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ABSTRACT

Background and Aims: Zinc is an essential trace element that plays an important
role in maintaining health, and affecting gene expression, signal transduction and
regulation of apoptosis. It is uncertain whether serum zinc levels are altered in
patients with metabolic dysfunction-associated fatty liver disease (MAFLD). We
aimed to investigate the association between serum zinc levels and the severity of
hepatic necro-inflammation (HN) in patients with MAFLD.

Methods and Results: Liver disease severity was graded histologically using the
NAFLD activity score. HN was defined as the sum of ballooning and lobular
inflammation. We used a smooth function regression model to analyze the
relationship between serum zinc levels and HN. A total of 561 (76.5% men) patients
with biopsy-confirmed MAFLD were enrolled. They had a mean age of 41.3 years,
and a mean serum zinc level of 17.0 = 4.1 pmol/L. Compared to those with mild
hepatic necro-inflammation (MHN, grades 0-2; n=286), patients with severe hepatic
necro-inflammation (SHN, grades 3-5; n=275) had lower serum zinc concentrations
(16.3£4.2 vs. 17.6+4.0 umol/L; p<0.001). However, a threshold saturation effect
analysis showed that there was an inflection in serum zinc levels at 24 pumol/L. After
adjustment for potential confounders, serum zinc levels <24 pmol/L were inversely
associated with SHN (adjusted-odds ratio 0.88, 95%CI 0.83-0.93; p<0.001), whereas
serum zinc levels >24 umol/L were positively associated with SHN (adjusted-odds
ratio 1.42, 95%CI: 1.03-1.97; p=0.035).

Conclusions: There is a J-shaped relationship between serum zinc levels and the



severity of hepatic necro-inflammation in patients with biopsy-proven MAFLD.
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Introduction

Fatty liver disease related to metabolic dysfunction affects up to nearly 30% of the
world's adult population [1]. It has been proposed that non-alcoholic fatty liver
disease (NAFLD) should be redefined and re-classified as metabolic dysfunction-
associated fatty liver disease (MAFLD), because this newly proposed definition better
reflects the pathogenic role of metabolic dysfunction associated with fatty liver
disease [2, 3]. There is growing evidence that histological characteristics in both
NAFLD and MAFLD may similarly identify patients at higher risk of liver disease
progression, and the prevalence of NAFLD and MAFLD is essentially comparable
using vibration-controlled transient elastography [4, 5]. Furthermore, it is known that
this common metabolic liver disease is not only associated with metabolic syndrome
(MetS) and types 2 diabetes (T2D) [6], but also with other important extra-hepatic

complications, such as cardiovascular disease and chronic kidney disease [7, 8].

Zinc is an essential trace element, which has an important role in the human body to
maintain health [9]. Over 300 enzymes depend on zinc for their functions, and zinc
also plays an important role in regulating the immune system [10]. Some studies have
shown that reductions of enzyme activities caused by zinc deficiency can be restored
with zinc supplementation [11, 12]. Zinc deficiency also induces endoplasmic
reticulum stress, leading to hepatic steatosis and apoptosis [13]. However, a recent
small meta-analysis of 8 studies showed that serum zinc levels were lower in NAFLD

patients than in healthy controls, but the study did not find any significant differences



in dietary zinc intake between these two groups of subjects, thus suggesting that there
might be altered absorption or utilization of zinc in NAFLD [14]. Additionally, zinc
transporters play a role in biofilms, and their dysfunction may lead to disorders of
zinc homeostasis and metabolic disease [15]. Previous small studies have suggested
that lower serum zinc levels may be associated with greater hepatic lobular
inflammation and fibrosis [16, 17], as well as higher values of fibrosis (FIB)-4 score
[18] in subjects with NAFLD. Another recent study in patients with MAFLD (where
liver fibrosis was assessed by vibration-controlled transient elastography) did not
show any significant difference in dietary zinc intake between patients with advanced
fibrosis and those without advanced fibrosis [19]. However, it remains uncertain
whether serum zinc levels are associated with the full range of liver histological

changes in patients with MAFLD.

Therefore, the aim of this large cross-sectional study was to investigate the
association between serum zinc levels and the severity of liver histological changes in

a well-phenotyped cohort of Chinese individuals with biopsy-proven MAFLD.

Materials and Methods

Study population

We recruited consecutive Chinese adults with biopsy-confirmed MAFLD from the
PERSONS cohort (2017-2020). The definition of MAFLD was based on the recent

diagnostic criteria proposed by an international expert panel [1]. Our study cohort



included patients from a previously published study as well as additional subjects [20,
21]. The exclusion criteria for our study were as follows: (1) liver fat content < 5% on
liver histology; (2) hepatic steatosis on histology, but not coexisting MAFLD-
associated metabolic abnormalities (as specified below); (3) refusal of liver biopsy;
and (4) data missing for serum zinc levels. The protocol for the study was approved
by the local ethics committee of our hospital. Each participant gave informed written

consent.

Clinical and laboratory data

Clinical and laboratory data were collected in all participants within 24 hours of liver
biopsy examination. Body mass index (BMI) was calculated as body weight (kg)/
height square (m?). Waist circumference was measured at the midpoint between the
lower margin of the last palpable rib and the top of the iliac crest. Homeostasis model
assessment of insulin resistance (HOMA-IR) score was calculated as [insulin
(pmol/L)/ 6.965] x glucose (mmol/L)/ 22.5. All blood samples were taken in the
morning, after an overnight fast, including serum liver enzymes (alanine
aminotransferase, aspartate aminotransferase and gamma-glutamyltranspeptidase),
total bilirubin, albumin, hemoglobin Alc (HbAlc), glucose, insulin, blood urea
nitrogen, creatinine, high sensitivity C-reactive protein (hs-CRP), as well as lipid
profile (total cholesterol, triglycerides, high-density lipoprotein cholesterol, and low-

density lipoprotein cholesterol).



Serum zinc measurement

Zinc ions were detected by the colorimetric method of Olympus (AU5831), Japan
[22]. The linear correlation coefficient of performance of the serum zinc test kit was
(r) > 0.995, and the inter-batch coefficient of variation (CV) of serum zinc levels was
6% in the normal range (11.6-25.5 pumol/L).

Definitions

MAFLD was diagnosed according to recently proposed criteria [2]. These diagnostic
criteria dictate that hepatic steatosis (as detected by biopsy, imaging techniques, or
non-invasive biomarkers), together with either a diagnosis of T2D, or
overweight/obesity (BMI > 23 kg/m?, in Asian people), or the presence of metabolic
dysregulation (as defined by the presence of at least two of the seven metabolic risk
factors), are required to establish a diagnosis of MAFLD. Hypertension was
diagnosed as systolic blood pressure > 130 mmHg or diastolic blood pressure > 85
mmHg and/or use of any anti-hypertensive drugs [23]. Diagnosis of diabetes was
based on a prior medical history of diabetes, fasting glucose >126 mg/dL (>7.0
mmol/L), hemoglobin Alc > 6.5% (>48 mmol/mol), and/or use of any anti-

hyperglycemic agents [24].

Liver histology
All participants underwent ultrasonic-guided percutaneous core liver biopsies
(detailed procedure referenced in our previous publication [25]), and each liver

specimen was evaluated by an experienced liver pathologist and scored according to



the NAFLD Activity Score (NAS) system. The NAS is the sum of three histological
components, which include hepatic steatosis (0-3), ballooning (0-2), and lobular
inflammation (0-3) [26]. Liver fibrosis is graded from 0 to 4 according to Brunt's
histological score [27]. Hepatic necro-inflammation (HN) was defined as the sum of
ballooning and lobular inflammation, which were classified as mild hepatic necro-
inflammation (MHN, grades 0-2) and severe hepatic necro-inflammation (SHN,
grades 3-5) [28]. Hepatic steatosis was classified as mild (grades 1) and severe
(grades 2-3) [28]. Liver fibrosis was histologically classified as mild (stages 0-1) and

severe (stages 2-4) [29].

Statistical analysis

Continuous variables were expressed as means + standard deviation or medians with
interquartile ranges (IQRs), and categorical variables as proportions (%). We used the
unpaired Student's #-test to analyze continuous data and the chi-square test to analyze
categorical variables, respectively. Smooth curve analysis and saturation threshold
analysis were used to test the association between serum zinc levels and the presence
of severe hepatic necro-inflammation. All statistical analyses were performed using
Empower (R) (www.empowerstats.com, X&Y solutions Boston, MA, USA) and R

(http://www.R-project.org). Statistical significance was defined as p-values < 0.05.

Results
Baseline characteristics of MAFLD patients
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As detailed in Figure 1, 805 individuals from the PERSONS cohort were initially
identified who were not consuming any zinc supplements. The following subjects
were excluded from analysis: 82 cases with no hepatic steatosis (liver fat content <
5%) on histology; 73 cases with hepatic steatosis but no MAFLD-related metabolic
abnormalities; 32 patients who refused liver biopsy; and 30 cases with missing data
for serum zinc levels. After these exclusions, a total of 561 adults with biopsy-
confirmed MAFLD were included in the final analysis. In accord to the newly
proposed MAFLD definition, patients with MAFLD in this study included individuals
with fatty liver associated with metabolic abnormalities (as detailed in the Methods
section above), irrespective of the coexistence of significant alcohol consumption or

hepatitis B or C virus infection.

Table 1 shows the demographic, anthropometric, and biochemical variables in all
participants stratified by severity of HN. The proportions of single aetiology MAFLD
between the MHN and the SHN were 82.5% vs. 89.5%, respectively (p=0.018).
Among the dual aetiology MAFLD patients, the rates of excessive alcohol
consumption and viral hepatitis B or C in the MHN and SHN were 11.2% vs. 5.5%
and 7.0% vs. 5.8%, respectively. In total, 429 (76.5%) were men, with a mean age of
41.3 years, and a mean serum zinc level of 17.0 + 4.1 umol/L. The levels of serum
zinc ranged between 7 to 31 umol/L, and 6.8% of patients exceeded 24 pmol/L.
Compared to those with MHN, patients with SHN had significantly higher circulating
levels of hs-CRP, liver enzymes, total bilirubin, total cholesterol, triglycerides, fasting
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insulin, and HOMA-IR score. In addition, patients with SHN also had significantly
lower levels of serum creatinine and zinc concentrations. Finally, patients with SHN
had a higher proportion of severe hepatic steatosis than those with MHN, whereas the

stages of fibrosis did not differ significantly between the two patient groups.

We did not find any associations between serum zinc levels and the degree of hepatic

steatosis (P=0.875) or the stage of liver fibrosis (P=0.590) (data not shown).

Smooth curve and saturation threshold effect analysis

We analyzed whether there was a non-linear association between serum zinc levels
and the presence of SHN using a smoothing fitting curve. After adjustment for age,
sex, BMI, serum liver enzymes, glucose, triglycerides, total cholesterol and HOMA-
IR score, we found that there was a J-shaped association between serum zinc levels

and the risk of having SHN, as shown both in Figure 2 and in Table 2.

In particular, the curve analysis of the threshold saturation effect revealed that there
was an inflection point for serum zinc levels at 24 umol/L (Table 2). Specifically, we
found that serum zinc levels were inversely associated with SHN below the threshold
(serum zinc level < 24 pmol/L) of the inflection point (adjusted-OR 0.88, 95% CI
0.83-0.93; p<0.001) after adjustment for the aforementioned potential confounders.
Conversely, above this inflection point (zinc > 24 pmol/L), there was a significant
positive association between serum zinc levels and SHN (adjusted-OR 1.42, 95% CI:

12



1.02-1.97; p=0.035).

Discussion

The main and novel results of our cross-sectional study are that there was a J-shaped
association between serum zinc levels and the presence of SHN in Chinese adults
with biopsy-confirmed MAFLD. The threshold saturation effect analysis showed that
there was a threshold effect when serum zinc level was 24 pumol/L. In particular, there
was a negative association between serum zinc levels and SHN when serum zinc level
was lower than the threshold (24 pumol/L), and a positive association when serum zinc
level was equal to or greater than this threshold (where the risk of having SHN was
increased by up to nearly 40%). Zinc is found in superoxide dismutase (SOD) and this
enzyme plays a key role as an antioxidant in the inflammatory process in hepatocytes
[30]. When serum zinc is deficient, it has been suggested that there is decreased
antioxidant activity, increased lipid peroxidation and hepatocellular damage in chronic
hepatitis [31]. Previous studies investigating the relationship between serum zinc
levels and liver disease have shown a linear relationship between the exposure (zinc)
and the outcome (liver disease) [17]. Our study is the first to show a non-linear
relationship between serum zinc levels and liver histology in MAFLD. We suggest
that when serum zinc levels exceed a certain threshold, only then are serum zinc
levels positively associated with SHN. Both zinc deficiency and zinc excess also play
an important role in the immune system and this may be involved in promoting the
development of inflammatory disease [32]. We failed to find any significant
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association between serum zinc levels and the stages of liver fibrosis. The histological
severity of liver fibrosis in patients in our database was mild and we aim to explore
the relationship between severe liver fibrosis and serum zinc concentrations in the
future. Therefore, in the present study we were only able to study the relationship

between serum zinc levels and the histological severity of necroinflammation.

Normal zinc transport plays an important role in both endoplasmic reticulum stress
and reduced disease risk [13]. Some metabolic disorders have been found to be
associated with lower levels of serum zinc, including T2D [33, 34], and insulin
resistance (IR) [35]. One of the possible reasons why this association was observed is
that zinc deficiency may lead to increased inflammatory biomarkers due to changes in
zinc transporters, as well as reduced suppression of protein tyrosine phosphatase 1b
(PTP1B), which has been linked to greater IR and hepatic steatosis [36, 37]. Zinc-a2-
glycoprotein (ZAG) is an adipokine which was recently associated with obesity and
obesity-related metabolic diseases. Adipokine-02-glycoprotein appears to play a role
in lipid metabolism and adipokine-a2-glycoprotein has previously been shown to be
significantly reduced in NAFLD [38]. However, whether serum ZAG concentrations
play a role in predicting NAFLD amongst patients with metabolic syndrome is
uncertain [39]. Altered serum zinc levels may also be related to the development of
hepatocellular carcinoma (HCC) [40], and zinc deficiency has been used to estimate

the survival rates of patients with early HCC [41].
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The major strengths of our study are the relatively large sample size and the use of
liver biopsy for diagnosing and staging MAFLD. In addition, we excluded patients
with coexisting conditions known to affect serum zinc levels (e.g., patients with end-
stage renal disease or chronic diarrhea, those with intestinal malabsorption, or those
consuming any zinc supplements). One of the most important limitations of our
single-center study is its cross-sectional design that does not allow us to establish
causality for the observed association between serum zinc levels and liver disease
severity. Moreover, there were few patients with different stages of liver fibrosis to be
able to test the relationships between serum zinc levels and advanced liver fibrosis.
Finally, the Chinese ethnicity of our participants may preclude the generalizability of

these findings to different ethnic groups.

In conclusion, the results of our study show for the first time that there is a significant
J-shaped association between serum zinc levels and the presence of severe hepatic
necro-inflammation in Chinese individuals with biopsy-proven MAFLD. Further
studies are required to corroborate these findings in other ethnic populations and to
better understand the mechanistic links between serum zinc levels and hepatic necro-

inflammation in MAFLD.
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TABLES LEGEND

Table 1. Baseline characteristics of patients with biopsy-proven metabolic-associated
fatty liver disease.

Table 2. Association between serum zinc levels and severe hepatic necro-

inflammation analyzed by threshold effect.
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FIGURE LEGENDS

Figure 1. Flowchart for the study.

Figure 2. Association between serum zinc levels and probability of having severe
hepatic necro-inflammation (adjusted for age, sex, body mass index, levels of serum
alanine aminotransferase, aspartate aminotransferase, gamma-glutamyltranspeptidase,
glucose, triglycerides, total cholesterol and HOMA of insulin resistance) in patients
with MAFLD. The y-axis represents the probability of severe hepatic necro-
inflammation, and the slope of the curve reflects B (with 95%ClIs), which represents a

positive or a negative association.
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