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Depression frequently comorbidities with cancer, adversely affecting survivors’ quality of life. Liver
dysfunction is also prevalent among cancer survivors. However, the association between these two
conditions remains unclear. This study aimed to explore the relationship between depression and
liver function biomarkers in US cancer survivors. A cross-sectional study was conducted utilizing data
from the National Health and Nutrition Examination Survey (NHANES) 2005-2020. Cancer survivors
were screened and depression was assessed using the Patient Health Questionnaire-9 (PHQ-9),

and 18 liver function biomarkers were included. Survey-weighted generalized linear models with
multiple covariables adjusted were employed to examine the associations between depression and
liver function biomarkers. A total of 4118 cancer survivors were included, representing a weighted
population of 21 501 237. After adjusted with age, gender, race, marital status, education level, family
income-to-poverty ratio, and number of cancer types, 8 biomarkers demonstrated positive correlations
with depression in cancer survivors, included alanine aminotransferase (ALT, OR =1.007, 95% Cl:
1.000 to 1.013), alkaline phosphatase (ALP, 1.006 [1.002, 1.010]), gamma glutamyl transferase (GGT,
1.004 [1.001, 1.007]), lactate dehydrogenase (LDH, 1.004 [1.000, 1.009]), total protein (TP, 1.040
[1.009, 1.072]), globulin (GLB, 1.060 [1.030, 1.091]), total cholesterol (TC) to high-density lipoprotein
cholesterol (HDL-C) ratio (1.162 [1.050, 1.286]), and low-density lipoprotein cholesterol (LDL-C) to
HDL-C ratio (1.243 [1.012, 1.526]); while 4 other biomarkers exhibited negative correlations, included
HDL-C (0.988 [0.980, 0.997]), total bilirubin (TBi, 0.501 [0.284, 0.883]), aspartate aminotransferase
(AST) to ALT ratio (0.588 [0.351, 0.986]), albumin (ALB) to GLB ratio (0.384 [0.229, 0.642]). Following
sensitivity analysis, 5 biomarkers included LDH, HDL-C, TBi, AST/ALT and LDL-C/HDL-C lost their
statistical significance for the association. This study identified certain associations between 7 liver
function biomarkers and depression in US cancer survivors. Further research, particularly prospective
longitudinal studies, is warranted to elucidate the causal relationships and explore the potential of
improving liver function for the management of depression in cancer patients.
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Depression occurs in up to 20% of cancer patients and major depression strikes in almost 13%"2. Among cancer
survivors, depression significantly impairs their quality of life>. Antidepressant treatment has limited efficacy
in cancer patients as almost one-third of patients with clinically significant depression do not respond to either
psychotherapy or pharmacotherapy®. Identifying therapeutic targets for managing oncological depression is of
crucial importance. Previous studies have mainly focused on exploring the associations with inflammation-
related biomarkers such as serum cortisol®, C-reactive protein (CRP)S, interleukin-6 (IL-6)7, interferon gamma
(IFN-y)8, tumor necrosis factor alpha (TNF-a)’, transforming growth factor beta (TGF-B)'?, etc. There has been
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no research shed the light on the potential correlation between liver function biomarkers and depression in
oncological patients.

Many previous studies have suggested correlations between depression and impaired liver function including
metabolic-associated fatty liver diseases'!~!3, alcoholic liver diseases'?, chronic hepatitis'®, etc. Two studies have
investigated the association of depression with liver function biomarkers included alanine aminotransferase
(ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT), albumin (ALB), globulin (GLB)
and bilirubin in post-stroke patients!'® and healthy older adults'’, respectively. However, the association among
cancer patients hasn’t been illuminated, despite that liver function abnormalities are common in cancer patients,
either caused by cancer itself or induced from anti-cancer therapies®.

In light of the above literature review, improve patients’ liver performance may alleviate their depression,
or conversely, alleviating patients’ depression may improve their liver function performance. But the potential
association between liver function biomarkers and depression in oncological patients hasn’t been illuminated.
Therefore, to provide fundamental data support for further investigate on the association of them, the current
cross-sectional study was conducted to explore the relationships between depression and liver function
biomarkers in cancer survivors, utilizing data from the National Health and Nutrition Examination Survey
(NHANES) 2005-2020.

Methods
The current cross-sectional study utilized a nationally representative sample from the US NHANES database.
The NHANES is an epidemiological program conducted by the National Center for Health Statistics (NCHS)
at the Centers for Disease Control and Prevention (CDC) to assess the health and nutritional status of the
noninstitutionalized civilian resident population in the United States. Since 1999, the sample design has
employed a multi-year, stratified, clustered four-stage sampling approach, with data release in 2-year cycles.

All the NHANES protocols were approved by the NCHS ethics review board, and written informed consents
were obtained from all participants'”. We confirm that all methods were performed in accordance with the
relevant guidelines and regulations for current research type.

Cancer survivors

In the current study, the NHANES surveys conducted from 2005 to 2020 were included. The cancer survivors
were defined as the individuals who responded “Yes” to the question “Have you ever been told by a doctor or
other health professional that you had cancer or a malignancy of any kind?”?’. A total of 6172 cancer survivors
remained after excluding those without cancer or responses. We then excluded the individuals who did not
complete all the nine Patient Health Questionnaire (PHQ-9) questions, leaving 4118 participants for the
association analysis. Furthermore, to perform a sensitivity analysis with complete cases, 392 participants with
incomplete data in any kinds of covariables were eliminated.

Depression

A well-validated nine-item depression screening instrument called PHQ-9 was administered to determine
the frequency of depression symptoms. Each item on depression symptom was scored from 0 to 3 according
to participants’ responses. The depression was defined as a score of 10 or above on the PHQ-9 according to

references?!.

Liver function biomarkers

The NHANES collected biological specimens for laboratory analysis to provide detailed information about
participants’ health and nutritional status. The biospecimen collection took place in the mobile examination
center (MEC), the controlled environment of which allowed laboratory test to be performed under standardized
conditions at each survey location. The 18 liver function biomarkers of alanine aminotransferase (ALT, U/L),
aspartate aminotransferase (AST, U/L), AST to ALT ratio (AST/ALT), alkaline phosphatase (ALP, U/L), gamma
glutamyl transferase (GGT, U/L), lactate dehydrogenase (LDH, U/L), total bilirubin (TBi, mg/dL), total protein
(TP, g/L), albumin (ALB, g/L), globulin (GLB, g/L), ALB to GLB ratio (ALB/GLB), total cholesterol (TC, mg/
dL), triglycerides (TG, mg/dL), high-density lipoprotein cholesterol (HDL-C, mg/dL), low-density lipoprotein
cholesterol (LDL-C, mg/dL), TC to HDL-C ratio (TC/HDL-C), TG to HDL-C ratio (TG/HDL-C), LDL-C
to HDL-C ratio (LDL-C/HDL-C) were collected. NHANES provides a series of standardized procedures for
specimen collection and biomarker measurement as researchers can find these instructions on the NHANES
official website (https://www.cdc.gov/nchs/nhanes/index.htm)?2.

Covariables

The number of cancer types per participant was categorized according to the series of questions: “Ist cancer—
what kind was it?” “2nd cancer—what kind was it?” “3rd cancer—what kind was it?” “More than 3 kinds of
cancer?”. Data on the course of cancer from the first cancer diagnosis to the interview were excessively deficient
in the NHANES dataset hence it was not collected”. Sociodemographic characteristics included age, gender
(male, female), race (Hispanic, non-Hispanic white, non-Hispanic black, other), marital status (never married,
widowed/divorced/separated, married/living with partner), education level (less than high school, high school
or equivalent, college or above) and family income-to-poverty ratio (PIR, < 1.3, 1.3-3.5<, > 3.5) were collected.
Anthropometric indexes included body mass index (BMI, < 18.5, 18.5-25, 25-30, > 30) and waist circumference
(WGC; for male: <94, 94-102,>102; for female: <80, 80-88,>88) were collected. Health behaviors included
smoking status (never, former, present) and alcohol consumption (never, former, mild, moderate, heavy) were
collected. BMI?*?%, WC?%%, smoking status®®?, and alcohol consumption®3! were adjusted in sensitivity

Scientific Reports |

(2024) 14:27501 | https://doi.org/10.1038/s41598-024-78890-6 nature portfolio


https://www.cdc.gov/nchs/nhanes/index.htm
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

analysis, in consideration of the fact that they were not only correlated with depression, but also directly
associated with liver function biomarkers®.

Statistical analyses

Dummy variables were used to indicate missing covariate values. Continuous variables were presented as
mean =+ standard error and categorical variables were demonstrated as frequencies and percentages. Weighted
X2 test (categorical variable), t-test (normal distribution), or Mann-Whittney U test (skewed distribution) were
employed to detect the differences among depression and non-depression groups. Survey-weighted generalized
linear models were introduced to elucidate the association between depression and liver function biomarkers.
A total of 3 statistical models were constructed in each analysis. Crude model was the non-adjusted model
with no covariables adjusted. Model I adjusted for age and gender. Model II adjusted for age, gender, race,
marital status, education level, PIR, and number of cancer types. Sensitivity analysis was conducted in two
ways: by excluding the participants with missing data in covariables and by adding BMI, WC, smoking status
and alcohol consumption into adjusted variables. Stratified analysis was presented to examine the potential
subgroup variations in the association between depression and liver function biomarkers across genders and
races. Multicollinearity among variables were examined with generalized variance inflation factor (GVIF). Data
analysis was performed with the statistical software R (http://www.R-project.org). Survey-weighted statistical
models were constructed with the “survey” package of R. Multicollinearity test was conducted with the “car”
package of R. A P value < 0.05 was considered as statistically significant®>34.

Results

Study sample characteristics

A total of 4118 cancer survivors were included in this study. Table 1 presented the baseline characteristics of
the study sample. According to the cut-off point of 10 for PHQ-9, 444 cancer survivors were divided into the
depression group and the other 3674 were assigned into the non-depression group. After weighting with the
recommended weights from the NHANES, the depression group and the non-depression group could represent
1975 315 and 19 525 922 individuals from the US cancer survivors, respectively. Compared with non-depressive
cancer survivors, the depressive ones exhibited the following characteristics: lower AST/ALT, TBi, ALB, ALB/
GLB, and HDL-C; higher ALP, GGT, TP, GLB, TG, TC/HDL-C, TG/HDL-C, and LDL-C/HDL-C; lower age,
lower proportion of non-Hispanic White; higher proportion of female, widowed/divorced/separated for marital,
less than high school for education, PIR less than 1.3, obese for BMI, and present smoker.

Association of depression and liver function biomarkers

The relationships between the depression and liver function biomarkers were accessed across 3 survey-weighted
models. The detailed odds ratios (ORs) with their correspondent 95% confidence intervals (CIs) were presented
in Table 2. In the crude model with no covariable adjusted, 10 liver function biomarkers showed associations
with depression in cancer survivors: ALP, GGT, TBi, TP, ALB, GLB, ALB/GLB, HDL-C, TC/HDL-C, LDL-C/
HDL-C. In the model I with age and gender adjusted, ALT and LDH also exhibited associations in addition to the
first 10 biomarkers. In the model II fully adjusted with age, gender, race, marital status, education level, PIR, and
number of cancer types, 8 biomarkers demonstrated positive correlations with depression in cancer survivors:
ALT (OR=1.007, 95% CI: 1.000 to 1.013, P=0.035), ALP (OR=1.006, 95% CI: 1.002 to 1.010, P=0.003),
GGT (OR=1.004, 95% CI: 1.001 to 1.007, P=0.012), LDH (OR=1.004, 95% CI: 1.000 to 1.009, P=0.038), TP
(OR=1.040, 95% CI: 1.009 to 1.072, P=0.011), GLB (OR=1.060, 95% CI: 1.030 to 1.091, P<0.001), TC/HDL-C
(OR=1.162, 95% CI: 1.050 to 1.286, P=0.004), LDL-C/HDL-C (OR=1.243, 95% CI: 1.012 to 1.526, P=0.038).
And 4 other biomarkers demonstrated negative correlations: AST/ALT (OR=0.588, 95% CI: 0.351 to 0.986,
P=0.044), TBi (OR=0.501, 95% CI: 0.284 to 0.883, P=0.017), ALB/GLB (OR=0.384, 95% CI: 0.229 to 0.642,
P<0.001), HDL-C (OR=0.988, 95% CI: 0.980 to 0.997, P=0.007). Multicollinearity among variables were not
detected between the 7 covariables and each liver function biomarker. Detailed multicollinearity test results in
Supplementary material.

Sensitivity analysis and stratified analysis for the association
To validate the above associations between depression and liver function biomarkers, and assess the robustness
of these results, a sensitivity analysis was conducted by excluding a subset of missing covariables. The results
of the sensitivity analysis indicated stable associations between depression and 9 liver function biomarkers:
ALT (P=0.024), AST/ALT (P=0.040), ALP (P=0.009), GGT (P=0.011), TBi (P=0.029), TP (P=0.009), GLB
(P<0.0001), ALB/GLB (P<0.001), TC/HDL-C (P=0.012), whereas the other 3 biomarkers fell apart: LDH
(P=0.075), HDL-C (P=0.065), LDL-C/HDL-C (P=0.127). Detailed statistics for above sensitivity analysis in
Table 3. Following another sensitivity analysis by adding body mass index, waist circumference, smoking status
and alcohol consumption into adjusted variables, AST/ALT (P=0.059), TBi (P=0.103), HDL-C (P=0.142),
LDL-C/HDL-C (P=0.092) fell apart on association with depression. Details in Supplementary material.

To examine the potential subgroup variations in the association between depression and liver function
biomarkers, stratified analysis was presented across genders and races. The results indicated the gender have
interaction on the association between ALP (P, =0.013) and depression in cancer survivors, whereas

interacti
the race have interaction on GGT (P, . =0.008), GLB (P, =0.010), TC (P, .., sin=0-012), HDL
=0.023), LDL (P,

interaction
interaction

<0.0001) with the depression. Detailed statistics for stratified analysis in

(Pintemctian i
Supplementary material.
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Variables Total Non-depression | Depression | P value
Unweighted sample 4118 3674 444
Weighted population 21,501,237 19,525,922 1,975,315

Liver function biomarkers

ALT (U/L) 22.70+0.28 |22.55+0.29 24.27+1.05 0.12
AST (U/L) 24.17+0.22 |24.15+0.24 24.42+0.72 0.73
AST/ALT 1.16 +0.01 1.17+0.01 1.12+0.02 0.04
ALP (U/L) 72.25+0.48 | 71.59+0.51 78.82+1.41 <0.0001
GGT (U/L) 27.02+0.51 |26.38+0.55 33.43+1.81 <0.001
LDH (U/L) 141.59+0.74 | 141.39+0.80 143.54+2.29 0.4
TBi (mg/dL) 0.62+0.01 0.63+0.01 0.54+0.02 <0.0001
TP (g/L) 69.51+0.11 |69.42+0.11 70.45+0.27 <0.001
ALB (g/L) 41.69+0.07 | 41.74+0.07 41.20+0.21 0.02
GLB (g/L) 27.83+0.10 |27.68+0.10 29.25+0.27 <0.0001
ALB/GLB 1.54+0.01 1.55+£0.01 1.45+0.02 <0.0001
TC (mg/dL) 195.20+1.24 | 194.86+1.35 198.57 £3.03 0.27
TG (mg/dL) 159.16 +3.97 | 157.22+4.22 178.38+£9.24 0.03
HDL-C (mg/dL) 5495+0.41 |55.32+0.43 51.22+0.93 <0.0001
LDL-C (mg/dL) 113.24+1.14 | 112.85+1.22 117.59+3.60 0.22
TC/HDL-C 3.83+0.03 3.79+0.03 4.23+0.12 <0.001
TG/HDL-C 3.53+0.12 3.45+0.12 4.29+0.36 0.03
LDL-C/HDL-C 2.17+0.03 2.15+0.03 2.37+0.10 0.04
Covariables

Age (year) 62.83+0.32 | 63.46+0.34 56.57+0.93 <0.0001
Gender (%) <0.001
Female 57.25(0.02) 56.08(1.10) 68.80(3.17)

Male 42.75(0.02) 43.92(1.10) 31.20(3.17)

Race (%) <0.0001
Hispanic 5.05(0.00) | 4.84(0.46) 7.09(1.12)
Non-Hispanic White 85.73(0.03) 86.56(0.82) 77.51(2.34)
Non-Hispanic Black 5.33(0.00) 5.09(0.43) 7.70(1.22)

Other 3.89(0.00) | 3.50(0.43) 7.70(1.68)
Marital status (%) <0.0001
Never married 6.06(0.01) 5.76(0.55) 9.03(1.90)
Widowed/Divorced/Separated 28.64(0.01) 27.52(1.03) 39.78(2.53)
Married/Living with Partner 65.29(0.03) 66.72(1.10) 51.19(2.70)
Education level (%) <0.0001
Less than high school 11.37(0.01) 10.47(0.62) 20.24(2.73)
High school or equivalent 21.85(0.01) 21.33(1.13) 27.00(2.87)
College or above 66.78(0.02) 68.20(1.37) 52.75(3.39)
Family income-to-poverty ratio (%) <0.0001
[0,1.3) 13.45(0.01) | 11.35(0.67) 34.21(3.25)

[1.3,3.5) 32.97(0.02) 32.78(1.21) 34.84(3.19)

[3.5,) 45.80(0.02) 48.16(1.27) 22.44(2.88)

miss 7.78(0.01) | 7.70(0.61) 8.51(1.83)
Number of cancer type (%) 0.18

1 89.03(0.03) 89.25(0.60) 86.85(1.89)

2 9.09(0.01) | 9.03(0.59) 9.62(1.71)

3 1.14(0.00) 1.04(0.20) 2.13(0.77)

>4 0.15(0.00) | 0.14(0.07) 0.24(0.24)

Miss 0.60(0.00) 0.54(0.10) 1.15(0.40)
Body mass index (%) <0.001
Under 1.37(0.00) | 1.38(0.21) 1.24(0.47)

Norm 25.24(0.01) | 25.62(0.92) 21.52(2.61)

Over 34.39(0.01) 35.06(1.02) 27.71(2.94)

Obese 38.00(0.01) 37.06(0.94) 47.27(2.72)
Continued
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Variables Total Non-depression | Depression | P value
Miss 1.01(0.00) 0.88(0.19) 2.26(0.83)

‘Waist circumference (%) 0.04
Norm 14.94(0.01) | 15.05(0.76) 13.92(2.06)

Mild 15.66(0.01) 16.11(0.70) 11.22(2.15)

Moderate 65.05(0.02) 64.75(0.95) 67.97(2.92)

Miss 435(0.00) | 4.09(0.39) 6.89(1.37)

Smoking status (%) <0.0001
Never 47.17(0.02) 48.80(1.10) 31.05(2.69)

Former 37.44(0.02) 38.20(1.12) 29.95(3.01)

Present 15.39(0.01) | 13.00(0.79) 39.01(3.11)

Alcohol consumption (%) 0.2
Never 9.24(0.01) 9.36(0.69) 8.11(1.44)

Former 14.60(0.01) | 14.23(0.75) 18.23(2.34)

Present 68.52(0.02) | 68.98(1.16) 64.06(2.80)

Miss 7.64(0.01) | 7.44(0.76) 9.61(2.47)

Table 1. Baseline characteristics of the study population. Abbreviations: ALT, alanine aminotransferase; AST,
aspartate aminotransferase; AST/ALT, AST to ALT ratio; ALP, alkaline phosphatase; GGT, gamma glutamyl
transferase; LDH, lactate dehydrogenase; TBi, total bilirubin; TP, total protein; ALB, albumin; GLB, globulin;
ALB/GLB, ALB to GLB ratio; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; TC/HDL-C, TC to HDL-C ratio; TG/HDL-C, TG to
HDL-C ratio; LDL-C/HDL-C, LDL-C to HDL-C ratio.

Crude model Model I Model IT
Liver function biomarkers | OR (95%CI) P-value | OR (95%CI) P-value | OR (95%CI) P-value
ALT (U/L) 1.006 (1.000, 1.013) | 0.067 | 1.006 (1.000,1.013) | 0.036 | 1.007 (1.000,1.013) | 0.035
AST (U/L) 1.002 (0.992, 1.012) 0.714 | 1.005 (0.996, 1.014) 0.254 | 1.003 (0.995, 1.012) 0.444
AST/ALT 0.613 (0.370, 1.016) 0.057 | 0.659 (0.393, 1.106) 0.113 | 0.588 (0.351, 0.986) 0.044
ALP (U/L) 1.006 (1.001, 1.011) 0.019 | 1.008 (1.002, 1.014) 0.005 | 1.006 (1.002, 1.010) 0.003
GGT (U/L) 1.005 (1.002, 1.008) | <0.001 1.006 (1.003, 1.009) | <0.001 1.004 (1.001, 1.007) 0.012
LDH (U/L) 1.002 (0.998, 1.006) 0.375 | 1.005 (1.001, 1.009) 0.023 | 1.004 (1.000, 1.009) 0.038
TBi (mg/dL) 0.325(0.181, 0.583) | <0.001 | 0.405 (0.226, 0.725) 0.003 | 0.501 (0.284, 0.883) 0.017
TP (g/L) 1.053 (1.025, 1.083) | <0.001 1.046 (1.015, 1.078) 0.003 | 1.040 (1.009, 1.072) 0.011
ALB (g/L) 0.953 (0.917, 0.990) 0.014 | 0.944 (0.908, 0.981) 0.004 | 0.967 (0.930, 1.007) 0.102
GLB (g/L) 1.078 (1.053, 1.104) | <0.0001 | 1.077 (1.049, 1.105) | <0.0001 | 1.060 (1.030, 1.091) | <0.001
ALB/GLB 0.294 (0.185, 0.468) | <0.0001 | 0.293 (0.181, 0.475) | <0.0001 | 0.384 (0.229, 0.642) | <0.001
TC (mg/dL) 1.002 (0.999, 1.005) 0.259 | 1.001 (0.997, 1.004) 0.744 | 1.002 (0.999, 1.005) 0.287
TG (mg/dL) 1.001 (1.000,1.002) | 0.143 | 1.001 (1.000,1.002) | 0.160 |1.001 (1.000,1.002) | 0.078
HDL-C (mg/dL) 0.985 (0.977,0.992) | <0.001 | 0.980(0.972,0.988) | <0.0001 | 0.988 (0.980, 0.997) 0.007
LDL-C (mg/dL) 1.003 (0.998, 1.009) 0.196 | 1.002 (0.996, 1.007) 0.488 1.003 (0.998, 1.008) 0.285
TC/HDL-C 1.214 (1.096, 1.344) | <0.001 | 1.203 (1.084, 1.335) | <0.001 | 1.162 (1.050, 1.286) | 0.004
TG/HDL-C 1.028 (0.995, 1.061) 0.096 | 1.029 (0.993, 1.067) 0.114 | 1.026 (1.000, 1.052) 0.054
LDL-C/HDL-C 1.286 (1.031, 1.603) 0.026 | 1.278(1.036, 1.577) 0.023 1.243 (1.012, 1.526) 0.038

Table 2. Weighted association between depression and liver function biomarkers in US cancer survivors.
Crude model: no covariable was adjusted. Model I: age and gender were adjusted. Model II: age, gender, race,
marital status, education level, family income-to-poverty ratio, and number of cancer types were adjusted.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; AST/ALT, AST to ALT
ratio; ALP, alkaline phosphatase; GGT, gamma glutamyl transferase; LDH, lactate dehydrogenase; TBi, total
bilirubin; TP, total protein; ALB, albumin; GLB, globulin; ALB/GLB, ALB to GLB ratio; TC, total cholesterol;
TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
TC/HDL-C, TC to HDL-C ratio; TG/HDL-C, TG to HDL-C ratio; LDL-C/HDL-C, LDL-C to HDL-C ratio.
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Crude model Model I Model IT
Liver function biomarkers | OR (95%CI) P-value | OR (95%CI) P-value | OR (95%CI) P-value
ALT (U/L) 1.007 (1.000, 1.014) 0.047 | 1.007 (1.001, 1.013) 0.024 | 1.007 (1.001, 1.014) 0.024
AST (U/L) 1.004 (0.994,1.014) | 0.481 | 1.006 (0.998,1.015) | 0.155 |1.004 (0.996,1.013) | 0.321
AST/ALT 0.596 (0.350, 1.013) 0.056 | 0.651(0.379, 1.117) 0.118 | 0.565 (0.328, 0.974) 0.040
ALP (U/L) 1.006 (1.000, 1.013) 0.035 1.008 (1.002, 1.015) 0.014 | 1.006 (1.002, 1.011) 0.009
GGT (U/L) 1.006 (1.003, 1.009) | <0.001 1.006 (1.003, 1.010) | <0.001 1.005 (1.001, 1.008) 0.011
LDH (U/L) 1.001 (0.997, 1.006) 0.554 | 1.004 (1.000, 1.009) 0.058 | 1.004 (1.000, 1.009) 0.075
TBi (mg/dL) 0.344 (0.187,0.633) | <0.001 | 0.414 (0.226, 0.761) 0.005 | 0.512(0.281, 0.932) 0.029
TP (g/L) 1.058 (1.025, 1.092) | <0.001 1.051 (1.016, 1.087) 0.004 | 1.046 (1.012, 1.082) 0.009
ALB (g/L) 0.956 (0.915, 0.998) 0.042 | 0.947 (0.906, 0.989) 0.015 | 0.969 (0.926, 1.015) 0.182
GLB (g/L) 1.080 (1.053, 1.107) | <0.0001 | 1.079 (1.049, 1.109) | <0.0001 | 1.064 (1.032, 1.097) | <0.0001
ALB/GLB 0.298 (0.182, 0.489) | <0.0001 | 0.294 (0.175, 0.494) | <0.0001 | 0.374 (0.216, 0.649) | <0.001
TC (mg/dL) 1.002 (0.999, 1.005) 0.279 | 1.001 (0.997, 1.004) 0.665 1.002 (0.999, 1.005) 0.222
TG (mg/dL) 1.001 (1.000, 1.002) 0.180 | 1.001 (1.000, 1.002) 0.194 | 1.001 (1.000, 1.001) 0.134
HDL-C (mg/dL) 0.986 (0.978, 0.995) 0.001 | 0.983(0.974,0.992) | <0.001 | 0.992 (0.983,1.001) 0.065
LDL-C (mg/dL) 1.003 (0.998,1.009) | 0.274 | 1.002 (0.996,1.008) | 0.539 |1.003(0.997,1.008) | 0.296
TC/HDL-C 1.201 (1.081, 1.335) | <0.001 1.188 (1.067, 1.322) 0.002 | 1.146 (1.031, 1.274) 0.012
TG/HDL-C 1.025 (0.994, 1.057) 0.115 1.026 (0.992, 1.061) 0.135 1.022 (0.996, 1.049) 0.096
LDL-C/HDL-C 1.224 (0.972, 1.540) 0.085 | 1.211(0.970, 1.513) 0.091 1.184 (0.952, 1.471) 0.127

Table 3. Sensitivity analysis for weighted association between depression and liver function biomarkers in
US cancer survivors, by excluding participants with missing covariables. Crude model: no covariable was
adjusted. Model I: age and gender were adjusted. Model II: age, gender, race, marital status, education level,
family income-to-poverty ratio, and number of cancer types were adjusted. Abbreviations: ALT, alanine
aminotransferase; AST, aspartate aminotransferase; AST/ALT, AST to ALT ratio; ALP, alkaline phosphatase;
GGT, gamma glutamyl transferase; LDH, lactate dehydrogenase; TBi, total bilirubin; TP, total protein; ALB,
albumin; GLB, globulin; ALB/GLB, ALB to GLB ratio; TC, total cholesterol; TG, triglycerides; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC/HDL-C, TC to HDL-C ratio;
TG/HDL-C, TG to HDL-C ratio; LDL-C/HDL-C, LDL-C to HDL-C ratio.

Discussion

The current study explored the association of depression and 18 liver function biomarkers in US cancer
survivors. Following the sensitivity analysis, 6 biomarkers included ALT, ALP, GGT, TP, GLB, and TC/HDL-C
demonstrated stable positive correlations with depression in cancer survivors; and ALB/GLB demonstrated
consistent negative correlations. Given the particularities of oncological patients, our results are consistent with
some studies and inconsistent with others, as discussed below.

Enzymes

ALT is an enzyme which universally participates in amino acid metabolism and serves as a crucial biomarker
of liver health®. It facilitates the conversion of alanine to pyruvate and glutamate to a-ketoglutarate, essential
intermediates in various metabolic pathways®>. The result from the St. Jude Lifetime Cohort Study indicated
41.3% adult childhood cancer survivors had elevated ALT*%, and another cohort study in Israel suggested elevated
ALT independently predicts new onset of depression in employees undergoing health screening examinations®”.
In reversal from ALT, AST/ALT exhibited the opposite, namely a negative, association with depression as results
among post-stroke patients!”. The results were reasonable and consistent with current study as AST presented
no significant association and ALT acted as the denominator in the ratio.

ALP is a multifaceted enzyme with essential roles in various biological processes, including bone
mineralization, intestinal absorption, and bile production®. A cross-sectional study, utilizing NHANES 2007~
2014 surveys, suggested that higher ALP levels, even within the normal range, were significantly associated with
a higher risk of depression in US adults®®, which is consistent with the current study. Another cross-sectional
study in China also indicated that serum ALP was independently associated with vascular depression in patients
with cerebrovascular disease*”.

GGT is an enzyme which primarily responsible for the metabolism of glutathione, an antioxidant that
protects cells from damage?!. Zigiang Lin et al. found GGT was the one of five most important features for
depression prediction with data from NHANES 2007-2016 surveys*2. Jun Gong found evaluated GGT in post-
stroke depression patients compared with non-depressed ones!®. Wataru Tomeno et al. reported, even in patients
both suffered from the non-alcoholic fatty liver disease, those with major depressive disorder have higher GGT
than those without, which further validated the GGT feature®.
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Bilirubin

Bilirubin is a yellow pigment produced by the liver when it breaks down old red blood cells, and growing
evidence suggests that bilirubin is a potent antioxidant and cytoprotective agent against multiple metabolic
diseases**. Bilirubin have two forms in the blood: the unconjugated bilirubin bound to albumin and conjugated
bilirubin bound to glucuronic acid®. In the current study, only the total bilirubin was analyzed because there
was no further data on the separate components of total bilirubin. Previous studies have been consistent in
the direction of the relationship between bilirubin and the cancer risk*®. Numerous studies have suggested a
negative association between bilirubin and the cancer risk including lung cancer”*%, colorectal cancer*,
and breast cancer®'. However, here is still a lack of agreement on the direction of the relationship between
bilirubin and depression. In postpartum female, Yi Liu et al. reported decreased total bilirubin was associated
with the incidence of postpartum depression®2. In post-stroke patients, the outcomes were more variable. Wai
Kwong Tang et al. reported high bilirubin level is associated with post-stroke depression in China Hong Kong
population®, while the study by Jun Gong et al. indicated a negative association between total bilirubin and
post-stroke depression in China Chonggqing population!® and Yanyan Wang et al. reported a higher level of
indirect bilirubin can lower the risk of post-stroke depression in China Wuhan population®. Furthermore,
another study from China Shenyang discovered more detailed relationships: higher level of total bilirubin on
admission was related to the major depression occurrence within 3 months after post-ischemic stroke; but lower
level on admission was characteristic for the occurrence between 3 and 6 months post-stroke; while 6 months
after stroke, there was no relationship from them®>. Ultimately, here was a study utilizing the similar NHANES
2009 to 2018 sample and it indicated depressed men had lower total bilirubin level than control men in general
US population, which is to some extent in accordance with our results®.

Proteins

As for the total protein, one recent study with UK Biobank data revealed a significant association between
depression and low levels of total protein in females®. Likewise, the study from China Chongging also indicated
a negative association of depression and total protein among post-stroke population'®. However, in the analysis
used NHANES data, no statistically significant association was produced between total protein and depression.

Globulins play crucial roles in the immune system, nutrient transport, and blood clotting58. Studies mainly
focus on some specific fractions of globulins including alpha-1-globulin, alpha-2-globulin, and sex hormone-
binding globulins®-®!. An earlier study indicated major depressed subjects showed significantly lower total
protein and a higher percentage of alpha-1-globulin fraction than normal controls and minor depressed
subjects®2. In the Chonggqing study, the globulin was negatively associated with post-stroke depression®. In
the previous NHANES study, the globulin was positively associated with depression in models of no-adjusted
and adjusted with age and race, however fell apart after adjusted with education, PIR, marital status, alcohol
consumption, body mass index, waist circumference®®.

In reversal from GLB, ALB/GLB exhibited the opposite, namely a positive, association with depression as
results among post-stroke patients, which is reverse to what the current study found!”. However, the reversion
exactly validated our results as ALB presented no significant association and GLB acted as the denominator in
the ratio.

Lipids

Relationships between cholesterols and depression varies widely across studies. Some reported low cholesterol
is associated with depression using NHANES 2005-2008 surveys®, while the others reported low cholesterol is
not associated with depression using NHANES 2005-2018 surveys®. Furthermore, Yang Wang et al. reported
that the remnant cholesterol (i.e. TC-(HDL-C+ LDL-C)) positively correlated with depression with NHANES
2005-2016 data®.

As for HDL-C, O P Almeida et al. reported 5-year probability of depression in older men increased as the
HDL-C decreased®, Soili M Lehto et al. reported those with long-term depression may have lower HDL-C
compared with healthy controls®’, and a large sample pooled analysis indicated lower levels of HDL-C was
associated with increased odds of depression®. As for non-HDL-C, Xianlin Zhu et el. reported there was a
positive association between it and depression with NHANES 2005-2018 data®. Consistently, Xiaoyi Qi et al.
reported the non-HDL-C to HDL-C ratio was significantly associated with a higher risk of depression in U.S.
adults with NHANES 2005-2016 data’®.

As for TC/HDL-C, A Lum Han reported it was not associated with depression with data from Korea
NHANES”!. However, in a large sample population-based cohort study covering 211 200 participants across
10 years, low levels of HDL were associated with future risk of depression and depression patients had higher
levels of TC”2.

Clinical implications

The current study has provided preliminary evidence for the association between depression and liver function
biomarkers in cancer survivors from US population. Our findings suggest that enhancing patients’ liver
performance may mitigate their depression, or conversely, alleviating patients’ depression could potentially
improve their liver function performance. The interplay between these two conditions in cancer patients
warrants further exploration in clinical trials to determine their therapeutic implications. Unlike previous
studies focused on the general population or the post-stroke patients, we restricted our target population to
cancer survivors this time. And in the current study, except the specific fractions of bilirubin, the most complete
liver function indices have been included. Furthermore, we have utilized a large representative US population
sample, three survey-weighted generalized linear models and multiple covariable adjustments for the association
analysis, which have enabled our results more consistent with how the real-world cancer survivors experience.
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Nevertheless, there were also some limitations in current study. A cross-sectional study design is incapable of
determining the causality, therefore prospective longitudinal studies are expected in the future. Moreover, a
cross-sectional study design is also unable to remove the insidious residual confusing results from unmeasured
or unidentified confounding factors.

Conclusion
ALT, ALP, GGT, TP, GLB, and TC/HDL-C were positively associated with depression in US cancer survivors,
while ALB/GLB demonstrated negative correlations. The therapeutic role of liver function improvement for
depression in cancer patients deserves further investigation, and large sample prospective longitudinal studies
are anticipated.

Data availability
The datasets used and/or analyzed in the current study are available in the article or supplementary material.
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