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Abstract

Non-alcoholic fatty liver disease (NAFLD), the most common form of liver disease, affects over 

30% of the US population. Our group and others have previously demonstrated that low-level 

environmental pollutant exposures were associated with increased odds ratios for unexplained 

alanine aminotransferase (ALT) elevation, a surrogate biomarker for NAFLD, in the adult National 

Health and Nutrition Examination Survey (NHANES). However, recently, more sensitive and 

lower ALT cut-offs have been proposed. The objective of this observational study is to utilize these 

ALT cut-offs to determine new associations between environmental chemicals and the surrogate 

NAFLD biomarker. Adult NHANES 2003–2004 participants without viral hepatitis, 

hemochromatosis, or alcoholic liver disease were analyzed in this cross-sectional study. ALT 

elevation was defined as >30 IU/L in men and >19 IU/L in women. Odds ratios adjusted for 

potential confounders for ALT elevation were determined across exposure quartiles for 17 

pollutant subclasses comprised of 111 individual pollutants. The overall prevalence of ALT 

elevation was 37.6%. Heavy metal and organochlorine insecticide subclasses were associated with 

dose-dependent increased adjusted odds ratios for ALT elevation of 1.6 (95% CI 1.2–2.3) and 3.5 

(95% CI 2.3–5.5) respectively, for the highest vs. lowest exposure quartiles (ptrend <0.01). Within 

these subclasses, increasing whole blood levels of lead and mercury, and lipid-adjusted serum 

levels of dieldrin, and the chlordane metabolites, heptachlor epoxide and trans-nonachlor, were 

associated with increased odds ratios for ALT elevation. In conclusion, organochlorine insecticide, 
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lead, and mercury exposures were associated with ALT elevation and suspected NAFLD in adult 

NHANES 2003–2004.
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Introduction

Non-alcoholic fatty liver disease (NAFLD), and its more advanced form, non-alcoholic 

steatohepatitis (NASH), are currently the most common forms of liver disease in the United 

States with a prevalence of approximately 30% in the general population (Le et al. 2017). 

NAFLD is a spectrum of disorders in the liver ranging from lipid accumulation (steatosis) to 

steatohepatitis, which is often accompanied by inflammation and hepatocyte death 

(Aguilera-Mendez 2019). NASH may progress to cirrhosis with severe clinical sequela 

including hepatocellular carcinoma, death, and liver transplantation. Non-invasive 

biomarkers of NAFLD and NASH, among others, include elevated activity levels of liver 

enzymes namely alanine aminotransferase (ALT) and aspartate transaminase (AST); as well 

as investigational biomarkers such as cytokeratin 18 (Cave et al. 2011, Zhou et al. 2019).

In general, in randomly selected individuals without a clinical diagnosis of NAFLD, ALT 

activity level greater than two standard deviations of the mean value of 100 is considered the 

upper limit of normal laboratory references. Previously, numerous epidemiologic studies on 

the National Health and Nutrition Examination Survey (NHANES) data adopted the 

following criteria for this range: >40 IU/L for men and >31 IU/L for women, to estimate the 

prevalence of liver disease in the general US population (Cave et al. 2010a, Clark 2006, 

Clark et al. 2003, Lazo et al. 2008, Liangpunsakul &Chalasani 2004,2005). Unexplained 

ALT elevation which is liver enzyme elevation that is not due to either viral hepatitis, 

excessive ethanol consumption, or iron overload has become an accepted surrogate 

biomarker for NAFLD in NHANES studies (Clark et al. 2003). Prati et al. performed a four-

year, comprehensive study to define ALT cutoffs for NAFLD diagnosis by eliminating 

participants who had ultrasound readings suggestive of fatty liver, and then re-evaluated ALT 

ranges in that population (Prati et al. 2002). These ALT reference ranges, namely >30 IU/L 

for men and >19 IU/L for women, were much lower than previously used ranges and have 

been increasingly recognized by many research groups (Dunn et al. 2008, Kwo et al.2017, 

Martin-Rodriguez et al. 2017, Takyar et al. 2017). Therefore, it becomes important to 

consider these revised ALT cut-offs in environmental liver disease population studies.

Historically, most cases of NAFLD have been attributed to obesity, insulin resistance and the 

metabolic syndrome. With time, an increasing number of studies have reported that exposure 

to several industrial chemicals and environmental toxicants is associated with NAFLD and 

NASH, and termed as toxicant-associated steatohepatitis (TASH) (Al-Eryani et al. 2015, 

Bassler et al. 2019, Cave et al. 2010b,Guardiola et al. 2016, Wahlang et al. 2013). 

Additionally, utilizing previous ALT reference ranges: ≥48 IU/L for men and ≥31 IU/L for 

women (≥21 years of age); Cave et al. demonstrated that chronic low-level exposures to 
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environmental toxicants were dose-dependently associated with increased odds ratios for 

ALT elevation and suspected NAFLD in the general US adult population (NHANES 2003–

2004) (Cave et al. 2010a). Specifically, polychlorinated biphenyl (PCB) exposures were 

implicated, as well as lead and mercury. In addition, Serdar et al. confirmed that liver 

enzymes levels were significantly higher in the highest exposure groups of PCBs and 

organochlorine pesticides in this population (NHANES 2003–2004). Moreover, additional 

epidemiological and toxicological studies have confirmed the reported association between 

environmental chemical exposures, primarily PCBs, and NAFLD (Clair et al.2018, Wahlang 

et al. 2016, Wahlang et al. 2014). However, to date there is still limited epidemiologic 

information on associations between organochlorine insecticide/pesticide exposures and 

NAFLD.

Although ALT is a commonly used biomarker for liver disease in epidemiologic and clinical 

studies, its reported sensitivity for fatty liver diseases is somewhat ambiguous, especially at 

higher cutoff values (Hadizadeh et al. 2017). In fact, in some patients with biopsy-proven 

NAFLD, ALT may be normal, and ALT levels do not always correlate with disease severity 

(Wong et al. 2009). Furthermore, in fatty liver related to industrial chemicals, ALT 

sensitivity could be limited (Brautbar &Williams 2002, Cave et al. 2010b). We therefore 

hypothesized that the higher ALT cut-offs used previously may have reduced the number of 

cases of suspected NAFLD, and this may, in turn, have reduced the power to detect 

industrial chemicals possibly associated with suspected NAFLD. Thus, the objective of the 

current study is to analyze associations between environmental chemical exposures and 

suspected NAFLD in adult NHANES 2003–2004 participants, using the lower ALT cut-offs 

proposed by Prati et al., in an effort to detect additional chemicals dose-dependently 

associated with increased odds ratios for ALT elevation and suspected NAFLD.

Materials and Methods

Study Design and Participants

Adult participants from NHANES 2003–2004 were evaluated in this cross-sectional study 

which was approved by the University of Louisville Institutional Review Board. The 

following exclusion criteria were utilized: age <18 years, positive serum hepatitis B surface 

antigen, positive serum hepatitis C antibody, elevated transferrin saturation (>60% for males 

and >50% for females), and alcohol consumption ≥20 grams/day for males and ≥10 

grams/day for females. The maximum final sample size was 4,582 and has been described 

previously.

Pollutants

All pollutant data posted by the National Center for Health Statistics (NCHS) prior to 

December 2008, were accessed and downloaded. This data included 196 pollutants from 17 

subclasses. Subclasses comprised of serum or blood organochlorine insecticides; metals 

including lead, cadmium and mercury (total and inorganic); volatile organic compounds 

(VOCs), non-dioxin like PCBs; dioxin-like compounds including polychlorinated dibenzo-p-

dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and coplanar PCBs; 

perfluorinated chemicals (PFCs); polybrominated diphenyl ethers (PBDEs); and cotinine. In 
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addition, urinary total (elemental plus inorganic) mercury; heavy metals; total arsenic and 

speciated arsenics; polyaromatic hydrocarbons; phthalates; organophosphate insecticides; 

perchlorates; environmental phenols; and iodine were also included. The full list of 

chemicals belonging to each of these 17 subclasses, as well as the laboratories conducting 

these measurements and their methods with lower limit of detection (LLOD) have been 

described previously (Cave et al. 2010a). Only pollutants with a 60% or greater detection 

rate (111 of 196 pollutants) were evaluated to avoid bias in estimation among those below 

the limit of detection. Importantly, not all pollutants were measured in every NHANES 

subject. For most pollutants subclasses, data were collected from a random one-third 

subsample of subjects (Cave et al. 2010a). Lipid (cholesterol and triglyceride)-and creatinine 

adjustment were appropriately made for pollutants as previously described (Cave et al. 

2010a).

Outcome Variables and Statistical Methods

In the current study, elevated ALT was defined by the cutoffs proposed by Prati et al. (>30 

IU/L for men and >19 IU/L for women) (Prati et al. 2002). The prevalence of ALT elevation 

was determined in 4,582 subjects from various demographic groups based on sex, age, race, 

and body mass index (BMI). Statistical significance was determined by the chi-square test.

Individuals are likely to be exposed to multiple pollutants within a subclass, thus the 

cumulative subclass measure was obtained by summing the ranks according to the 

magnitude of detectable levels of each pollutant within that subclass (Cave et al. 2010a). For 

each pollutant subclass, subjects were stratified into quartiles by their cumulative exposure 

rank with the first quartile representing subjects with the lowest levels. Multivariate-adjusted 

odds ratios for ALT elevation were then determined across increasing quartiles of chemical 

exposure using the 1st quartile as the reference group by using logistic regression models. 

Multiple pollutants have previously been associated with obesity and insulin resistance in 

NHANES, so the analysis was conducted with adjustments for both BMI and homeostasis 

model assessment of insulin resistance (HOMA-IR) (Lee et al. 2007a, Lee et al. 2007b). 

Fasting glucose and insulin were measured in only a subset of NHANES participants, and 

adjusting for obesity and HOMA- IR further reduces the sample size to 2,211 subjects. 

Because most of the pollutant subclasses were measured only in a subset of this sample, the 

maximum sample size used for determination of associations was further reduced (Cave et 

al. 2010a). Adjustments were also made for age, sex, race, and poverty income ratio (PIR). 

Estimates of the main results were calculated accounting for stratification and clustering, 

and adjusting for age, race, and PIR using a previously described logistic model (Cave et al. 

2010a). P-values were determined both with (ptrend-adj) and without (ptrend) adjustment for 

multiple comparisons.

For subclasses yielding significant results, these analyses were repeated for the individual 

chemicals within that subclass. Subjects with detectable levels of individual pollutants were 

ranked and placed into quartiles, and compared with a reference group which consisted of 

either i) subjects with levels below the LLOD or ii) individuals in the first quartile of 

exposure level.
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Finally, chi-squared tests were used to determine whether demographic characteristics (sex, 

race, age, and BMI) were associated with high levels of exposure to selected subclasses of 

compounds associated with elevated ALT. All statistical analyses were performed using the 

Survey procedures, SURVEYFREQ and SURVEYLOGISTIC, from SAS 9.1 (SAS Institute 

Inc., Cary, NC, USA). A p-value of 0.05 or less was used to determine statistical 

significance.

Results

Demographic Information

After applying the exclusion criteria, a total of 4,582 adult subjects remained, and their 

demographic information is presented in Table 1. The percentage of females was slightly 

higher than the percentage of males (52.2% vs. 47.8%, respectively). The mean age was 47.2 

± 21.2 years with a range from 18–85 years. Non-Hispanic Whites accounted for 72.3% of 

the population. Body weights, as defined by NIH guidelines, were fairly evenly distributed 

between normal weight (31.5%), overweight (34.3%), and obese (32.5%) with very few 

subjects being underweight (1.7%).

Prevalence of Unexplained ALT Elevation

Out of the 4,582 remaining adult subjects, 1561 subjects had unexplained ALT elevation or 

suspected NAFLD (Table 1). After incorporating the NHANES sampling weights for these 

individuals, this corresponded to 37.6% of the adult United States population, or 68.9 

million people. As shown in Table 1, ALT elevation was slightly more common in females 

than males (42.9% vs. 31.8%, p=0.002). Compared to non-Hispanic Whites, ALT elevation 

was more common in Hispanics, while non-Hispanic Blacks had a lower prevalence of ALT 

elevation (37.8% vs.47.7% vs. 28.4%, p<0.001). Moreover, ALT elevation was most 

prevalent during the 5th and 6th decades (p=0.022). With regards to body weight, compared 

to normal weight participants, ALT elevation was more prevalent in overweight and obese 

participants (25.3% vs. 38.9% vs. 49.0%, respectively, p<0.001).

Pollutant Subclass Results

Measures of association were based on a maximum of the 2,211 participants with HOMA-

IR scores as described previously (Cave et al. 2010a). Out of the 17 NHANES categorized 

pollutant subclasses investigated, only two were associated with significant dose-dependent 

increased adjusted odds ratios for ALT elevation (Table 2). These subclasses included (i) 

serum lipid-adjusted organochlorine insecticides/pesticides and (ii) blood lead, mercury, and 

cadmium. For these classes, the adjusted odds ratios for the highest exposure quartile, 

compared to the lowest, were 3.5 (95% CI 2.3–5.5, ptrend-adj<0.001) and 1.6 (95% CI 1.2–

2.3, ptrend-adj=0.015) respectively.

Individual Pollutant Results

Eleven individual pollutants from these two subclasses were subsequently analyzed (Table 

3). Whole blood lead (99.6%) and total mercury (92.5%) had extremely high detection rates 

and also demonstrated increased adjusted odds ratios for ALT elevation (lead: ORadj=3.3 

comparing 4th quartile vs. unexposed, 95% CI 0.3–34.2, ptrend-adj =0.026; and mercury: 
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ORadj=2.2 comparing 4th quartile vs. unexposed, 95% CI 1.4–3.3,ptrend-adj <0.001). 

Cadmium, the third member of this subclass, was not associated with increased odds ratios 

for ALT elevation.

Eight organochlorine insecticides (or their metabolites) were present at detection rates 

ranging from 61.7%−99.9%, and three of these were associated with increased adjusted odds 

ratios for ALT elevation (Table 3). These included the bio-accumulated chlordane 

constituents, heptachlor epoxide and trans-nonachlor, as well as the related insecticide 

dieldrin. The adjusted odds ratios for the highest exposure quartile compared to unexposed 

subjects were 3.1 (95% CI 1.3–5.0, ptrend=0.001), 1.6 (95% CI 0.6–3.8, ptrend=0.05), and 2.6 

(95% CI 1.3–7.2, ptrend=0.007), respectively, for these chemicals. After adjusting for 

multiple comparisons, trans-nonachlor was no longer statistically significant 

(ptrend-adj=0.093). All five of the other insecticides analyzed from this class showed a trend 

toward increased odds ratios for ALT elevation across quartiles (ptrend-adj≤0.095). These 

included the chlordane metabolite, oxychlordane (ORadj=2.7 comparing 4th quartile vs. 

unexposed, 95% CI 0.9–8.2, ptrend=0.053); dichlorodiphenyldichloroethylene (DDE) 

(ORadj=1.7 comparing 4th quartile vs. unexposed, 95% CI 0.9–2.9, ptrend=0.062); 

hexachlorobenzene (ORadj=1.4 comparing 4th quartile vs. unexposed, 95% CI 1.0–2.0, 

ptrend=0.075); hexachlorocyclohexane (ORadj=1.7 comparing 4th quartile vs. unexposed, 

95% CI 0.9–3.5, ptrend=0.082), and dichlorodiphenyltrichloroethane (DDT) (ORadj=1.2 

comparing 4th quartile vs. unexposed, 95% CI 0.7–1.9, ptrend =0.095). Of the eight analyzed 

insecticides, the DDT metabolite, DDE, had the highest median lipid-adjusted serum 

concentration (1535 ng/g) in the 4th quartile.

Next, demographic risk factors for organochlorine insecticide and metal exposures were 

determined. Both older age and higher BMI, but neither race/ethnicity nor sex, were 

associated with increased odds for having lipid-adjusted organochlorine insecticide levels in 

the highest quartile (Table 4). Age had the most pronounced effect, with 58.4% of subjects 

aged 70 years and older having insecticide levels in the highest quartile, compared to only 

1.0% of subjects age <30 years old (p<0.001). A greater percentage of obese subjects 

(25.7%) were in the highest insecticide exposure quartile compared to normal weight 

subjects (11.5%) (p=0.002). Demographic factors associated with higher whole blood metal 

levels included older age, having a lower BMI, and being a non-Hispanic Black male (Table 

5). Again, age seemed to have the most pronounced effect, with only 8.7% of subjects <30 

years old falling in the highest blood metal concentration quartile, compared to 40.1% of 

subjects aged 70 years and older. However, in contrast to organochlorine insecticide 

exposure, the percentage of subjects in the highest quartile of blood metal concentration 

were subjects with lower BMI (30.3% for lean subjects compared to 19.4% for obese 

subjects, p=0.004).

Discussion

Using the ALT reference range proposed by Prati et al., the prevalence of suspected NAFLD 

was 37.6% in adult NHANES 2003–2004, compared to 10.6% in our prior study (Cave et al. 

2010a). Although this prevalence value is much higher, it is however in line with current 

estimates for the prevalence of suspected NAFLD in western countries and worldwide (20–
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30%), as well as reported prevalence in the U.S. population (30–46%) (Le et al. 2017, 

Perumpail et al. 2017, Ruhl &Everhart 2015, Williams et al. 2011). With regards to 

demographics, suspected NAFLD was more common with females (sex); Hispanics (race/

ethnicity); middle age; and with increasing BMI. These results were concordant with our 

previous study. However, the race/ethnicity differences were lower in the current study when 

compared to our previous study which used higher ALT cut-offs. In the current study, when 

compared to Non-Hispanic White participants, Non-Hispanic Blacks and Other groups had 

16% and 12% lower levels of NAFLD prevalence, respectively, while Hispanics had 24% 

higher levels of NAFLD prevalence. In the previous study, Non-Hispanic Blacks and Other 

populations had 44% and 1% lower levels of NAFLD respectively and Hispanics had 86% 

higher levels of NAFLD when compared to Non-Hispanic White participants. This 

observation is broadly consistent with the distribution of loss of function alleles of the 

NASH gene, namely, papatin-like phospholipase A 3 (PNPLA3) within groups that 

identified with Hispanic ethnicity; and supported the concept that PNPLA3 gene dysfunction 

can worsen NAFLD and NASH (Hernaez et al. 2013, Rotman et al. 2010).

With regards to environmental pollutants, the present analysis demonstrated that lead and 

mercury exposures were associated with dose-dependent increased adjusted odds ratios for 

ALT elevation which was consistent with our earlier reports (Cave et al. 2010a). The 

biologic plausibility that these metals could play a causal role in the development of liver 

diseases including NAFLD have also been reported by other groups (Kang et al. 2013, Lin et 

al. 2014, Yorita Christensen et al. 2013). On the contrary, the present study identified that 

organochlorine insecticides were associated with significantly increased odds ratios for ALT 

elevation which was not observed when using the higher ALT cut-offs. Nonetheless, in the 

previous study, the odds ratio for ALT elevation was higher in the third quartile of 

organochlorine insecticide exposure compared to unexposed subjects, but this trend did not 

reach statistical significance (Cave et al. 2010a). However, due to the low number of cases of 

ALT elevation noted (63/587), the first analysis could have been underpowered to detect a 

significant difference. In comparison, 202 cases of ALT elevation occurred in the present 

analysis in the organochlorine insecticide group, and this may have potentially increased 

statistical power.

Organochlorine insecticides are categorized as persistent organic pollutants due to their 

intact chemical integrity and resistance to degradation and metabolism. These lipid-soluble 

and poorly metabolized chemicals tend to bioaccumulate in the adipose tissue and other 

organs of living organisms including marine wildlife and humans (Kim et al. 2014, Pedro et 

al. 2017). Indeed, the current study demonstrated that obese subjects, who are at risk for 

NAFLD, also have the highest levels of serum lipid-adjusted organochlorine insecticides. 

Organochlorine insecticides include DDT and its metabolite, DDE; cyclodienes such as 

technical chlordane - a synthetic mixture comprising of over 50 chemicals with major 

components (60–85%) including cis- and trans-chlordane, hexachlor, heptachlor and trans-

nonachlor, and their bioaccumulated metabolites (heptachlor epoxide and oxychlordane). 

Additional compounds in this class include dieldrin, aldrin and endrin as well as caged 

structures such as mirex and chlordecone. Because of the toxic impact of DDT on the 

ecosystem, particularly wildlife endangerment (Carson &Darling 1962); the chlorinated 

cyclodienes were produced commercially as alternatives to DDT. These chemicals were 
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officially banned in 2001 at the Stockholm Convention on Persistent Environmental 

Pollutants (Porta &Zumeta 2002). Importantly, even though these insecticides have been 

banned from commercial production and use, they continue to persist in the environment 

(Turusov et al. 2002). For example, although DDT was banned from use in the US in 1972, 

99.7% of NHANES subjects had detectable levels of the DDT metabolite, DDE. 

Furthermore, the organochlorine insecticides analyzed in this study continue to contaminate 

the US food supply, and US DDT per capita daily consumption was estimated to be greater 

than 250 ng/day (Schecter et al. 2010). Also, there are still considerable serum levels of 

chlordane metabolites including oxychlordane and trans-nonachlor in the US population 

according to the Fourth National Report on Human Exposure to Environmental Chemicals 
published by the Centers for Disease Control and Prevention (CDC), utilizing the NHANES 

datasets (1999–2004 and 2005–2010) (Anonymous 2018). Notably, in the current study, 

increased pesticide body burden was associated with increased age, implicating that 

bioaccumulation occurred over time.

An appreciable number of studies have reported associations of organochloride insecticide 

exposures with neurotoxicity, cancer, as well as negative effects on endocrine and metabolic 

health (De Coster &van Larebeke 2012, Kamel et al. 2007, Lee et al. 2007a, Lee et al. 

2007b, Wahlang 2018). Organochlorine insecticides also have well-documented 

hepatotoxicity, especially at high doses (Al-Eryani et al. 2015,Freire et al. 2015, Ogata 

&Izushi 1991, Reuber 1978b, a). Therefore, serum organochlorine insecticides could be 

previously unrecognized mediators of liver disease in the general US adult population. 

While high-level exposures (e.g. acute poisonings) to these chemicals are sufficient to cause 

liver disease, the current data implicated that chronic low-level exposures, particularly 

occurring on a background of obesity or genetic susceptibility, may also contribute to the 

genesis and progression of liver diseases including NAFLD. Indeed, epidemiologic findings 

from human observational studies and toxicological studies using animal models have 

demonstrated that organochlorines, particularly chlordane and its metabolites are associated 

with metabolic disorders that encompass NAFLD (Ji et al. 2016, Liu et al. 2017b, 

Rosenbaum et al. 2017, Wang et al. 2017).

One of the most compelling data on the hepatic effects of organochlorine insecticide 

exposures in human subjects stemmed from an extremely high chlordecone exposure in 32 

plant workers in Virginia (Guzelian et al. 1980). Although liver enzymes were repeatedly 

normal in these workers, many had hepatomegaly which eventually led to liver biopsy in 12 

cases. These biopsies revealed mild steatosis, mild portal inflammation and fibrosis, 

glycogenated nuclei and lipofuscin accumulation. Additionally, organochlorine insecticides 

have also been associated with metabolic dysfunction including hyperglycemia, 

hypertriglyceridemia, diabetes and the metabolic syndrome in epidemiologic studies (Kim et 

al. 2014, Lee et al. 2007a, Lee et al. 2007b). Even though mechanisms of hepatotoxicity are 

not clearly defined in animal models, organochlorine insecticides have long been recognized 

as endocrine-disrupting chemicals through their interaction with steroid hormones receptors 

such as estrogen, androgen and thyroid receptors (De Coster &van Larebeke 2012). 

Organochlorine insecticides also induce hepatic expression of cytochrome P450s by 

activating xenobiotic receptors that can also influence hepatic energy metabolism such as the 

pregnane-xenobiotic receptor, constitutive androstane receptor and aryl hydrocarbon 
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receptor (De Coster &van Larebeke 2012, Kiyosawa et al. 2008). Emerging new hypotheses 

for organochlorine insecticide’ mechanistic actions contributing to NAFLD development or 

progression include inhibition of the epidermal growth factor receptor (EGFR) signaling, 

similar to PCBs (Hardesty etal. 2018). It was recently demonstrated that chlordane and one 

of its most bioaccumulated component, trans-nonachlor, are potent EGFR inhibitors that 

diminished EGFR phosphorylation, a crucial step in maintenance of normal signaling 

processes (Hardesty et al. 2018). Another recently proposed mechanism of action for 

organochlorine insecticides is their ability to influence the gut-liver axis by modulating 

intestinal microbiota and altering bile acid metabolism (Liu et al. 2017a).

The current study is not without limitations and potential problems are inherent to the study 

design. Firstly, ALT levels in the general population may not rise to cross diagnostic 

thresholds in NAFLD, particularly in populations exposed to industrial chemicals. This is 

because the rise may either be transient and occurred early in the process or the entire 

exposed population may have lower ALT expression than unexposed individuals. Secondly, 

some off these chemicals have been proposed to be diet-induced obesogens that act in 

conjunction with high fat diet to mechanistically cause NAFLD (Wahlang et al. 2019), and 

adjusting for BMI may reduce the significance of association with ALT elevations. In the 

current cross-sectional analysis, higher BMI was associated with both suspected NAFLD 

and increased pesticide levels; and perhaps unadjusted BMI analysis may yield some insight 

into the potential obesogenic effect of these chemicals. However, this will need further 

investigation such as cohort studies to establish temporal trends between obesogen exposure 

and NAFLD/obesity incidences. Another limitation is that the ‘true’ normal range for ALT 

levels in adult NHANES is largely unknown, and no causal inferences can be obtained from 

the current study. Furthermore, age was not taken into consideration as a factor that could 

drive both increased chemical exposures as well as increased ALT elevation. It is well 

known that persistent chemicals bioaccumulate over time, and age often dictates length or 

duration of chronic chemical exposure. Additionally, age is known to influence NAFLD 

development and progression (Estes et al. 2018), and increased age could possibly subject 

the liver to higher risks of environment insults; therefore future studies should take this into 

consideration. However, a major strength of the study is that it utilized the lower ALT 

reference range suggested by Prati et al. which has been rigorously validated, albeit in a 

different population cohort.

Conclusion

In summary, the current study demonstrated that organochlorine insecticides/pesticides, lead, 

and mercury were present in the serum of nearly all US adults in 2003–2004. These 

common pollutants were associated with significant dose-dependent increased adjusted odds 

ratios for ALT elevation in subjects whose ALT elevations were not explained by viral 

hepatitis, hemochromatosis, or alcoholism. The results suggested a possible interaction 

between low-level environmental pollutant exposures and the development of liver disease 

and suspected NAFLD in the general US adult population, dependent on age and race. 

Importantly, the data from the current study contributes to the body of literature on the 

associations between insecticide exposures and liver disease and implicate that non-

occupational, low-level exposures may pose an even bigger problem for liver disease in the 
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general US population. Future studies employing animal exposure models at doses relevant 

to human exposures are needed to confirm the causal role of these environmental pollutants, 

primarily organochlorine insecticides, in NAFLD initiation, development and progression.
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Table 1.
Prevalence of Unexplained ALT Elevation in Adult NHANES 2003–2004 by Demographic 
Groups.

BMI - body mass index; SE - standard error of the mean. p-values were calculated by χ2 tests.

Demographic Variable Population Distribution (%) Prevalence of Unexplained ALT Elevation (%) SE p-value

Sex 0.002

Male 47.8 31.9 1.6

Female 52.2 42.9 1.5

Race <.001

Non-Hispanic White 72.3 37.8 0.8

Non-Hispanic Black 10.8 28.4 1.9

Hispanic 11.7 46.7 1.7

Other Race 5.1 33.3 3.4

Age (years) 0.022

< 30 21.5 30.1 1.9

30–40 19.5 38.4 1.9

40–50 20.4 44.0 2.4

50–60 16.0 43.5 1.9

60–70 10.5 41.4 2.5

>= 70 12.1 28.1 2.4

BMI (kg/m2) <.001

< 18.5 1.7 23.0 5.7

18.5–24.9 31.5 25.3 1.6

25–29.9 34.3 38.9 1.1

>= 30 32.5 49.0 1.5

Environ Sci Pollut Res Int. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wahlang et al. Page 16

Table 2.

Adjusted* Odds Ratios (95% CI) for ALT Elevation by Exposure Quartile (With Number 
of Cases/Total Number) for 17 Pollutant Subclasses in Adult NHANES 2003–2004.

1st quartile: ≤ 25th percentile, 2nd quartile: 25th - ≤ 50th percentile, 3rd quartile: 50th - ≤ 75th percentile, 4th 

quartile: >75th percentile. Detectable values of each pollutant were individually ranked, and the rank orders of 

the individual pollutants in each subclass were summed to arrive at the subclass value. All non-detectable 

values were ranked as one. The summary values were categorized by cut-off points of 25th, 50th, and 75th 

values of the sum of ranks. CI - confidence interval; PCB - polychlorinated biphenyl.

Pollutant Subclass Pollutants 
Screened/

Analyzed
a

Ptrend Ptrend-adj
†

1st 2nd 3rd 4th

Organochlorine insecticides (serum) 
(n=587)

13/8
38/136

b 39/140 55/155 70/156 <.001 <.001

Referent
1.1 (0.62.0)

c 1.9 (1.3–2.7) 3.5 (2.35.5)

Lead, cadmium, mercury (blood) 
(n=2051)

4/3 165/520 161/505 169/518 185/508 0.002 0.013

Referent 1.1 (0.8–1.4) 1.3 (1.0–1.6) 1.6 (1.2–2.3)

Heavy metals (urine) (n=709) 12/9 46/184 58/197 47/179 62/149 0.082 0.399

Referent 1.0 (0.6–1.9) 0.8 (0.5–1.3) 1.8 (1.0–3.1)

Cotinine (serum) (n=2050) 1/1 210/527 168/515 169/504 131/504 0.094 0.399

Referent 0.8 (0.6–1.0) 0.9 (0.7–1.1) 0.7 (0.5–1.0)

Total & speciated arsenics (urine) 
(n=710)

8/3 49/188 53/187 56/170 55/165 0.144 0.488

Referent 1.0 (0.6–1.6) 1.2 (0.9–1.6) 1.2 (0.8–1.9)

Total mercury (urine) (n=707) 1/1 44/180 47/167 52/169 68/191 0.202 0.571

Referent 1.1 (0.6–2.1) 1.1 (0.7–1.7) 1.4 (0.9–2.3)

Phthalates (urine) (n=655) 13/9 62/177 55/158 48/150 61/170 0.237 0.576

Referent 0.9 (0.5–1.6) 0.7 (0.5–1.1) 0.8 (0.6–1.2)

Organophosphate Insecticides (urine) 
(n=631)

6/4 65/162 55/159 47/159 58/151 0.429 0.686

Referent 0.7 (0.4–1.3) 0.5 (0.3–1.0) 0.9 (0.5–1.5)

Environmental phenols (urine) (n=643) 4/3 52/145 61/162 59/165 56/171 0.495 0.899

Referent 1.1 (0.7–1.9) 0.9 (0.5–1.7) 0.9 (0.5–1.5)

Volatile organic compounds (blood) 
(n=433)

33/6 37/108 43/97 45/111 32/117 0.529 0.899

Referent 1.7 (0.83.6) 1.4 (0.7–2.9) 0.8 (0.4–1.6)

Non-dioxin-like PCBs (serum) (n=532) 26/25 49/125 46/145 50/131 47/131 0.605 0.903

Referent 1.0 (0.5–1.8) 1.2 (0.8–1.8) 1.2 (0.6–2.3)

Polyaromatic hydrocarbons (urine) 
(n=563)

21/10 47/147 48/139 48/142 42/135 0.747 0.903

Referent 1.0 (0.7–1.6) 0.9 (0.6–1.6) 0.9 (0.6–1.6)

Iodine (urine) (n=645) 1/1 47/158 61/160 65/180 55/147 0.801 0.903

Referent 1.2 (0.9–1.7) 1.0 (0.6–1.5) 1.0 (0.7–1.5)

Perchlorate (urine) (n=638) 1/1 45/161 59/163 66/166 56/148 0.807 0.903

Referent 1.3 (0.8–2.0) 1.4 (0.8–2.3) 1.1 (0.6–2.0)
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Pollutant Subclass Pollutants 
Screened/

Analyzed
a

Ptrend Ptrend-adj
†

1st 2nd 3rd 4th

Perfluorinated compounds (serum) 
(n=694)

12/4 57/189 56/169 65/167 32/169 0.816 0.903

Referent 1.2 (0.7–2.0) 1.9 (1.0–3.6) 0.7 (0.3–1.7)

Polybrominated diphenyl ethers (serum) 
(n=614)

11/6 57/169 63/149 44/149 52/147 0.850 0.903

Referent 1.4 (0.9–2.0) 0.8 (0.5–1.2) 1.1 (0.7–1.9)

Dioxins, furans, coplanar PCBs (serum) 
(n=535)

29/17 49/138 44/136 49/135 48/126 0.962 0.962

Referent 1.0 (0.6–1.6) 0.9 (0.4–2.5) 1.0 (0.3–2.8)

*
ORs were adjusted for age, sex, race, poverty income ratio, HOMA-IR, and BMI.

†
Additionally adjusted for multiple comparisons.

a
In any given pollutant subclass, only chemicals present with at least a 60% detection rate were included in the analysis.

b
Number of cases / total number.

c
Adjusted odds ratios with 95% confidence intervals.
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Table 3.

Adjusted* Odds Ratios (95% CI) for ALT Elevation by Exposure Quartile (With Median 
Concentration Levels and Number of Cases/Total Number) for Pollutant Subclasses Lead, 
Cadmium, and Mercury and Organochlorine Insecticides in Adult NHANES 2003–2004.

1st quartile: ≤ 25th percentile, 2nd quartile: 25th - ≤ 50th percentile, 3rd quartile: 50th - ≤ 75th percentile, 4th 

quartile: >75th percentile. Lead, cadmium, and mercury were measured in whole blood. Organochlorine 

insecticides were measured in serum and are reported as lipid-adjusted values. For each pollutant, the 

reference group consisted of those individuals with values below the limit of detection for that pollutant, 

unless otherwise noted. CI - confidence interval.

Pollutant Detection 
Rate (%)

Not 
Detectable

Detectable Ptrend Ptrend-adj
†

1st 2 nd 3 rd 4 th

Lead (ug/dL) 99.6 --
0.80

a 1.30 1.90 3.30 0.017 0.026

1/6
176/579

b 162/494 205/498 136/474

Referent 2.5(0.2–

24.4)
c

3.3 (0.3–
33.7)

5.1 (0.5–
52.5)

3.3 (0.3–
34.2)

Cadmium (ug/L) 82.8 -- 0.30 0.40 0.60 1.10 0.510 0.510

117/345 241/672 82/257 129/406 111/371

Referent 1.1 (0.9–
1.3)

0.9 (0.6–
1.3)

0.9 (0.6–
1.4)

0.9 (0.6–
1.4)

Mercury, total (ug/L) 92.5 -- 0.40 0.80 1.40 3.10 <.001 <.001

38/158 145/500 178/540 148/395 171/458

Referent 1.3 (0.9–
1.9)

1.7 (1.1–
2.6)

1.9 (1.3–
3.0)

2.2 (1.4–
3.3)

Dieldrin Lipid Adj (ng/g) 88.5 -- 3.90 5.90 8.20 14.15 0.007 0.027

13/62 38/129 38/119 53/141 67/155

Referent 1.6 (0.7–
3.5)

1.8 (0.9–
3.6)

2.2 (1.1–
4.4)

3.1 (1.3–
7.2)

Heptachlor Epoxide Lipid Adj 
(ng/g)

61.7 -- 3.60 5.60 8.90 16.70 0.001 0.009

56/214 29/82 35/112 44/106 48/97

Referent 1.4 (0.8–
2.4)

1.3 (0.7–
2.2)

1.9 (1.1–
3.2)

2.6 (1.3–
5.0)

Trans-nonachlor Lipid Adj 
(ng/g)

93.9 -- 5.90 12.85 27.50 57.50 0.050 0.093

11/37 35/139 54/138 54/137 54/153

Referent 0.7 (0.4–
1.3)

1.6 (0.8–
3.2)

1.7 (0.6–
4.6)

1.6 (0.6–
3.8)

B-hexachlorocyclohexane 
Lipid Adj (ng/g)

75.4 -- 4.30 8.80 19.10 52.40 0.082 0.093

36/146 33/97 56/133 43/117 43/116

Referent 1.6 (1.0–
2.8)

2.3 (1.4–
3.8)

1.8 (1.0–
3.4)

1.7 (0.9–
3.5)

Hexachloroben zene Lipid Adj 
(ng/g)

99.9 9.90 13.75 17.60 24.60 0.075 0.093

44/148 47/142 60/167 59/150

Referent 1.1 (0.8–
1.6)

1.2 (0.9–
1.6)

1.4 (1.0–
2.0)
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Pollutant Detection 
Rate (%)

Not 
Detectable

Detectable Ptrend Ptrend-adj
†

1st 2 nd 3 rd 4 th

Oxychlordane Lipid Adj (ng/g) 83.8 -- 5.00 10.50 19.30 35.50 0.053 0.093

25/106 40/117 42/123 61/142 44/125

Referent 1.8 (0.9–
3.7)

2.1 (0.8–
5.7)

3.5 (1.4–
8.4)

2.7 (0.9–
8.2)

p,p'-DDE Lipid Adj (ng/g) 99.7 -- 82.40 183.00 464.00 1535.0 0.062 0.093

0/1 43/155 52/153 57/148 57/149

Referent 1.4 (0.8–
2.4)

1.7 (1.0–
2.8)

1.7 (0.9–
2.9)

p,p’-DDT Lipid Adj (ng/g) 79.0 -- 3.50 5.10 7.70 19.30 0.095 0.095

35/135 35/112 42/111 54/121 42/126

Referent 1.3 (0.7–
2.4)

1.7 (0.8–
3.8)

2.2 (1.5–
3.3)

1.2 (0.7–
1.9)

*
ORs were adjusted for age, sex, race, poverty income ratio, HOMA-IR, and BMI.

a
Median concentration levels.

b
Number of cases / total number.

c
Adjusted odds ratios with 95% confidence intervals.

†
Additionally adjusted for multiple comparisons.
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Table 4.
Demographic Variables Associated with Having Lipid-adjusted Serum Organochlorine 
Insecticide Levels in the Highest Exposure Quartile.

BMI - body mass index. p-values were calculated by χ2 tests.

Demographic Variable Population Distribution (%) Insecticides > 75%-ile (%) SE p-value

Sex 0.406

Male 47.1 18.1 2.5

Female 52.9 20.1 1.7

Race 0.342

Non-Hispanic White 72.6 19.0 2.1

Non-Hispanic Black 10.3 23.9 3.2

Hispanic 11.4 15.8 3.6

Other Race 5.7 19.0 3.6

Age (years) <.001

< 30 21.2 1.0 0.7

30–40 20.5 3.5 1.6

40–50 20.8 12.1 3.1

50–60 15.4 30.1 5.5

60–70 10.6 41.1 4.9

>= 70 11.5 58.4 5.1

BMI (kg/m2) <.001

< 18.5 2.0 2.7 2.5

18.5–24.9 31.7 11.5 2.3

25–29.9 32.0 20.7 2.1

>= 30 34.3 25.7 2.6
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Table 5.
Demographic Variables Associated with Having Whole Blood Lead, Cadmium, and 
Mercury Levels in the Highest Exposure Quartile.

BMI - body mass index. p-values were calculated by χ2 tests.

Demographic Variable Population Distribution (%) Metals > 75%-ile (%) SE p-value

Sex 0.056

Male 47.5 25.9 1.5

Female 52.5 21.7 1.8

Race <.001

Non-Hispanic White 72.4 22.0 1.7

Non-Hispanic Black 10.9 31.1 2.9

Hispanic 11.7 18.6 1.9

Other Race 5.1 43.3 4.1

Age (years) <.001

< 30 21.6 8.7 1.4

30–40 19.4 17.0 1.4

40–50 20.2 22.4 1.9

50–60 16.1 33.5 3.5

60–70 10.4 35.5 2.9

>= 70 12.2 40.1 3.2

BMI (kg/m2) 0.004

< 18.5 1.7 30.3 6.1

18.5–24.9 31.5 24.5 1.5

25–29.9 34.2 26.9 1.5

>= 30 32.6 19.4 1.7
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