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1 | INTRODUCTION

Abstract

Few studies have examined the association of serum selenium with anemia-related
indicators and risk of anemia. We conducted a cross-sectional analysis of 2,902
adults in 2003-2004 National Health and Nutrition Examination Survey database.
Multivariable linear and logistic regression models were used to examine the associa-
tion of serum selenium with anemia-related indicators and risk of anemia. The nonlin-
ear relationship was analyzed using a generalized additive model with the smoothing
plot. A total of 1,472 males and 1,430 females with a mean age of 61.94 + 13.73 years
were included. Compared with the lowest quintile, the highest quintile of serum se-
lenium was associated with increased level of serum iron (p = 12.44, 95% confidence
interval [CI]: 7.14, 17.75, p < .001), mean corpuscular hemoglobin concentration
(MCHC) (p = 0.14, 95%Cl: 0.02, 0.26, p = .020), and hemoglobin (f = 0.40, 95%Cl:
0.19, 0.61, p < .001), and decreased risk of anemia (odds ratio [OR] = 0.47, 95%Cl:
0.28, 0.77, p = .002). Furthermore, smoothed plots suggested the nonlinear relation-
ships between serum selenium and MCHC, hemoglobin level, and risk of anemia.
Interestingly, on the left of inflection point, serum selenium was associated with de-
creased risk of anemia (OR = 0.972, 95%Cl: 0.960, 0.985, p < .001), and then, the
risk of anemia increased with increasing serum selenium concentration (OR = 1.011,
95%Cl: 1.002, 1.021, p = .023). Future large-scale, polycentric prospective studies

should be conducted to verify our results.
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the number or oxygen-carrying capacity of red blood cells is insuffi-
cient to meet normal physiological needs (Cusick et al., 2008). Iron

Anemia continues to be a crucial public health problem causing 68.36
million years lived with disability (Kassebaum et al., 2014). The pre-
vention and control of anemia is one of the WHO 2025 global nutri-

tion targets (Garcia-Casal et al., 2019). Anemia is a condition in which
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deficiency is considered to be the most common cause of anemia
worldwide, but the lack of other vitamins or the presence of inflam-
mation, infection, or inherited hemoglobin disorders can also lead to
anemia (Cheng et al., 2012; Means, 2000; Weiss et al., 2019; World
Health Organization (WHO), 2001). A previous study demonstrated
that anemia is not only a multifactorial disease but also a risk factor
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that affects the occurrence of diseases involving the nervous system,
respiratory and circulatory system, skin and mucous membrane, di-
gestive system, and endocrine system (Y. Hu, Li, et al., 2019). These
reasons explain why anemia has been an ongoing public health and
clinical problem that has attracted considerable attention.

Selenium is an essential trace element for human functioning, and
the lack of selenium often reduces glutathione peroxidase activity
(Kryscio et al., 2017). Many studies have showed that selenium plays
an important role in antioxidation, immunity, and anti-inflammation
through the activities of selenium-dependent glutathione perox-
idase (GPX) and other selenoproteins (Klein et al., 2011; Kryscio
etal, 2017; Lin & Shen, 2021; Razavi et al., 2016; Tamtaji et al., 2019).
Studies have shown that adequate selenium can ensure one's health
with respect to various hematological indicators, including red
blood cell count and hemoglobin concentration (Gibson et al., 2011).
Hemoglobin that carries Fe®* is called methemoglobin, which cannot
carry oxygen. Glutathione peroxidase can prevent the production
of methemoglobin (Sazawal et al., 2010). Few studies had compre-
hensively explored the association between the levels of serum
selenium and anemia, and the evidence on this topic has remained
inconsistent. Cross-sectional studies have demonstrated that a low
selenium level is independently associated with the likelihood of
anemia among school children and older men and women (Nhien
et al., 2008; Semba et al., 2006, 2009). However, several lines of
evidence have suggested no significant association between serum
selenium and hemoglobin levels (Diana et al., 2019; Wai et al., 2020).

Recent studies have revealed a nonlinear association of circulat-
ing selenium levels with the incidences of dyslipidemia and diabetes
in adults in the United States (Huang et al., 2020; Lin & Shen, 2021).
Furthermore, previous studies have discovered that low and high
serum selenium levels (<130 and > 150 ng/ml, respectively) are neg-
atively and positively associated with mortality, respectively (Bleys
et al., 2008). These findings suggest that the health relationship of
circulating selenium is complicated, and the health outcome may be
affected by the differences in background selenium levels. However,
no study has explored the nonlinear relationship between serum se-
lenium level and risk of anemia.

Thus, our study investigated the relationship of serum selenium
level with anemia-related indicators and the risk of anemia through
analysis of data in the 2003-2004 National Health and Nutrition
Examination Survey (NHANES) database. Furthermore, we used a
generalized additive model (GAM) to investigate the nonlinearity of
the aforementioned relationship.

2 | MATERIALS AND METHODS
2.1 | Study population

We used data from the NHANES 2003-2004, which were con-
ducted by the National Center for Health Statistics of the Centers
for Disease Control and Prevention (CDC). In NHANES 2003-2004,

there were a total of 10,122 individuals, and our analysis was limited

5,620 individuals aged 18 years old. Among them, the individuals
without complete serum selenium data (n = 2,718) were further ex-
cluded. In the end, a total of 2,902 individuals were included in this
cross-sectional study. The NHANES protocols were approved by the
national center for health statistics research ethics review board,
and written informed consent from all the participants was provided
during the survey.

2.2 | Measurement of serum selenium and anemia-
related indicators

The serum selenium was measured in serum by inductively coupled
plasma dynamic reaction cell spectrometry using methane as reac-
tion gas. Serum iron was measured at the Collaborative Laboratory
Services in Ottumwa, lowa. The method used to measure the serum
iron concentration was a timed-endpoint method. Iron was released
from transferrin by acetic acid and reduced to the ferrous state by
hydroxylamine and thioglycolate. The ferrous ion was complexed with
the FerroZine Iron Reagent. The system monitored the change in ab-
sorbance at 560 nm at a fixed time interval. This change in absorbance
was directly proportional to the concentration of iron in the sample.
The methods used to derive complete blood count parameters were
based on the Beckman Coulter method of counting and sizing, in com-
bination with an automatic diluting and mixing device for sample pro-
cessing, and a single beam photometer for hemoglobinometry.

2.3 | Outcome definition

Hemoglobin concentration was divided into normal (hemoglobin:
2130 g/L for males and = 120 g/L for females) and anemia group
(hemoglobin: <130 g/L for males and < 120 g/L for females) ac-
cording to the WHO diagnostic criteria of anemia (World Health
Organization (WHO), 2001).

2.4 | Statistical Analysis

The means and standard deviations (SDs) were used to describe
normally distributed continuous variables. Categorical variables
were expressed as numbers and percentages. Differences be-
tween means were compared by analysis of variance (ANAQV),
and categorical variables were compared by chi-square test. We
applied multiple linear or logistic regression model to estimate the
independent associations of serum selenium concentration with
hematological indices of anemia after adjusting for age, gender,
education, race, body mass index, energy intake, dietary fiber, and
dietary iron. We used GAM to identify the nonlinear relationship
between serum selenium and hematological indices of anemia. If
the nonlinear correlation was observed, the piecewise linear re-
gression model was used to examine the threshold effect of serum

selenium on the hematological indices of anemia by the smoothing
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plot. Furthermore, we conducted the log likelihood ratio test
comparing linear regression model with two piecewise linear re-
gression model. All analyses were performed using R (http://
www.R-project.org). A p-value < .05 was considered statistically

significant.

3 | RESULTS

The demographic and clinical characteristics of study population are
presented in Table 1. The study included 2,902 participants (1,472
males and 1,430 females) with a mean age of 61.94 + 13.73 years.
The mean hemoglobin level was 14.30 + 1.50 g/dl. The mean serum
iron level was 83.42 + 32.81 pg/dl. The percentage of anemia was
8.51%. The subjects were divided into five groups by the quintile of
serum selenium concentration. Participants with higher serum sele-
nium concentration (Q2-Q5) had higher hemoglobin and serum iron
level and lower risk of anemia compared to those with lowest serum
selenium (Q1).

Table 2 shows the unadjusted and fully adjusted associations of
serum selenium concentration with hematological indices of anemia.
In multivariate-adjusted models, the highest quintile of serum sele-
nium was associated with increased level of serum iron (p = 12.44,
95%Cl: 7.14, 17.75, p < .001), MCHC (f = 0.14, 95%Cl: 0.02, 0.26,
p = .020), and hemoglobin (f = 0.40, 95%ClI: 0.19, 0.61, p < .001)
compared with the lowest quintile. Furthermore, the highest quin-
tile of serum selenium was associated with decreased risk of anemia
compared with the lowest quintile (OR = 0.47, 95%Cl: 0.28, 0.77,
p = .002). Participants tended to have a higher serum iron, MCHC,
and hemoglobin level and lower risk of anemia as the quintile of
serum selenium concentration increased (all p for trend < .05).

Table 3 shows the associations between serum selenium and
hematological indices of anemia in different subgroups. Serum sele-
nium was positively associated with serum iron level in both genders
and participants with high C-reactive protein level and age less than
50 or more than 60 years. Serum selenium was positively associated
with hemoglobin level in male, age less than 50 years, and partici-
pants with high level of dietary iron intake and C-reactive protein.
Furthermore, serum selenium was negatively associated with risk of
anemia in participants younger than 50 years old.

Adjusted smoothed plots suggested the nonlinear relationships
between serum selenium and MCHC, hemoglobin level, and risk of
anemia (Figure 1). According to the piecewise linear regression anal-
ysis (Table 4), we calculated the turning points were 164 ng/ml in
MCHC, 143 ng/ml in hemoglobin, and 138 ng/ml in risk of anemia,
respectively. On the left of inflection point (serum selenium concen-
tration < 143 ng/ml), serum selenium was positively associated with he-
moglobin level (5 =0.010, 95% Cl: 0.005,0.014, p < .001). However, on
the right of inflection point (serum selenium concentration > 143 ng/
ml), the association between serum selenium and hemoglobin con-
centration was not significant (8 = -0.003, 95% CI: -0.008, 0.001,
p = .111). Interestingly, the risk of anemia decreased with increased

serum selenium up to the turning point (138 ng/ml) (OR = 0.972,

CWILEY- -

95%Cl: 0.960, 0.985, p < .001), and then, the risk of anemia increased
with increasing serum selenium concentration (OR = 1.011, 95%Cl:
1.002, 1.021, p = .023). A linear relationship between the serum se-
lenium and serum iron was observed after adjusting for possible con-
founders, and log likelihood ratio test result comparing linear model to

piecewise model was not significant (p = .051).

4 | DISCUSSION

Our cross-sectional study demonstrated that relative to the lowest
quintile of selenium after adjustment for multiple confounding vari-
ables, serum selenium concentration is negatively associated with
anemia risk and positively associated with serum iron level, mean cor-
puscular hemoglobin concentration (MCHC), and hemoglobin level.
In addition, in reporting on the results of our GAM and piecewise lin-
ear regression model, our study is the first to provide comprehensive
evidence of the nonlinear relationships of serum selenium level with
hemoglobin level, MCHC, and risk of anemia. We determined the lo-
cations of inflection points using piecewise linear regression. When
the serum selenium concentration was less and more than 143 ng/
ml, the hemoglobin level increased and nonsignificantly varied, re-
spectively, with serum selenium concentration. Notably, we also
found the risk of anemia decreased with increased serum selenium
concentration up to the turning point (138 ng/ml), and then, the risk
of anemia increased with the increasing serum selenium when serum
selenium concentration was more than 138 ng/ml.

Selenium is part of the selenium-dependent GPX family (Li
et al., 2020), which converts harmful hydrogen peroxide, lipids, and
phospholipid hydrogen peroxide into harmless substances (Wang
et al,, 2017). In the 1990s, some researchers discovered that sele-
nium could regulate the homeostasis of glucose, which is closely
related to diabetes, and that the main mechanism is selenium's exer-
tion of an insulin-like effect, which enhances the activity of insulin
receptor kinase and stimulates glucose transport (Wang et al., 2017).
A previous meta-analysis of 16 studies revealed first that a nonlin-
ear relationship exists between serum selenium level and the risk of
coronary heart disease (CHD), and second that with serum selenium
concentrations of 55-145 pg/L, selenium supplementation reduces
the risk of CHD (Zhang et al., 2016). Furthermore, a recent cross-
sectional study reported a negative association between serum
selenium level and stroke risk (Hu et al., 2019). Taken together, the
aforementioned findings indicate that selenium plays a protective
role against many diseases, such as hypertension, diabetes, dyslip-
idemia, and CHD.

Our study showed that relative to the lowest quintile of sele-
nium, higher serum selenium concentrations are associated with
an increased serum iron level, MCHC, and hemoglobin level and a
lower risk of anemia. Consistent with our findings, several studies
have demonstrated that low serum selenium level is associated with
an increased risk of anemia (Nhien et al., 2008; Roy et al., 2012;
Semba et al., 2006, 2009). Although the mechanisms underlying

this association remain unclear, the antioxidant activity of selenium


http://www.R-project.org

ZHOU ET AL.

'$159) a1enbs-1yd 410 YAONY Aq sdnous ay) usamiaq sadualapip Juediyiusis a1edlpul sanjea d,

(%) Ug

‘(@s) uoleIASp paepuels F ueaw se passaldxa ale ejeq,

‘uoljeanjes uLIajsuely ‘g ‘Ajoeded Suipuig-uodi [e303 ‘g 1f]1uINb ‘D fuoljeluadu0d ulgojSoway Jejnosndaod ueaw ‘QHINUIRI0Id DAI3OEII-D) ‘dYD Xapul ssewl Apoq ‘[N g :SUOIIeIARIqqY

WILEY—

3042

100> (evL) vy (£1°9)9¢ (€6'9) T (6£°8) €S (sLe1)eL (15°8) L¥T % ‘elwauy
100> €9°L F¥T'ST 808 F¢L'ST €0L F00°'ST 8TLFSTHT GS'9FYSET 9L F LLYT 3w ‘uodr Atejaiq
100> T68F TL9T ¥8'8 F GT9T 98/ F 9G°ST LELFE6HT 859 FOv'ET 90'8 ¥ Z¥'ST 8 4aqly Aseralg
100> 65 vLL FTETS6T TO'0T8 F 64°CL6T 0C'S6L F LV'L96T 9€'87L F2T'CI8T TLTTLF 489281 ¥8'89/ F 65°£06T |edy ‘A8uau3
100> €9°0F LEO ¥9°0 F €0 S9°0F ¥¥°0 180 F 250 ZT'CF 680 ITTF250 Ip/3W ‘d¥D
100> 0L0F08°€¢ 69°0F LL€E TL0F0LEE 8/L'0F £9°€E 80 ¥ 85°€€ SLOFTLEE IP/3 ‘DOHON
100> 8962 F 1768 98°0€ F €298 €466 F6L°€8 LL°TEFTY 08 TL'GE F869L 18'CE FTves |p/31 ‘uoui wniag
100> VT FISPT 9E' T F #S¥T S TF8E YT 9P T FSTPT 99'T F06°€T 0S'TF0EPT |p/23 ‘uiqoj3owsH
£00° LTS FL6LT T€'S F 65°8C €8'G F /'8¢ 009 FTT6C ¥6'9 F L0'6T 68'S ¥ 69'8C ZW/3 ‘INg
% ‘91enpessd

61T (Pt'SP) 692 (89'TY) evT (9L'%%) 592 (96°0%) LT (65°8¢€) €02 (LeTP) L2T'T 9389|0210 983]|0D SWOS

(¢Lv) 8¢e (ov'2) T (95°%) LT (sT°E) 61 (T5°%) ¢ (98°€) 21T ASTRIVIVEE VERLH WEITTo)

(Tom) 9 (LLe)ee (oz2) et (8¥'€)Te (€92 1 (¢972) 9L dluedsiH 1ay30

(s6'€T) THT (eT'22) 62T (¢9'12) 82T (£5°6T)8TT (LT8) v (ce'6T) 195 UedLISWY UBDIX3N

(82°6) 85 (cszT) €L (55°97) 86 (czze) et (€9°22) L¥T (£5°271) 0TS oelg

100> (#6°09) 65€ (8T°65) S¥€ (£0°SS) 92¢e (85°15) T1€ ,(56'95) €0€ (€9°9S) #1791 SHYM dluedsiH-uoN
% .wumw_
100> (z8'5S) 1€€ (0z'vs) 91€ (¢5'18) s0€ (cT'ev) 092 (LT'TP) 61T (T£°0S) 2L¥'T % ‘dlen

q

1545 OV'ET F 1629 LS ET FLS'T19 6€°€T F9€°C9 0Z'¥1 ¥ 8609 907T 9819 €LET F 1619 e S1€9A 98y
€65 €8S 765 €09 165 206'C N
,on[eA-d (lw/3u 05T<) SO (lw/3u 67T-6ET) YO (lw/3u 8ET-TET) €O (lw/3u 0ET-12T) 2O (lw/3u 0ZT>) TO lejol Wwnju3|3s wnJas

LAJ0891e0 Winjus|es wnuas Aq pajuasaud ‘uolreindod Apnis Jo sdolisiialoeleyd essus T I19VL



ZHOU ET AL.

CWILEY- %%

TABLE 2 Multivariate regression for associations between serum selenium and hematological indices of anemia

Model 1° Model 2° Model 3°
Serum selenium, ng/ml B/OR (95%Cl) p-value B/OR (95%Cl) p-value B/OR (95%Cl) p-value
Serum iron, pg/dl
Serum selenium, quintile
Q1 (<120 ng/ml) Reference Reference Reference
Q2 (121-130 ng/ml) 4.15(-1.43,9.73) .145 3.41(-2.06, 8.88) .222 3.82(-1.82, 9.4¢6) .185
Q3 (131-138 ng/ml) 7.26(1.93,12.58) .008 5.91(0.69,11.12) .027 6.67 (1.30, 12.04) .015
Q4 (139-149 ng/ml) 10.73 (5.49, 15.96) <.001 7.77 (2.61,12.93) .0032 8.80(3.49, 14.10) .001
Q5 (>150 ng/ml) 15.04 (9.85, 20.23) <.001 11.08(5.93, 16.23) <.001 12.44 (714, 17.75) <.001
p for trend <.001 <.001 <.001
MCHC, g/dI
Serum selenium, quintile
Q1 (<120 ng/ml) Reference Reference Reference
Q2 (121-130 ng/ml) 0.08 (-0.04,0.21) 0.2025  .203 0.04 (-0.09, 0.16) .561 0.02 (-0.11, 0.15) .785
Q3(131-138 ng/ml) 0.17 (0.05, 0.29) .006 0.11(-0.01, 0.23) .069 0.09 (-0.04, 0.21) 165
Q4 (139-149 ng/ml) 0.20(0.08, 0.32) <.001 0.12 (0.01, 0.24) .040 0.09 (-0.03, 0.21) .145
Q5 (>150 ng/ml) 0.30(0.18, 0.42) <.001 0.18 (0.06, 0.29) .002 0.14 (0.02, 0.26) .020
P for trend <.001 .001 .015
Hemoglobin, g/dl
Serum selenium, quintile
Q1 (<120 ng/ml) Reference Reference Reference
Q2 (121-130 ng/ml) 0.36(0.10, 0.61) .006 0.26 (0.04,0.47) .021 0.23(0.00, 0.45) .048
Q3(131-138 ng/ml) 0.49 (0.25,0.73) <.001 0.32(0.11,0.53) .002 0.31(0.10, 0.52) .004
Q4 (139-149 ng/ml) 0.79 (0.55, 1.03) <.001 0.46(0.26,0.67) <.001 0.46(0.25,0.67) <.001
Q5 (>150 ng/ml) 0.84(0.60, 1.08) <.001 0.40(0.20, 0.60) <.001 0.40(0.19, 0.61) <.001
P for trend <.001 <.001 <.001
Risk of anemia
Serum selenium, quintile
Q1 (<120 ng/ml) Reference Reference Reference
Q2 (121-130 ng/ml) 0.49 (0.31,0.79) .003 0.64 (0.39, 1.06) .081 0.65(0.39, 1.10) .107
Q3 (131-138 ng/ml) 0.37 (0.24,0.59) <.001 0.45(0.28,0.72) .001 0.45(0.27,0.75) .002
Q4 (139-149 ng/ml) 0.24 (0.15, 0.38) <.001 0.32(0.19, 0.52) <.001 0.32(0.19, 0.54) <.001
Q5 (>150 ng/ml) 0.32(0.20, 0.50) <.001 0.46(0.28, 0.74) .001 0.47(0.28,0.77) .003
P for trend <.001 0.010 0.018

Abbreviations: OR, odds ratio; 95% Cl, 95% confidence intervals; MCHC, mean corpuscular hemoglobin concentration;

Model 1: Nonadjusted;

bModel 2: Adjusted for age, gender, education (less than high school, high school, more than high school, or missing), race (non-Hispanic white, black,
Mexican American, other Hispanic, other race/ethnicity or missing), and body mass index (<18.5, 18.5-24.9, 25-29.9, >30, or missing);

“‘Model 3: Adjusted for age, gender, education (less than high school, high school, more than high school, or missing), race (non-Hispanic white, black,
Mexican American, other Hispanic, other race/ethnicity or missing), body mass index (<18.5, 18.5-24.9, 25-29.9, >30, or missing), energy intake,

dietary fiber, and dietary iron.

may play a role in these mechanisms (Roy et al., 2012). The regu-
lation of oxidative stress is an essential requirement for oxygen-
carrying erythrocytes, and a deficiency of antioxidant enzymes
reduces the maturity and lifespan of red blood cells (Friedman
et al., 2001; Marinkovic et al., 2007). A lower selenium level can
upregulate the heme oxygenase-1 enzyme, which facilitates heme

catabolism and subsequently results in the depletion of heme

(Mostert et al., 2003). Research has indicated that dietary selenium
protects red blood cells from oxidative damage and that a lack of
selenoprotein can lead to the hemolysis of red blood cells due to
oxidative stress. In addition, selenium deficiency or selenoprotein
deficiency seriously impairs stress erythropoiesis and aggravates
anemia in rodent models and human patients (Liao et al., 2018).

A previous animal experiment suggested that dietary selenium
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TABLE 3 Associations between serum selenium and hematological indices of anemia in different subgroups

ZHOU ET AL.

Subgroup Serum iron® MCHC?
Age, years
<50 0.180(0.032,0.329) 0.018 0.002 (-0.002, 0.005) 0.374
51-60 0.114 (-0.052,0.280) 0.178 0.002 (-0.002, 0.005) 0.323
260 0.160 (0.088, 0.233) <0.001 0.001 (-0.001, 0.003) 0.202
Gender
Male 0.131 (0.037, 0.224) 0.006 0.002 (-0.000, 0.004) 0.060
Female 0.202 (0.122, 0.282) <0.001 0.001 (-0.001, 0.003) 0.3242

Dietary iron, mg

Low

High

0.162 (0.082, 0.243) <0.001
0.178 (0.083, 0.272) <0.001

C-reactive protein, mg/dl

Low

High

0.019 (-0.071, 0.108) 0.679
0.257 (0.174, 0.339) <0.001

0.001 (-0.001, 0.003) 0.180
0.002 (-0.000, 0.004) 0.128

0.003 (0.001, 0.005) 0.007
0.000 (-0.002, 0.002) 0.953

Abbreviations: MCHC, mean corpuscular hemoglobin concentration.

Hemoglobin?

0.008 (0.003,0.013) 0.003
-0.001 (-0.007, 0.005) 0.727
0.003 (-0.001, 0.006) 0.102

0.004 (0.000, 0.008) 0.029
0.003 (-0.000, 0.006) 0.064

0.002 (-0.001, 0.006) 0.160
0.006 (0.002, 0.009) 0.003

-0.001 (-0.004, 0.003) 0.768
0.007 (0.003, 0.010) <0.001

Anemia®

0.970 (0.947,0.994) 0.013
1.008 (0.984, 1.032) 0.516
0.994 (0.985, 1.002) 0.146

0.995 (0.984, 1.006) 0.368
0.989 (0.979, 1.000) 0.051

0.994 (0.984, 1.004) 0.221
0.989 (0.977,1.001) 0.061

0.997 (0.986, 1.008) 0.595
0.990 (0.980, 1.000) 0.052

2Adjusted for age, gender, education (less than high school, high school, more than high school, or missing), race (non-Hispanic white, black, Mexican
American, other Hispanic, other race/ethnicity or missing), body mass index (<18.5, 18.5-24.9, 25-29.9, >30, or missing), energy intake, dietary fiber,

and dietary iron.

TABLE 4 Threshold effect analysis of serum selenium on
hematological indices of anemia with the use of segmented linear
regression model

B/OR (95%CI)°

p-value
Serum iron
<167 ng/ml 0.209 (0.133, 0.285) <.001
2167 ng/ml -0.003(-0.182,0.177) 976
Log likelihood ratio test ? 0.051
MCHC
< 164 ng/ml 0.003 (0.001, 0.004) .004
2164 ng/ml -0.002 (-0.006, 0.001) .205
Log likelihood ratio test 0.031
Hemoglobin
<143 ng/ml 0.010 (0.005, 0.014) <.001
2143 ng/ml -0.003 (-0.008,0.001)  .111
Log likelihood ratio test <0.001
Anemia
<138 ng/ml 0.972 (0.960, 0.985) <.001
>138 ng/ml 1.011 (1.002, 1.021) .023

Log likelihood ratio test <0.001

?Log likelihood ratio test results comparing linear regression model with
two piecewise linear regression model.

bAdjusted for age, gender, education (less than high school, high school,
more than high school, or missing), race (non-Hispanic white, black,
Mexican American, other Hispanic, other race/ethnicity, or missing),
body mass index (<18.5, 18.5-24.9, 25-29.9, >30, or missing), energy
intake, dietary fiber, and dietary iron.

supplementation can improve methimazole-induced deficiencies
in hemoglobin concentration, hematocrit, and number of red blood

cells in rats (Amara et al., 2011).

Consistent with the findings of previous studies on the relation-
ships of selenium level with lipid profiles and risks of diabetes and
mortality (Bleys et al., 2008; Huang et al., 2020; Lin & Shen, 2021),
our study discovered that selenium level had nonlinear relationships
with anemia-related indicators and risk of anemia. Different lines of
evidence have suggested that the selenoprotein-mediated effect is
dose-dependent (Bleys et al., 2008). Studies have reported that the
concentration and activity of selenoprotein are maximized when the
selenium level is between 70 and 90 ng/ml, and that when the serum
selenium level is high, an increase in serum selenium level may not re-
flect an increase in selenoprotein level or activity (Bleys et al., 2007;
Burk, 2002; Lin & Shen, 2021). A recent study suggested that the
relationships in selenium nutrition that implicate human health are
complex and that the population is vulnerable to geographical de-
ficiency and toxicity due to the narrow physiological range of sele-
nium (Xie et al., 2020), which might explain why high serum selenium
exposure is associated with increased anemia risk. Our study pro-
vided the first evidence on the nonlinear between serum selenium
and hemoglobin level, MCHC, and risk of anemia. However, we also
found a linear relationship between the serum selenium and serum
iron. We found that the serum selenium was associated with in-
creased serum iron level when the serum selenium concentration
was less than 167 ng/ml. In contrast, the serum iron level decreased
with increased serum selenium up to the turning point (167 ng/ml)
although this association did not reach a statistically significant. The
possible explanations might be attributed to the over-fitting of GAM
model due to the limited sample size among population with high
serum selenium concentration (2167 ng/ml).

In our study, we used a GAM and piecewise linear regression model
to analyze the nonlinear and linear relationships, respectively, of serum
selenium level with anemia-related hematological indicators and risk of

anemia. Because the GAM model performs well in identifying nonlinear
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FIGURE 1 Nonlinear relationship between serum selenium and hematological indices of anemia. (a) Serum iron; (b) MCHC; (c)
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Mexican American, other Hispanic, other race/ethnicity, or missing), body mass index (<18.5, 18.5-24.9, 25-29.9, >30, or missing), energy

intake, dietary fiber, and dietary iron

relationships, it provides a good approximation of the true relationship
between exposure and the corresponding results. However, our study
has several limitations. First, our cross-sectional research design only
allowed us to observe the health status of the target population at
a single time point and precluded us from making causal inferences.
Second, our findings might also have been affected by residual con-
founding, such as area, economic status, and use of medications. Third,
our data set (NHANES data for 2003 to 2004) was small due to lim-
itations of our original data. Although our results can aid scholars and
policymakers in public health, they require further validation in future

multicenter, prospective, and large-scale studies.

5 | CONCLUSION

In conclusion, the results demonstrate that a higher serum sele-
nium concentration is associated with an increased serum iron level,
MCHC, and hemoglobin level and a decreased risk of anemia. In
addition, our study found the evidence of the nonlinearity of the
aforementioned relationships, which would provide new insights on
selenium nutrition that implicate anemia and human health. More
multicenter, prospective, and large-scale studies are required to vali-

date our findings.
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