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Background: Although inflammation has been linked to nonalcoholic fatty liver
disease (NAFLD), most studies have focused only on a single indicator, leading to
inconsistent results. Therefore, a large prospective study that includes a variety of
well-documented single and composite indicators of inflammation is needed.
This study aimed to thoroughly investigate the potential associations between
different systemic inflammatory indicators and NAFLD in the UK Biobank cohort.

Methods: After excluding ineligible participants, 378,139 individuals were
included in the study. Associations between systemic inflammatory indicators
and hepatic steatosis were assessed using multivariate logistic regression. The
relationships between systemic inflammatory indicators and nonalcoholic fatty
liver disease were analysed using Cox proportional hazards models, and
nonlinear associations were investigated using restricted cubic splines.

Results: According to the cross-sectional analysis, systemic inflammatory
indicators significantly correlated with hepatic steatosis. Over a median follow-
up of 13.9 years, 4,145 individuals developed NAFLD. After sufficient adjustment
for confounding factors, CRP levels were found to be nonlinearly positively
associated with NAFLD risk (P<0.001), representing the strongest correlation
among the tested relationships; lymphocyte count and the LMR showed an L-
shaped correlation; monocyte count and neutrophil count showed a linear
positive correlation (all P< 0.001); and the NLR, PLR, and Sl showed a U-
shaped correlation (all P<0.001).
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Conclusions: Multiple systemic inflammatory indicators are strongly associated
with the development of NAFLD, and aggressive systemic inflammation
management may have a favourable impact on reducing the burden of NAFLD;
further randomized controlled studies are needed.
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1 Introduction

Nonalcoholic fatty liver disease (NAFLD), a prevalent chronic
liver disease characterized by the excessive accumulation of lipids in
the liver, is a major cause of end-stage liver disease, affecting
approximately 30% of the global population (1). It ranges from
benign steatosis to inflammatory nonalcoholic steatohepatitis
(NASH) (2), which can lead to cirrhosis and hepatocellular
carcinoma, thereby significantly increasing morbidity and
mortality (3, 4). Because of the increasing incidence of obesity
and metabolic syndrome, the prevalence of NAFLD worldwide is
considerably greater than previously estimated and is continuing to
increase at an alarming rate (5, 6), resulting in an increasing social
and financial burden (7). Prevention of NAFLD has become an
important public health challenge globally.

Several chronic diseases are influenced by systemic
inflammation, which is caused by the release of proinflammatory
cytokines and persistent innate immune system activation (8-12).
The development of NAFLD is characterized by inflammation, and
hepatic steatosis and fibrosis are significantly influenced by the
migration of circulating inflammatory cells and the overexpression
of inflammatory mediators (13). Therefore, clinical parameters of
plasma cytokines and inflammation can be used as a new strategy to
monitor the progression of NAFLD (14). The systemic immune-
inflammation index (SII) is an integrated and novel inflammatory
biomarker that can reflect the local immune response and systemic
inflammation in the whole human body (15-17). A recent study
confirmed that the SII is positively associated with increased hepatic
steatosis in US adults (18). Although there is growing evidence that
inflammation dysregulation plays a part in NAFLD, most related
studies have focused only on a single biomarker and have drawn
controversial conclusions (19-22). Therefore, a thorough
investigation into the relationship between systemic inflammation
and NAFLD is needed.

To address these limitations, this study aimed to explore the
linear and nonlinear relationships between eight systemic
inflammatory indicators and hepatic steatosis and NAFLD
fetching the UK Biobank (UKB), which is a large-scale
population-based prospective cohort study.
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2 Methods
2.1 Study population

The UKB recruited over 500,000 participants aged 37-73 years
from the general UK population between 2006 and 2010 (23).
Through questionnaires and physical measurements, all
participants provided clinical data, physical measurements,
baseline blood samples, and relevant electronic health
information. Links to national health-related databases allowed
for the tracking and follow-up of each participant’s health results.
Participants provided written, informed consent at baseline. Two
separate substudies were constructed: a cross-sectional study of
patients with hepatic steatosis at baseline [judged based on the
hepatic steatosis index (HSI) progression] and a prospective cohort
study in which participants with hepatic steatosis were excluded at
baseline to investigate the prevalence of NAFLD. This study used
the UKB resource with application number 68136 and complied
with the Strengthening Reporting of Observational Studies in
Epidemiology (STROBE) reporting standards.

Participants were excluded if they had missing data on systemic
inflammatory indicators (N=46,954), HSI (N=41,943), or covariates
(N = 29,252). Participants with a history of hepatitis B (judged
by the presence of HBC antigen) at baseline were also excluded
(N = 6,128). Consequently, this cross-sectional study ultimately
included 378,139 participants. In the prospective cohort study,
participants with a baseline HSI > 36 (N =161,909) and those
with NAFLD (N =1,113) were excluded, and a total of 215,117
participants were enrolled (Figure 1).

2.2 Systemic inflammation indicators

Peripheral blood samples from UKB members were examined
using the Beckman Coulter LH 750 haematology analyser in the
UKB laboratory within 24 hours of collection. Thirty-one
parameters were recorded by the gadget, and it was possible to
extract specific blood cell populations from them. Baseline count
data for neutrophils, monocytes, lymphocytes, and platelets
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Total UK Biobank participants
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Participants with missing data for systemic
inflammatory indicators, N=46,954

Participants with missing data for HSI, N=41,943
Participants with hepatitis B at baseline, N=6,128
Participants with missing data for covariates, N=29,252
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FIGURE 1
Flowchart of participants included in the analyses.

(operating range 0.00-900.00 x 1079 cells/L) were extracted, and
values for four composite inflammatory indices were calculated: the
LMR, NLR, PLR, and SII. The calculations were as follows: LMR=
lymphocytes/monocytes, NLR= neutrophils/lymphocytes, PLR =
platelets/lymphocytes, and SII = (neutrophils * platelets)/
lymphocytes. Since other studies have shown that these four
ratios can accurately predict inflammatory states under a variety
of circumstances, we took them into account in our analysis (11, 18,
24-26). Serum C-reactive protein (CRP) was also measured in this
investigation using the Beckman Coulter AU5800 high-sensitivity
immunoturbidimetric method.

2.3 Outcome ascertainment

In the cross-sectional analysis,we attempted to explore the
relationship between systemic inflammatory indicators and all
stages of NAFLD (from hepatic steatosis to severe NAFLD). The
HSI was computed using baseline data to ascertain whether hepatic
steatosis was present at the time of the participant’s initial follow-up
enrolment. The HSI was calculated using the following formula:
HSI = 8 x (alanine aminotransferase (ALT)/aspartate
aminotransferase (AST) ratio) + body mass index (BMI) + 2 (if
the participant has diabetes) + 2 (if the participant is female) (27). A
significant correlation between the degree of hepatic steatosis and
the HSI was previously reported, and an HSI > 36 is typically
regarded as indicative of NAFLD (28, 29). Consequently, the cut-off
points in this study for determining the presence of hepatic steatosis
was set at HSI = 36, and any subjects whose HSI was greater than 36
were not included in the survival analyses.

In the prospective study, the primary outcome was severe
NAFLD. Severe NAFLD was defined as hospitalisation or death
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due to NAFLD or NASH (30-32), according to the International
Classification of Diseases, 10th edition (ICD-10) and the latest
expert group consensus statement (33), NAFLD is defined as ICD-
10 K76.0 (fatty liver, not elsewhere classified) and K75.8 (NASH,
other specified inflammatory liver diseases).

2.4 Covariates

By utilizing the participants’ date of birth and initial assessment,
the mean baseline age of the study participants was established at
the outset. Sex was self-reported by the participants during the
baseline evaluation. The classification of educational attainment
was as follows: those who completed college or university were
classified as having a university degree; those who completed
middle school or an O level/GCSE or equivalent were classified as
having an O level/AS level or equivalent; and those who completed
any other type of education were classified as not fitting into any of
the aforementioned categories. BMI was computed using the
standard formula, which divides weight (in kilograms) by height
(in metres squared), which were measured during the initial
assessment. The Townsend Deprivation Index was used to
determine economic status; higher values indicated a higher level
of poverty (34). Based on self-reports, race was categorized as white
or other. Three categories were used to classify self-reported
smoking status: ‘never smoked’, ‘former smoker’, and ‘current
smoker’. Based on participants’ answers to a question regarding
the number of days per week that they engaged in more than 10
minutes of moderate physical activity, physical activity levels were
classified as light, moderate, or high. Additionally, baseline
information was gathered on high triglycerides, low HDL,
hypertension, and diabetes. A fasting blood glucose level of 5.6
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mmol/l or a self-reported physician diagnosis of diabetes was used
to define hyperglycaemia/diabetes. The criteria for hypertension/
high blood pressure were self-reported physician-diagnosed
hypertension or a systolic blood pressure of at least 130 mm Hg
and/or a diastolic blood pressure of at least 85 mm Hg. Low HDL
cholesterol was defined as < 1.0 mmol/l for men and < 1.3 mmol/l
for women, while high triglycerides were defined as levels > 1.7
mmol/l (35).

2.5 Statistical analyses

Categorical variables are expressed as proportions, and
continuous variables are expressed as the mean * standard
deviation. Using multivariate logistic regression analysis, the odds
ratio (OR) and 95% confidence interval (95% CI) were used to
evaluate the correlation between the systemic inflammation
indicators and hepatic steatosis in a cross-sectional study. Using
Cox proportional hazards models, the hazard ratio (HR) and 95%
CI were used to estimate the associations between systemic
inflammatory indicators and NAFLD risk in this prospective
study. The proportional hazard assumption was checked using
Schoenfeld residuals.

Three models were constructed in this study: Model 1 included no
adjustments for covariates; Model 2 included adjustments for sex, age,
race, education, BMI, Townsend deprivation index, smoking status,
and physical activity; and Model 3 included additional baseline-
related diseases such as high triglycerides, low HDL, hypertension,
and diabetes. The possible nonlinear effects of systemic inflammatory
status on NAFLD were evaluated using a restricted cubic spline with
four knots positioned at the 5th, 35th, 65th, and 95th percentiles
following the removal of outliers outside of the 1™-99™ percentile
(36). Systemic inflammation indicators were used as continuous
exposure variables. To make it easier to compare the relationships
between different systemic inflammation indicators and NAFLD
under various models, the systemic inflammation indicators were
further classified into five categories based on the references,
accounting for the normal reference range, data distribution, and
easy-to-understand numbers (12). Subgroup analyses were carried
out to investigate the relationships between systemic inflammatory
indicators and NAFLD in various subgroups. Age (<60/>60 years),
sex (male/female), and BMI (<25/>25) were stratified. Sensitivity
analyses were performed to mitigate any potential effects of reverse
causality: individuals with events in the first 2 years or the first 5 years
of follow-up were excluded, and frequency of alcohol consumption
was additionally adjusted. SAS version 9.4 and R version 4.3.0 were
utilized for the analysis. A two-tailed P value less than 0.05 was
considered to indicate statistical significance.

3 Results
3.1 Baseline characteristics of participants

Based on the presence of hepatic steatosis, baseline traits and
systemic inflammatory indicators were examined in 378,139
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individuals (Table 1). At baseline, 161,909 of the total participants
had hepatic steatosis. Hepatic steatosis patients were more likely to
be older, male, less educated, engage in less daily exercise, have
lower levels of deprivation, have a higher BMI, have a higher systolic
blood pressure, have a greater prevalence of cigarette smoking, and
have a higher prevalence of metabolic syndrome than the 216,230
participants in the control group.

3.2 Cross-sectional analysis

Compared to those without hepatic steatosis, eight systemic
inflammatory indicators were significantly correlated with hepatic
steatosis. In the fully adjusted model, this correlation was slightly
smaller but still significant (Table 2). In CRP, the risk of developing
hepatic steatosis increased monotonically with increasing CRP
levels, using <1.0 as a reference. In Model 1, OR= 1.00, 2.92, 5.79,
8.34, 10.65; in Model 2, OR= 1.00, 1.24, 1.43, 1.47, 1.46; in fully
adjusted Model 3, OR= 1.00, 1.21, 1.34, 1.35, 1.30.

3.3 Prospective study

After removing participants who had hepatic steatosis and
NAFLD at baseline, a total of 4,145 of the remaining participants
were diagnosed with NAFLD over a mean follow-up of 13.9 years.
In Model 3, CRP levels were significantly and positively associated
with the risk of developing NAFLD (Figure 2A). In comparison to
individuals with CRP <1.0 mg/L, those with CRP >4.0 mg/L had a
2.18% greater risk of NAFLD (95% CI: 1.94-2.45) (Table 3). A
linear positive correlation was found between monocyte count,
neutrophil count, and incident NAFLD. Nevertheless, a
nonsignificant linear trend was observed for lower neutrophil and
monocyte counts (Figures 2C, D). L-shaped relationships were
observed among lymphocyte count, the LMR, and the occurrence
of NAFLD, with a decreasing trend at higher lymphocyte counts
and LMR; however, these relationships were not statistically
significant (Figures 2B, E). The incidence of NAFLD showed a U-
shaped nonlinear correlation with the NLR, PLR, and SII
(Figures 2F-H). For instance, in the PLR subgroup, the <100
group had the highest HR for the occurrence of NAFLD, and the
HR (95% CI) was 1.24 (1.13~1.37) for the PLR subgroup compared
with the 150-200 subgroup (Table 3).

3.4 Subgroup analysis

To assess the potential impact of baseline sex, age, and BMI on
the occurrence of NAFLD, we further performed subgroup analyses
by baseline sex group, age group (<60 vs. 260 years), and BMI group
(<25 and >25) (Additional File 1: Supplementary Table S1).
Monocyte counts showed significant interaction effects with sex
(P for interaction <0.001), age (P for interaction <0.001) and BMI (P
for interaction =0.005). This finding suggested that the neutrophil
count is more strongly associated with NAFLD in older male
individuals with a higher BMI. Additionally, we discovered that
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TABLE 1 Baseline cohort characteristics.

10.3389/fimmu.2024.1389967

TABLE 1 Continued

Hepatic
steatosis

No hepatic

Characteristic :
steatosis

(n=216,230) (n=161,909)

Hepatic
Characteristic No hepa_tic steatosis
steatosis
(n=216,230) (n=161,909)
Age (years) 56.40 + 8.21 56.77 £ 7.91 <0.0001
Female, n (%) 118,773 (54.93%) 84,276 (52.05%) <0.0001
White, race, n (%) 204,858 (94.74) 151,814 (93.77%) = <0.0001
Townsend -1.10 + 3.15 <0.0001
deprivation index -1.51 +2.98
Educational level, n (%) <0.0001
College degree 78,808 (36.45%) 43,298 (26.74%)
Middle school graduate 70,337 (32.53%) 52,980 (32.72%)
None of the above 67,085 (31.02%) 65,631 (40.54%)
Body mass index 31.32 £ 4.23 <0.0001
(kg/m?) 24.48 + 2.46
Smoking status, n (%) <0.0001
Never 122,333 (56.58%) 84,169 (51.99%)
Previous 70,269 (32.50%) 61,673 (38.09%)
Current 23,628 (10.93%) 16,067 (9.92%)
Physical activity, n (%) <0.0001
Light 75,572 (34.82%) 71,484 (43.93%)
Moderate 53,360 (24.59%) 36,690 (22.55)
High 88,110 (40.50%) 54,546 (33.52%)
Disease history at baseline, n (%)
Hypertension 79,027 (36.55%) 99,562 (61.49%) <0.0001
Diabetes 19,712 (9.12%) 44,036 (27.20%) <0.0001
High triglycerides 61,274 (28.34%) 90,245 (55.74%) <0.0001
Low HDL 26,019 (12.03%) 49,557 (30.61%) <0.0001
Diastolic blood pressure 80.14 + 10.43 85.06 + 10.35 <0.0001
Systolic blood pressure 137.17 £ 19.77 143.27 + 18.89 <0.0001
Systemic inflammation indicators
C-reactive protein (CRP, 3.46 + 4.69 <0.0001
mg/L) 1.94 + 3.90
Platelet count (1079 255.29 + 60.74 <0.0001
cells/L) 250.49 + 58.89
Lymphocyte count (1019 2.07 + 0.85 <0.0001
cells/L) 1.89 + 1.32
Monocyte count (1079 0.50 £ 0.22 <0.0001
cells/L) 0.46 + 0.32
Neutrophil count (1079 441 + 142 <0.0001
cells/L) 410 + 1.40
Systemic immune- 596.32 + 370.83 | <0.0001
inflammation (SII) 599.02 + 359.59
Neutrophil-to- 238 + 121 2334129 <0.0001
lymphocyte ratio (NLR)
(Continued)
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Systemic inflammation indicators

Platelet-to-lymphocyte 13529 + 63.34 <0.0001
ratio (PLR) 146.11 + 60.28
Lymphocyte-to-monocyte
4.60 + 3.74 4.67 + 4.96 0.0001
ratio (LMR) <
Alanine aminotransferase 29.61 + 17.41 <0.0001
(U/L) 18.93 + 8.56
Aspartate 27.56 + 11.10 <0.0001
aminotransferase (U/L) 25.19 +9.28
Triglycerides 1.48 +0.82 2.09 +1.13 <0.0001
Glucose 4.93 +0.82 5.39 + 1.58 <0.0001
HDL cholesterol 1.55 £ 0.39 1.32 £0.33 <0.0001

there was an interaction effect between the LMR and age (age<60:
HR=0.98, 95% CI=0.97-1.00; age=60: HR=0.95, 95% CI=0.93-0.97,
P for interaction =0.018), implying that the LMR is more strongly
associated with NAFLD in younger age groups.

3.5 Sensitivity analysis

After excluding patients who developed NAFLD at two and five
years of follow-up, and adjusting for frequency of alcohol
consumption, the results remained virtually robust (Additional
File 1: Supplementary Table S2).

4 Discussion

In the present study, the levels of systemic inflammatory indicators
were significantly correlated with hepatic steatosis, and there were both
linear and nonlinear relationships between those indicators and NAFLD:
a nonlinear positive correlation of CRP, a linear positive correlation of
monocyte count and neutrophil count, a nonlinear U-shaped correlation
of NLR, PLR, and SII, and a nonlinear L-shaped correlation of
lymphocyte count and LMR. These correlations remained even after
complete adjustment for covariates. These trends were further validated
in different populations by subgroup analysis and sensitivity analysis.

Previous studies have shown that CRP is essential for the
development of NAFLD (19). However, we validated the exact
nonlinear correlation between CRP and NAFLD in a larger
population, identifying CRP as a key predictor of NAFLD risk.
Crucially, this nonlinear correlation remained robust across
subgroups and sensitivity analyses, even after adjusting for all
potential confounders, and was most prominent among the
selected indicators of inflammation. Recent studies have shown
that CRP, a traditional nonspecific acute phase protein produced by
the liver that upregulates NF-kB activity and contributes to
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TABLE 2 Associations between systemic inflammation indicators and

hepatic steatosis.

variables Model 1 Model 2 Model 3
C-reactive protein (mg/L)
<10 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(1.0, 2.0) 292 (2.85~2.99) | 124 (1.19~1.28) 121 (1.17~1.26)
(2.0, 3.0) 579 (5.64~5.95) | 143 (1.37~1.49) | 1.34 (1.29~1.40)
(3.0, 4.0) 8.34 (8.10~8.58) | 147 (1.41~1.54)  1.35(1.29~1.41)
>=4.0 10.65 1.46 (1.40~1.53) | 1.30 (1.24~1.36)

Lymphocyte count (10A9cells/L)

(10.37~10.95)

<1.0 0.73 (0.71~0.74) 0.91 (0.88~0.94) 0.90 (0.87~0.93)
(1.0, 2.0) 1.00 (ref) 1.00 (ref.) 1.00 (ref.)
(2.0, 3.0) 1.32 (1.30~1.34) 1.10 (1.07~1.13) 1.07 (1.04~1.11)
(3.0, 4.0) 1.66 (1.63~1.70) | 121 (1.16~1.25) | 1.14 (1.09~1.18)
>=4.0 2,08 (2.02~2.14) 138 (1.31~1.45) | 123 (1.16~1.29)

Monocyte count (10A9cells/L)

TABLE 2 Continued

variables

Model 1

10.3389/fimmu.2024.1389967

Model 2

Platelet-to-lymphocyte ratio (PLR)

Model 3

<100 1.63 (1.60~1.66) 1.08 (1.04~1.12) 1.05 (1.01~1.08)
(100, 120) 136 (1.34~1.39) | 1.07 (1.03~1.10)  1.07 (1.03~1.11)
(120, 150) 1.17 (1.15~1.19) 1.00 (0.97~1.04) 1.00 (0.97~1.04)
(150, 200) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)

>=200 0.82 (0.81~0.84) 0.96 (0.92~1.00) 0.95 (0.91~0.99)

Systemic immune-inflammation index (SlI)

<400 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(400, 500) 1.01 (0.99~1.03) | 1.02 (0.99~1.06)  0.99 (0.96~1.03)
(500, 600) 1.04 (1.02~1.06) 1.05 (1.02~1.09) 1.01 (0.97~1.04)
(600, 800) 1.05 (1.02~1.06) 1.06 (1.02~1.09) 0.98 (0.94~1.01)
>=800 0.99 (0.97~1.01) 1.07 (1.04~1.11) 0.95 (0.91~0.98)

<0.3 1.00 (ref) 1.00 (ref.) 1.00 (ref.)
(0.3, 0.5) 1.23 (1.21~1.26) 1.08 (1.05~1.11) 1.09 (1.05~1.12)
(0.5, 0.7) 1.48 (1.45~1.51) 1.12 (1.08~1.15) 1.12 (1.08~1.15)
0.7,0.9) 1.71 (1.67~1.74) 1.14 (1.10~1.19) 1.13 (1.08~1.17)
>=0.9 2.12 (2.07~2.17) 122 (1.17~1.27) 1.18 (1.13~1.24)

Neutrophil cou

<2.0

nt (10A9cells/L)
1.00 (ref.)
1.34 (1.31~1.36)
1.70 (1.67~1.74)
1.97 (1.92~2.02)

2.11 (2.06~2.16)

1.00 (ref.)

1.15 (1.11~1.19)
1.24 (1.20~1.28)
1.29 (1.24~1.35)

1.36 (1.29~1.42)

Lymphocyte-to-monocyte ratio (LMR)

1.00 (ref.)

1.07 (1.03~1.11)
1.08 (1.04~1.12)
1.06 (1.01~1.10)

1.04 (0.99~1.09)

<3.0 1.00 (ref) 1.00 (ref) 1.00 (ref.)
(3.0, 4.0) 1.05 (1.03~1.07) | 1.04 (1.01~1.08) | 1.05 (1.02~1.09)
(4.0, 5.0) 1.07 (1.05~1.09) 1.09 (1.05~1.12) 1.09 (1.05~1.13)
(5.0, 6.0) 1.09 (1.06~1.11) 1.10 (1.06~1.15) 1.09 (1.05~1.14)
>=6.0 1.11 (1.08~1.13) 1.13 (1.08~1.17) 1.09 (1.05~1.14)

Neutrophil-to-lymphocyte ratio (NLR)

<2.0 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(2.0, 3.0) 1.02 (1.00~1.04)  1.02 (0.99~1.06) | 0.99 (0.96~1.03)
(3.0, 4.0) 1.00 (0.98~1.03) 1.00 (0.97~1.04) 0.95 (0.91~0.98)
(4.0, 5.0) 0.96 (0.94~0.98) 0.97 (0.94~1.01) 0.89 (0.86~0.93)
>=5.0 0.88 (0.86~0.90) 0.98 (0.95~1.02) 0.86 (0.82~0.89)
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Values were presented as odds ratios (95% confidence interval).

pathways that interfere with insulin signalling, is one of the
inflammatory cytokines associated with NAFLD (37-39).

There is currently a dearth of research on the possible
correlation between variations in leukocyte counts and the risk of
NAFLD. Furthermore, a thorough understanding of how T-cell
subsets cooperate and become activated in NAFLD, as opposed to
NASH, to enhance hepatic inflammation is lacking. The majority of
the literature that is currently available concentrates on T-cell
subsets as opposed to the cytokines that T cells produce. Here,
after removing outliers, we confirmed an L-shaped correlation
between lymphocyte counts and the development of NAFLD (40),
as well as a linear positive correlation between neutrophil counts,
monocyte counts, and the occurrence of NAFLD.

In contrast to their beneficial role during infections, neutrophils
typically have detrimental effects on chronic inflammatory diseases
due to their production of reactive oxygen species, cytokines,
proteases, and neutrophil extracellular traps (NETs) (41, 42).
Several studies in humans and mice have emphasized the role of
neutrophils in the development of NAFLD. Neutrophils promote
the activation of c-Jun N-terminal kinase (JNK) and reduce the
hepatic expression of fibroblast growth factor 21. Thus, neutrophil
depletion decreases Bmall expression and the circadian locomotor
output cycles kaput (CLOCK) and reduces overall JNK activation,
decreasing hepatic steatosis (43). In mouse models, neutrophil
proteases can be inhibited to decrease the recruitment and
infiltration of neutrophils, halting the course of NAFLD (44).
Previous research has indicated that neutrophils can control
monocyte and macrophage inflammatory responses, starting from
the point at which they are recruited and ending when
inflammation finally returns to baseline. The recruitment of
neutrophils to the site of damage during the inflammatory
response might affect the inflammatory activity of recruited
monocyte and macrophage populations, hence regulating the
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severity of the inflammatory response. Apoptotic neutrophils
further control the response of macrophage and monocyte
populations and promote continuous reprogramming of the
immune system against inflammation, which is essential for tissue
healing and inflammation reduction (45). The positive correlation
trend found in this study between neutrophil count, monocyte
count, and the occurrence of NAFLD confirms the findings of
previous studies.

The LMR, NLR, PLR, and SII are composite inflammatory
indicators derived from white blood cell counts and platelet ratios.
Compared to counting only white blood cells, which are thought to
more accurately represent the degree of systemic inflammation (11,
12, 26, 46), our findings confirm this theory. According to the
subgroup and sensitivity analyses, the composite inflammatory
indicators showed a more significant correlation with NAFLD
than did simple blood cell counts. However, previous research on
the relationship between the SII and NAFLD has shown some
inconsistencies with our findings. Several studies from the
NHANES database have presented different results. One study
involving 6792 adults revealed that the SII was inversely
associated with the controlled attenuation parameter (CAP),
which measures the degree of hepatic steatosis, and showed no
significant correlation with liver stiffness measurement (LSM) for
fibrosis grading (47). Another 5.6-year follow-up study revealed a
direct nonlinear association between the Log2-SII and overall
mortality in NAFLD patients (48). However, in this large cohort
study, we have presented compelling results and shown the precise
association between these composite indicators and NAFLD. The
majority of the correlation curves followed a U-shaped pattern.
Additionally, the SII is a widely available, user-friendly, cost-
effective, noninvasive technique with potential therapeutic
advantages (12).

Infiltrated leukocytes produce inflammatory cytokines that
stimulate hepatic immune cells, leading to increased hepatic
inflammation and contributing to the progression from simple
steatosis to non-alcoholic steatohepatitis (NASH) and eventually
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to fibrosis (49). Chemokine systems not only attract immune cells
but also directly stimulate hepatocytes and hepatic stellate cells,
enhancing their activities. Studies have shown elevated expression
of chemokines and their receptors in the livers of obese patients
with advanced steatosis and NASH (50). Inflammation plays a
crucial role in the progression of NAFLD, cytokines and
chemokines may have multiple important roles in its
pathogenesis, influencing the predictive indices of NAFLD.
Further research on the role of these molecules could provide
valuable insights into the predictive indices of NAFLD (51).

NAFLD is a widespread chronic liver disease with a complex
cause. Among these factors, inflammation is believed to be a crucial
element in driving the progression from simple fatty liver to more
severe forms of liver injury, including steatohepatitis, cirrhosis, and
hepatocellular carcinoma. Although several inflammatory
mediators have been identified in earlier research, the critical
factors accelerating the development of NAFLD remain unclear
and may differ among patients (52). Given the characterization of
systemic inflammation indicators as continuous variables, it is
challenging to pinpoint the precise percentage of the population
at increased risk of NAFLD due to inflammation in the clinical
setting. Our research provides reference risk values for NAFLD
incidence, which can be useful indicators for the creation of NAFLD
prediction models. As inflammation plays a crucial role in the
development of NAFLD, anti-inflammatory drugs may improve the
course of hepatic steatosis. In light of our findings, early
intervention for systemic inflammation could be a viable
treatment to lower the incidence of NAFLD.

5 Strengths and limitations

The UKB is a sizable prospective cohort including diverse
inflammatory indicators for over 500,000 individuals with nearly
14 years of follow-up. This makes our study the largest analysis to
date exploring the correlation between systemic inflammatory
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TABLE 3 Associations between systemic inflammation indicators
and NAFLD.

variables Model 1 Model 2 Model 3
C-reactive protein (mg/L)
<10 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(1.0, 2.0) 152 (1.38~1.67) = 132 (1.20~145) | 1.30 (1.18~1.43)
(2.0, 3.0) 2,09 (1.88~2.32) = 1.66 (1.49~1.85) | 1.61 (1.44~1.79)
(3.0, 4.0) 247 (220~2.78) | 1.85 (1.64~2.09) | 1.77 (1.57~2.00)
>=4.0 3.17 (2.84~3.54) 229 (2.05~2.57) | 2.18 (1.95~2.45)

Lymphocyte count (10A9cells/L)

<1.0 1.09 (1.01~1.18) | 1.10 (1.01~1.19) | 1.10 (1.02~1.19)
(1.0, 2.0) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(2.0, 3.0) 110 (1.01~1.19) | 1.05 (0.96~1.14) | 1.03 (0.95~1.12)
(3.0, 4.0) 1.24 (1.11~1.38) 1.11 (0.99~1.26) 1.08 (0.97~1.20)

>=4.0 1.44 (1.25~1.65) 1.15 (0.99~1.32) 1.09 (0.94~1.25)

Monocyte count (10A9cells/L)

<0.3 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(0.3, 0.5) 111 (1.02~121) | 1.05 (0.96~1.14) | 1.04 (0.95~1.13)
(0.5, 0.7) 1.25 (1.14~1.36) 1.10 (1.01~1.20) 1.08 (0.99~1.18)
(0.7, 0.9) 1.41 (1.27~1.57) 1.17 (1.05~1.30) 1.13 (1.02~1.26)

>=0.9 1.96 (1.77~2.17) 1.47 (1.32~1.63) 1.40 (1.26~1.56)

Neutrophil count (10A9cells/L)

<2.0 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(2.0, 4.0) 1.19 (1.08~1.31) 1.12 (1.02~1.23) 1.09 (0.99~1.20)
(4.0, 6.0) 1.36 (1.24~1.50) 1.22 (1.10~1.34) 1.16 (1.06~1.28)
(6.0, 8.0) 1.58 (1.42~1.77) 1.34 (1.20~1.50) 1.26 (1.13~1.41)

>=8.0 1.86 (1.65~2.09) 1.47 (1.30~1.66) 1.35 (1.20~1.53)

Lymphocyte-to-monocyte ratio (LMR)

<3.0 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(3.0, 4.0) 0.75 (0.69~0.82) = 0.80 (0.74~0.88) = 0.81 (0.74~0.88)
(4.0, 5.0) 0.69 (0.63~0.76) 0.77 (0.70~0.84) 0.77 (0.70~0.85)
(5.0, 6.0) 0.69 (0.62~0.76) 0.77 (0.70~0.86) 0.78 (0.70~0.87)

>=6.0 0.69 (0.63~0.77) | 0.77 (0.69~0.86) | 0.77 (0.70~0.86)

Neutrophil-to-lymphocyte ratio (NLR)

<2.0 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(2.0, 3.0) 0.91 (0.82~1.01) 0.91 (0.83~1.01) 0.91 (0.8~1.00)
(3.0, 4.0) 0.95 (0.86~1.05) 0.94 (0.85~1.04) 0.93 (0.84~1.02)
(4.0, 5.0) 1.15 (1.03~1.28) 1.12 (1.01~1.25) 1.10 (0.99~1.22)

>=5.0 129 (1.17~142) | 121 (1.10~1.34) | 1.18 (1.07~1.30)

(Continued)
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TABLE 3 Continued

variables Model 1 Model 2 Model 3

Platelet-to-lymphocyte ratio (PLR)

<100 1.45 (1.32~1.59) 1.24 (1.13~1.36) 1.21 (1.18~1.33)
(100, 120) 119 (1.08~1.31) | 1.10 (1.00~122) = 1.10 (1.00~1.21)
(120, 150) 1.07 (0.98~1.17) 1.03 (0.94~1.13) 1.03 (0.94~1.12)
(150, 200) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)

>=200 1.14 (1.03~1.27) 1.16 (1.04~1.28) 1.15 (1.04~1.28)

Systemic immune-inflammation index (SlI)

<400 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
(400, 500) 092 (0.84~1.02) | 0.93 (0.85~1.02) = 0.92 (0.84~1.01)
(500, 600) 0.98 (0.89~1.08) 0.98 (0.89~1.08) 0.97 (0.88~1.07)
(600, 800) 0.97 (0.90~1.08) 0.98 (0.90~1.08) 0.96 (0.88~1.05)

>=800 1.19 (1.09~1.30) 1.16 (1.06~1.27) 1.12 (1.05~1.22)

Values were presented as hazard ratios (95% confidence interval).

indicators and NAFLD. Notably, the study integrated a composite
measure of systemic inflammatory indicators, including CRP and
differential leukocyte count, and composite measures such as the
LMR, NLR, PLR, and SII. In addition, the study employed a
stringent exclusion criterion, setting a threshold of HSI>36, to
exclude participants who may have had NAFLD at baseline.

However, this study has several limitations. First, as an
observational study, a causal relationship between various
systemic inflammatory indicators and NAFLD could not be
established. Second, the evaluation of confounding factors and
inflammatory indicators was limited to the use of the baseline
data, leaving out pertinent data from the follow-up that may have
evolved but was not recorded or examined. Furthermore, despite
adjusting for key confounders, bias due to unknown and
unmeasured confounders may persist. Third, the determination of
NAFLD risk relies on admission and death records, potentially
leading to an underestimation of the true incidence. Fourth, the
study population primarily consisted of white British individuals,
with a smaller representation from nonwhite ethnic groups, thereby
limiting the generalizability of the findings to other ethnic
populations. Fifth, this aspect of durg use was not considered in
our study due to the limited information on substance use in the UK
Biobank. Finally, considering the insulting nature of the terms
‘nonalcoholic’ and ‘fatty’ in NAFLD, the latest Delphi consensus
statement replaces NAFLD with metabolic dysfunction associated
steatotic liver disease (MASLD), defined as the presence of hepatic
steatosis in conjunction with one cardiometabolic risk factor
(CMRF) (53). However, NAFLD was used in this study, and not
all cardiometabolic risk factor data were included; only
hypertension, diabetes, high triglycerides, and low HDL were
included as covariates.
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6 Conclusion

In conclusion, systemic inflammation levels are significantly
associated with hepatic steatosis and NAFLD risk, with CRP having
the strongest correlation and composite systemic inflammatory
indicators being more strongly correlated than any individual blood
cell count variable. Given the high prevalence of NAFLD and the
resulting global health burden, early prevention of inflammation is
essential. This work contributes to the creation of a reference index for
future NAFLD occurrence prediction models. In addition, future
studies need to demonstrate causality and investigate other
interventions that may be effective in reducing the burden of NAFLD.
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