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Serum uric acid is inversely
associated with lung function in US
adults

Wen Luo’*, Chen Wang?*, Wanyu Wang?, Xiangyang Yao?, Fang Lu?, Dinghui Wu3* &
Yihua Lin*

The relationship between serum uric acid and lung function has been controversial. This study aims to
determine whether there is an independent relationship between serum uric acid and lung function in
the National Health and Nutrition Examination Survey (NHANES) from 2007 to 2012. Serum uric acid
was considered the exposure variable, and lung function (FEV1 and FVC) was the outcome variable.
Multivariable linear regression was conducted with adjustments for potential confounders. The total
number of participants from NHANES (2007-2012) was 30,442, of which 7514 were included in our
analysis after applying exclusion criteria. We observed that serum uric acid was negatively associated
with FEV1 and FVC after adjusting for confounders (B for FEV1 [-24.77 (- 36.11, -13.43)] and FVC
[-32.93 (-47.42, - 18.45)]). Similarly, serum uric acid showed a negative correlation with FEV1 and
FVC after adjusting for confounding variables both in male and female populations. The relationship
between serum uric acid and FEV1 and FVC remained consistent and robust in various subgroups
within both male and female populations, including age, race, BMI, alcohol consumption, smoking
status, and income-poverty ratio. Serum uric acid is negatively associated with FEV1 and FVCin the
US general healthy population. This negative relationship is significant in both the male and female
populations.

Lung function gradually decreases over time and varies greatly among individuals'. Individuals with impair-
ment of lung function are more likely to suffer from chronic respiratory diseases and have an increased risk of
all-cause death?. Therefore, it is of particular interest to identify biomarkers associated with this impairment®.

Uric acid (UA) is the final decomposition product of purine degradation and is present in the plasma and
epithelial lining fluid of the respiratory tract*. Previous studies have indicated that serum UA is associated with
cardiovascular diseases, including hypertension, stroke, coronary heart disease, and congestive heart failure®=.
Similarly, there is also a variety of research investigating the relationship between serum UA and respiratory
disease, including chronic obstructive pulmonary disease (COPD), pulmonary hypertension and obstructive
sleep apnea. Significant correlation has been found'®-2.

Serum UA has been reported to be linked to lung function, but controversial results have been observed in
an epidemiological setting: a few studies have shown a negative association between serum UA and lung func-
tion in the general healthy population'*~'*. Meanwhile, only in the female population, the negative association
between serum UA and lung function was found in the study by Jeong et al.'. Nevertheless, a positive relationship
between serum UA and lung function was observed in a healthy Korean population'’. Consequently, this study
aimed to investigate the association between serum UA and lung function in the US population using data from
the National Health and Nutrition Examination Survey (NHANES 2007-2012).

Methods

Population research

Data was obtained from the National Health and Nutrition Examination Survey (NHANES) (2007-2012).
NHANES is a complex, stratified, multistage probability sample survey of the non-institutionalized US
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population. These cross-sectional surveys are used to assess the severity and prevalence of various diseases, as
well as to explore potential new directions for medical research and public health policies.

Inclusion and exclusion criteria

The population included participants with complete data on serum UA and lung function (specifically forced
expiratory volume in one second (FEV1) and forced vital capacity (FVC)). The total number of participants
from NHANES (2007-2012) was 30,442. After excluding subjects under 19 years old (n=1960), those with
missing FEV1 (n=10,392), baseline FEV1 Quality Attribute not A or B (n=1841), missing serum UA (n=3776),
gout (n=152), asthma (n=1190), FEV1/FVC<0.7 (n=1813), pregnant women (n =82), coronary heart disease
(n=185), liver disease (n=286), tumor (n=497), kidney disease (n=119), and diabetes (n=635), a total of 7514
subjects remained for the final analysis (Fig. 1).

Ethical approval
Participants aged > 18 years furnished informed consent on their own. The NCHS Ethics Review Board approved
the conduct of NHANES, and written informed consent was obtained from all participants.

Study variables

The principal variables of this study were lung function (dependent variable) and serum UA (independent
variable). Serum UA was measured using a Beckman Synchron LX20 (Beckman Coulter, Inc., Brea, CA). Lung
function was measured using Ohio 822/827 dry-rolling seal volume spirometers.

The following covariates were included: age, gender, race, income-poverty ratio, body mass index, alcohol
drinking, smoke, systolic blood pressure, diastolic blood pressure, blood urea nitrogen, creatinine, calcium,
total cholesterol, total protein, fractional exhaled nitric oxide (FeNO) and total bilirubin. Details regarding the
measurement process of serum UA and lung function, as well as the acquisition process for other covariates, are
available at www.cdc.gov/nchs/nhanes.

Statistical analyses

NHANES sample weights were taken into account when calculating all estimates. Continuous variables are
presented as mean * standard deviation (SD) or medians (25th percentile-75th percentile), while categorical
variables are presented as frequency (%). This research utilized chi-square tests for categorical variables and
linear regression models for continuous variables to assess significant differences in these variables. Dummy

Total participants from NHANES
2007-2012 (n=30442) Excluded:

Under 19 years of age (n=1960)
missing FEV1 (n=10392)
baseline FEV1 quality attribute
notAor B (n=1841)

missing sUA (n=3776)

Participants without missing sUA

or lung function test (n=12473)

Excluded:

gout (n=152)

asthma (n=1190)
FEV1/FVC<0.7 (n=1813)

pregnant women (n=82)
coronary heart disease (n=185)
liver disease (n=286)

tumor (n=497)

kidney disease (n=119)
diabetes (n=635)

Final participants for analysis
(n=7514)

Figure 1. Flowchart of the inclusion of participants.
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variables were used to indicate missing covariate values. After adjusting for confounders, multivariable linear
regression models were constructed to determine the independent relationship between serum UA and lung
function. Generalized additive models and smooth curve fittings were employed to evaluate any non-linear
relationship between serum UA and lung function. Stratified and interaction analyses were performed to assess
whether covariates influenced the association between serum UA and lung function, ensuring the robustness
of data analysis. A 2-tailed P<0.05 was considered statistically significant for all analyses. Data analysis was
conducted using the statistical software packages R (http://www.R-project.org) and EmpowerStats (http://www.
empowerstats.com).

Results

Baseline characteristics of selected participants

A total of 7514 participants were included in the final analysis. The mean age was 40.85+ 14.28 years old. The
mean serum UA levels were 5.34 + 1.34 mg/dl. Table 1 presents the weighted baseline characteristics according

Tertile of serum uric acid (mg/dl)

Tertile 1 (<4.70) Tertile 2 (4.70-5.70) Tertile 3 (>5.70)
Characteristic All(n=7514) (n=2498) (n=2322) (n=2694) P value
Age (years) 40.85+14.28 40.26+£13.76 41.12+14.77 41.15+14.32 0.0418
Gender, n (%) <0.0001
Male 3690 (49.11) 366 (14.66) 1132 (48.77) 2152 (79.88)
Female 3824 (50.89) 2132 (85.34) 1190 (51.23) 542 (20.12)
Race, n (%) 0.0098
Mexican American 732 (9.74) 243 (9.73) 242 (10.43) 248 (9.21)
Other Hispanic 458 (6.09) 177 (7.07) 152 (6.54) 131 (4.85)
Non-Hispanic White 5009 (66.66) 1650 (66.05) 1496 (64.42) 1858 (68.97)
Non-Hispanic Black 793 (10.55) 261 (10.46) 261 (11.25) 271 (10.07)
Other Race 524 (6.97) 167 (6.69) 171 (7.36) 186 (6.90)
Income-poverty ratio, n (%) 0.0081
Poor 1530 (20.36) 522 (20.89) 523 (22.54) 489 (18.17)
Nearly poor 606 (8.06) 189 (7.56) 191 (8.22) 226 (8.38)
Not poor 4929 (65.60) 1643 (65.76) 1464 (63.04) 1818 (67.47)
Missing 449 (5.98) 145 (5.79) 144 (6.19) 161 (5.98)
Smoke, n (%) <0.0001
Yes 2888 (38.44) 879 (35.19) 902 (38.83) 1105 (41.01)
No 4449 (59.21) 1566 (62.71) 1352 (58.23) 1533 (56.89)
Missing 177 (2.35) 52 (2.10) 68 (2.94) 57 (2.10)
Alcohol drinking, n (%) <0.0001
Yes 5620 (74.80) 1751 (70.10) 1708 (73.57) 2153 (79.93)
No 1319 (17.56) 521 (20.86) 444 (19.11) 361 (13.40)
Missing 574 (7.64) 226 (9.04) 170 (7.31) 180 (6.67)
E}‘Z?Y Mass Index (kg/ | 54 154630 25.94+5.44 28.31£6.13 30.08+6.49 <0.0001
SBP (mmHg) 119.34+ 14.65 116.06 +£14.79 119.54+14.41 122.09+14.12 <0.0001
DBP (mmHg) 71.26+11.26 69.76 +10.67 70.75+10.88 73.00+11.82 <0.0001
Calcium (mg/dL) 9.42+0.34 9.36+0.34 9.43+0.34 9.47+0.34 <0.0001
Total bilirubin (mg/dL) 0.77+0.30 0.69+0.26 0.75+£0.29 0.85+0.33 <0.0001
Total Protein (g/dL) 7.15+0.44 7.08+0.45 7.15+0.43 7.21£0.43 <0.0001
Total cholesterol (mg/dL) | 196.51 +39.49 194.20£39.26 194.05+39.30 200.50£39.50 <0.0001
Creatinine (mg/dL) 0.85+0.18 0.74+0.15 0.85+0.16 0.95+0.17 <0.0001
Blood urea nitrogen 12.30+4.01 11.24+3.62 12.34+4.07 13.20+4.06 <0.0001
(mg/dL)
Serum UA (mg/dl) 5.34+1.34 3.91+0.54 5.19+0.32 6.73+0.82 <0.0001
FeNO (ppb) 13.50 (9.00-19.50) | 12.50 (8.50-17.50) 13.50 (9.00-19.50) 14.00 (9.50-20.50) <0.001
FVC (ml) 4248.72 +1054.30 3816.56 £ 818.60 4206.57 £1090.78 4664.66 +1049.27 <0.0001
FEV1 (ml) 3436.98+863.91 3113.14+£679.10 3399.32+898.03 3753.45+870.25 <0.0001

Table 1. Description of 7514 participants included in the present study. Data are presented as n (%),

means + SD or medians (25th percentile-75th percentile). BMI: body mass index; SBP: Systolic blood pressure;
DBP: Diastolic blood pressure; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; UA: uric
acid; FeNO: fractional exhaled nitric oxide.
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to the serum UA tertiles. All variables showed statistically significant differences among the different serum
uric acid groups. Except for the income-poverty ratio, race, and female gender, all other variables exhibited an
increasing trend according to the tertiles of serum uric acid (Table 1).

Association between serum UA and lung function (FEV1 and FVC) in the total population

The relationship between serum UA and lung function was explored using a generalized additive model. The
adjusted smoothed plots indicated a linear relationship between serum UA and lung function both in the total
population and male or female populations (Fig. 2). Three models were constructed to analyze the independent
role of serum UA in FEV1 and FVC in different populations: the general population, the male population, and
the female population. Model 1 involved no modification variables, Model 2 included adjustments for gender
or age and race, and Model 3 incorporated adjustments for the covariates presented in Table 1 (Tables 2 and
3). In the general population, Model 1 revealed a positive association between serum UA and FEV1 and FVC,
whereas Models 2 and 3 identified a negative association between serum UA and FEV1 and FVC. Model 3
showed a significant negative association between serum UA and FEV1 (f=-24.77; 95% CI —36.11 to —13.43)
and FVC (=-32.93; 95% CI —47.42 to — 18.45) (Table 2). Each 1 mg/dl increase in serum UA was associated
with a 24.77 ml decline in FEV1 and a 32.93 ml decline in FVC. Sensitivity analysis using tertiles of serum UA
as a categorical variable yielded similar results, with negative effect sizes for tertiles 2 and 3 in Models 2 and 3.
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Figure 2. Correlation between serum uric acid and FEV1 (a and b) and FVC (c and d) in the male and
female population. Correlation between serum uric acid and lung function test (FEV1 and FVC) in the total
population (a and b) and stratified by gender (c and d). Each black point represents a sample. The area between
two blue dotted lined is expressed as a 95% CI. Each point shows the magnitude of the serum uric acid and is
connected to form a continuous line. Age, gender, race, income-poverty ratio, BMI, alcohol drinking, smoke,
systolic blood pressure, diastolic blood pressure, blood urea nitrogen, total cholesterol, creatinine, calcium, total
protein, FeNO and total bilirubin were adjusted.
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Model 1 (n=7514) Model 2 (n=7514) Model 3 (n=7514)
Variable B (95% CI) | Pvalue | B (95% CI) | P-value | B (95% CI) | P-value
For FEV1 (ml)
UA (mg/dl)  [201.50 (187.60,215.41) | <0.0001 | -4571(-5875,-3268) | <0.0001 [-2477 (-36.11,-1343) [ <0.0001
UA (mg/d]) in tertile
Tertile 1 Reference Reference Reference
Tertile 2 286.18 (239.18, 333.18) | <0.0001 | —127.94 (—166.72, —89.16) 0.0001 | —47.08 (—77.48, —16.67) 0.0024
Tertile 3 640.31 (596.01, 684.60) | <0.0001 | —151.41 (—192.96, —109.86) 0.0001 | —59.93 (-94.77, - 25.09) 0.0008
P for trend <0.001 <0.001 <0.001
For FVC (ml)
UA (mg/dl) 263.97 (247.14, 280.80) ‘ <0.0001 ‘ —49.11 (—64.42, - 33.81) ‘ <0.0001 ‘ —32.93 (—47.42,-18.45) <0.0001
UA (mg/d]) in tertile
Tertile 1 Reference Reference Reference
Tertile 2 390.01 (333.20, 446.83) | <0.0001 | —132.38 (—177.95, —86.82) 0.0001 | —49.04 (- 87.87, —10.20) 0.0134
Tertile 3 848.11 (794.56,901.65) | <0.0001 | —150.61 (—199.43,-101.79) | <0.0001 | —73.29 (-117.79, —28.78) 0.0013
P for trend <0.001 <0.001 0.001

Table 2. Association of serum uric acid with lung function in different models in general population. Model
no covariates were adjusted. Model 2, gender was adjusted. Model 3, Age, gender, race, income-poverty ratio,
BMI, alcohol drinking, smoke, systolic blood pressure, diastolic blood pressure, blood urea nitrogen, total

cholesterol, creatinine, calcium, total protein, FeNO and total bilirubin were adjusted. FEV1: forced expiratory
volume in 1 s; FVC: forced vital capacity; UA: uric acid.

—

Model 1 Model 2 Model 3

Variable B (95% CI) \ P-value | B (95% CI) \ P-value | B (95% CI) \ P-value
For FEV1 (ml) in male (n=3684 in each model)
UA (mg/dl) [ ~0.91 (-20.86, 19.04) | 09285 |-1663(-3243,-0.83) | 00392 [-2407(-4137,-677) | 00064
UA (mg/dl) in tertile

Tertile 1 Reference Reference Reference

Tertile 2 10.11 (- 74.44, 94.67) 0.8147 | —53.68 (—120.54, 13.17) 0.1156 | —66.51 (—132.55, —0.46) 0.0485

Tertile 3 19.77 (- 59.06, 98.60) 0.6231 | —51.83 (—114.34,10.67) 0.1042 | —74.38 (—138.38,-10.39) 0.0228
For FVC (ml) in male (n=3684 in each model)
UA (mg/dl) | 1.36 (—22.42, 25.14) [ 09107 [-1931(-39.58,0.95) | 00618 [-30.06 (-52.26, ~7.85) 0.0080
UA (mg/dl) in tertile

Tertile 1 Reference Reference Reference

Tertile 2 14.07 (- 86.72, 114.85) 0.7844 | —58.74 (- 144.50, 27.01) 0.1795 | —68.86 (—153.66, 15.93) 0.1115

Tertile 3 41.38 (- 52.58, 135.34) 0.3881 | —54.72 (—134.89, 25.46) 0.1811 | —82.29 (-164.45,-0.12) 0.0497
For FEV1 (ml) in female (n=3830 in each model)
UA (mg/dl) | —94.31 (-110.91, -77.72) ‘ <0.0001 ‘ ~32.93 (~45.31, —20.55) ‘ <0.0001 ‘ 32,57 (~46.96,—18.17) | <0.0001
UA (mg/dl) in tertile

Tertile 1 Reference Reference Reference

Tertile 2 —146.57 (- 187.55, —105.59) | <0.0001 | —-61.78 (—91.95, —-31.61) <0.0001 |—53.83 (—85.05, —22.62) 0.0007

Tertile 3 —281.94 (—334.68, —229.19) | <0.0001 | —95.76 (—135.06, —56.45) <0.0001 | —83.52(-126.59, —40.45) 0.0001
For FVC (ml) in female (n=3830 in each model)
UA (mg/dl) —103.87 (—122.91, — 84.82) ‘ <0.0001 ‘ —48.71 (-64.51, —32.91) ‘ <0.0001 ‘ —44.44 (- 62.65, —26.23) <0.0001
UA (mg/dl) in tertile

Tertile 1 Reference Reference Reference

Tertile 2 —147.21 (- 194.29,-100.13) | <0.0001 | —68.43 (—106.97, —29.89) 0.0005 | —51.26 (-90.76, —11.75) 0.0110

Tertile 3 —306.34 (-366.94, —245.74) | <0.0001 | —141.44 (- 191.65,-91.24) | <0.0001 | —113.05(—167.55, —58.55) | <0.0001

Table 3. Association of serum uric acid with lung function in different models in male and female population.
Model 1, no covariates were adjusted. Model 2, Age and race was adjusted. Model 3, Age, race, income-poverty
ratio, BMI, alcohol drinking, smoke, systolic blood pressure, diastolic blood pressure, blood urea nitrogen,
total cholesterol, creatinine, calcium, total protein, FeNO and total bilirubin were adjusted. FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity; UA: uric acid.
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The p-values for trend in all models were significant (all p <0.05) (Table 2). In both the male and female popula-
tions, except for a small magnitude positive  value in Model 1 for FVC in males (with a p-value > 0.05), all other
models showed negative effect sizes. Furthermore, all p-values in Model 3 were significant, indicating a negative
relationship between serum UA and lung function in both male and female populations. When serum UA was
categorized into tertiles as a categorical variable, the results remained consistent with the findings obtained when
serum UA was treated as a continuous variable (Table 3).

Subgroup analyses

The role of other covariates on the association between serum UA and FEV1 and FVC was further examined in
the male and female populations. The association between serum UA and FEV1 and FVC remained consistent
and robust in both male and female populations across various subgroups, including age, race, BMI, alcohol
drinking, smoke, and income-poverty ratio. Furthermore, all effect sizes of these subgroups were negative, and
there was no significant p-interaction (Figs. S1, S2 in the Supplementary Appendix).

Discussion

The primary objective of this study was to investigate the independent association between serum UA and lung
function in healthy US adults. Our findings revealed a negative association between serum UA and lung func-
tion (FEV1 and FVC) after adjusting for potential confounding factors. This relationship was consistent both
in males and females. Further research is required to explore whether there exists a causal, pathophysiological
mechanism linking serum UA and lung function, as well as to determine the potential utility of serum UA as a
biomarker for identifying impaired lung function.

The positive relationship between serum UA and lung function was observed when no covariates were
adjusted. However, after only adjusting for gender, the association changed to a negative one. Moreover, even
after adjusting for other covariates, the negative association between serum UA and lung function remained. The
observational analysis found a correlation between high plasma urate levels and low lung function. Furthermore,
our study found a robust negative relationship between serum UA and lung function across various subgroups,
including age, race, BMI, smoke, and alcohol consumption, in the overall study population. This negative rela-
tionship was also observed within the male and female subgroups mentioned above.

Possible explanations for the negative association between serum UA and lung function can be identified as
follows. Firstly, the relationship might be attributed to reverse causation. Previous research has indicated that
serum UA levels increase in hypoxic conditions, such as chronic heart failure and COPD'®. It has also been
suggested that pulmonary hypoxia triggers the breakdown of purines, resulting in the elevated production of
serum UA . However, it remains uncertain whether the mild hypoxia observed in the general healthy popula-
tion could impact serum UA levels, as our study excluded individuals with evident clinical conditions such as
asthma, airflow limitation, and coronary heart disease. Secondly, the formation of uric acid necessitates the
catalytic activity of xanthine oxidase, a process that occurs in the epithelial lining fluid of the respiratory tract and
is accompanied by the generation of superoxide?. As superoxide is a free radical, it has the potential to induce
oxidative damage to biological molecules. Therefore, it can be speculated that lung tissue damage may occur in
the presence of high xanthine oxidase activity due to oxidative stress.

Our study makes a valuable contribution to the existing literature by demonstrating a consistent negative
association between serum uric acid (UA) and lung function in both male and female individuals in the US
general healthy population. Previous studies have attempted to assess the link between serum UA and lung
function in the general population, but the results have been inconsistent. For instance, Hong et al. found a
negative relationship between hyperuricemia and FEV1% or FVC% in a sample of 2901 participants from the
Korean general population'®. Similar findings were reported by Aida et al. and Kobylecki et al.'*%, which align
with our own findings. However, Song et al. reported a potential positive effect of serum UA on lung function in
middle-aged, healthy populations'’. We speculate that the discrepancy in results could be attributed to several
factors: First, participant exclusion criteria differed between the studies. Song et al. excluded individuals with
chronic lung disease or abnormal chest radiograph findings, but the definition of these diseases was vague, and
details were not provided. As such, it is challenging to determine the influence of these excluded participants
on the overall conclusion. In contrast, our study excluded participants with asthma and FEV1/FVC<0.7, and
in these individuals, a negative relationship between serum UA and lung function was observed*"*. Thus,
our conclusion is more robust, given the exclusion of these participants. Second, Song et al. did not assess the
adjusted non-linear relationship between serum UA and lung function, nor did they conduct subgroup analyses
as a sensitivity analysis for their conclusion. In our study, all effect sizes of subgroups were found to be negative,
indicating the robustness of our findings. Third, the study populations differed, with our study focusing on US
individuals while Song et al. targeted individuals from South Korea. Fourth, compared to our research, Song
et al. did not consider the effects of FeNO, total bilirubin, and income-poverty ratio when adjusting for covariates
in the relationship between serum UA and lung function. However, previous studies have confirmed that these
variables are associated with lung function®-2*.

Kobylecki et al.'* conducted a Mendelian randomisation study to investigate the causal relationship between
serum uric acid and lung function. Their observational analysis found a correlation between high plasma urate
levels and worse lung function. However, genetically high plasma urate levels did not show a direct causal associa-
tion with the outcomes. Likely potential explanations include reverse causation and unmeasured confounding
factors. It is important to note that the study population mainly consisted of individuals of Danish descent and
had specific inclusion and exclusion criteria that significantly differed from our study, as the United States is a
multicultural country with diverse ethnicities. Further research is still required to assess the causal relationship
between serum UA and lung function.
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The study possesses several strengths. Firstly, a nonlinearity assessment was incorporated, providing a more
comprehensive understanding of the relationship between serum uric acid (UA) and lung function. Secondly,
additional confounding variables such as Fractional exhaled nitric oxide (FeNO), total bilirubin, and income-
poverty ratio were adjusted for. Thirdly, various sensitivity and subgroup analyses were performed, and the
findings consistently upheld their robustness. Lastly, the study had a relatively large sample size in comparison
to previous studies with similar objectives.

The study has several limitations. Firstly, due to its cross-sectional design, a causal relationship between serum
uric acid (UA) and lung function cannot be established. Secondly, the use of uric acid-lowering medications was
not accounted for, although individuals with gout were excluded. Lastly, the study population was derived from
NHANES (2007-2012), and certain exclusion criteria were applied, potentially limiting the generalizability and
extrapolation of the findings.

In conclusion, serum uric acid is negatively associated with FEV1 and FVC in the US general healthy popula-
tion. This negative relationship is significant in both the male and female populations. These outcomes empha-
size the significance of serum uric acid as a potential mechanism underlying FEV1 and FVC decline. Further
epidemiologic studies will still be required to confirm this reverse association.

Data availability

Data described in the manuscript will not be made available because the data used in this study were from the
NHANES database, which is a free and open database for all researchers around the world. The link to the data-
base is https://wwwn.cdc.gov/nchs/nhanes/Default.aspx.
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