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Abstract: Background: Per- and polyfluoroalkyl substances (PFAS) including perfluorooctanoic 15 

acid (PFOA) are ubiquitous environmental contaminants. Prior analysis in the large “C8 Health 16 

Project” population defined abnormal alanine aminotransferase (ALT) with statistically derived cut- 17 

offs (>45 IU/L in men, >34 IU/L in women). Objective: To explore the degree to which PFOA was 18 

associated with modern, clinically predictive ALT biomarker cutoffs in obese and nonobese partic- 19 

ipants, excluding those with diagnosed liver disease. Methods: We reevaluated the relationship of 20 

serum PFOA to abnormal ALT using predictive cutoff recommendations including those of the 21 

American College of Gastroenterology (ACG). Evaluations modeled lifetime cumulative exposure 22 

and measured internal PFOA exposure. Results: ACG cutoff values (≥34 IU/L for males, ≥25 IU/L 23 

for females) classified 30% of males (3815/12672) and 21% of females (3359/15788) above ALT cutoff 24 

values. Odds ratios (OR) for above cutoff values were consistently associated with modeled cumu- 25 

lative and measured serum PFOA. Linear trends were highly significant. ORs by quintile showed 26 

near monotonic increases. Trends were stronger for the overweight and obese. However, all weight 27 

classes were affected. Conclusion: Predictive cutoffs increase the OR for abnormal ALT results. Obe- 28 

sity increases ORs, yet association to abnormal ALT pertains to all weight classes. Results are dis- 29 

cussed in context of current knowledge about health implications of PFOA hepatotoxicity. 30 

Keywords: perfluoroalkyl substances (PFAS); perfluorooctanoic acid (PFOA); chemical and drug 31 

induced liver injury; alanine amino transferase (ALT); fatty liver; nonalcoholic fatty liver disease 32 

(NAFLD); reference values; biomarkers 33 

 34 

1. Introduction 35 

The aim of this work is to characterize the contribution of PFOA to ALT values above 36 

clinically recommended cutoffs, in men and women in a previously studied population 37 

[1]. Previous studies addressed older, less predictive, statistically derived (arbitrary) cut- 38 

offs. A subsidiary goal, not previously addressed in a large cohort with a similarly wide 39 

range of PFOA exposure, nor with modeled cumulative exposure, is to identify if such 40 

associations pertain to normal, overweight, and obese participants as defined by body 41 

mass index (BMI). 42 

PFOA is a widespread and highly persistent environmental contaminant, best 43 

known for its association with the manufacture of nonstick cookware but also one of a 44 
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large class of related PFAS used to make a very wide variety of useful products [2]. As a 45 

result of manufacturing, commercial use, and household product use, PFOA and other 46 

PFAS have been widely distributed into the environment from factory emissions or house- 47 

hold waste and sewage, so that virtually every human being has detectable PFOA (and 48 

other PFAS) in serum internationally [2–4]. PFOA and other long chain (carbon chain 49 

length ≥6) perfluoroalkyls such perfluorooctane sulfonate (PFOS) are also concentrated in 50 

other human organs, notably liver [5–7], and they have been associated with health out- 51 

comes that include deleterious effects on lipid metabolism, cancer outcomes such as kid- 52 

ney cancer, and immune outcomes such as reduced vaccine uptake [8,9]. The US Environ- 53 

mental Protection Agency has proposed that PFOA and PFOS be designated as hazardous 54 

substances [10]. Japan has announced intention to ban the use of PFOA in manufacture 55 

and also the import of a wide variety of products containing PFOA [11]. 56 

Several lines of evidence support PFOA and other PFAS as a cause of disrupted liver 57 

metabolism. Experimental PFOA exposure causes higher blood transaminases including 58 

higher ALT, as well as enlarged hepatocytes with steatosis across species in experiments 59 

[8,12,13]. Humans are also affected. Cross-sectional and longitudinal studies from popu- 60 

lations around the world have associated PFOA and other long chain perfluoroalkyls with 61 

adversely higher liver transaminases, which are markers of liver damage, as well as with 62 

higher total and LDL cholesterol [8,9,14,15]. Elevated cholesterol is relevant to the discus- 63 

sion of hepatotoxicity because the liver is principal organ site for the control of cholesterol 64 

homeostasis [16]. The combination of consistently higher serum cholesterol and higher 65 

biomarkers of liver damage such as aspartate aminotransferase (AST), gamma glutamyl 66 

transferase (GGT), and especially ALT is suggests a toxicant-induced nonalcoholic fatty 67 

liver disease (NAFLD) mechanism for PFAS hepatoxicity [8,17–23]. 68 

Adult human evidence for an association of PFAS exposure to higher liver transam- 69 

inases including ALT has been present in the human literature since 2007, and pertains to 70 

populations from North America, Europe, and the Asia-Pacific region including Japan, 71 

China, and Korea [1,21,24–30]. The human population evidence is mostly but not entirely 72 

consistent. Two small worker population studies by 3M researchers did not report associ- 73 

ations of ALT to past [31] or to recent [32] PFOA exposure. In the Canadian Health Survey 74 

(n=2288 in several survey periods) PFOA exposure was not associated with ALT in cross- 75 

sectional data but PFOA was associated with other biomarkers of hepatotoxicity such as 76 

16.5% higher GGT, and a summed mixture of PFAS was also associated with higher levels 77 

of aspartate amino transferase AST and GGT [33]. However, the data are mostly con- 78 

sistent. A recent review of the PFAS hepatotoxicity literature detected 85 relevant rodent 79 

studies, and 23 relevant human studies including eight population studies that could be 80 

incorporated into a meta-analysis [13]. The meta-analysis detected a weighted relation- 81 

ship of PFOA to human ALT (z-score = 6.20, p<0.001), including the three studies with a 82 

longitudinal design (z-score 5.12, p<0.001). Similar but slightly less strong relationships 83 

were detected for PFOS and perfluorononanoic acid (PFNA). The review also addressed 84 

the extensive experimental literature which was considered supportive [13]. 85 

The present study concerns the adult exposure population of the US mid-Ohio valley 86 

region of Ohio and West Virginia, eligible to participate in the “C8 Health Project” because 87 

of exposure in one of six PFOA-contaminated water districts. In a past publication 88 

(n=47092 adults), results adjusted for age, physical activity, body mass index (BMI), in- 89 

come and education, alcohol intake, and cigarette smoking, found a positive association 90 

of above-normal ALT (using older statistically derived cutoff values of 45 IU/L for men 91 

and 34 IU/L for women) for PFOA, with a steady increase in in the odds ratio (OR) of 1.10 92 

(95% C.I. 1.07, 1.13) for each additional unit of measured log serum PFOA [25]. Investiga- 93 

tors also developed modeled estimates of cumulative PFOA exposure in the serum over 94 

each subject’s lifetime, taking into account water levels, ingestion rates, and half-life for 95 

each person [1]. Using these modeled estimates in a subset of the original cross-sectional 96 

study (n=32,354), investigators found a 16% increase in above-normal ALT values, again 97 
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using statistically derived cut-off values as the above-mentioned cross-sectional study 98 

which used measured serum PFOA [1,25]. 99 

Historical, statistically-derived liver enzyme cutoffs are generally set at 2.5% of the 100 

population at the time of determination [34], which can be many years before a population 101 

study using the same cutoffs is performed. While such values are still in use in many la- 102 

boratory reports, they are appreciably higher than clinically predictive cutoffs recom- 103 

mended by cognizant professional organizations interested in prevention, early detection, 104 

and mitigation of liver disease including nonalcoholic fatty liver disease (NAFLD) [35]. A 105 

normal transaminase test such as ALT does not rule out the presence of liver disease, nor 106 

does an elevated transaminase alone make a diagnosis of liver disease. However, elevated 107 

transaminases may engender consideration of further clinical evaluation [36], and it is un- 108 

derstood that an elevation of measured transaminase levels in a population has adverse 109 

morbidity and mortality health outcome significance [35,37]. The concept of lower cutoffs 110 

for useful biomarkers stems from a desire to find disease early, and needs to be balanced 111 

against the cost and risk of additional testing [35]. All authorities recognize that the statis- 112 

tically based cutoffs are unsatisfactory because they are too high and greatly underesti- 113 

mate disease, yet there is no single accepted best cutoff for ALT because algorithmic ap- 114 

proaches outperform single enzyme tests for prediction of liver disease [35–38]. The pre- 115 

dictive value of transaminases such as ALT of human liver function is augmented but not 116 

perfected in algorithmic evaluations that add personal risk factors, other biomarkers, and 117 

when indicated these noninvasive laboratory tests are further augmented by noninvasive 118 

imaging for the early detection of liver disease [35]. The gold standard for diagnosis is 119 

liver biopsy, an invasive test. NAFLD is considered a global pandemic, and it is also seri- 120 

ously underdiagnosed in clinical practice [36]. The underdiagnosis results in missed op- 121 

portunities for prevention [35,38]. Obesity is an important risk factor for NAFLD [35]. The 122 

number of individuals estimated to have nascent NAFLD is remarkable. The adult prev- 123 

alence is considered to be highest in the Middle East (30.45%, 95% C.I. 13.48–58.23), and 124 

the lowest in Africa (13.48%, 95% C.I. 5.69-28.69) [35]. Lean individuals comprised about 125 

20% of the Japanese NAFLD population, underlining that the disease is more prevalent in 126 

but not limited to the overweight and obese [39]. 127 

A review article in the American Association for the Study of Liver Diseases 128 

(AASLD) journal Clinical Liver Disease recommended the values of 30 IU/L for males, 129 

and 19 IU/L for females as upper limits of normal ALT [40]. These values have been mod- 130 

eled in a Korean population (N=426,013 subjects) with ten years of longitudinal follow-up 131 

and showed favorable performance characteristics [41]. The ACG clinical guidance for the 132 

evaluation of abnormal liver chemistries has suggested that an upper limit of normal cut- 133 

off for ALT for liver disease due to a multitude of causes is 33 IU/L for males and 25 IU/L 134 

for females [37]. We decided to employ these examples as a means to model different 135 

kinds of cutoffs that are based on predictive models rather than arbitrarily chosen statis- 136 

tical cutoffs, although other thoughtful recommended cutoff values are available in the 137 

literature [42]. All population derived cutoffs based on human health[37,40–42] are appre- 138 

ciably lower than older, statistically based laboratory normal values[43] that have been 139 

used in PFAS studies that evaluate the relationship of serum PFAS levels including PFOA 140 

to abnormal transaminase levels such as ALT. With an aim to evaluate if clinically predic- 141 

tive cut-offs would sharpen or blur the association of serum PFOA to the liver transami- 142 

nase ALT in obese and nonobese populations, we reanalyzed the longitudinally reen- 143 

rolled C8 Health population data using the two ALT cut-offs that have been designed for 144 

the early detection and evaluation of liver disease processes, and we have used that con- 145 

sideration as a departure point for a discussion concerning PFAS and hepatotoxicity. 146 

  147 
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2. Methods 148 

2.1. Study Population 149 

The C8 Health population was recruited from 6 water districts with variable degrees 150 

of PFOA water and human serum contamination, while levels of other common serum 151 

PFAS contaminants were similar to contemporaneous US population norms. An esti- 152 

mated 81% of residents participated [44]. (In the residential population, 1759 had also 153 

worked at the Dupont chemical plant, the source of the PFOA affecting regional drinking 154 

water). Participants filled out a survey containing demographic and health information, 155 

and most provided blood for serum PFAS testing as well as an extensive battery of clinical 156 

laboratory tests. Detailed methods for cohort recruitment and data collection have been 157 

published previously [1,44]. Analysis of liver biomarkers was conducted among 28,460 158 

people age ≥20 from the C8 Health Study (conducted in 2005/2006), who were free of liver 159 

disease and had both liver enzymes including ALT and PFOA measured at that time. Par- 160 

ticipants were also interviewed in a protocol developed by the C8 Science Panel in 2008- 161 

2011, in order to determine whether they had previously developed diagnosed liver dis- 162 

ease. Assessment accounted for retrospective serum PFOA estimates (developed by the 163 

C8 Science Panel), liver disease information, and other demographic information. An en- 164 

rollment flowchart is shown in the Figure1. The follow-up surveys in 2008-2011 covered 165 

demographics, residential history, health-related behaviors, and lifetime personal history 166 

of various medical diagnoses. The present study was approved by the Emory University 167 

Institutional Review Board (IRB) as part of the overall approval of the work of the C8 168 

Science Panel. 169 

 170 

Figure 1. Cohort enrollment of study subjects in current analysis and Darrow’s analysis. 171 

2.2. PFOA Exposure Estimates 172 

Serum PFOA measurement and lifetime cumulative modeling procedure details 173 

have been described previously [45,46]. Cumulative PFOA serum concentration estimates 174 

(ng/mL) were calculated retrospectively for each community participant for each year of 175 

life beginning in 1952 or the participant’s birth year, whichever occurred later, through 176 

2011. Estimates were based on historical regional data including the PFOA amounts 177 
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emitted by the DuPont facility, wind patterns, river flow, and groundwater flow. Expo- 178 

sure estimates took into account each participant’s reported residential history, drinking- 179 

water source, tap-water consumption, workplace water consumption, and a PFOA ab- 180 

sorption, distribution, metabolism, and excretion model. For study participants who had 181 

ever worked at DuPont plant, the exposure estimates were generated using an occupa- 182 

tional exposure model based on historical serum PFOA measurements, participants’ work 183 

histories, and knowledge of plant operating processes [47]. These estimates were used to 184 

create a job–exposure matrix to estimate serum levels for workers across time in different 185 

jobs and departments. Residential exposure model was used for those with workers with 186 

higher residential exposures than occupational exposures. For workers whose occupa- 187 

tional exposures were higher, serum estimates were decayed 18% per year after a person 188 

stopped working at the plant (based on an estimated mean PFOA half-life of 3.5 years for 189 

the population) [48], until they reached an exposure predicted by the residential exposure 190 

model. In addition to modeled cumulative PFOA serum concentration based on a retro- 191 

spective PFOA estimate described above, we also used PFOA serum concentrations 192 

(ng/mL) measured during 2005–2006 from C8 Health Project (referred to as “measured 193 

serum PFOA”) to assess the effect of both modeled cumulative PFOA exposure and meas- 194 

ured serum PFOA on liver biomarkers. Modeled serum cumulative estimates correlated 195 

well with measured serum values (r=0.71) [49]. 196 

2.3. Measures of ALT and Other Factors: 197 

ALT was measured in 2005-2006 for the C8 Health Project. Blood samples were col- 198 

lected from participants and centrifuged, aliquoted, and refrigerated before shipping on 199 

dry ice daily from each data collection site to the laboratory [44]. ALT was measured using 200 

a Roche/Hitachi MODULAR automated analyzer (Roche Diagnostics, Indianapolis, IN, 201 

USA) at a clinical diagnostic laboratory (LabCorp, Inc., Burlington, NC, USA). 202 

Liver disease information was obtained at the time of the C8 Health Project in 2005- 203 

6 and again during C8 Science Panel survey between 2008-2011 and validated by review 204 

of medical records obtained from providers. Participants with diagnosed liver disease 205 

were excluded from analysis. Participants in both the C8 Health Project and the subse- 206 

quent C8 Science Panel studies were asked to consent to medical record review. Self-re- 207 

ported demographic information including age, sex, body mass index (BMI), alcohol con- 208 

sumption, race, regular exercise, smoking status, education, household income, fasting 209 

status, history of working at DuPont plant, and insulin resistance were all obtained from 210 

C8 Health Survey. Insulin resistance was defined using the homeostasis model assessment 211 

index (HOMA IR: the product of the basal glucose and the insulin levels divided by 2.25) 212 

[50]. 213 

2.4. Statistical Analysis 214 

In logistic regression, we created dichotomized measures of ALT by specifying a 215 

threshold using the suggested cutoff values from two previously published clinical guid- 216 

ance documents: normal ALT of <34 IU/L for males and <25 IU/L for females [37], as well 217 

as normal ALT of <31 U/L in males and < 20 U/L in females [35,40,41]. Dichotomized 218 

measures of ALT were analyzed in relation to modeled cumulative PFOA serum concen- 219 

trations through 2005 or 2006 (depending on survey year), as well as in relation to meas- 220 

ured PFOA serum concentration obtained in 2005 or 2006. Modeled cumulative exposure 221 

and measured serum PFOA were analyzed as a natural–log-transformed continuous var- 222 

iable and by quintiles. We used the same set of a priori covariates as precedent analysis 223 

measured at baseline in 2005 or 2006 in the C8 Health Project, including age, sex, body 224 

mass index (BMI), alcohol consumption, race, regular exercise, smoking status, education, 225 

household income, fasting status, history of working at DuPont plant, and insulin re- 226 

sistance [1]. 227 
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To further investigate the effect of PFOA on liver biomarker across BMI classes, sep- 228 

arate linear regression model was run for each BMI category: underweight/normal 229 

weight, overweight, and obese. We consider the underweight and normal weight together 230 

as the sample size for underweight is comprised of only 364 subjects. ALT has a positively 231 

skewed distribution in populations [1]. Natural log transformed liver function marker 232 

ALT was analyzed in relation to modeled cumulative PFOA serum concentrations 233 

through 2005 or 2006 (depending on survey year) and measured PFOA serum concentra- 234 

tion in 2005 or 2006. Modeled and measured serum PFOA was analyzed as a natural–log- 235 

transformed continuous variable and by quintiles. Associations between PFOA and ALT 236 

were adjusted for the same set of covariates as above under different BMI classes [1]. 237 

3. Results 238 

Lower cutoff results (Table 1): Using the AASLD literature ALT cutoffs [35,40] (≥30 239 

IU/L for men, ≥ 19 IU/L for women) subsequently modeled in longitudinal data from S 240 

Korea [41], we reanalyzed the C8 Health Project data via logistic regression. For males in 241 

the fully adjusted lifetime PFOA cumulative model, those in the fifth quintile of modeled 242 

cumulative PFOA exposure, odds ratios were 1.12 (1.03, 1.33) and for females they were 243 

1.22 (1.10, 1.36, compared to the referent (quintile 1). An increase in continuous modeled 244 

cumulative PFOA((ng/mL)-years) was significantly associated with increased odds of ab- 245 

normal PFOA for both men and women). 246 

Use of measured 2005/2006 PFOA showed similar but stronger associations for the 247 

(≥30 IU/L for men, ≥ 19 IU/L for women) cutoff. The OR for abnormal ALT for top quintile 248 

of PFOA was 1.33 (95% CI 1.17, 1.52) for men and 1.29 (1.16,1.44) for women. There are 249 

again significant trends of increased risk for both males and females (based on the coeffi- 250 

cient for the continuous variable). 251 

Table 1. ORsa for PFOA and abnormal liver enzyme ALT (cutoff >30 IU/L for males and >19 IU/L 252 
for males). 253 

  Male (N=12672)d Female (N=15788)e 

Estimated cumulative PFOA 

(ng/mL) 
Continuous 1.035 (1.005, 1.066) 1.039 (1.015, 1.063) 

 Quintile2b 1.127 (0.999, 1.272) 1.067 (0.962, 1.183) 
 Quintile3 1.193 (1.058, 1.346) 1.083 (0.976, 1.202) 
 Quintile4 1.216 (1.075, 1.375) 1.044 (0.941, 1.160) 
 Quintile5 1.180 (1.025, 1.358) 1.219 (1.095, 1.356) 
 Test for trendc 0.01 0.0005 

Measured serum PFOA in 2005-

2006 (ng/mL) 
Continuous 1.090 (1.055, 1.126) 1.070 (1.041, 1.099) 

 Quintile2b 1.120 (0.992, 1.264) 1.145 (1.032, 1.270) 
 Quintile3 1.194 (1.057, 1.348) 1.207 (1.087, 1.340) 
 Quintile4 1.208 (1.068, 1.366) 1.175 (1.057, 1.306) 
 Quintile5 1.333 (1.173, 1.516) 1.294 (1.162, 1.440) 
 Test for trendc 0.02 <0.001 

a. Adjusted for age, BMI, exercise, alcohol consumption, smoking status, education, 254 

insulin resistance, fasting status, history of working at DuPont plant, and race; subjects 255 

diagnosed with liver disease were excluded in the analysis. 256 

b. Quintile1 as reference group: Quintiles for estimated cumulative serum PFOA (in 257 

ng/mL-years): female: Q1<181.3; Q2<291.3; Q3<693.3; Q4<3236.0; Q5≥3236.0; male: 258 

Q1<185.14;Q2<303.4; Q3<885.1; Q4<4669.5; Q5≥4669.5; Quintiles for measured serum 259 

PFOA (ng/mL) in 2005-2006: female: Q1<9.5; Q2<16.6; Q3<30.9; Q4<76.6; Q5≥76.6; male: 260 

Q1<13.4; Q2<23.3; Q3<43.4; Q4<99.8; Q5≥99.8;. 261 

c. p-value for continuous PFOA variable; 262 
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d. For male: 60% below ALT cutoff. 263 

e. For female: 53% below ALT cutoff. 264 

Higher cutoff results (Table 2): Using the ALT abnormal cutoffs suggested by Kwo et 265 

al. for an ACG Guideline (≥ 34 IU/L for males and ≥26 IU/L for females) [37], for the fully 266 

adjusted cumulative PFOA exposure model, males in the fifth quintile of PFOA exposure 267 

OR was 1.205 (1.04, 1.40, and for females in the fifth quintile OR was 1.19 (1.05, 1.36) more 268 

likely to be above the cutoff. Results are again similar to slightly more prominent for meas- 269 

ured values, 1.35 for the fifth to first quintile comparison in males (1.18,1.55) and 1.20 in 270 

females (1.05, 1.37) (Table 2). Again there are increasing trends of being above the cutoff, 271 

based on the continuous coefficient, for either cumulative or measured PFOA. 272 

Table 2. ORsa for PFOA and abnormal liver enzyme ALT (cutoff ≥34 IU/L for males and ≥26 IU/L 273 
for females). 274 

  Male (N=12672)f Female (N=15788)g 

Estimated cumulative PFOA 

(ng/mL) 
Continuous 1.040 (1.009, 1.072) 1.033 (1.005, 1.062) 

 Quintile2b 1.135 (0.999, 1.290) 1.118 (0.988, 1.266) 
 Quintile3 1.244 (1.096, 1.413) 1.056 (0.931, 1.199) 
 Quintile4 1.273 (1.118, 1.448) 1.068 (0.940, 1.213) 
 Quintile5 1.205 (1.038, 1.398) 1.192 (1.048, 1.355) 
 Test for trendc 0.006 0.02 

Measured serum PFOA in 2005-2006 

(ng/mL) 
Continuous 1.094 (1.057, 1.133) 1.043 (1.010, 1.077) 

 Quintile2b 1.128 (0.993, 1.283) 1.150 (1.014, 1.304) 
 Quintile3 1.233 (1.084, 1.402) 1.116 (0.982, 1.267) 
 Quintile4 1.202 (1.054, 1.370) 1.086 (0.955, 1.236) 
 Quintile5 1.351 (1.179, 1.549) 1.202 (1.056, 1.369) 
 Test for trendc <0.001 0.005 

a. Adjusted for age, BMI, exercise, alcohol consumption, smoking status, education, 275 

insulin resistance, fasting status, history of working at DuPont plant, and race; subjects 276 

diagnosed with liver disease were excluded in the analysis. 277 

b. Quintile1 as reference group: Quintiles for estimated cumulative serum PFOA (in 278 

ng/mL-years): female: Q1<181.3; Q2<291.3; Q3<693.3; Q4<3236.0; Q5≥3236.0; male: 279 

Q1<185.14;Q2<303.4; Q3<885.1; Q4<4669.5; Q5≥4669.5; Quintiles for measured serum 280 

PFOA (ng/mL) in 2005-2006: female: Q1<9.5; Q2<16.6; Q3<30.9; Q4<76.6; Q5≥76.6; male: 281 

Q1<13.4; Q2<23.3; Q3<43.4; Q4<99.8; Q5≥99.8;. 282 

c. p-value for continuous PFOA variable; 283 

d. For male: 70.0% below ALT cutoff. 284 

e. For female: 79.0% below ALT cutoff. 285 

Linear regression model: Table 3 shows linear regression results where a continuous 286 

variable for ALT was regressed on log serum PFOA, either cumulative PFOA in 2005/2006 287 

(the C8 Health Study) or measured serum PFOA in 2005/2006, by different categories of 288 

obesity in 2005/2006. Results are presented for both the continuous variable for PFOA as 289 

well as for PFOA quintile. Strong associations between ALT and PFOA was seen for all 290 

weight categories for both modeled and measured PFOA. For measured PFOA, trends 291 

were somewhat stronger in the overweight and obese categories. 292 

Table 3. Results for linear regression of ALT on serum PFOA by category of body mass index (BMI)a. 293 

 
Estimated cumulative PFOA 

(ng/mL)  

Measured serum PFOA in 

2005-2006 (ng/mL) 

Normal or underweight, BMI<=25, n=8215   

Continuous  0.010 (0.003, 0.016) 0.019 (0.012, 0.027) 
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Quintile2b 0.044 (0.014, 0.074) 0.003 (-0.028, 0.033) 

Quintile3 0.037 (0.007, 0.068) 0.020 (-0.010, 0.051) 

Quintile4 0.030 (-0.001, 0.060) 0.029 (-0.001, 0.060) 

Quintile5 0.062 (0.031, 0.094) 0.068 (0.038, 0.099) 

Test for trende 0.006 <0.001 

Overweight, BMI>25, ≤30, n=10,074   

Continuous  0.011 (0.004, 0.017) 0.031 (0.024, 0.039) 

Quintile2c -0.001 (-0.029, 0.027) 0.053 (0.025, 0.081) 

Quintile3 0.031 (0.003, 0.059) 0.090 (0.061, 0.118) 

Quintile4 0.042 (0.013, 0.070) 0.102 (0.074, 0.131) 

Quintile5 0.033 (0.002, 0.064) 0.117 (0.088, 0.147) 

Test for trende 0.001 <0.001 

Obese BMI>30, n=10,171   

Continuous  0.010 (0.003, 0.016) 0.030 (0.022, 0.038) 

Quintile2d 0.032 (0.004, 0.060) 0.064 (0.036, 0.092) 

Quintile3 0.041 (0.012, 0.069) 0.073 (0.044, 0.101) 

Quintile4 0.033 (0.005, 0.062) 0.074 (0.046, 0.103) 

Quintile5 0.057 (0.027, 0.088) 0.115 (0.086, 0.145) 

Test for trende 0.006 <0.001 

a. Adjusted for sex, age, BMI, exercise, alcohol consumption, smoking status, educa- 294 

tion, insulin resistance, fasting status, history of working at DuPont plant, and race; sub- 295 

jects diagnosed with liver disease were excluded in the analysis. 296 

b. Among normal or underweight groups, quintile1 as reference group: for estimated 297 

cumulative serum PFOA (ng/mL): Q1<187.6; Q2<336.5.0; Q3<915.0; Q4<4531.2; 298 

Q5>=4531.2; for measured serum PFOA (ng/mL): Q1<10.5; Q2<19.0; Q3<36.2; Q4<86.9; 299 

Q5>=86.9; 300 

c. Among overweight groups, quintile1 as reference group: for estimated cumulative 301 

serum PFOA (ng/mL): Q1<191.3; Q2<315.7; Q3<871.9; Q4<4593.9; Q54593.9; for measured 302 

serum PFOA (ng/mL): Q1<11.9; Q2<21.0; Q3<40.8; Q4<96.8; Q5≥96.8; 303 

d. Among obese groups, quintile1 as reference group: for estimated cumulative se- 304 

rum PFOA (ng/mL): Q1<174.0; Q2<255.7; Q3<583.5; Q4<2801.9; Q5>=2801.9; for measured 305 

serum PFOA (ng/mL): Q1<10.6; Q2<18.1; Q3<32.9; Q4<78.5; Q5>=78.5; 306 

e. p-value for continuous PFOA variable; 307 

4. Discussion 308 

Using two cutoffs based on disease predictive models, the results show a stronger 309 

trans-quintile PFOA association to above normal values than the values based on older 310 

cutoffs and used in previous analysis [1]. For example, the OR for having an abnormal 311 

ALT in the directly measured serum PFOA was 16% higher in the fifth compared to the 312 

first quartile using older lab-derived cutoffs [1], while this reanalysis found that it was 313 

29.4% (female) to 33.3% higher in males using the >19 and >30IU/L cutoffs, and it was 314 

19.2% higher for females and 35.1% higher for males using the ≥26 and ≥34 cutoffs men- 315 

tioned in ACG literature. Modern physiologically derived predictive cutoffs increase the 316 

likelihood that PFOA is associated with abnormal ALT whether the exposure is modeled 317 

over time as a cumulative PFOA exposure or concurrently measured as a serum level of 318 

PFOA. This finding pertains to a large population with a more than ten-fold range of mod- 319 

eled cumulative PFOA exposure from the first to fifth quintile. The results are consistent 320 

with other cross-sectional and longitudinal studies of the association of ALT to PFOA and 321 

other PFAS exposure [13]. Recent literature from the Korean NHANES adult population 322 

(n=1404, survey years 2015–17) has shown that higher PFAS mixture concentrations in- 323 

cluding PFOA, PFOS, and PFNA are associated with higher ALT, as well as AST and GGT 324 

biomarker levels [21], but did not address abnormal cutoffs. It is reasonable to anticipate 325 
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that more physiologic cutoffs for additional biomarkers for ALT as well as AST and GGT 326 

applied to other populations will also be consistently associated with still more abnormal 327 

results for PFOA (as well as with other PFAS associated with higher liver enzyme bi- 328 

omarkers) but perhaps the impact of reanalysis could be less apparent in populations with 329 

a narrower range of PFOA exposures, or in smaller populations. However, our data ad- 330 

dress only PFOA and ALT because the cumulative exposure model used for one part of 331 

this study was developed for PFOA only. 332 

The association of PFOA to abnormal high ALT is seen for either measured serum or 333 

modeled cumulative PFOA also pertains across normal, overweight, and obese partici- 334 

pant subgroups, but is more prominent across quartiles in the overweight and obese in 335 

the measured serum data. This pattern suggests that the liver injury risk of PFOA expo- 336 

sure is greater in obese populations, but not unique to those who are obese. This PFAS 337 

finding is consistent with literature about NFALD showing that the risk is higher in obe- 338 

sity but also exists in the normal weight population [39,51], independent of PFAS consid- 339 

eration. In contrast, adult NHANES data from 2011-2114 found a statistically significant 340 

association of PFOA, PFNA, and perfluorohexanesulfonic acid (PFHxS) to ALT limited to 341 

the obese only using fully adjusted and weight-stratified models [52]. Our larger study 342 

from the C8 Health population (n= 8215 nonobese participants in the C8 Health popula- 343 

tion vs 1801 in the NHANES population [52]), with its far wider range of PFOA exposures 344 

from background levels to very high serum concentrations, confirms that the cross-sec- 345 

tional association to abnormal ALT (and to ALT in general) pertains to all weight classes. 346 

It is more prominent in the overweight and obese but can be seen for all weight classes in 347 

a large enough population with a wide range of exposure. 348 

A limitation of our study is that it is about a biomarker, not about diagnoses. The 349 

predecessor C8 Health population study [1] sought and did not find an increase in partic- 350 

ipant-reported and clinician-verified diagnoses of liver disease related to the cumulative 351 

PFOA exposure. This predecessor finding in the same population, of no association with 352 

reported and confirmed liver disease, is independent of cutoffs. The absence of an associ- 353 

ation to diagnosed disease raises the question of whether the increases in ALT that are 354 

found in association to adult PFOA (and other PFAS) exposure in this study and in other 355 

studies [1,13,21,24,25,27,28,52–54] is important to human health and disease. Our data ad- 356 

dress this question only indirectly, by showing that PFOA associations to abnormal high 357 

ALT are stronger when more modern, clinically recommended cutoffs are used. This ques- 358 

tion about the importance of the associations to biomarkers of liver distress can also be 359 

considered from experimental, clinical, and population perspectives. 360 

Experimentally in vivo and in vitro, PFOA and other well-tested PFAS cause visible 361 

evidence of grossly enlarged liver, biomarkers of liver injury such as higher ALT, oxida- 362 

tive stress, apoptosis hepatocyte proliferation and increased liver weight, triglyceride 363 

build-up as well as lipid/lipid droplet accumulation and ballooning of hepatocytes, along 364 

with other evidence of steatosis, and metabolic evidence of disrupted hepatic bile acid 365 

metabolism and adipogenesis; and these effects are seen across animal species and in 366 

vitro[8,9,13,20,23,55–62]. There is parallel experimental evidence that PFAS induce triglyc- 367 

eride accumulation in stem cells [63]. Thus, the human population evidence for higher 368 

ALT and more abnormal ALT associated with PFOA is highly consistent with the exten- 369 

sive experimental findings [13]. 370 

From a clinical population perspective, the highly consistent liver biomarker findings 371 

await definitive demonstrations of associations with diagnosed conditions. This will re- 372 

quire thoughtful and likely longitudinal study design because the large majority of pa- 373 

tients with NAFLD do not know they have the condition [64]. An AASLD publication 374 

estimated that 96% of patients with NAFLD remain unaware of their condition [65]. Only 375 

a minority of early NAFLD patients will progress to end stage hepatic disease, yet it is 376 

very well established that even early stage disease is associated with substantial increases 377 

in morbidity and mortality from liver disease and from other causes [66]. The widespread 378 

lack of awareness of all but the more advanced stages of NAFLD logically constrains the 379 
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capability of participant survey questionnaires to detect disease, while the mortality from 380 

multiple causes associated with NAFLD [66,67] may also degrade the capability of cross- 381 

sectional data to find diagnostic evidence of liver disease as an underlying cause of asso- 382 

ciated morbidity or mortality. Furthermore, the strong association of advanced liver dis- 383 

ease with kidney injury [68,69] may create underestimation bias in cross-sectional studies 384 

due to known association of advanced renal injury and any albuminuria with enhanced 385 

PFAS excretion and lower serum PFAS [70,71]. The lower ALT cutoffs recommended by 386 

professional societies are intended to be used to inform further testing and to increase 387 

awareness for preventive purposes, including consideration of decision tree algorithms 388 

(including other noninvasive testing) for early detection of epidemic nonalcoholic fatty 389 

liver disease (NAFLD). The reason for further testing is that no single noninvasive labor- 390 

atory test diagnoses NAFLD reliably. Partially as a result of the complexity of noninvasive 391 

diagnosis, as well as unwarranted clinical nihilism about our ability to intervene and pre- 392 

vent further disease, NAFLD is increasingly important but extensively underdiagnosed 393 

before its end stages[37,65,72]. It is possible but not proven that early liver disease was 394 

underdiagnosed in cross sectional surveys such as C8 Health study participant survey [1], 395 

and thoughtful designs will be needed to address underdiagnosis even in longitudinal 396 

studies. Nevertheless, adult PFAS population studies show reasonably consistent evi- 397 

dence of excess liver damage, and there is some evidence of excess liver mortality [73] and 398 

possibly excess liver cancer [73,74]. It is specifically the topic of clinically diagnosed hu- 399 

man clinical liver diagnoses associated with PFOA and other PFAS that is unsettled and 400 

deserves additional, large scale studies with appropriate designs. One such study has be- 401 

gun which will follow 10,000 healthy adults for liver disease, with baseline values of 402 

PFOA and liver enzymes, albeit with a different, narrower exposure profile than seen in 403 

our study (Southeastern Liver Health Study, https://sciences.ncsu.edu/news/researchers- 404 

receive-17m-grant-to-explore-links-between-contaminants-and-liver-cancer/). 405 

While additional evidence from formal diagnoses is awaited, there is accumulating 406 

inferential evidence of PFAS and liver disease. Using a composite score for risk of NAFLD 407 

in US NHANES (2005-18), Lemei and colleagues showed that PFOA and “composite 408 

PFAS” is associated with NAFLD risk [75]. Imaging data is now available for PFAS asso- 409 

ciation to liver findings. For the first time, a subset of 2017-18 adult US NHANES data 410 

contained information concerning “VCTE,” or vibration-controlled transient elas- 411 

tography. VCTE noninvasively measures the speed of a mechanically-generated sheer 412 

wave to derive a replicable measure of liver stiffness, which in turn is a measure of hepatic 413 

fibrosis [76]. Using the NHANES 2017-18 survey VCTE subsample, a Harvard-led team 414 

showed that PFAS exposures were associated with VCTE scores (n=1135) in the NAFLD 415 

range (n=446), with statistical significance present for those with obesity or high fat diets 416 

for perfluorohexane sulfonate (PFHxS), or those who drank ≥ 2 alcoholic drinks daily 417 

(women) or ≥ 3 alcoholic drinks daily (men) for both PFOA and PFHxS [77]. A study in a 418 

well-characterized group of biopsy-proven NAFLD patients (n=105) showed altered bile 419 

acid and lipid pathways in association to FPAS exposure, notably in female NAFLD par- 420 

ticipants [59]. Independent of the PFAS exposure, reviews of the extensive NAFLD inter- 421 

vention literature show that noninvasive diet and exercise interventions have proved suc- 422 

cessful for in populations with both biopsy proven and imaging-inferred NAFLD [78]. 423 

This general, hopeful finding concerning early NAFLD reversibility with low risk inter- 424 

vention has parallel support in the role of diet in protecting against murine PFAS liver 425 

damage [79]. Noninvasive algorithmic, imaging, and other designs that go beyond blood 426 

biomarkers should be further investigated in larger human populations, preferably with 427 

a wider range of PFAS exposure. 428 

The study has limitations. The measured data are cross sectional, while the lifetime 429 

exposure is modeled. The long serum half-life of PFOA and the similarity of findings for 430 

lifetime modeled PFOA exposure compared to measured serum PFOA mitigates that 431 

weakness to some extent. The ALT data in this and other PFOA or other PFAS studies are 432 

biomarkers, not diagnoses. However, it is already understood that the presence of higher 433 
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ALT from multiple contributing causes in populations is associated with increased liver 434 

disease mortality and other causes of mortality and morbidity in multiple geogra- 435 

phies[35,37,80–82]. Further, more specific biomarkers of human liver injury such as cy- 436 

tokeratin fragments and markers of disrupted bile acid metabolism are also seen follow- 437 

ing PFOA exposure in human populations [17,59]. While the linkage of PFOA and other 438 

PFAS to excess liver disease needs further investigation in large populations, the linkage 439 

of PFAS to higher ALT is increasingly firm [13]. 440 

5. Conclusion: 441 

Use of risk-based ALT cutoffs increases the OR for the association of PFOA to above 442 

threshold ALT. The association is more prominent in the obese, yet present in all weight 443 

groups. The data add to the evidence that PFAS harm the human liver in exposure popu- 444 

lations, and those data are reviewed from experimental and human population perspec- 445 

tives. The association is an indicator of worse liver health. It is reasonable to consider the 446 

kind of high level PFOA exposure noted in this population as a potential additional risk 447 

factor when considering the need to screen for early and potentially reversible evidence 448 

of liver disease. 449 

Highlights 450 

We investigated the role of PFOA for clinically recommended cutoffs for ALT. 451 

Linear trends were highly significant in this large population. 452 

ORs for abnormal values increase with the use of more predictive cutoffs. 453 

The obese and overweight were more susceptible but normal weight were also af- 454 

fected. 455 

PFOA merits risk factor consideration for liver disease screening in select popula- 456 

tions. 457 

Abbreviations 458 

AASLD   American Association of Liver Disease 459 

ALT    Alanine aminotransferase 460 

ACG    American College of Gastroenterology 461 
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ters for Disease Control and Prevention) 471 
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US    United States 478 
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