-corrected thresholds of the MR anal-
yses were set separately for each outcome [Supplementary
Table S6, http://links.lww.com/AHM/A96].

The primary results of the main MR analysis for
chronic cough and insomnia are presented in Figure 6
and Supplementary Tables S7-S10, http://links.Iww.
com/AHM/A96. Genetically determined higher levels of
ESAM (UniProt: Q96AP7) (OR: 1.020, 95% CI: 1.012—
1.028) and lactase/phlorizin hydrolase (UniProt: P09848)
(OR: 1.007, 95% CI: 1.004-1.009) increased chronic
cough risk. Similarly, higher levels of interleukin-1
receptor type 2 (UniProt: P27930) (OR: 1.001, 95%
CI: 1.001-1.002), HEXIM2 (UniProt: Q96MH2) (OR:
1.154, 95% CI: 1.114-1.196), interleukin-9 (UniProt:
P15248) (OR: 1.063, 95% CI: 1.044-1.081), and inac-
tive tyrosine-protein kinase 7 (UniProt: Q13308) (OR:
1.095, 95% CI: 1.056-1.136) were significantly associ-
ated with an increased risk of insomnia. Moreover, we
determined that the protein ESAM was associated with
both cough and insomnia.

The sensitivity analyses validated all significant associ-
ations originally identified in the main analyses, whereas
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two associations with MR evidence were newly identi-
fied [Supplementary Table S11, http:/links.lww.com/
AHM/A96].

Virtual screening analysis revealed potential pharmacological
mechanisms of action of QJYQ for treating CFS

Of the 163 phytochemical compounds identified in
QJYQ, ginsenoside RG4 and ginsenoside Rb2 exhibited
good binding affinity with the ESAM protein. Interaction
analysis and visualization of two protein-ligand com-
plexes revealed intricate binding modes. The interaction
details for each complex are provided in the following
paragraphs.

Ginsenoside RG4 (docking score: —6.15)

The ligand forms hydrophobic interactions with Pro36,
Val43, Glu47, Pro51, and Trp53 (3.48-3.95 A). GIn41
and Glu47 form multiple hydrogen bonds, indicating

strong, dynamic binding. Additional hydrogen bonds
with Val43 and Arg112 confer specificity (Figure 7A).

Ginsenoside Rb2 (docking score: —6.03)

This ligand makes hydrophobic contacts with Arg178
and Lys180. Multiple hydrogen bonds with Arg39,
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Figure 3. Causal graph models constructed by the FGES algorithm. The arrows in the figure indicate the presence of either direct or indirect causes
of CFS from the variables. Specifically, an arrow pointing to the CFS from a variable suggests that the variable may directly or indirectly contribute
to the development or exacerbation of CFS. BMI, Body mass index; Breath: Shortness of breath; CFS: Chronic fatigue syndrome; ES: Excessive
sweating; FGES: Fast greedy equivalence search; HBP, High blood pressure; IBS: Irritable bowel syndrome; llinesses: Diagnosed llinesses Number;
Prescriptions: Number of prescriptions; Ringing: Ringing in ears; Sleep, trouble sleeping; Stomach: Upset stomach.

Glul46, Asn148, GIn17S5, Ser176, Ser179, and Tyr185
(1.92-4.01 A) demonstrate stable, targeted ESAM

binding, with Asn148 forming critical interactions
(Figure 7B).

Discussion

In this prospective cohort study, we identified that
chronic cough and insomnia were causally associated
with CFS. Additionally, the MR analysis revealed that
the upregulation of the endothelial protein ESAM was
causally linked with chronic cough and insomnia patho-
genesis. Furthermore, we identified potential mechanisms
of action of ginsenoside on target proteins, highlighting
the potential biological therapeutic pathway of QJYQ
for treating CFS.

In our study, chronic cough was identified as a causal
factor contributing significantly to the development of
CFS. The international consensus defines cough based on
duration, with acute cough lasting up to 8 weeks and
chronic cough exceeding 8 weeks®l. Prolonged cough
may be related to persistent lung inflammation from var-
ious etiologies, such as chronic obstructive pulmonary
disease, bronchial asthma, and cough variant asthmal®¢,
This sustained inflammation is hypothesized to deplete
energy and cause fatigue. Moreover, enduring coughing
has the potential to increase mental stress by disrupt-
ing daily activities and exacerbating fatigue. Recent
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evidence indicates that TCMs such as QJYQ are promis-
ing in treating PCC conditions marked by chronic cough,
thereby potentially preventing the progression to CFS?7.,

Other significant risk factors include sleep distur-
bances and shortness of breath. Difficulty falling asleep,
interrupted sleep, or light sleep prevents adequate restor-
ative rest and recovery, potentially resulting in chronic
fatigue; shortness of breath, an intrinsic symptom of
breathing difficulty; often causes discomfort, restricts
activity, and diminishes quality of life®?®); regular prac-
tices such as progressive muscle relaxation and deep
breathing exercises effectively reduce breathing issues
and fatigue symptoms!?”); ankle and knee pain commonly
accompany myalgia sufferers, as research has demon-
strated that physical fatigue is positively associated with
augmented pain severity®’; and circulation issues may
also impact fatigue. Both systemic and pulmonary circu-
lations appropriately respond to localized oxygen defi-
ciency, the former through vasodilation to provide more
oxygen and the latter by constriction, diverting circula-
tion®Y, However, disruptions to circulation can induce
insufficient or abnormal red blood cells, limiting the oxy-
gen supply and potentially causing fatigue. In addition,
previous research has demonstrated that women have a
greater incidence of CFS than men.,

The MR analysis revealed several notable findings
related to chronic cough and insomnia. We observed that
19 proteins were significantly associated with chronic
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Figure 4. Stepwise multivariate logistic regression validating the associations between CFS and the potential causal factors identified by the FCI
algorithm (A), as well as all 43 variables included in this study (B). An odds ratio was considered to be statistically significant if the null value of 1 was
excluded from the 95% ClI range. Only significant variables are shown in the forest plots. CFS: Chronic fatigue syndrome; Cl: Confidence interval;

FCI: Fast causal inference.

cough, and 28 proteins were significantly associated with
insomnia, which suggested that specific proteins may play
a role in the development or exacerbation of these symp-
toms in patients with CFS. ESAM scores demonstrated
causal associations with both chronic cough and insom-
nia. Previous studies have implicated ESAM in schizophre-
nial®! and cardiovascular diseases®®*l. The current findings
indicate that ESAM may also represent a shared biological
mechanism impacting multiple symptoms of CFS.
Furthermore, exploring the molecular interactions
between the main bioactive compounds ginsenosides
and ESAM provides insights into the potential thera-
peutic mechanisms of QJYQ for preventing PCC CFS.
The complexes exhibit various hydrophobic contacts,
hydrogen bonds, and salt bridges that support flexible
and adaptable ligand binding modes. This enables the
formation of stable ligand—protein complexes, the key
mechanism underlying the therapeutic function of ginse-

nosides in QJYQ.
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However, this study has some limitations. First,
although potential CFS factors were identified, their pre-
cise impacts warrant validation. Second, although rig-
orous statistical techniques were employed, unrecorded
uncertainties in longitudinal observational data span-
ning 2004 to 2011 could influence the causal inferences
drawn. Third, further validation using cell culture and
animal models is necessary to confirm the potential phar-
macological effects of QJYQ on ESAM and its efficacy
in treating CFS. Finally, the data analysis was limited to
data in the WLS database and only to 2011. In future
studies, we aim to elucidate these findings by replicating
our analyses using more recent longitudinal data from
other databases.

The important strengths of our study were as fol-
lows. To the best of our knowledge, this research rep-
resents the first application of causal graph learning to
a well-powered prospective cohort for identifying risk
factors for CFS. The temporal sequence afforded by
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Figure 5. Stepwise multivariate logistic regression analysis of the family cohort with similar genetic backgrounds was performed to exclude genetic
influences on the causal relationships between CFS and the identified potential causal factors. (A) The associations between the CFS score and
potential causal variables identified by the FCI algorithm in the family cohort. (B) Associations between the CFS score and all 43 variables in the
family cohort. The forest plot displays the ORs and 95% Cls for each variable. Only significant variables for which the null value of 1 was excluded
from the 95% ClI range are shown. CFS: Chronic fatigue syndrome; Cls: Confidence intervals; FCI: Fast causal inference; ORs: Odds ratios.
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Figure 6. Proteome-wide MR analysis identifying circulating proteins causally associated with chronic cough and insomnia, the symptoms linked to
CFS, by causal graphical modeling. (A-B) Proteins causally associated with chronic cough based on the GWAS IDs ukb-a-258 (A) and ukb-b-16858
(B). (C-D) Proteins causally linked to the outcome of insomnia based on GWAS IDs ukb-a-527 (C) and ukb-b-3957 (D). (E) ESAM was identified
as the shared causal protein for both chronic cough and insomnia, two potential symptoms contributing to CFS. N_SNPs: number of SNPs used
for the estimation of the causal effects in this plot. P values were determined using the IVW or Wald ratio two-sample MR method. CFS: Chronic
fatigue syndrome; Cls: Confidence intervals; ESAM: Endothelial cell-selective adhesion molecule; IVW: Inverse-variance weighting; MR: Mendelian
randomization; ORs: Odds ratios; SNP: Single-nucleotide polymorphism.
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A
Ginsenoside RG4

Ginsenoside RB2

Figure 7. The molecular interactions between the bioactive compounds in QJYQ granules and ESAM, a protein causally linked to CFS devel-
opment. (A) Binding mode between the QJYQ ingredient ginsenoside RG4 and ESAM (docking score: —6.15). (B) Binding mode between the
main bioactive phytochemical ginsenoside Rb2 in QJYQ and ESAM (docking score: —6.03). CFS: Chronic fatigue syndrome; ESAM: Endothelial

cell-selective adhesion molecule; QJYQ: Qingjin Yigi.

the longitudinal design provides more robust evidence
than could be attained through cross-sectional analyses
alone. Additionally, complementary statistical modeling
approaches were integrated to enhance interpretation
and corroborate findings from causal graphical mod-
eling. Leveraging epidemiological, genetic, and com-
putational modeling within an integrative framework
presented a novel strategy for elucidating the complex
etiology of CFS and illuminating the pharmacology of
TCM such as QJYQ.

Conclusion

This integrative epidemiological and computational
study provides novel insights into the pathogenesis and
management of CFS. Causal graph modeling identified
chronic cough and insomnia as modifiable causal risk
factors for CFS. The endothelial protein ESAM was iden-
tified as a potential shared drug target causally linked
to the CFS risk factors for chronic cough and insom-
nia. QJYQ may prevent CFS development through the
inhibition of ESAM through the bioactive ingredients
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ginsenoside RG4 and ginsenoside Rb2. Our study has
important clinical and public health implications for pre-
venting and treating CFS using TCM. Additionally, this
study provides a new analytical framework for elucidat-
ing the pharmacological mechanisms of action of TCMs
through the integration of epidemiological, genetic, and
in silico data.
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