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Assessment of transthyretin 
instability in patients 
with wild‑type transthyretin 
amyloid cardiomyopathy
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The pathophysiology of variant transthyretin (TTR) amyloidosis (ATTRv) is associated with 
destabilizing mutations in the TTR tetramer. However, why TTR with a wild-type genetic sequence 
misfolds and aggregates in wild-type transthyretin amyloidosis (ATTRwt) is unknown. Here, we 
evaluate kinetic TTR stability with a newly developed ELISA system in combination with urea-induced 
protein denaturation. Compared with that in control patients, endogenous TTR in patients with 
wild-type transthyretin amyloid cardiomyopathy (ATTRwt-CM) exhibited thermodynamic instability, 
indicating that circulating TTR instability may be associated with the pathogenesis of ATTRwt as well 
as ATTRv. Our findings provide new insight into the underlying mechanisms of ATTRwt.
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Abbreviations
TTR​	� Transthyretin
ATTR​	� Transthyretin amyloidosis
ATTRv	� Variant transthyretin amyloidosis
ATTRwt	� Wild-type transthyretin amyloidosis
ATTR-CM	� Transthyretin amyloid cardiomyopathy
ATTRv-CM	� Variant transthyretin amyloid cardiomyopathy
ATTRwt-CM	� Wild-type transthyretin amyloid cardiomyopathy
ELISA	� Enzyme -linked immunosorbent assay
HF	� Heart failure
HFpEF	� Heart failure with preserved ejection fraction

Transthyretin (TTR) amyloidosis (ATTR) is a systemic disease caused by deposition of TTR-derived amyloid 
in various organs represented by the peripheral nervous system and heart1. TTR is a 127-amino acid, 55-kDa 
homotetrameric protein that is synthesized mainly in the liver and functions as a transporter of thyroxine and 
retinol-binding protein in the bloodstream2. The TTR tetramer is known to dissociate into an aggregation-
prone monomer that forms amorphous aggregates and subsequent amyloid fibrils, leading to tissue dysfunc-
tion and clinical phenotypes of ATTR​3–5. ATTR is classified as wild-type transthyretin amyloidosis (ATTRwt, 
nonhereditary form) or variant transthyretin amyloidosis (ATTRv, hereditary form) according to the presence 
or absence of TTR genetic mutations. Previous studies have reported that ATTRv pathophysiology is associated 
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with destabilizing mutations in the TTR tetramer, but the mechanisms involved in the development of ATTRwt 
remain unknown6,7.

Over the past decade, transthyretin amyloid cardiomyopathy (ATTR-CM) has been recognized as a significant 
cause of HF and has been increasingly diagnosed due to advances in noninvasive imaging modalities, including 
cardiac bone scintigraphy with diphosphonate or pyrophosphate tracers. Although ATTR-CM is thought to be 
a rare disorder, an improved imaging modality and newly emerging therapies, such as TTR stabilizers8 or small 
interfering RNA drugs9,10, have facilitated recognition of the disease, as did epidemiological studies, which 
indicate that there are likely more undiagnosed ATTR-CM patients11. Indeed, 16% of patients with severe aortic 
stenosis who underwent transcatheter aortic valve replacement were positive by technetium-99 m pyrophosphate 
(99mTc-PYP) scintigraphy, an established diagnostic imaging method for ATTR-CM12. With a particular focus on 
wild-type ATTR-CM (ATTRwt-CM), approximately 13% of patients with heart failure with preserved ejection 
fraction (HFpEF) with left ventricular hypertrophy (LVH) are diagnosed with ATTRwt-CM13. In another cohort, 
approximately 20% of HF patients with LVH had ATTRwt-CM14. As wild-type ATTR was previously called senile 
systemic amyloidosis, the average age of patients with ATTRwt-CM was greater than that of patients with variant 
transthyretin amyloid cardiomyopathy (ATTRv-CM), suggesting the strong association of ATTRwt-CM with 
aging11,15. In addition, a recent study reported that approximately 80% of patients older than 70 years of age with 
ATTR-CM had ATTRwt-CM15. Taken together, these findings suggest that ATTRwt-CM may be underestimated 
as a cause of HF in elderly individuals.

Importantly, stabilizing the TTR tetramer with the TTR stabilizer tafamidis improves the prognosis of 
ATTRwt-CM patient8. suggesting that instability of the TTR tetramer is associated with the pathophysiology of 
not only ATTRv but also ATTRwt without destabilizing mutations. Nevertheless, there is no direct evidence prov-
ing TTR instability in ATTRwt. In this study, we sought to demonstrate TTR instability in patients with ATTRwt-
CM by using a newly developed enzyme-linked immunosorbent assay (ELISA) system with urea unfolding. The 
findings may contribute to the development of new diagnostic procedures, leading to early detection of elderly 
HF patients based on ATTRwt-CM.

Results
First, we purchased recombinant wild-type TTR and monomeric variant TTR (F87M/L110M) and analyzed 
the size of each protein using gel filtration chromatography. The results confirmed that the calculated molecu-
lar weight of wild-type TTR was approximately four times greater than that of F87M/L110M, suggesting that 
recombinant wild-type TTR forms tetramers (Fig. 2A,B). Next, using the same anti-TTR antibody for both 
capture and detection, we developed a new ELISA system that specifically reacts with the TTR tetramer (Fig. 1) 
and subsequently identified the specificity of the tetrameric recombinant wild-type TTR and TTR purified from 
human plasma; however, the ELISA did not detect the monomeric variant TTR (Fig. 2C, Supplementary Table 1). 
The comparable reactivity of tetrameric recombinant wild-type TTR and TTR purified from human plasma 
suggested the formation of a tetrameric structure in TTR within human blood samples. The assay performance 
of the ELISA was validated through calibration curve analysis, dilution linearity of serum, and intra- and inter-
assay precision (Supplementary Tables 2, 3, 4).

Next, we incubated recombinant TTRs, including wild-type TTR and 3 types of variants (V30M, T119M, 
and V122I), in the presence of several concentrations of urea for 48 h at 25 °C. After incubation, each sample 
was diluted 6180 times to mitigate the inhibitory effects of urea on ELISA and to bring the TTR concentration 
within the quantification range of the ELISA. We determined the residual TTR tetramer percentage via a new 
ELISA. The residual TTR tetramer ratio of all the TTRs decreased in a urea concentration-dependent manner 
(Fig. 3A). The dissociation tendency revealed that TTR with the T119M mutation, a stable variant, exhibited 
kinetic stability comparable with that of wild-type TTR; conversely, TTR with the V30M and V122I mutations, 
unstable variants, was less stable than was the wild-type TTR (Fig. 3A). The significant difference between 
T119M and V30M and V122I was most pronounced at 7.2 mol/L urea (Supplementary Figure S1, Fig. 3B). 
Therefore, we adopted 7.2 mol/L urea as the pretreatment condition for evaluating TTR stability. To determine 
whether this new assay reflects TTR stability in serum, we incubated human serum with or without the TTR 
stabilizer tafamidis under urea conditions. As expected, compared with the control vehicle, tafamidis enhanced 
the residual TTR tetramer concentration in the serum (Fig. 4). These data indicate that the developed assay can 
evaluate TTR stability in vitro.

Finally, we sought to measure endogenous TTR stability in ATTRwt-CM patients. As a control, we enrolled 
age- and sex-matched patients with arrhythmia and excluded patients with LVH and CTS to eliminate the pos-
sibility that the control group included undiagnosed ATTRwt patients. Therefore, the number of patients with 
atrial fibrillation was significantly greater in the control group than in the ATTRwt-CM group. The detailed 
patient characteristics are shown in Table 1. With respect to quantification of TTR, we confirmed the strong cor-
relation between the immunoturbidimetry method commonly used in clinical assays and the developed ELISA 
(Supplementary Figure S2). However, the serum TTR concentration did not significantly differ between the 
ATTRwt-CM group and the control group (Fig. 5A). On the other hand, the residual TTR tetramer ratio was sig-
nificantly lower in the ATTRwt-CM group than in the control group {median (IQR), control; 65.8 (63.05–69.8), 
ATTRwt-CM; 62.5 (57.58–66.5), p value = 0.0289} (Fig. 5B). These results indicate that measuring the residual 
TTR tetramer ratio after urea denaturation is more effective at determining TTR stability than merely measuring 
the serum concentration of TTR itself. Although the sample size was too small to assess the difference statisti-
cally, the percentages of ATTRv-CM and ATTRwt-CM patients taking tafamidis tended to be lower and greater, 
respectively, than those in the control group (Fig. 5B).
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Discussion
Due to the lack of systematic evidence, the overall population of ATTRwt patients has not been fully character-
ized. Recent studies, however, have reported that the incidence of ATTRwt-CM is high among patients with 
HFpEF, patients with CTS, and elderly patients with aortic stenosis16,17. Given the high prevalence and the fact 
that amyloid fibril deposits are mainly located in heart tissue18, cost-effective and noninvasive laboratory tests 
for ATTRwt-CM are becoming increasingly important. In the present study, we developed an ELISA system that 
reacts with only the TTR tetramer, which enabled evaluating the stability of the TTR tetramer in combination 
with a urea denaturation assay. By applying this method to the serum of ATTRwt-CM patients, we confirmed 
the instability of endogenous TTR in these patients, suggesting that TTR instability is partly associated with 
pathogenesis, even in ATTRwt-CM.

There are more than 130 pathogenic TTR variants involved in ATTRv11, and several mutations increase 
susceptibility of TTR to dissociation due to kinetic instabilities4; however, why TTR with a wild-type genetic 
sequence misfolds and aggregates in ATTRwt is unclear5. In this regard, age is the major risk factor for ATTRwt. 
The standard age of onset for ATTRwt-CM is in the seventh or eighth decade of life15,19. Zhao et al. hypothesized 
that age-associated TTR oxidation is a causal factor of ATTRwt and showed that recombinant wild-type TTR 
with oxidative modifications is more likely to be thermodynamically unstable and to form aggregates than 
nonoxidative controls20.

Unlike previous studies using recombinant TTR, we assessed the residual percentage of endogenous TTR 
tetramers with a specific antibody after urea-mediated protein denaturation. Our data indicates that a portion 
of the circulating TTR is unstable in ATTRwt-CM patients before local deposition. In support of this notion, 
circulating aggregated TTR was hypothesized to be the pathogenic driver of ATTR and was successfully detected 
by ELISA with specific antibodies against aggregated TTR in blood samples from patients with both ATTRv and 
ATTRwt21,22. However, where (in the circulation or at the local site of deposition) and how the TTR tetramer 
becomes unstable and dissociates are not completely understood. In addition, these antibody-based methods 
have still not been established as laboratory tests for ATTR.

The most prominent difference between our study and previous studies that sought to detect circulating TTR 
monomers or aggregates is that our assay focused on the residual percentage of TTR tetramers in patient serum. 
The evidence that this assay correctly reflects TTR stability is as follows. (1) Recombinant TTR with a stable 
mutation (T119M) presented the highest residual percentage of the TTR tetramer. (2) Addition of tafamidis 
to patient serum inhibited urea-induced TTR dissociation in vitro. (3) ATTRwt-CM patients given tafamidis 
showed a trend toward increased TTR stability. In contrast, by using another method called the subunit exchange 

Fig. 1.   Workflow for assessment of TTR stability under urea conditions. TTR-containing samples were 
diluted tenfold with PBS containing 0–8 mol/L urea, resulting in a final concentration of 0–7.2 mol/L urea, 
and incubated at 25 °C for 48 h. After incubation, the samples were diluted 6180 times with PBS containing 
1% BSA and applied to ELISA plate wells immediately after dilution. Tetrameric TTR levels in the samples 
were quantified via ELISA in duplicate. TTR stability under urea conditions was evaluated as the residual TTR 
tetramer percentage. ATTRwt, wild-type transthyretin amyloidosis; TTR, transthyretin; ELISA, enzyme-linked 
immunosorbent assay.
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Fig. 2.   Development of an ELISA for specific reactions to the TTR tetramer. Chromatogram of recombinant 
wild-type TTR (A) and recombinant F87M/L110M TTR (B) obtained by gel filtration chromatography. ELISA 
data for recombinant wild-type TTR, recombinant F87M/L110M TTR, and TTR purified from human plasma 
(C). Standard curves were generated using a linear calibration model. TTR, transthyretin; MW, molecular 
weight; Abs, absorbance.

Fig. 3.   Assessment of TTR variant stability. The residual TTR tetramer percentage (%) after urea-induced 
denaturation of recombinant wild-type TTR, recombinant T119M TTR, recombinant V30M TTR, and 
recombinant V122I TTR (A). Comparison of the residual TTR tetramer formation ratio of TTRs after 7.2 mol/L 
urea treatment (B). Values are expressed as means ± SDs (n = 6). **p < 0.01, ***p < 0.001. Data were analyzed by 
one-way ANOVA with Dunnett’s multiple comparisons test. TTR, transthyretin; WT, wild-type.
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Fig. 4.   Effects of tafamidis on TTR stability in serum. The residual TTR tetramer ratio after urea-induced 
denaturation of TTR in serum and TTR in serum preincubated with 500 μmol/L tafamidis at room temperature 
for 30 min. Values are expressed as the means ± SDs (n = 6). *p < 0.05, ***p < 0.001 compared to the control 
vehicle. Data were analyzed by the unpaired Student’s t test. TTR, transthyretin.

Table 1.   Baseline characteristics. Continuous variables are shown as the mean ± standard deviation for 
normally distributed data or as medians with interquartile ranges for nonnormally distributed data. SD 
standard deviation, BMI body mass index, LVDD left ventricular diameter at end diastole, LVDS left ventricular 
diameter at end systole, LVEF left ventricular ejection fraction, IVST interventricular septum thickness, PWT 
posterior wall thickness, eGFR estimated glomerular filtration rate, BNP brain natriuretic peptide, HbA1c 
hemoglobin A1c, MRA mineral corticoid receptor antagonist, ACEI angiotensin-converting enzyme inhibitor, 
ARB angiotensin II receptor blocker, ARNI angiotensin receptor neprilysin inhibitor, SGLT-2i sodium glucose 
cotransporter-2 inhibitor.

Control ATTRwt-CM p value

Number 25 18

Age, years, mean ± SD 73.1 ± 3.9 75.5 ± 6.2 0.142

Female, n (%) 4 (16.0) 3 (16.6) 0.953

BMI, kg/m2, mean ± SD 23.2 ± 3.9 22.8 ± 3.5 0.752

Comorbidities, n (%)

 Atrial fibrillation, n (%) 22 (88.0) 6 (33.3)  < 0.001

 Coronary artery disease, n (%) 2 (8.0) 0 (0.0) 0.219

 History of heart failure, n (%) 6 (24.0) 16 (88.8)  < 0.001

 Carpal tunnel syndrome, n (%) 0 (0) 8 (44.4)  < 0.001

 Hypertension, n (%) 11 (44.0) 8 (44.4) 0.997

 Diabetes mellitus, n (%) 6 (24.0) 3 (16.6) 0.560

Echocardiographic parameters

 LVDD, mm 47.2 ± 5.9 42.3 ± 8.1 0.033

 LVDS, mm 32.7 ± 7.2 34.2 ± 8.5 0.528

 LVEF, % 60.5 [55.0–64.4] 46.3 [37.4–53.7]  < 0.001

 IVST, mm 9.1 ± 1.3 15.1 ± 3.6  < 0.001

 PWT, mm 9.3 [7.8–10.9] 14.9 [12.8–19.8]  < 0.001

Laboratory data

 Creatinine, mg/dL 0.85 ± 0.13 1.23 ± 0.53 0.001

 eGFR, mL/min/1.73m2 61.6 [56.7–70.1] 50.5 [31.2–67.4] 0.012

 BNP, pg/mL 52.6 [27.3–97.2] 218.8 [136.0–380.7]  < 0.001

 HbA1c, % 5.8 [5.6–6.1] 5.9 [5.6–6.4] 0.651

Medications

 Tafamidis 0 0 –

 Loop diuretic, % 20.0 61.1 0.006

 MRA, % 20.0 50.0 0.038

 Β-blocker, % 44.0 66.6 0.142

 ACEI/ARB, % 28.0 27.7 0.987

 ARNI, % 8.0 16.6 0.382

 SGLT-2i, % 16.0 33.3 0.184
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assay, Rappley et al. demonstrated that the stability of endogenous TTR in the plasma of ATTRwt patients did 
not exhibit a significant difference compared to that of the age-matched controls23. Although this discrepancy 
may be partly attributed to differences in methodology and study subjects, we need to uncover the underlying 
cause of the variations in results.

This study has several limitations. First, the study was limited by its single-center nature and small sample 
size. Larger samples are required to validate our findings and to reduce selection bias in the study population. 
Second, we were not able to determine the biological mechanisms by which the TTR tetramer in ATTRwt-CM 
patients becomes unstable and dissociates into monomers. Third, many hours are required to assess TTR stabil-
ity if the assay is considered a screening test as a possible future direction. Lastly, the ELISA developed in this 
study employs the same antibody for both capture and detection, potentially detecting not only tetramers but 
also dimers and trimers. However, the effects of these oligomeric species were not assessed in this study. Further 
elucidation and improvement of the assay are needed to address these issues.

Conclusions
To our knowledge, this is the first study to directly evaluate TTR stability by using blood samples from ATTRwt-
CM patients and a new ELISA system. In the next step, using the new assay, we need to validate the instability of 
circulating TTR in another dataset of ATTRwt patients and demonstrate that endogenous TTR instability may 
be associated with the pathophysiology of both ATTRwt and ATTRv.

Methods
Preparation of blood samples and ethical considerations
The Kobe Cardiovascular Marker Investigation registry, a single-center registry of patients referred to Kobe 
University Hospital with CVD, was used to identify blood-based biomarkers that are effective at predicting 

Fig. 5.   Assessment of TTR stability in ATTRwt-CM patients. TTR in serum was determined by 
immunoturbidimetry (A). The residual TTR tetramer percentage (%) after urea-induced denaturation of TTR in 
serum (B). Values are presented with medians {interquartile range (IQR)}. *p < 0.05. Data were analyzed by the 
unpaired Student’s t test. Control (n = 25), ATTRwt (n = 18, patients not treated with tafamidis), ATTRv (n = 2, 
patients not treated with tafamidis), ATTRwt + Tafamidis (n = 2, patients treated with tafamidis). ATTRwt, 
wild-type transthyretin amyloid cardiomyopathy; ATTRv, variant transthyretin amyloid cardiomyopathy; TTR, 
transthyretin; NS, not significant.
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CVD incidence. The study protocol was in accordance with the ethical guidelines of the 1975 Declaration of 
Helsinki. The study was approved by the Ethics Review Committee of Kobe University (Japan). Written informed 
consent was obtained from all patients before enrollment in the study.

From January 2021 to December 2022, blood samples were obtained at Kobe University Hospital in the morn-
ing after overnight fasting. The serum was immediately separated by centrifugation and frozen at − 80 °C until 
analysis. All serum samples were thawed at room temperature and used for the assays. No more than 2 cycles 
of freeze–thaw were applied, as described in the previous report24. Twenty-two consecutive ATTR-CM patients 
(ATTRwt;20, ATTRv;2) were enrolled. To diagnose ATTRwt-CM, all patients underwent endomyocardial or 
extracardiac biopsy with evidence of Grade 2–3 imaging score by 99mTc-pyrophosphate (PYP) scintigraphy, 
followed by amyloid typing and genotyping to confirm TTR deposition and detect any variants of the TTR gene, 
respectively. As a control, blood samples were collected from 25 age- and sex-matched patients who underwent 
catheter ablation for cardiac arrhythmias and did not exhibit left ventricular hypertrophy (LVH) (interventricular 
septum thickness; IVST < 12 mm) according to echocardiography or carpal tunnel syndrome (CTS). Both of 
these features are clinically typical features of ATTR-CM25.

Proteins and antibodies
The proteins used in this study were as follows: recombinant wild-type TTR (AlexoTech, #T-500-10), recombi-
nant V30M TTR (AlexoTech, #T-505-10), recombinant V122I TTR (AlexoTech, #T-507-10), recombinant T119M 
TTR (AlexoTech, #T-515-10), recombinant F87M/L110M TTR (AlexoTech, #T-509-10), and TTR purified from 
human plasma (Athens Research & Technology, #16-161,801). The antibody used to detect the TTR tetramer 
was an anti-transthyretin polyclonal antibody (Agilent, #A0002).

ELISA
One hundred microliters of 2 μg/mL of the anti-transthyretin polyclonal antibody in PBS was added to the wells 
of a 96-well black-bottom microplate (Sumitomo Bakelite, #MS-8596 K), and the plate was incubated overnight. 
After the wells were washed with 300 μL of HISCL washing solution (Sysmex Corporation, #05423618) 3 times, 
300 μL of PBS containing 1% BSA was added to each well of the plate, and the plate was incubated at room tem-
perature for 1 h. The blocking buffer was removed from the wells, 100 μL of sample was transferred to the wells, 
and the plate was incubated at room temperature for 1 h with shaking at 600 rpm. After the wells were washed 
with 300 μL of HISCL washing solution 3 times, 100 μL of 0.1 μg/mL biotinylated anti-transthyretin polyclonal 
antibody in PBS containing 1% BSA was added to the wells, and the plate was incubated at room temperature 
for 1 h with shaking at 600 rpm. The wells were washed 3 times, 100 μL of streptavidin-conjugated alkaline phos-
phatase (Vector Laboratories, Inc. #SA-5100) diluted with PBS containing 1% BSA was added to the wells 5000 
times, and the plate was incubated at room temperature for 30 min. The wells were washed 6 times. Then, 100 μL 
of CDP-Star (Sysmex Corporation, #06,443,319) reagent was added to the wells, and the plate was incubated at 
room temperature for 15 min. Chemiluminescence was measured using a microplate reader. The ELISA results 
were standardized using TTR purified from human plasma as calibration samples.

Analytic validation of ELISA
Calibration curve analysis was performed by measuring calibration samples (n = 3). The standard curves of 
TTR were generated using a linear 1/ × regression of a calibrator. The precision was determined as the %CV 
of the analysis of each calibration sample. The accuracy was determined with the calibration standards as the 
back-calculated TTR concentrations. Dilution linearity was assessed by diluting pooled serum from 1/40,000 
to 1/640,000, which covers the final dilution rate of serum used in the ELISA (1/61,800), in PBS containing 1% 
BSA before analysis and analyzed according to a previous study 26. Intra-assay precision (%CV) was determined 
by measuring the concentrations in 6 replicates of the control samples containing different concentrations (high: 
8.3 ng/mL, medium: 4.8 ng/mL, low: 2.4 ng/mL) of recombinant wild-type TTR in a single ELISA assay. Inter-
assay precision (%CV) was determined by analyzing the control samples in 6 different ELISA assays.

Assessment of TTR stability under urea conditions
The workflow for assessing TTR stability under urea conditions is shown in Fig. 1. Human serum, human serum 
preincubated with 500 μmol/L tafamidis (BOC Sciences, #B2693-463,292) at room temperature for 30 min, and 
160 μg/mL recombinant TTRs in PBS containing 1% BSA were diluted tenfold with PBS containing 0 to 8 mol/L 
urea, resulting in a final concentration of 0–7.2 mol/L urea, which was subsequently incubated at 25 °C for 48 h. 
After incubation, the samples were diluted 6180 times with PBS containing 1% BSA. Tetrameric TTR levels in 
the samples were quantified using ELISA. TTR stability under urea conditions was evaluated as the residual TTR 
tetramer percentage and calculated using the following formula.

% Residual TTR tetramer ratio = [Tetrameric TTR levels in samples treated with each concentration of urea 
for 48 h at 25 °C/Tetrameric TTR levels in samples treated with 0 mol/L urea for 48 h at 25 °C] × 100.

Gel filtration chromatography
An ÄKTA pure 25 system (Cytiva #29,014,831) with a Superdex 200 Increase 10/300 GL column (Cytiva #28-
9909-44) was used to determine the molecular weight of recombinant TTR. The column was initially equilibrated 
with PBS. Subsequently, recombinant wild-type TTR and recombinant monomeric variant TTR (F87M/L110M) 
in PBS were loaded onto the column and eluted with the same buffer at a constant flow rate. The elution process 
was monitored by measuring absorbance at 280 nm. The molecular weights of these recombinant proteins were 
calculated by comparing their elution volumes with the calibration curve, which was generated using the elution 
volumes of an LMW calibration kit (Cytiva, #28-4038-41) and an HMW calibration kit (Cytiva, # 28-4039-42).
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Statistical analyses
Continuous variables are presented as means ± standard deviations or medians with interquartile ranges depend-
ing on whether the data were normally or nonnormally distributed. Baseline characteristics were compared 
between controls and ATTRwt-CM patients. After the sample distribution was analyzed for normality using 
Kolmogorov–Smirnov tests, continuous variables were compared by using the unpaired Student’s t test or the 
Mann‒Whitney U test, as appropriate. Categorical variables were assessed by the χ2 test. Differences between 
multiple groups were evaluated by one-way ANOVA, followed by Dunnett’s post-test or by Kruskal–Wallis test, 
followed by Dunn’s post-test after the sample distribution was tested for normality. A P value < 0.05 was consid-
ered to indicate statistical significance. All statistical analyses were carried out using Stata version 17.0 software 
(College Station) or GraphPad Prism software version 9.0 (GraphPad Software).

Data availability
Any data not included in this manuscript will be made available upon reasonable request to the corresponding 
author.
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