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ABSTRACT

A combination of calorie restriction (CR), dietary modification, and exercise is the recommended therapy to reverse obesity
and nonalcoholic fatty liver disease. In the liver, CR shifts hepatic metabolism from lipid storage to lipid utilization
pathways, such as AMP-activated protein kinase (AMPK). Perfluorooctanesulfonic acid (PFOS), a fluorosurfactant previously
used in stain repellents and anti-stick materials, can increase hepatic lipids in mice following relatively low-dose
exposures. To test the hypothesis that PFOS administration interferes with CR, adult male C57BL/6N mice were fed ad
libitum or a 25% reduced calorie diet concomitant with either vehicle (water) or 100 lg PFOS/kg/day via oral gavage for
6 weeks. CR alone improved hepatic lipids and glucose tolerance. PFOS did not significantly alter CR-induced weight loss,
white adipose tissue mass, or liver weight over 6 weeks. However, PFOS increased hepatic triglyceride accumulation, in both
mice fed ad libitum and subjected to CR. This was associated with decreased phosphorylated AMPK expression in liver.
Glucagon (100 nM) treatment induced glucose production in hepatocytes, which was further upregulated with PFOS (2.5 lM)
co-treatment. Next, to explore whether the observed changes were related to AMPK signaling, HepG2 cells were treated
with metformin or AICAR alone or in combination with PFOS (25 lM). PFOS interfered with glucose-lowering effects of
metformin, and AICAR treatment partially impaired PFOS-induced increase in glucose production. In 3T3-L1 adipocytes,
metformin was less effective with PFOS co-treatment. Overall, PFOS administration disrupted hepatic lipid and glucose
homeostasis and interfered with beneficial glucose-lowering effects of CR and metformin.

Key words: liver; PFOS; perfluorinated compounds; caloric restriction; AMP-activated protein kinase; NAFLD; metformin; hep-
atocytes; adipocytes; AICAR.

Nonalcoholic fatty liver disease (NAFLD) is a complex and multi-
factorial disease that affects 10% of children, 30% of adults, 50%
of obese, 76% of diabetics, and 100% of morbidly obese diabetics
in the United States (Eguchi et al., 2013; Naik et al., 2013; Reddy
and Rao, 2006). NAFLD is characterized by the accumulation of
lipids in the liver greater than 5% of the total liver weight and is
frequently detected in people with central obesity or diabetes
(Masarone et al., 2015; Naik et al., 2013; Smith and Adams, 2011).
The American Association for the Study of Liver Disease guide-
lines recommends dietary modification and/or weight loss as
the current NAFLD therapeutic strategy (Chalasani et al., 2018;

Larter et al., 2013). In overweight patients with NAFLD, dietary
restriction and exercise have been shown to decreased hepatic
steatosis and serum lipids in patients with NAFLD (Larson-
Meyer et al., 2008; Oh et al., 2014; Schwenger and Allard, 2014). In
addition, long-term calorie restriction (CR) in humans improves
insulin levels, and atherosclerosis outcomes (Fontana et al.,
2004). CR mimetics have also been examined as potential treat-
ments for NAFLD. For example, metformin, a commonly used
anti-diabetes drug with some CR mimetic properties has been
investigated as a potential therapy to treat NAFLD with some
positive results in mice (Maslak et al., 2015). Multiple factors are
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suggested to contribute to induction of hepatic steatosis, and
environmental exposure to synthetic chemicals has been hy-
pothesized as a potential risk factor for predisposition to NAFLD
(Al-Eryani et al., 2015; Cave et al., 2007).

Per- and polyfluoroalkyl substances (PFAS) have been used
for several decades, but toxicological studies have grown sub-
stantially within the past couple of years and have shown mul-
tiple detrimental effects in rodents (Fenton et al., 2021; Lau et al.,
2007). According to Environmental Protection Agency (EPA), per-
fluorooctanesulfonic acid (PFOS) is considered to be a possible
carcinogen in humans and hepatotoxicant in rodents (US EPA,
2016). There are limited data regarding PFOS effects in human
related to NAFLD or liver effects. Human studies have reported
positive correlations between serum PFOS and serum markers
of liver damage (ie, alanine aminotransferase) (Bassler et al.,
2019; Darrow et al., 2016; Gallo et al., 2012; Gleason et al., 2015;
Lin et al., 2010). PFOS administration increases liver weight and
expression of genes involved in fatty acid oxidation and trans-
port in rodents (Du et al., 2009; Wan et al., 2012). Moreover, PFOS-
induced steatosis has been shown to be dose- and time-
dependent, as observed with increased expression of fatty acid
transport genes, and decreased expression of mitochondrial b-
oxidation genes (Wan et al., 2012). Liver weight increases are, in
part, attributed to an increase in hepatic triglycerides (Bijland
et al., 2011).

A hallmark characteristic of hepatic steatosis is the disequi-
librium between de novo lipogenesis, free fatty acid uptake, oxi-
dation, esterification, and secretion of lipids from the liver (Naik
et al., 2013; Smith and Adams, 2011). AMP-activated protein ki-
nase (AMPK) is an important signaling molecule that regulate
energy metabolism. AMPK is activated by phosphorylation at
the Thr 172 residue of the alpha subunit in response to
increases in the cellular AMP:ATP ratio; once activated, AMPK
inhibits hepatic glucose production and lipid synthesis and
induces lipid oxidation to produce energy (Nerstedt et al., 2010).
CR increases the cellular AMP:ATP ratio, which induces AMPK
activation and is implicated for the benefits of glucose and lipid
metabolism with exercise, weight loss, and use of anti-diabetes
drugs (Fulco and Sartorelli, 2008; Towler and Hardie, 2007).
AMPK phosphorylates sterol regulatory element binding
protein-1c (SREBP-1c) at Ser-327 and inhibits SREBP1c-mediated
lipogenesis, thus reducing hepatic steatosis (Li et al., 2011). CR
increases phosphorylation of AMPK, which then activates
Sirtuin 1 (Sirt1) deacetylase under certain redox status (Fulco
and Sartorelli, 2008). In steatotic mouse livers, there is a de-
crease in AMPK phosphorylation (Ha et al., 2011). As AMPK pro-
motes catabolic pathways and inhibits ATP-consuming
pathways, AMPK has been shown to be an effective target type 2
diabetes (T2D) treatment (Viollet et al., 2006).

The overall goal of this project was to determine whether
PFOS exposure interferes with CR to decrease hepatic lipid con-
tent. It was hypothesized that PFOS administration could inter-
fere with the benefits of CR, potentially through targeting AMPK
phosphorylation. Metformin, a T2D therapy, and activates
AMPK in hepatocytes, which in turn suppresses lipogenic genes,
such as SREBP1c and acetyl-CoA carboxylase (ACC) (Zhou et al.,
2001; Viollet et al., 2012). 5-aminoimidazole-4-carboxamide-1-
beta-D-ribofuranoside (AICAR), a direct AMPK activator, also re-
versed alcoholic fatty liver in rats (Tomita et al., 2005). As both
metformin and AICAR act on AMPK to provoke similar effects to
increase ATP-producing pathways, these compounds will be
used to interrogate the mechanisms related to CR in vitro.
Overall, we present novel findings illustrating that PFOS admin-
istration concurrent with a modest reduction in caloric intake

thwarted CR-induced decline in hepatic lipids and improve-
ment in glucose tolerance in vivo and interfered with
metformin-induced glucose-lowering effects in vitro.

MATERIALS AND METHODS

Animals and treatments. Ten-week-old male C57BL/6N mice,
weighing approximately 30 g, were purchased from Charles
River Laboratories (Wilmington, Massachusetts) and randomly
assigned to treatment groups distributing body weight equally.
Procedures were approved by the University’s Institutional
Animal Care and Use Committee, and ethical standards associ-
ated with animal care and use were followed. The mice were
housed under a controlled temperature (70–73�F) with relative
humidity (30%–70%), lighting (12 h, light-dark cycles) environ-
ment and acclimated for 5 weeks on the standard rodent chow
to allow for additional weight gain. At 15 weeks of age, the mice
were then fed a purified rodent chow (AIN-93G Growth Purified
Diet, Test Diet, St. Louis, Missouri) and monitored for an addi-
tional 5 weeks for food consumption to calculate a 25% CR. At
21 weeks of age, mice were fed either ad libitum (AL) or placed
on 25% CR diet. The mice were then divided into 2 subsequent
groups (n¼ 8) that were administered tap water as vehicle (Veh)
via oral gavage (5 ml/kg) or heptadeca-PFOS potassium salt
(100mg/kg, 5 ml/kg) purchased from Sigma Aldrich (>98.5% pu-
rity for linear chain, catalog no. 77282, Lot no. BCBH2834V,
St. Louis, Missouri) for 6 weeks. Our rationale for this dose was
that it is lower or is similar to doses that have been described
for mice for no observable adverse effects (ATSDR, 2018). Our
decision to euthanize the mice at 6 weeks was determined by
the response to GTT and ITT, which were conducted 3 and
4 weeks after the start of the study. As a difference in GTT and
ITT response was observed, it was determined that the mice
would be allowed to recover from the challenge and tissues
would be collected to understand underlying mechanisms con-
tributing to the phenotype. Each treatment group had n¼ 8
mice/group, which was based on a power analysis at the time of
study design. Body weight and food intake were monitored daily
and recorded. After 6 weeks of treatment, necropsies were per-
formed and liver tissue sections were fixed in 10% buffered for-
malin for a minimum of 24 h, and then processed for paraffin
embedding, and sectioning (5 lm), and hematoxylin and eosin
(H&E) staining. Serum, liver, white adipose tissue (WAT), and
skeletal muscle from non-fasted mice were collected, snap fro-
zen with liquid nitrogen, and stored at �70�C until analysis.

Glucose tolerance and insulin tolerance tests. Glucose tolerance test
(GTT) and insulin tolerance test (ITT) were performed as de-
scribed previously (More et al., 2013; Xu et al., 2012). The GTT and
ITT were performed after 3 and 4 weeks of CR and PFOS treat-
ment, respectively. For the GTT, mice were fasted for 12 h and
glucose (1 g/kg, 10 ml/kg i.p.) was administered. For ITT, mice
were fasted for 12 h and insulin (1 unit/kg, 10 ml/kg i.p.) was ad-
ministered. Blood glucose was determined by measuring con-
centrations in blood collected from the tail vein at t¼ 0
immediately before glucose or insulin administration, and at
t¼ 15, 30, 60, and 120 min after glucose or insulin administration
using a Bayer Contour glucometer.

Measurement of cholesterol, triglyceride, free fatty acid, and glucose
concentration in liver and media. Cholesterol, triglyceride, and free
fatty acid quantifications were performed using colorimetric as-
say kits from Pointe Scientific Inc. (Canton, Michigan) according
to the manufacturer’s protocol. Tissues (50 mg) were
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homogenized with PBS and extracted with chloroform-
methanol (2:1; vol/vol). The residue was re-suspended in 1%
Triton X-100 in 100% ethanol. Lipid content was normalized
with tissue weight. Serum glucose concentration was measured
with a glucose assay kit (Eton Bioscience Inc., San Diego,
California) based on manufacturer’s protocol.

RNA isolation and quantitative real-time PCR. Total RNA was iso-
lated from liver tissue using TRIzol reagent (Invitrogen,
Camarillo, California) according to the manufacturer’s instruc-
tions. About 1 lg of total RNA was converted to cDNA, and
mRNA levels were quantified by quantitative real-time PCR us-
ing a Roche LightCycler 480 System (Roche Applied Science,
Mannheim, Germany). SYBR green reagent was used, and rela-
tive target gene expression was normalized to GAPDH mRNA.

Determination of relative protein expression in liver and skeletal mus-
cle by Western blot. Tissues (approximately 50 mg) were homoge-
nized in 1 ml of RIPA buffer containing protease and
phosphatase inhibitor. Protein lysates were electrophoretically
resolved using polyacrylamide gel electrophoresis (SDS-PAGE).
Proteins were resolved by SDS-PAGE (7.5%–10% resolving and
4% stacking gel) and then transblotted onto low fluorescence
polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica,
Massachusetts) in transfer buffer at 30 V overnight. Antibody
blocking conditions, dilutions, incubation conditions, and sec-
ondary antibodies are described in Supplementary Table 1.
PVDF membranes were incubated in blocking solution for 1 h.
Next, blots were incubated with primary antibody specific to
the protein of interest diluted in blocking buffer at either 4�C
overnight or room temperature for 3 h. Primary antibody was re-
moved, and the membrane was washed with washed in Tris-
buffered saline with 0.2% Tween 20 three times for 5 min at
room temperature. Next, blots were incubated with secondary
antibody specific diluted in blocking buffer for 1 h. The mem-
brane was either visualized via infrared detection (LiCOR
Odessey, Lincoln, Nebraska) or incubated in ECLþ chemilumi-
nescent substrate for 5 min (GE Healthcare Life Sciences,
Pittsburgh, Pennsylvania) and visualized using light-sensitive
film. The relative abundance of protein in each sample was
quantified by densitometric analysis and normalized to b-actin.

Primary hepatocyte and HepG2 culture and treatment. Primary
mouse hepatocytes were isolated from livers of untreated adult
C57BL/6 mice using a 2-step collagenase perfusion; 1 � 106 cells/
well in 2 ml completed medium (William’s medium E supplied
with 10% FBS) were seeded on collagen-coated 6-well plates.
After cell attachment (approximately 4 h), they were cultured in
serum-free William’s E Media containing 1% insulin-
transferrin-selenium and dexamethasone supplement
(Invitrogen, California). Media was then replaced with custom
William’s Media E lacking glucose and supplemented with pyru-
vate. Media was collected at time zero to measure glucose out-
put. Glucagon (100 nM), PFOS (2.5 mM) or a combination of both,
were added to the hepatocytes and media was collected at 6 h
to measure glucose output using a glucose assay (Eton
Bioscience Inc., San Diego, California). HepG2 cells are a com-
mon cell line to study glucose output and AMPK phosphoryla-
tion (Huang et al., 2015; Sefried et al., 2018; Zhang et al., 2019;
Zhao and Song, 2021). HepG2 cells are a well-accepted tool to
screen antidiabetic activity of novel anti-diabetic therapies,
metformin, and AMPK signaling (Pasachan et al., 2021; Qiao
et al., 2019; Seo et al., 2015; Wei et al., 2020). 5-Aminoimidazole-4-
carboxamide ribonucleotide (AICAR) is an analog of adenosine

monophosphate (AMP) that is capable of stimulating AMP-
dependent protein kinase (AMPK) activity and was also used to
understand whether PFOS could act on the AMPK pathway
(Wang et al., 2018). HepG2 cells were treated with AICAR
(100mM), PFOS (0.025–25 mM), or a combination of AICAR and
PFOS and media glucose concentration was measured 24 h after
treatment. HepG2 cells were then also treated with PFOS
(25mM), metformin (1 mM), or in combination. Media was col-
lected after 6–10 h after treatment and media glucose concen-
tration was assayed using the glucose assay described above.
The PFOS concentrations selected for the above studies are
based on previous studies performed in rat hepatocytes or
HepG2 cells (Behr et al., 2020; Bjork and Wallace, 2009; Qiu et al.,
2016; Yao et al., 2016).

3T3-L1 and human preadipocytes cell culture and treatment. Mouse
3T3-L1 preadipocytes were obtained from ATCC (American
Type Culture Collection, Manassas, Virginia) and cultured as de-
scribed previously (Xu et al., 2016). Briefly, the cells were main-
tained in DMEM containing 10% FBS, 100 U/ml penicillin, and
100 mg/ml streptomycin to confluency at 37�C, and the cells
were then seeded in 6-well and 24-well plates. Adipocyte differ-
entiation was induced at 2 days post-confluence (day 0), using a
mixture of 0.5 mM isobutylmethylxanthine (IBMX, no. I5879,
Sigma-Aldrich, St Louis, Missouri), 0.25 mM dexamethasone (no.
D4902, Sigma-Aldrich, St Louis, Missouri), and 5 mg/ml insulin in
DMEM containing 10% of FBS. On day 2, day 4, and day 6, this
medium was replaced with DMEM containing 10% of FBS and in-
sulin only. The medium was switched to DMEM containing 10%
of FBS on day 8 for 24 h. On day 9, the differentiated 3T3-L1 cells
were then treated with metformin (MET, 1 mM), PFOS (50mM),
and a combination and after 48 h, the cell culture media was
collected and stored at �80�C until analysis. To assess lipid de-
position, human visceral preadipocytes were also cultured as
described by Xu et al. (2016). Briefly, human preadipocytes
obtained from Lonza (donor no.: 24711; Lot no.: 0000313366; Cat
no.: PT-5005, Lonza Walkersville, Inc., Walkersville, Maryland).
Human visceral adipocytes were cultured and differentiated as
per the manufacturer’s instructions. Briefly, human primary
preadipocytes were grown to confluence in Preadipocyte growth
medium-2 provided in 5% CO2 at 37�C. When the cells reached
confluency, the medium was replaced with Preadipocyte differ-
entiation medium supplemented with a cocktail of insulin,
dexamethasone, indomethacin, and isobutyl-methylxanthine
to Preadipocyte Growth Medium-2 for 10 days and the cells were
monitored for lipid droplet formation. After 10 days of culture,
adipocytes were treated with metformin (1 mM), PFOS (50mM),
or in combination for 24 h, before staining with Oil Red O for vi-
sualizing lipid droplets.

Adiponectin assay. The Mouse Adiponectin/Acrp30 Quantikine
ELISA Kit was purchased from R&D Systems, Minneapolis,
Minnesota. The protocol followed was according to the product
insert. Mouse sera were diluted 1:2000 and media from cultured
adipocytes was diluted 1:2000 before running in the assay.

Oil Red O staining. After treatment of the human visceral preadi-
pocytes for 24 h, cells were fixed with 10% buffered formalin for
30 min and then stained with Oil Red O (ORO) working solution.
A fresh working solution was prepared by combining 3 parts of
stock solution (0.5% ORO in isopropanol) with 2 parts of deion-
ized water and then filtered after 15 min. Cells were incubated
in working solution for 15 min at room temperature and then
ORO solution was removed. Wells were quickly rinsed 2 times
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with fresh 60% isopropanol, washed with water, and mounted
in glycerin jelly. Quantification includes the addition of 1 ml iso-
propanol to each well then 140 ll of those wells into a 96-well
plate for spectrophotometer reading.

Statistical analysis. Power analysis using the sample size calcula-
tor (http://www.jerrydallal.com/LHSP/SIZECALC.HTM) was per-
formed with the following assumption that the difference in
mean between the test and control group is 50% of the mean
and the standard deviation is 25% of the mean values. Based on
this analysis, the sample size used was an n¼ 8. Depending on
the analysis, an unpaired Student’s t test or an ANOVA followed
by a Duncan’s multiple range post hoc test was performed.
Significance was considered to be p< .05.

RESULTS

Effect of CR and PFOS on Body Weight, Liver Weight, and Serum
Chemistry
Male C57BL/6 mice were fed AL or 25% calorically restricted (CR)
and administered vehicle (VEH) or 100 mg/kg PFOS daily for
5 weeks. In Figures 1A and 1B, CR reduced the percent body
weight from day 0 and the AUC for body weight over time. Body
weight and percent weight loss was similar between VEH and
PFOS treated mice over the course of the study. CR decreased

liver weight by 37% and WAT tissue by 48% (Figs. 1C and 1D).
Liver weight was similar between AL-Veh and AL-PFOS groups,
but liver weight was slightly higher in CR-PFOS than CR-Veh
mice (Figure 1C). WAT weight was similar between VEH and
PFOS treated groups (Figure 1D). Overall, PFOS administration
did not significantly alter body or tissue weight, as well as re-
sponse to CR-induced weight loss.

Serum clinical markers associated with response to weight
loss and CR were evaluated (Table 1). CR increased adiponectin
levels by 24% compared with AL-fed mice. In AL-fed mice, PFOS
also increased adiponectin by 23%. In CR-fed mice, PFOS did not
significantly affect serum adiponectin levels.

PFOS Interfered With CR-Induced Improvement of Glucose
Utilization
CR can improve glucose tolerance and increase insulin sensitiv-
ity (Colman et al., 2009; Fontana et al., 2010), which were assayed
by GTT and ITT, respectively. Figure 2 illustrates our evaluation
of PFOS on glucose and insulin tolerance. After glucose chal-
lenge, blood glucose levels increased 15 min after glucose ad-
ministration and the returned to baseline 2 h later, with the rise
in blood glucose being lower in CR-VEH mice (Figure 2A). Blood
glucose levels in CR-PFOS mice were significantly higher than
the CR-VEH mice at 1 and 2 h after glucose challenge (Figure 2A).
Overall, CR decreased glucose load by 58% compared with AL

Figure 1. Adult male mice were administered vehicle (water, VEH) or perfluorooctanesulfonate (PFOS, 100 mg/kg/day) and fed ad libitum (AL) or placed on a 25% kcal cal-

orie restriction (CR) for approximately 6 weeks. (A) Percent change (%) in body weight from day 0 and (B) AUC of percent body weight illustrates that PFOS did not alter

CR-induced percent weight loss at the time of necropsy. (C) Liver weight and (D) white adipose tissue (WAT) weights were decreased by CR. Liver weight was similar be-

tween AL-Veh and AL-PFOS groups, but liver weight was slightly increased in mice treated with PFOS (CR-PFOS) that underwent CR compared with vehicle controls

(CR-VEH). Asterisks (*) represent a statistical difference in treatments compared with controls, and # represents a significant difference between CR-VEH versus CR-

PFOS (p< .05).
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fed mice (Figure 2B). In AL-fed mice, PFOS administration did
not significantly affect response to glucose challenge, although
the glucose load tended to increase, but did not reach statistical
significance (Figure 2B). Interestingly, PFOS administration
worsened the response to glucose challenge in mice that were
placed on CR. The glucose load was 74% higher in CR mice ad-
ministered PFOS (Figure 2B). Figure 2C depicts the effect of PFOS
on insulin sensitivity by ITT. In CR- and AL-fed mice, PFOS in-
creased the glucose load after 2.5 h after insulin challenge com-
pared with controls (Figure 2D), suggesting that PFOS interferes
with insulin suppression of hepatic glucose production. The
mRNA expression for genes involved in glucose homeostasis
was analyzed in liver tissues by qPCR. CR did not markedly de-
crease Irs1 gene expression levels in liver, however, with PFOS,
CR-fed mice significantly decreased Irs1 gene expression
(Figure 2E). CR-fed mice had decreased liver gene expression of
Pepck and G6pase compared with AL controls (Figure 2E). In both
CR- and AL-fed mice, PFOS significantly decreased Glut2 mRNA
expression in liver (Figure 2E).

PFOS Significantly Increased Liver Lipid Content
It has been previously reported that PFOS increased liver weight
(Seacat et al., 2002, 2003) and this may be attributable to an accu-
mulation of lipids within the liver (Polyzos et al., 2009). We eval-
uated the liver histology with H&E staining. As anticipated, CR
decreased staining associated with the presence of glycogen.
Presence of vacuoles were observed in the AL-PFOS and CR-
PFOS treatment groups (Figure 3A). This observation is consis-
tent with what has been described in cells and liver following
treatment with perfluorooctanoic acid (Filgo et al., 2015; Tang
et al., 2018; Wu et al., 2018), which is another perfluoroalkyl sub-
stance (PFAS) that exerts many of the same biological effects as
PFOS.

Hepatic free fatty acid levels were similar between AL-VEH
and CR-VEH groups but were decreased by about 40% in AL-fed
mice and CR-fed mice that received PFOS (Figure 3B, left panel).
These data are further supported by increased liver triglyceride
concentrations in PFOS-treated mice. As expected, hepatic tri-
glycerides were 32% lower in CR mice compared with AL control
(Figure 3B, right panel). Interestingly, PFOS administration in-
creased hepatic triglycerides in both AL- and CR-fed mice by
95% compared with AL-VEH and 37.6% compared with CR-VEH,
respectively (Figure 3B, right panel). Figure 3C illustrates relative
gene expression changes in liver. CR increased Cluster of differen-
tiation (CD36), Cytochrome P450 4a14 (Cyp4a14), and Enoyl-CoA
Hydratase and 3-Hydroxyacyl CoA Dehydrogenase (Ehhadh), and de-
creased Fatty acid synthase (Fas), acetyl-CoA carboxylase (Acc1),
and Glycerol-3-phosphate acyltransferases (Gpat) mRNA expression

in liver. In AL mice, PFOS increased Cyp4a14 and Ehhadh mRNA
expression in liver (Figure 3C). In CR-PFOS mice, CD36 and
Cyp4a14 mRNA expression were at least 25% higher than the
AL-Veh and CR-Veh mice.

PFOS Alters Protein Expression in Liver
To better understand whether PFOS affected response to CR at
the level of protein expression, liver lysates were evaluated for
changes in protein expression. Western blot was performed to
quantify the relative abundance proteins involved in glucose
and lipid homeostasis (Figure 4A). Densitometric analysis
showed no significant changes in protein abundance of fatty
acid-binding protein 1 (Fabp1), phosphorylated sterol regulatory
element-binding transcription factor 1 (p-Srebp-1c), phosphory-
lated insulin receptor substrate 1 (p-Irs1), and Ampk protein tar-
gets with PFOS treatment, and CR compared with AL feeding. As
shown in Figure 4B, PFOS treatment increased cluster of differ-
entiation 36 (cd36), or fatty acid translocase protein levels by
6.5% in the AL group. Phosphorylated protein kinase B (p-Akt), a
kinase involved in insulin signaling, was increased with PFOS
treatment in the AL group by 80%, in addition PFOS treatment
and CR also increased p-Akt by 72% compared with the AL-Veh
group (Figure 4C). Phosphoenolpyruvate carboxykinase (Pepck;
Figure 4D), the rate limiting enzyme for gluconeogenesis, was
increased with CR feeding by 134% in the control group and
104% in the PFOS-treated mice. There were no significant
changes observed with PFOS treatment. Stearoyl-CoA desatur-
ase-1 (Scd-1; Figure 4E), a protein involved in fatty acid synthe-
sis, was decreased by CR feeding by 31% in the Veh controls,
and by 60% in the PFOS-treated mice. PFOS treatment also de-
creased Scd-1 in the CR fed mice by 47% compared with CR-Veh
group. Phosphorylated Ampk (p-Ampk; Figure 4F) was increased
with PFOS treatment in the AL-fed mice by 10%, and although
not significant, PFOS increased p-Ampk by 3.6% in the CR-fed
mice.

PFOS Significantly Increased Glucose Content in Media of Primary
Hepatocytes and HepG2 Cells
Based on our GTT observations and changes in p-Ampk in liver,
the effect of PFOS on glucose production in hepatocytes was
measured. Primary hepatocytes were isolated from C57BL/6
mice and were treated with glucagon, PFOS (2.5 mM), and a com-
bination of both for 24 h. Expectedly, glucagon increased glucose
within the media of the hepatocytes 13-fold compared with ve-
hicle (Figure 5A). PFOS also increased media glucose concentra-
tion by 15-fold and when in combination, PFOS and glucagon
treatment increased the glucose within the media by 19.6-fold
compared with vehicle (Figure 5A). Next, we used HepG2 cells to

Table 1. Serum Clinical Parameters: Adiponectin, Cholesterol, Free Fatty Acids, Glucose, and Triglycerides Measurements at Time of Necropsy

Parameters Unit AL-VEH CR-VEH AL-PFOS CR-PFOS

Adiponectin lg/ml 11.01 6 5.96 13.67 6 4.60* 13.58 6 9.74$ 13.57 6 6.68#

Cholesterol mg/dl 120 6 10.9 108 6 14.9 114 6 10.0 98.2 6 4.64
FFA lmol/l 0.96 6 0.15 1.10 6 0.11 1.15 6 0.35 1.06 6 0.10
Triglycerides mg/dl 172 6 42 131 6 17.0 154 6 17.3 137.5 6 4.31

Eighteen-week-old C57BL/6N mice underwent treatment for approximately 6 weeks of either water (VEH) or perfluorooctanesulfonic acid (PFOS) administration

(100 mg/kg/day) and fed either ad libitum (AL) or underwent 25% kcal calorie restriction (CR). After euthanization, these parameters were assayed and analyzed.

*p< .05, CR-VEH compared with AL-VEH control. $p< .05, AL-PFOS compared with AL-VEH control. #p< .05, CR-PFOS compared with AL-VEH control.
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study the effect of PFOS on glucose output and confirm these
phenomena in another hepatocyte model. HepG2 cells are com-
monly used to study glucose output (ref). To understand if PFOS
induction of glucose production could be antagonized, we
treated HepG2 cells with AICAR to block hepatocyte glucose
synthesis and stimulate phosphorylation of AMPK concurrent
with PFOS challenge (Figure 5B). Treatment with 25 mM PFOS
treatment increased media glucose concentration by 6-fold
compared with the vehicle controls (Figure 5B). AICAR treat-
ment partially blocked this PFOS-induced effect, with the media
glucose concentration being only 3.5-fold higher than the vehi-
cle controls (Figure 5B). To further confirm this finding, HepG2

cells were treated for 10 h with metformin (1 mM), PFOS (25mM),
and a combination of both. Metformin significantly decreased
glucose production in the media of HepG2 cells by 67% com-
pared with the DMSO vehicle controls (Figure 5C). PFOS co-
treatment with resulted in higher glucose concentrations than
metformin alone (Figure 5C), indicating that PFOS can dampen
metformin-induced lowering of glucose within the media. P-
Ampk protein levels in the cell lysates were analyzed by
Western blot (Figure 5D). As expected, p-Ampk levels were
higher in the metformin lysates than vehicle control. Compared
with vehicle, PFOS (25mM) decreased the relative amount of p-
Ampk protein. The amount of p-Ampk was also lower in the

Figure 2. Effect of PFOS and CR on glucose homeostasis. A, Glucose tolerance test (GTT) performed after 3 of CR and PFOS treatment. CR significantly improved glucose

clearance at 0.5 and 1 h compared with AL feeding, which did not occur in mice that underwent CR with PFOS administration. B, Total glucose load was plotted as an

area under the curve (AUC). PFOS significantly increased total glucose load in CR groups. C, Insulin tolerance test (ITT) performed after 4 weeks of CR and PFOS treat-

ment. D, Glucose load with ITT was not different between groups until 2.5 h where the two PFOS groups had significantly elevated glucose levels compared with con-

trols. E, Hepatic mRNA data from the conclusion of the study. Irs-1 and Glut2 expression were decreased in mice that underwent CR and PFOS administration. Glut2

expression was decreased in AL mice administered PFOS compared with the AL fed vehicle controls. Asterisks (*) represent a statistical difference in treatments com-

pared with controls.

SALTER ET AL. | 87



Figure 3. PFOS significantly increased hepatic lipid content. A, Liver histopathology. H&E staining of liver tissue illustrates PFOS administration increased vacuolization

in mice that underwent CR compared with AL feeding. Vacuoles were visualized in AL-PFOS and CR-PFOS livers, which were consistent with histopathology described

for other perfluorinated chemicals (Filgo et al., 2015; Wu et al., 2019). Liver lipids were isolated and quantified via colorimetric assays. B, PFOS decreased free fatty acid

(FFA) concentration in livers of AL and CR mice. C, PFOS increased liver triglyceride concentrations in AL and CR mice. D, Relative mRNA expression in liver in response

to CR and PFOS treatment. Cluster of differentiation 36 (CD36), a fatty acid translocase, and Cyp4a14 were higher in CR-PFOS than CR-Veh mice. Asterisks (*) represent

a statistical difference in treatments compared with controls, and # represents a significant difference between CR-Veh versus CR-PFOS (p< .05).
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metformin and PFOS co-treated cells (Figure 5D), suggesting
that PFOS interferes with the actions of metformin.

PFOS Increases Glucose Within the Media of 3T3-L1 Cells and
Human Adipocytes
Mature 3T3-L1 adipocytes were treated with metformin (1 mM)
and PFOS (50mM) or in combination for 12 h. PFOS significantly
increased media glucose concentrations compared with the ve-
hicle control (Figure 6A). Adiponectin levels were also mea-
sured, with only metformin inducing adiponectin and this
effect was not observed in metformin and PFOS-treated adipo-
cytes (Figure 6B). Human adipocytes were also treated with met-
formin (1 mM), PFOS (50mM), or in combination for 24 h (Figs. 6C
and 6D). Oil Red O staining of human adipocytes depicted more
lipids with PFOS treatment compared with DMSO control
(Figure 6C). Metformin decreased Oil Red O staining, which was
not observed with PFOS cotreatment (Figure 6D).

DISCUSSION

NAFLD is rising worldwide and is associated with obesity and
diabetes (Masarone et al., 2015). Although obesity is considered
to be a predominant risk factor for NAFLD, other etiologies for
NAFLD have been hypothesized, such as exposures to chemicals

present in the environment (Cave et al., 2007). On the other
hand, modest CR is considered to afford numerous health bene-
fits and decreases risk for many diseases of metabolic origin. In
humans, CR decreases liver steatosis and improves glucose me-
tabolism (Johari et al., 2019; Wolf et al., 2019). Individuals who ca-
lorically restrict have a lower incidence of fatty liver disease and
treatment guidelines for NAFLD include dietary modification
and weight loss (Kani et al., 2017; Lam and Younossi, 2010;
Schwimmer et al., 2019). The study herein addressed, not only
whether PFOS administration could induce markers of steatosis
and NAFLD, but also interfere with the benefits of CR, which in-
clude improved glucose metabolism and decreased liver lipid
content. As we identified that PFOS could interfere with CR ben-
efits in a mouse model, we then studied whether PFOS could in-
terfere with metformin-induced glucose consumption and
AMPK phosphorylation using mouse primary hepatocytes and
HepG2 cells. Our findings are consistent with a recent study
from our laboratory in mice that were subjected to weight loss
by switching from a high fat diet to low fat diet (Marques et al.,
2020).

CR with or without exercise decreases hepatic steatosis and
lowers serum liver enzymes (Larson-Meyer et al., 2008;
Straznicky et al., 2012; Tamura et al., 2005; Yoshimura et al.,
2014). It has been reported that a 15%, 30%, and 40% kcal reduc-
tion in mice has beneficial implications on body weight and

Figure 4. PFOS alters liver expression of proteins involved in lipogenesis. Total protein lysates were isolated from liver, separated by SDS-PAGE, transferred to PVDF

membrane, and then immunoblotted for relative protein abundance. (A) Western blots for illustrates protein abundance with mice that underwent PFOS treatment,

and CR compared with AL feeding. Relative protein abundance was quantified by densitometric analysis and normalized to b-actin. Fatty acid-binding protein 1

(Fabp1), phosphorylated sterol regulatory element-binding transcription factor 1 (p-Srebp-1c), phosphorylated insulin receptor substrate 1 (p-Irs1), and AMP-activated

protein kinase (AMPK) protein targets had no significant changes in protein abundance between groups. Densitometry of (B) cluster of differentiation 36 (cd36), (C)

phosphorylated protein kinase B (p-Akt), (D) phosphoenolpyruvate carboxykinase (Pepck), (E) stearoyl-CoA desaturase-1 (Scd-1), and (F) phosphorylated Ampk (p-

Ampk) illustrate changes to protein abundance in response to CR and PFOS treatment. Bars illustrate statistical difference between groups, where * represents p< .05

and ** represents p< .01.
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hepatic lipids (Fu and Klaassen, 2013). In our study, mice were
placed on a 25% kcal reduction or fed AL for 6 weeks dosed with
vehicle or with 100 mM/kg/day PFOS via oral gavage. Expectedly,
our results are consistent with other studies showing signifi-
cant decreases in body, liver, and WAT weights with a 25% kcal
reduction (Fu and Klaassen, 2013; Weindruch et al., 1986), which
is a less stringent kcal reduction (ranges from approximately
25% to 60%) (Koubova and Guarente, 2003). Our GTT is evidence
that the CR regimen increased glucose tolerance and lowered
the total glucose load. We also observed decreased serum and
hepatic lipids and these results are consistent with another
mouse study (Fu and Klaassen, 2013). CR activates the AMPK
pathway, which inhibits hepatic glucose and lipid synthesis and
induces lipid oxidation to produce energy as outline in Figure 7
(Nerstedt et al., 2010). AMPK is a heterotrimeric serine/threonine
protein kinase that regulates energy homeostasis in metabolic
tissues upon high AMP:ATP ratios (Nerstedt et al., 2010), and pro-
motes hepatic lipid metabolism and energy balance by promot-
ing catabolic pathways and inhibiting ATP-consuming
pathways (Viollet et al., 2006). Expectedly, in our study, CR

induced AMPK activation in livers of mice compared with AL
control.

In this study, we used the C57BL/6 mouse model on a puri-
fied diet that underwent CR and daily administration of PFOS to
assess the effects of PFOS on a CR diet via liver physiology. PFOS
administration can increase liver weight (Marques et al., 2020;
Seacat et al., 2003; Wan et al., 2012), but we did not observe in-
creased liver weight in this study for either AL or CR mice. A
likely reason is that we used a relatively low daily dose for
mouse (0.1 mg/kg/day), which approaches the lowest observable
effect level for mouse (Luebker et al., 2005). In addition to
increases in liver weight with PFOS exposure, decreases in body
weight have also been observed with PFOS treatment (Marques
et al., 2020; Seacat et al., 2003). Another study showed increased
body weight at a lower concentration of 1 mg/kg and increased
liver weight at higher concentrations of 5 and 10 mg/kg over
21 days with all concentrations increasing the liver weight at-
tributed to the appearance of cellular vacuolations (Wan et al.,
2012). We observed that PFOS administration increased hepatic
triglyceride content in AL and CR mice. It is known that PFOS

Figure 5. In vitro glucose production and AMPK phosphorylation in mouse primary hepatocytes and HepG2 cell lines treated with PFOS and CR mimetics, metformin,

and AICAR. A, Media glucose measurement in primary mouse hepatocytes treated with glucagon, PFOS (2.5 mM), or in combination. Glucagon and PFOS each increased

the media glucose concentration. Glucagon and PFOS co-treatment increased media glucose concentration more than either glucagon or PFOS alone. *p< .05 compared

with DMSO; #p< .05 compared PFOS; &p< .05 compared with glucagon. B, Media glucose was measured in HepG2 cells with 24 h after treatment with AICAR (100 mM),

PFOS (0.025–25mM), or a combination of AICAR and PFOS. In HepG2 cells, 25mM PFOS, but not 0.25 or 2.5 mM PFOS, increased glucose concentration in media compared

with DMSO control. AICAR co-treatment with PFOS (25mM) resulted in lower glucose production than PFOS alone (25mM). *p< .05 compared with DMSO; #p< .05 com-

pared PFOS. C, Media glucose concentrations were measured in HepG2 cells after metformin (1 mM), PFOS (25mM), or a combination of metformin and PFOS treatment.

After 10 h treatment, metformin decreased glucose concentration in the media, whereas PFOS treatment increased glucose production. A combination of metformin

and PFOS increased media glucose concentration compared with metformin alone. *p< .05 compared with DMSO; #p< .05 compared PFOS. D, Phosphorylated Ampk (p-

Ampk) was measured 10 h after HepG2 cells were treated with PFOS (25 and 50 mM) and metformin (1 mM) alone or in combination. Metformin increased p-Ampk levels,

but not in cells treated with PFOS. *p< .05 compared with DMSO; #p< .05 for PFOS effect versus corresponding treatment.
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can induce hepatic steatosis in rats and mice, but fewer studies
address effects of PFOS on hepatic lipid accumulation in
humans, and only one study has found that higher plasma
PFAS exposure was positively associated with more disease se-
verity in children with NAFLD (Jin et al., 2020). Cytokeratin 18
M30, a biomarker for nonalcoholic steatohepatitis, was also
found to positively associated with PFOA, perfluorohexanesul-
phonic acid, and perfluorononanoic acid in adults (Bassler et al.,
2019). To the best of our knowledge, this is the first study that
has investigated the effects of PFOS on CR and AMPK activation.
Wan et al. also reported a prediabetic phenotype in mice ex-
posed to PFOS (Wan et al., 2014). Our data are consistent with
this finding. IRS-1 gene expression was decreased upon PFOS
exposure in mice undergoing CR compared with our AL mouse
model. Glut-2 gene expression was also decreased in both CR
and AL mouse models upon PFOS exposure, which may contrib-
ute the observed glucose intolerance. PFOS has been shown to
have a positive correlation with serum ALT levels (Gallo et al.,
2012) and increased liver weights (Seacat et al., 2002), which
may be attributable to an accumulation of lipids. In our study,
we show PFOS treatment increased hepatic triglycerides and in-
terfered with the CR-induced lipid loss. H&E staining shows
PFOS with CR induces the presence of vacuoles compared with

any other group, consistent with findings in other studies (Wan
et al., 2012). PFOS induces PPAR-a, which is suggested to account
for toxicity associated with PFOS (Takacs and Abbott, 2007),
however, there are PPAR-a independent toxicities as well (Rosen
et al., 2010). We demonstrate PPAR-a activation via induction of
CYP4a14, a downstream target of PPAR-a, upon PFOS exposure
and consistent with previous studies (Abbott et al., 2009; Takacs
and Abbott, 2007).

Metformin was utilized in hepatocytes because it is used in
the treatment of T2D and has been shown to suppress hepatic
gluconeogenesis via AMPK activation in hepatocytes and HepG2
cells (Cao et al., 2014; Zang et al., 2004; Zhou et al., 2001). Primary
hepatocytes and HepG2 cells are well described in vitro tools to
study glucose production. PFOS treatment increased glucose
production in both cultured mouse primary hepatocytes and
HepG2 cells. This finding is consistent with a previous study
that reported induction of PEPCK mRNA levels and insulin resis-
tant in HepG2 cells treated with 100 mM PFOS (Qiu et al., 2016).
We show that PFOS dampens the beneficial effects of metfor-
min on lowering glucose production via AMPK activation. Our
results indicate that PFOS can potentially interfere with AMPK
phosphorylation in liver and HepG2 cells (Figure 7), which is rel-
atively new to the field of environmental health. PFOS is

Figure 6. PFOS impairs metformin activity in mature 3T3-L1 adipocytes and human adipocytes. 3T3-L1 cells were treated with metformin (MET, 1 mM), PFOS (50mM),

and a combination. A, PFOS treatment increased glucose concentration in media of mature 3T3-L1 cells was significantly increased upon PFOS treatment. Asterisk (*)

represents a statistical difference from DMSO (p< .05). B, Metformin increased adiponectin levels in mature adipocytes, which was not observed with PFOS cotreat-

ment. Asterisk (*) represents DMSO versus PFOS (p< .05). C, D, Oil Red O staining of the human adipocytes. Mag.10�. Human adipocytes were treated with DMSO, met-

formin (MET, 1 mM), PFOS (50 mM), and a combination of PFOS with metformin for 10 days. Only MET decreased Oil Red O staining. Asterisks (*) represent a significant

difference compared with DMSO.
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transported into the liver via Oatp1a1in mouse liver (Weaver
et al., 2010; Zhao et al., 2017) or OATP1B1 and 1B3 isoforms in hu-
man liver (Zhao et al., 2017). The primary transporters required
for hepatic uptake of metformin are OCT1 and OCT3 (Nies et al.,
2011). Because PFOS and metformin are likely not utilizing the
same transporters, this suggests that PFOS may inhibit benefi-
cial effects of metformin downstream from transporter-
mediated mechanisms instead of competing for transport into
the hepatocyte. We observed these alterations at a treatment
concentration of 25 mM PFOS, which is similar or lower than
what has been reported in the literature by others in HepG2
cells (Behr et al., 2020; Bjork and Wallace, 2009; Qiu et al., 2016).
The likely reason for the insensitivity of HepG2 cells for PFOS is
that HepG2 cells have relatively low expression up OATP1B1
and 1B3, which would facilitate cellular uptake (Godoy et al.,
2013).

In our study, we present novel findings illustrating that PFOS
administration concurrent with a modest reduction in caloric
intake thwarted CR-induced decline in hepatic lipids and im-
provement in glucose tolerance in vivo and interfered with
metformin-induced glucose-lowering effects in vitro. To the
best of our knowledge, this is the first study that investigates
PFOS effects on metformin and AMPK in a CR diet and few stud-
ies have identified AMPK as a target of environmental expo-
sures (Liu et al., 2014; Wang et al., 2010). Our results indicate
novel findings of lowered AMPK levels upon PFOS administra-
tion as well as PFOS interference with a major pharmacological
therapeutic for diabetic intervention.

In conclusion, PFOS, a fluorosurfactant previously used as a
stain repellent and anti-stick material increased hepatic lipids
in mice following relatively low dose exposures. An increase in
hepatic lipids leads to hepatic steatosis, which is the first hit in
NAFLD. A combination of CR, dietary modification, and exercise
is the recommended therapy to reverse obesity and NAFLD. The
ability to mount an effective response to CR required to shift

hepatic metabolism to fatty acid oxidation depends upon induc-
tion of pathways, such as AMPK. Our study showed that PFOS
administration interfered with CR-induced reduction of hepatic
lipids and improvement of glucose tolerance. PFOS increased
hepatic lipid content and decreased the ability of mice to effec-
tively decrease liver lipid content during CR. Our in vitro studies
illustrated that PFOS interfered with agents such as metformin
and AICAR that phosphorylate AMPK. In summary, PFOS de-
creased the beneficial effects of a CR diet and suggest that it can
modulate the AMPK pathway. Our studies point to the novel
idea that PFOS can impact the liver’s response to the benefits of
CR and implore further exploration in humans.
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