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Abstract: Galectin-3, which is a novel biomarker of cardiovascular stress and related to inflammation,
could predict adverse cardiovascular events. However, its relationship with endothelial function in
patients with chronic kidney disease (CKD) remains inconclusive. This study aimed to investigate the
association between serum galectin-3 levels and endothelial function in patients with stages 3–5 CKD.
Fasting blood samples were obtained from 130 patients. Serum galectin-3 levels were determined
using the enzyme-linked immunosorbent assay. The endothelial function, demonstrated as a vascular
reactivity index (VRI), was measured noninvasively through digital thermal monitoring test. Then, we
sorted the patients into poor, intermediate, and good vascular reactivity (VRI < 1.0, 1.0 ≤ VRI < 2.0,
and VRI ≥ 2.0), accounting for 24 (18.5%), 44 (33.8%), and 62 (47.7%) patients, respectively. As the
VRI decreased, the serum galectin-3 and C-reactive protein (CRP) levels significantly increased. The
galectin-3 value positively correlated with the CRP value but negatively correlated with estimated
glomerular filtration rate. In multivariable stepwise linear regression analysis, serum log-transformed
galectin-3 level and log-transformed CRP were significantly negatively associated with VRI values.
Therefore, galectin-3 together with CRP is associated with VRI values and is a potential endothelial
function modulator and a valuable biomarker of endothelial dysfunction in patients with CKD.

Keywords: chronic kidney disease; C-reactive protein; endothelial function; galectin-3; vascular
reactivity index

Key Contribution: Serum galectin-3 levels are negatively associated with VRI and endothelial
function in patients with stages 3–5 CKD.

1. Introduction

Over the past few decades, as the number of patients with chronic kidney disease
(CKD) progressively increased, the number of adverse cardiovascular (CV) outcomes
also increased; thus, multiple studies have been concentrating on interventions against
cardiovascular disease (CVD) associated with traditional [1–3] as well as CKD-specific
factors such as inflammation, abnormal bone and mineral metabolism, and endothelial
damage or dysfunction [4,5]. All of these risk factors could contribute to atherosclerosis,
cardiomyopathy, and CV complications. In particular, endothelial dysfunction, which is
the very basis of atherosclerosis, parallels with CKD stages along with an increased risk for
CV complications [6–8]. In addition to traditional factors such as diabetes mellitus (DM),
hyperlipidemia, and hypertension (HTN), uremia-specific factors such as inflammation
and oxidative stress can modulate the process of endothelial dysfunction [9–11]. As a
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well-known factor in regulating cell growth, proliferation, and inflammation, galectin-3
was recently shown as a novel biomarker correlated with CKD progression as well as
clinical adverse outcomes [12,13].

Galectin-3 is a novel 35 kDa, soluble β-galactoside-binding lectin expressed by epithe-
lial cells, endothelial cells, and macrophages, with multiple biological abilities, including
cell proliferation, differentiation, growth, and inflammation; it has also been related to
cardiac fibrosis and heart failure and even long-term adverse prognosis of the general
population [14] and patients with chronic heart failure [14,15], DM [16], or CKD [17,18].
Particularly, plasma galectin-3 correlates with a lower or even rapidly declining estimated
glomerular filtration rate (eGFR) [13,19]. Furthermore, galectin-3 is independently asso-
ciated with pulse wave velocity (PWV), carotid intima-media thickness, and systemic
vascular resistance [20–22]. It also mediates the process of endothelial dysfunction [23,24].
As a result, the incidence of CVD increases, indicating that galectin-3 participates in CVD
development.

Moreover, endothelial dysfunction is linked to adverse outcomes in patients with
CKD [6,25]. Given that galectin-3 is involved in endothelial dysfunction, we aimed to
examine the association between serum galectin-3 levels and endothelial function and the
possible clinical risk factors for endothelial dysfunction measured by a digital thermal
monitoring (DTM) test in patients with CKD.

2. Results

Of the 130 patients with CKD, 24 (18.5%), 44 (33.8%), and 62 (47.7%) had poor, inter-
mediate, and good vascular reactivity index (VRI), respectively (Table 1). Age, gender, DM,
HTN, and biochemical analyses including serum blood urea nitrogen (BUN), creatinine,
lipid profiles, and fasting blood sugar showed no differences between these three patient
groups. However, as the VRI decreased, the levels of serum galectin-3 (p < 0.001) and
C-reactive protein (CRP, p = 0.001) significantly increased.

Table 1. Clinical characteristics according different vascular reactivity index by digital thermal monitoring of the 130 chronic
kidney disease patients.

Characteristics All Patients (n = 130) Good Vascular
Reactivity (n = 62)

Intermediate Vascular
Reactivity (n = 44)

Poor Vascular
Reactivity (n = 24) p Value

Age (years) 66.05 ± 12.28 64.06 ± 11.00 68.32 ± 13.29 67.00 ± 13.14 0.196
Height (cm) 159.33 ± 8.66 159.95 ± 8.52 158.47 ± 9.29 159.31 ± 8.04 0.690

Body weight (kg) 68.24 ± 13.90 68.96 ± 12.90 68.45 ± 15.71 66.00 ± 13.19 0.674
Body mass index (kg/m2) 26.79 ± 4.52 26.90 ± 4.43 27.13 ± 4.83 25.90 ± 4.23 0.549
Vascular reactivity index 1.82 ± 0.74 2.46 ± 0.31 1.53 ± 0.31 0.69 ± 0.15 <0.001 *

Systolic blood pressure (mmHg) 135.78 ± 16.22 135.08 ± 14.85 137.14 ± 16.97 135.08 ± 18.62 0.794
Diastolic blood pressure (mmHg) 76.37 ± 11.15 77.81 ± 9.62 74.36 ± 11.60 76.33 ± 13.68 0.296

Albumin (g/dL) 4.23 ± 0.32 4.27 ± 0.32 4.17 ± 0.26 4.24 ± 0.42 0.290
Total cholesterol (mg/dL) 154.72 ± 31.98 156.82 ± 29.94 152.25 ± 35.19 153.79 ± 31.91 0.760

Triglyceride (mg/dL) 122.50 (90.00–172.25) 122.50 (93.75–185.50) 115.50 (87.75–152.25) 124.50 (88.25–181.50) 0.620
LDL-C (mg/dL) 80.28 ± 26.79 82.73 ± 26.31 77.68 ± 29.23 78.75 ± 23.71 0.607

Fasting glucose (mg/dL) 106.50 (91.00–128.50) 110.50 (94.00–130.50) 100.00 (89.00–123.75) 111.50 (91.00–132.25) 0.395
Blood urea nitrogen (mg/dL) 32.00 (24.00–49.00) 29.00 (24.00–42.25) 35.00 (24.00–55.50) 44.00 (24.25–56.50) 0.125

Creatinine (mg/dL) 1.90 (1.50–3.23) 1.90 (1.50–2.83) 1.95 (1.50–3.83) 2.55 (1.60–3.50) 0.177
eGFR (mL/min) 32.32 ± 14.75 34.92 ± 14.28 30.77 ± 15.65 28.47 ± 13.53 0.132

Total calcium (mg/dL) 9.11 ± 0.52 9.18 ± 0.54 9.02 ± 0.52 9.12 ± 0.49 0.340
Phosphorus (mg/dL) 3.65 ± 0.67 3.71 ± 0.69 3.65 ± 0.74 3.52 ± 0.48 0.507
Galectin-3 (ng/mL) 11.62 (8.55–17.34) 10.99 (6.82–14.07) 10.93 (8.60–14.10) 19.93 (12.77–27.38) <0.001 *

C-reactive protein (mg/dL) 0.10 (0.05–0.66) 0.05 (0.05–0.47) 0.15 (0.05–0.67) 0.46 (0.21–1.28) 0.001 *
Female, n (%) 52 (40.0) 26 (41.9) 17 (38.6) 9 (37.5) 0.908

Diabetes mellitus, n (%) 61 (46.9) 29 (46.8) 20 (45.5) 12 (50.0) 0.937
Hypertension, n (%) 106 (81.5) 48 (77.4) 37 (84.1) 21 (87.5) 0.483
CKD stage 3, n (%) 69 (53.1) 37 (59.7) 22 (50.0) 10 (41.7) 0.078
CKD stage 4, n (%) 42 (32.3) 20 (32.3) 11 (25.0) 11 (45.8)
CKD stage 5, n (%) 19 (14.6) 5 (8.1) 11 (25.0) 3 (12.5)

Values for continuous variables given as means ± standard deviation and test by one-way analysis of variance; variables not normally
distributed given as medians and interquartile range and test by Kruskal–Wallis analysis; values are presented as number (%) and analysis
after analysis by the chi-square test. LDL-C, low-density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; CKD, chronic
kidney disease. * p < 0.05 was considered statistically significant.
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As the CKD stage progressed, the serum galectin-3 levels elevated (Figure 1a). In
simple linear regression analysis, the log-transformed galectin-3 levels were weakly posi-
tively associated with log-transformed CRP (r = 0.239, p = 0.006) but negatively associated
with eGFR (r = −0.368, p < 0.001) and VRI (r = −0.439, p < 0.001). Two-dimensional scat-
tered plots of log-galectin-3 values with eGFR level, VRI, and serum log-CRP level among
patients with CKD are presented as Figure 1b−d, respectively.
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regression analysis between (b) Log-galectin-3 and eGFR; (c) Log-galectin-3 and vascular reactivity index; (d) Log-galectin-3
and Log-CRP.

In a simple linear regression analysis, the log-transformed levels of BUN (r = −0.222,
p = 0.011), creatinine (r = −0.191, p = 0.030), CRP (r = −0.410, p < 0.001), and galectin-3
(r = −0.439, p < 0.001) negatively correlated with the VRI values (Table 2). After adjusting
for confounders (adapted factors were age, log-BUN, log-Creatinine, eGFR, log-CRP, and
log- galectin-3), the multivariable stepwise linear regression analysis revealed that the
log-transformed levels of CRP (β = −0.324, adjusted R2 change = 0.094; p < 0.001) and
serum galectin-3 (β = −0.362, adjusted R2 change = 0.186; p < 0.001) were significantly
and independently negatively associated with the VRI values (Table 2). The clinical
variables of the CKD patients divided by CKD-level stratified statistics models as shown
in Supplementary Table S1 (CKD stage 3), Table S2 (CKD stage 4), and Table S3 (CKD
stage 5). After multivariable stepwise linear regression analysis, serum galectin-3 were also
significantly and independently negatively associated with the VRI values in CKD-level
stratified statistics models.
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Table 2. Correlation of vascular reactivity index levels and clinical variables by simple or multivari-
able linear analyses among 130 chronic kidney disease patients.

Variables

Vascular Reactivity Index

Simple Regression Multivariate Regression

r p-Value Beta Adjusted R2 Change p-Value

Female 0.093 0.295 — — —
Diabetes mellitus −0.051 0.567 — — —

Hypertension −0.077 0.384 — — —
Age (years) −0.148 0.093 — — —
Height (cm) −0.020 0.824 — — —

Body weight (kg) 0.055 0.532 — — —
Body mass index (kg/m2) 0.086 0.331 — — —

Systolic blood pressure (mmHg) −0.020 0.824 — — —
Diastolic blood pressure (mmHg) 0.111 0.207 — — —

Albumin (g/dL) 0.024 0.789 — — —
Total cholesterol (mg/dL) 0.099 0.265 — — —
Log-triglyceride (mg/dL) 0.054 0.542 — — —

LDL-C (mg/dL) 0.067 0.449 — — —
Log-glucose (mg/dL) −0.092 0.296 — — —

Log-BUN (mg/dL) −0.222 0.011 * — — —
Log-creatinine (mg/dL) −0.191 0.030 * — — —

eGFR (mL/min) 0.165 0.061 — — —
Total calcium (mg/dL) 0.077 0.381 — — —
Phosphorus (mg/dL) 0.097 0.273 — — —

Log-CRP (mg/dL) −0.410 <0.001 * −0.324 0.094 <0.001 *
Log-galectin-3 (ng/mL) −0.439 <0.001 * −0.362 0.186 <0.001 *

Data of galectin-3, triglyceride, glucose, blood urea nitrogen, creatinine, and C-reactive protein levels showed
skewed distribution and, therefore, were log-transformed before analysis. Analysis of data was done using the
simple linear regression analyses or multivariable stepwise linear regression analysis (adapted factors were age,
log-BUN, log-Creatinine, eGFR, log-CRP, and log- galectin-3). LDL-C, low-density lipoprotein cholesterol; BUN,
blood urea nitrogen; eGFR, estimated glomerular filtration rate; CRP, C-reactive protein. * p < 0.05 was considered
statistically significant.

3. Discussion

This study showed that CRP and galectin-3 levels were negatively associated with VRI
values measured by DTM among patients with CKD. After adjustment for confounders, the
VRI values were independently negatively associated with CRP and galectin-3 in patients
with CKD.

Traditional risk factors such as old age, HTN, and DM could cause atherosclerosis, car-
diomyopathy, and CV complications in patients with CKD [4,5]. Endothelial dysfunction,
which is another CV risk factor, as well as inflammation, is reportedly an independent and
incremental predictor of coronary artery disease (CAD) or left ventricular mass index in
patients with CKD [6–8]. This factor has also shown to be abnormal in such patients [9].
Using noninvasive modalities such as reactive hyperemia peripheral arterial tonometry and
brachial artery ultrasound to evaluate endothelial function could predict the incidence of
CAD and CV events in patients with CKD or peripheral arterial disease [6,25]. Furthermore,
multiple biomarkers are linked to CKD-specific factors such as inflammation and oxidative
stress that could lead to the abnormal regulation of endothelial function in predialysis
patients with CKD [8,11]. A previous study reported that CRP is significantly negatively
associated with brachial artery flow-mediated dilatation but positively associated with
carotid artery intima-media thickness in CKD cases [11]. In the current study, we assessed
endothelial function noninvasively and found that it was significantly associated with
elevated CRP levels in patients with CKD.

Being ubiquitously expressed in epithelial cells, endothelial cells, and macrophages,
galectin-3 regulates several types of inflammatory cells to promote fibrosis and inflamma-
tion in the kidney, heart, and vasculatures, resulting in long-term adverse effects [12,14–17].
As the galectin-3 level increases, all-cause mortality also increases by 1.1- to 2.17-fold in
patients with acute or chronic heart failure, DM, or CKD and even the general popula-
tion [14–17]. The renal role of galectin-3 is context-dependent. For instance, its expression
is intensely upregulated in acute kidney disease [26]. It also prevents chronic renal tubular



Toxins 2021, 13, 532 5 of 8

injury through inhibiting renal tubular apoptosis as well as modulating extracellular matrix
remodeling, thereby attenuating fibrosis [27]. However, if the injury is persistent or repet-
itive, galectin-3 might promote inflammation and fibrosis [28], and the severity of renal
fibrosis and tubular injury of renal transplant also depends on galectin-3 expression [29].
Galectin-3 levels strongly correlated with eGFR decline in the Ludwigshafen Risk and Car-
diovascular Health study and were even more markedly elevated in the German Diabetes
Mellitus Dialysis study; it could also identify individuals at risk of developing CKD or
rapidly losing renal function over time in the general population and patients with CKD
or chronic systolic heart failure [12,13,18,19]. Similarly, the present study revealed that
galectin-3 was significantly associated with renal function decline and positively associated
with elevated CRP values. In a mouse study, the downregulation of galectin-3 expres-
sion by treatment with modified citrus pectin lessened renal fibrosis, inflammation, and
apoptosis [30]. Therefore, galectin-3 could predict adverse CV outcomes independently.
Although the role of galectin-3 played in the progression or preservation of renal function
remains inconclusive, galectin-3 might be a surrogate for kidney function and a promising
biomarker targeting CKD progression.

In patients with rheumatoid arthritis, galectin-3 had a markedly positive association
with arterial stiffness and atherosclerosis presented as increased PWV, carotid artery intima-
media thickness, systemic vascular resistance, pulse pressure, and decreased total arterial
compliance [20]. In addition, galectin-3 positively correlated with PWV in patients with
chronic heart failure and hemodialysis after adjustment for confounders [21,22]. Overall,
galectin-3 might have a role in cross-talk between vascular stiffness or remodeling and my-
ocardial remodeling and mediate the process of endothelial dysfunction [23,24]; when both
mechanisms occur, CVD develops. Endothelial dysfunction is reportedly caused by several
mechanisms, including inflammation, dysregulated vascular remodeling, and vascular
growth; in atherosclerosis, galectin-3 induces endothelial dysfunction [23,24,31]. Further-
more, galectin-3 together with oxidized low-density lipoprotein promotes the expression of
lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), resulting in the enhanced
generation of reactive oxygen species (ROS) and inflammatory responses through the
LOX-1/ROS/NF-kB or integrin β1/RhoA/JNK signaling pathway; ultimately, these mech-
anisms can cause increased cytotoxicity of endothelial cells and promote atherosclerosis
progression [23,24]. Another study showed that galectin-3 expression was markedly in-
creased in a human atherosclerotic plaque and ApoE knockout mice fed with a high-fat diet;
in an in vitro study, galectin-3 enhanced inflammatory markers such as CC chemokines
through the macrophages [31]. Together with these studies showing that galectin-3 could
be an indicator of vascular dysfunction and be associated with the inflammatory response
of several diseases, our study showed that galectin-3 and CRP were independently asso-
ciated with VRI and that galectin-3 might modulate endothelial dysfunction through the
regulation of inflammatory pathways in patients with CKD.

However, this study has limitations such as the single-center, cross-sectional design
and the small sample size. Thus, the causal relationship between serum galectin-3 levels
and endothelial function should be confirmed by a longitudinal study with more patients.

4. Conclusions

In conclusion, together with CRP, galectin-3 was independently associated with en-
dothelial dysfunction in patients with CKD.

5. Materials and Methods
5.1. Participants, Anthropometric Analysis, and Biochemical Investigations

We enrolled 130 patients with CKD admitted at Tzu Chi medical center in Hualien,
Taiwan between January and December 2016. We reviewed their medical records to
determine the underlying chronic diseases, including HTN and DM. Those patients with
acute infection, acute CVD, heart failure, or malignancy were excluded. Prior to the
study, we obtained informed consent from each eligible patient. We measured their body
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weight, body height, and blood pressure (BP). The levels of albumin, BUN, creatinine,
fasting glucose, total cholesterol, triglycerides, low-density lipoprotein cholesterol, CRP,
calcium, and phosphorus in their fasting blood samples were examined using an auto-
analyzer (Siemens Advia 1800, Siemens Healthcare GmbH, Henkestr, Germany). Moreover,
we measured their serum galectin-3 concentrations by using a commercially available
enzyme-linked immunosorbent assay (RayBiotech, Peachtree Corners, GA, USA). Body
mass index was calculated as the weight in kilograms divided by the height in meters
squared. The eGFR was calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation [4]. Furthermore, the Research Ethics Committee of Hualien Tzu
Chi Hospital in Buddhist Tzu Chi Medical Foundation approved this study (IRB103-136-B).

5.2. Endothelial Function Measurements

The endothelial function of all participants was measured using an FDA-approved
device (Endothelix Inc., Houston, TX, USA) with DTM method, with BP cuffs and skin
temperature sensors placed on both upper arms and index fingers, respectively [32,33].
In performing the DTM method, we first stably positioned both hands for 3 min, inflated
the BP cuff to 50 mmHg greater than the systolic BP, and finally, deflated the BP cuff in
5 min. After BP cuff release, blood flowed into the forearm and hand, with the fingertips
manifesting temperature rebound, which is proportional to reactive hyperemia. Using
the VENDYS software, we measured the maximum difference between the observed
temperature rebound curve and the zero-reactivity curve during the reactive hyperemia
period to determine the VRI. According to the examination, participants were sorted into
those with VRI < 1.0, 1.0 to <2.0, or ≥2.0 and defined as poor, intermediate, or good VRI,
respectively [34].

5.3. Statistical Analysis

Continuous variables were tested using the Kolmogorov–Smirnov test. Nonnormally
distributed variables such as triglyceride, BUN, creatinine, CRP, and galectin-3 were then
log-transformed. These variables, which are expressed as means ± standard deviation or
medians with interquartile ranges (IQRs), were analyzed by Kruskal–Wallis analysis or
one-way analysis of variance (ANOVA) accordingly. Categorical variables were expressed
as the number of patients and analyzed by χ2 test. Variables such as eGFR, VRI, and
log-CRP, which correlated with log-galectin-3, were evaluated by simple linear regression
analysis. Simple linear regression and multivariable stepwise linear regression analysis
were applied to evaluate the association between VRI and clinical and biochemical variables.
All statistical data were analyzed using the SPSS for Windows (version 19.0; SPSS Inc.,
Chicago, IL, USA), and p values < 0.05 were considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13080532/s1, Table S1: Correlation of vascular reactivity index levels and clinical
variables by simple or multivariable linear analyses among 69 patients with chronic kidney disease
stage 3. Table S2: Correlation of vascular reactivity index levels and clinical variables by simple
or multivariable linear analyses among 42 patients with chronic kidney disease stage 4. Table S3:
Correlation of vascular reactivity index levels and clinical variables by simple or multivariable linear
analyses among 19 patients with chronic kidney disease stage 5.
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Declaration of Helsinki, and approved by the Research Ethics Committee, Hualien Tzu Chi Hospital,
Buddhist Tzu Chi Medical Foundation (IRB103-136-B and approval at 15 October 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kurniawan, A.L.; Yang, Y.L.; Chin, M.Y.; Hsu, C.Y.; Paramastri, R.; Lee, H.A.; Ni, P.Y.; Chao, J. Association of nutrition education

and its interaction with lifestyle factors on kidney function parameters and cardiovascular risk factors among chronic kidney
disease patients in Taiwan. Nutrients 2021, 13, 298. [CrossRef]

2. Lin, C.M.; Yang, M.C.; Hwang, S.J.; Sung, J.M. Progression of stages 3b-5 chronic kidney disease—preliminary results of Taiwan
national pre-ESRD disease management program in Southern Taiwan. J. Formos. Med. Assoc. 2013, 112, 773–782. [CrossRef]

3. Wen, C.P.; Cheng, T.Y.; Tsai, M.K.; Chang, Y.C.; Chan, H.T.; Tsai, S.P.; Chiang, P.H.; Hsu, C.C.; Sung, P.K.; Hsu, Y.H.; et al. All-cause
mortality attributable to chronic kidney disease: A prospective cohort study based on 462,293 adults in Taiwan. Lancet 2008, 371,
2173–2182. [CrossRef]

4. Stevens, P.E.; Levin, A.; Kidney Disease: Improving Global Outcomes Chronic Kidney Disease Guideline Development Work
Group Members. Evaluation and management of chronic kidney disease: Synopsis of the kidney disease: Improving global
outcomes 2012 clinical practice guideline. Ann. Intern. Med. 2013, 158, 825–830. [CrossRef] [PubMed]

5. Jono, S.; McKee, M.D.; Murry, C.E.; Shioi, A.; Nishizawa, Y.; Mori, K.; Morii, H.; Giachelli, C.M. Phosphate regulation of vascular
smooth muscle cell calcification. Circ. Res. 2000, 87, E10–E17. [CrossRef] [PubMed]

6. Hirata, Y.; Sugiyama, S.; Yamamoto, E.; Matsuzawa, Y.; Akiyama, E.; Kusaka, H.; Fujisue, K.; Kurokawa, H.; Matsubara, J.;
Sugamura, K.; et al. Endothelial function and cardiovascular events in chronic kidney disease. Int. J. Cardiol. 2014, 173, 481–486.
[CrossRef]

7. Ioannou, K.; Stel, V.S.; Dounousi, E.; Jager, K.J.; Papagianni, A.; Pappas, K.; Siamopoulos, K.C.; Zoccali, C.; Tsakiris, D. Inflamma-
tion, endothelial dysfunction and increased left ventricular mass in chronic kidney disease (CKD) patients: A longitudinal study.
PLoS ONE 2015, 10, e0138461. [CrossRef]

8. Yilmaz, M.I.; Saglam, M.; Caglar, K.; Cakir, E.; Sonmez, A.; Ozgurtas, T.; Aydin, A.; Eyileten, T.; Ozcan, O.; Acikel, C.; et al. The
determinants of endothelial dysfunction in CKD: Oxidative stress and asymmetric dimethylarginine. Am. J. Kidney Dis. 2006, 47,
42–50. [CrossRef]

9. Thambyrajah, J.; Landray, M.J.; McGlynn, F.J.; Jones, H.J.; Wheeler, D.C.; Townend, J.N. Abnormalities of endothelial function in
patients with predialysis renal failure. Heart 2000, 83, 205–209. [CrossRef]

10. Ghiadoni, L.; Cupisti, A.; Huang, Y.; Mattei, P.; Cardinal, H.; Favilla, S.; Rindi, P.; Barsotti, G.; Taddei, S.; Salvetti, A. Endothelial
dysfunction and oxidative stress in chronic renal failure. J. Nephrol. 2004, 17, 512–519.

11. Recio-Mayoral, A.; Banerjee, D.; Streather, C.; Kaski, J.C. Endothelial dysfunction, inflammation and atherosclerosis in chronic
kidney disease—a cross-sectional study of predialysis, dialysis and kidney-transplantation patients. Atherosclerosis 2011, 216,
446–451. [CrossRef] [PubMed]

12. Drechsler, C.; Delgado, G.; Wanner, C.; Blouin, K.; Pilz, S.; Tomaschitz, A.; Kleber, M.E.; Dressel, A.; Willmes, C.; Krane, V.; et al.
Galectin-3, renal function, and clinical outcomes: Results from the LURIC and 4D Studies. J. Am. Soc. Nephrol. 2015, 26, 2213–2222.
[CrossRef]

13. O’Seaghdha, C.M.; Hwang, S.J.; Ho, J.E.; Vasan, R.S.; Levy, D.; Fox, C.S. Elevated galectin-3 precedes the development of CKD. J.
Am. Soc. Nephrol. 2013, 24, 1470–1477. [CrossRef]

14. Imran, T.F.; Shin, H.J.; Mathenge, N.; Wang, F.; Kim, B.; Joseph, J.; Gaziano, J.M.; Djousse, L. Meta-analysis of the usefulness of
plasma galectin-3 to predict the risk of mortality in patients with heart failure and in the general population. Am. J. Cardiol. 2017,
119, 57–64. [CrossRef]

15. Wu, C.; Lv, Z.; Li, X.; Zhou, X.; Mao, W.; Zhu, M. Galectin-3 in predicting mortality of heart failure: A systematic review and
meta-analysis. Heart Surg. Forum 2021, 24, E327–E332. [CrossRef] [PubMed]

16. Tan, K.C.B.; Cheung, C.L.; Lee, A.C.H.; Lam, J.K.Y.; Wong, Y.; Shiu, S.W.M. Galectin-3 and risk of cardiovascular events and
all-cause mortality in type 2 diabetes. Diabetes Metab. Res. Rev. 2019, 35, e3093. [CrossRef] [PubMed]

17. Zhang, T.; Cao, S.; Yang, H.; Li, J. Prognostic impact of galectin-3 in chronic kidney disease patients: A systematic review and
meta-analysis. Int. Urol. Nephrol. 2019, 51, 1005–1011. [CrossRef]

18. Kim, A.J.; Ro, H.; Kim, H.; Chang, J.H.; Lee, H.H.; Chung, W.; Jung, J.Y. Soluble ST2 and galectin-3 as predictors of chronic kidney
disease progression and outcomes. Am. J. Nephrol. 2021, 52, 119–130. [CrossRef] [PubMed]

19. Tang, W.H.; Shrestha, K.; Shao, Z.; Borowski, A.G.; Troughton, R.W.; Thomas, J.D.; Klein, A.L. Usefulness of plasma galectin-3
levels in systolic heart failure to predict renal insufficiency and survival. Am. J. Cardiol. 2011, 108, 385–390. [CrossRef] [PubMed]

http://doi.org/10.3390/nu13020298
http://doi.org/10.1016/j.jfma.2013.10.021
http://doi.org/10.1016/S0140-6736(08)60952-6
http://doi.org/10.7326/0003-4819-158-11-201306040-00007
http://www.ncbi.nlm.nih.gov/pubmed/23732715
http://doi.org/10.1161/01.RES.87.7.e10
http://www.ncbi.nlm.nih.gov/pubmed/11009570
http://doi.org/10.1016/j.ijcard.2014.03.085
http://doi.org/10.1371/journal.pone.0138461
http://doi.org/10.1053/j.ajkd.2005.09.029
http://doi.org/10.1136/heart.83.2.205
http://doi.org/10.1016/j.atherosclerosis.2011.02.017
http://www.ncbi.nlm.nih.gov/pubmed/21414625
http://doi.org/10.1681/ASN.2014010093
http://doi.org/10.1681/ASN.2012090909
http://doi.org/10.1016/j.amjcard.2016.09.019
http://doi.org/10.1532/hsf.3547
http://www.ncbi.nlm.nih.gov/pubmed/33798049
http://doi.org/10.1002/dmrr.3093
http://www.ncbi.nlm.nih.gov/pubmed/30378236
http://doi.org/10.1007/s11255-019-02123-3
http://doi.org/10.1159/000513663
http://www.ncbi.nlm.nih.gov/pubmed/33725696
http://doi.org/10.1016/j.amjcard.2011.03.056
http://www.ncbi.nlm.nih.gov/pubmed/21600537


Toxins 2021, 13, 532 8 of 8

20. Anyfanti, P.; Gkaliagkousi, E.; Gavriilaki, E.; Triantafyllou, A.; Dolgyras, P.; Galanopoulou, V.; Aslanidis, S.; Douma, S. Association
of galectin-3 with markers of myocardial function, atherosclerosis, and vascular fibrosis in patients with rheumatoid arthritis.
Clin. Cardiol. 2019, 42, 62–68. [CrossRef]

21. Oikonomou, E.; Karlis, D.; Tsalamadris, S.; Siasos, G.; Chrysohoou, C.; Vogiatzi, G.; Dimitropoulos, S.; Charalambous, G.;
Kouskouni, E.; Tousoulis, D. Galectin-3 and arterial stiffness in patients with heart failure: A pilot study. Curr. Vasc. Pharmacol.
2019, 17, 396–400. [CrossRef]

22. Zhang, Q.; Yin, K.; Zhu, M.; Lin, X.; Fang, Y.; Lu, J.; Li, Z.; Ni, Z. Galectin-3 is associated with arterial stiffness among hemodialysis
patients. Biomark. Med. 2019, 13, 437–443. [CrossRef]

23. Ou, H.C.; Chou, W.C.; Hung, C.H.; Chu, P.M.; Hsieh, P.L.; Chan, S.H.; Tsai, K.L. Galectin-3 aggravates ox-LDL-induced endothelial
dysfunction through LOX-1 mediated signaling pathway. Environ. Toxicol. 2019, 34, 825–835. [CrossRef] [PubMed]

24. Chen, X.; Lin, J.; Hu, T.; Ren, Z.; Li, L.; Hameed, I.; Zhang, X.; Men, C.; Guo, Y.; Xu, D.; et al. Galectin-3 exacerbates ox-LDL-
mediated endothelial injury by inducing inflammation via integrin beta1-RhoA-JNK signaling activation. J. Cell. Physiol. 2019,
234, 10990–11000. [CrossRef]

25. Gokce, N.; Keaney, J.F., Jr.; Hunter, L.M.; Watkins, M.T.; Nedeljkovic, Z.S.; Menzoian, J.O.; Vita, J.A. Predictive value of
noninvasively determined endothelial dysfunction for long-term cardiovascular events in patients with peripheral vascular
disease. J. Am. Coll. Cardiol. 2003, 41, 1769–1775. [CrossRef]

26. Nishiyama, J.; Kobayashi, S.; Ishida, A.; Nakabayashi, I.; Tajima, O.; Miura, S.; Katayama, M.; Nogami, H. Up-regulation of
galectin-3 in acute renal failure of the rat. Am. J. Pathol. 2000, 157, 815–823. [CrossRef]

27. Okamura, D.M.; Pasichnyk, K.; Lopez-Guisa, J.M.; Collins, S.; Hsu, D.K.; Liu, F.T.; Eddy, A.A. Galectin-3 preserves renal tubules
and modulates extracellular matrix remodeling in progressive fibrosis. Am. J. Physiol. Renal Physiol. 2011, 300, F245–F253.
[CrossRef]

28. Sasaki, S.; Bao, Q.; Hughes, R.C. Galectin-3 modulates rat mesangial cell proliferation and matrix synthesis during experimental
glomerulonephritis induced by anti-Thy1.1 antibodies. J. Pathol. 1999, 187, 481–489. [CrossRef]

29. Dang, Z.; MacKinnon, A.; Marson, L.P.; Sethi, T. Tubular atrophy and interstitial fibrosis after renal transplantation is dependent
on galectin-3. Transplantation 2012, 93, 477–484. [CrossRef] [PubMed]

30. Kolatsi-Joannou, M.; Price, K.L.; Winyard, P.J.; Long, D.A. Modified citrus pectin reduces galectin-3 expression and disease
severity in experimental acute kidney injury. PLoS ONE 2011, 6, e18683. [CrossRef]

31. Papaspyridonos, M.; McNeill, E.; de Bono, J.P.; Smith, A.; Burnand, K.G.; Channon, K.M.; Greaves, D.R. Galectin-3 is an amplifier
of inflammation in atherosclerotic plaque progression through macrophage activation and monocyte chemoattraction. Arterioscler.
Thromb. Vasc. Biol. 2008, 28, 433–440. [CrossRef] [PubMed]

32. Chen, T.L.; Lee, M.C.; Ho, C.C.; Hsu, B.G.; Tsai, J.P. Serum adipocyte fatty acid binding protein level is negatively associated
with vascular reactivity index measured by digital thermal monitoring in kidney transplant patients. Metabolites 2019, 9, 159.
[CrossRef]

33. Lin, L.; Chiu, L.T.; Lee, M.C.; Hsu, B.G. Serum osteocalcin level is negatively associated with vascular reactivity index by digital
thermal monitoring in kidney transplant recipients. Medicina 2020, 56, 400. [CrossRef] [PubMed]

34. Naghavi, M.; Yen, A.A.; Lin, A.W.; Tanaka, H.; Kleis, S. New indices of endothelial function measured by digital thermal
monitoring of vascular reactivity: Data from 6084 patients registry. Int. J. Vasc. Med. 2016, 2016, 1348028. [CrossRef] [PubMed]

http://doi.org/10.1002/clc.23105
http://doi.org/10.2174/1570161116666180703094919
http://doi.org/10.2217/bmm-2018-0488
http://doi.org/10.1002/tox.22750
http://www.ncbi.nlm.nih.gov/pubmed/30963716
http://doi.org/10.1002/jcp.27910
http://doi.org/10.1016/S0735-1097(03)00333-4
http://doi.org/10.1016/S0002-9440(10)64595-6
http://doi.org/10.1152/ajprenal.00326.2010
http://doi.org/10.1002/(SICI)1096-9896(199903)187:4&lt;481::AID-PATH263&gt;3.0.CO;2-2
http://doi.org/10.1097/TP.0b013e318242f40a
http://www.ncbi.nlm.nih.gov/pubmed/22306573
http://doi.org/10.1371/journal.pone.0018683
http://doi.org/10.1161/ATVBAHA.107.159160
http://www.ncbi.nlm.nih.gov/pubmed/18096829
http://doi.org/10.3390/metabo9080159
http://doi.org/10.3390/medicina56080400
http://www.ncbi.nlm.nih.gov/pubmed/32784817
http://doi.org/10.1155/2016/1348028
http://www.ncbi.nlm.nih.gov/pubmed/27830091

	Introduction 
	Results 
	Discussion 
	Conclusions 
	Materials and Methods 
	Participants, Anthropometric Analysis, and Biochemical Investigations 
	Endothelial Function Measurements 
	Statistical Analysis 

	References

