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Lipid droplets (LDs), which are important storage structures for neutral lipids and organelles of diverse
functions, participate in various cellular activities. In this study, BALB/c mice, fed a regular or a high-fat
diet, were exposed to the synthetic perfluorinated compound, perfluorooctanoic acid (PFOA).
PFOA-exposed mice had altered serum lipid and lipoprotein levels, and hydropic degeneration or
ballooning degeneration of hepatocytes. Moreover, we report for the first time that LDs accumulate in
hepatic nuclei after PFOA exposure. As PFOA resembles fatty acids (FA) in its structure, this chemical may
interfere with the transportation and metabolism of FA as well as LDs in the cell. This abnormal localization
of LDs in the nucleus may be related to the cause of PFOA toxicity.

ipids are essential components of biological membranes and important players in the storage of energy-rich

compounds. Therefore, they participate in the intercellular communication and balance of energy"?. Lipid

droplets (LDs), which are ubiquitous storage structures for neutral lipids in various eukaryotic organisms,
usually formulate in the endoplasmic reticulum and exit to the cytoplasm®. In addition to their role in metabolism
and lipid storage, LDs are also involved in signal transduction, intracellular lipid trafficking and protein degra-
dation*°.

Perfluorooctanoic acid (PFOA) is a synthetic perfluorinated eight-carbon organic chemical. Industrial and
regular uses of PFOA, which is considered to be a general pollutant, cause its accumulation in the environment”".
PFOA can cause various toxicities, including hepatocyte developmental toxicity, carcinogenicity and immuno-
toxicity'"'?. The similarity of PFOA to fatty acids (FA) suggests its effects on cellular and intercellular lipid
metabolism. Recent studies on rodents and humans have confirmed that PFOA decreases serum cholesterol
(CHOL) and triglyceride (TG) levels, while it increases total lipids in the liver'*'*. However, the molecular
mechanism of this action is still unclear. In this study, male BALB/c mice were exposed to increasing doses of
PFOA for 14 days, while being fed a regular diet (RD) or a high-fat diet (HFD), serum lipid and lipoprotein levels
were measured. Surprisingly, histological and ultrastructure examination of PFOA-treated livers showed that LDs
accumulate in hepatocyte nuclei. Our results provide a novel insight into the biological mechanism of PFOA
toxicity.

Results

Organ indexes and serum lipid levels after PFOA treatment. In a HFD there are more lipids available for lipid
transportation and metabolism. Our results showed that the extra fat in the diet increased the liver index, and
elevated the serum CHOL and glucose, as well as the synthesis of high-density and low-density lipoprotein
cholesterol (HDL-ch and LDL-ch, Table 1). However, the serum TG levels in the control groups were similar
in RD and HFD groups (Table 1).

Decreased body weight was detected upon PFOA exposure compared with control mice, which was in a dose-
dependent manner (Tablel). Livers and ventral fat were harvested from PFOA-exposed mice. In the HFD-fed
mice the livers were significantly more swollen and the ventral fat was more atrophied than in the RD-fed mice
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High-Fat Diet

Regular Diet

Table 1 | Organ Indexes and Serum lipid levels after a 14-Day Exposure to PFOA

Diet

RO

Dose of PFOA (mg/kg/day)

Group
Ncl

16.09 = 0.67**
16.34 = 0.56%*

4+

19.11 £ 0.62%*

16.48 = 0.57**

0.33

25.30 = 0.86*
14.06 + 0.42%*

6.41 =0.25
2.15+£0.24

27.91 £ 0.92
37.47 =0.98

14.44 = 0.47**
13.83 = 0.50**

17.79 = 0.38**
13.75 £ 0.47%*

23.21 £ 0.57**
12.01 £ 0.26**
1.41 =0.16*
36.48 +0.12

0.74

5.17=0.14
2.15+£0.24

26.55 =0.45
36.82 =0.93

Final Body Weight (g)

Liver Index?
Fat Index®

0.23 £ 0.06**
37.87 £0.76

0.16%*

0.16%*

0.13 = 0.06%* 1.16
38.15 £ 1.40 36.05 £ 1.73

0.14 + 0.07%**
38.17 £ 0.66

0.21 = 0.04*

0.62 £0.13
536 =0.44
297 £0.19
6.12 £0.41*
1.17 £ 0.27%**

1.57 = 0.06**

37.33 £0.96
0.34 = 0.06
4.41 £0.36
2.23+0.22
0.41 +£0.07

7.35+0.56

0.09

5.00 £ 0.69
2.57 = 0.40
0.36 £0.10
4.35 + 0.65%*
3.45+1.05

0.38

0.16
0.18

521 £0.51
2.52 +0.20
0.40 = 0.05
7.70 £ 0.54

0.63
3.33

0.05%*

0.17 = 0.04%x*

2.16 = 0.24%*
1.29 £ 0.13**
0.10 = 0.01*
3.02 £ 0.51%x

1.50

0.12

3 £0.11**

3.03 £0.27
3+0.64

0.43 = 0.12%
1.68

0.17 £ 0.01

1
3

°Number of exposed mice. Some animals died during the exposure: one for G and H on day 10; two for D, one for G and three for H on day 11; one for F and G on day 12.

"Liver index and fat index were calculated as [organ weight (g)/body weight (g)] x 100.

5.
1

0.19
0.07

3.22 021
1.65 =
0.18 = 0.02

5.80x0.57
517 =0.74

1.11 £0.26
3.39£0.22
1.85 +0.08

0.15 +0.02
6.15+0.29

6.67 +0.73

Albumin (g/L)
TG (mmol/L)
CHOL (mmol/L)
HDLch (mmol/L)
LDLch (mmol/L)
Glucose (mmol/L)

P < 0.05, **P < 0.01 versus their respective controls or between the two indicated groups, using one-way ANOVA.

Glycogen (mg/g liver)

(Shown as liver index and fat index in Table 1). PFOA had no effect
on serum albumin levels, which participates in transportation of FA.
Compared with the control group, RD mice exposed to PFOA had
reduced levels of serum TG, CHOL and HDL-ch, which were the
lowest in the 20 mg/kg/day PFOA group (P < 0.01); LDL-ch levels
were only lower compared with the control when exposed to 20 mg/
kg/day PFOA (P < 0.05). Serum glucose levels were reduced after
PFOA exposure in both RD and HFD mice. In the control groups,
hepatic glycogen in the HFD-fed mice was lower than in the RD-fed
mice. Nevertheless, less glycogen content was detected in the livers of
all PFOA-exposed mice, especially in the 10 and 20 mg/kg/day
PFOA groups (P < 0.01).

Histological changes in livers after PFOA exposure. Pathological
liver sections indicated that PFOA exposure caused hypertrophy of
hepatic cells (Fig. 1). In RD-fed mice, 5 mg/kg/day PFOA caused no
obvious change in the hepatic cells compared with the control mice
(Fig. 1a, b). Hydropic degeneration with visible vacuoles in the
hepatocytes was induced by 10 mg/kg/day PFOA (Fig. 1c), and
ballooning degeneration occurred in 20 mg/kg/day PFOA-treated
mice (Fig. 1d). Though the control HFD-fed mice showed enlarged
intercellular space (Fig. 1e), undefined cell edges were observed in the
5 mg/kg/day PFOA group (Fig. 1f). The 10 and 20 mg/kg/day
PFOA-treated mice displayed similar pathological changes to the
RD-fed mice (Fig. 1g, h).

PFOA causes LDs accumulation in the nucleus of hepatic cells. As
PFOA caused changes in the serum lipid levels and in the histology of
hepatocytes, we examined the pathologic ultrastructural changes in
these cells (Figs. 2 and 3).

LDs were present in the cytoplasm of control animals (Fig. 2a, e).
However, we observed that PFOA-exposed mice had LDs transferred
from the cytoplasm to the nucleus, forming intranuclear inclusion in
the hepatic cell. Specifically, PFOA increased the nuclear accumula-
tion of LDs in a dose-dependent manner (Fig. 2b, ¢, d, f, gand h). The
ratios in 0, 5, 10 and 20 mg/kg/day PFOA-treated mice were 0, 42, 67
and 78%, respectively, in RD-fed mice; while they were 5, 56, 62 and
82 in HFD-fed mice. The excessive entry into nuclei was not due to
impairment of nuclear membranes in that they remained unaffected
in the hepatocytes of the PFOA-treated mice (Fig. 2b, ¢, d, f, gand h).

RD-fed control and 5 mg/kg/day PFOA-treated mice had integral
organelles in hepatic cells (Fig. 3a, b); while voids formed by dilata-
tion of endoplasmic reticulum occurred in hepatocytes of 10 and
20 mg/kg/day PFOA-treated mice (Fig. 3¢, d). In HFD-fed mice,
although there were more LDs in the cytoplasm, normal endoplasm,
mitochondria and uniform karyoplasm were observed in control and
5 mg/kg/day PFOA exposed hepatocytes (Fig. 3e, f). In contrast to
the RD-fed mice, PFOA exposure led to mitochondrial swelling and
irregular nucleus in HFD-fed mice (Fig. 3g, h). These cells also
showed condensed chromatin in the nucleus, suggesting on-going
apoptosis (Fig. 3g, h).

Expression of genes involved in lipid metabolism were altered in
PFOA-treated mice. Peroxisome proliferator-activated receptor o
(PPARa) controls the transcriptional expression of key enzymes
that are involved in FA uptake and B-oxidation. While peroxisome
proliferator-activated receptor y (PPARY) is involved in activating
genes required for lipid synthesis and storage within adipocytes.
Though a HFD caused fluctuating levels of PPARa in control
mice, expression of this gene was not induced by PFOA (Fig. 4).
No alternation could be observed in PFOA-exposed RD mice, but
expression of PPARY was stimulated in HFD individuals, which
showed to be significant in 20 mg/kg/day PFOA group (Fig. 4).

Discussion
LDs, the major storage structures of neutral lipids, have been recog-
nized for their diverse components and functions*>'*. The abundance
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Dose of PFOA (mg/kg/day)

Figure 1| H & E stained liver sections from control and PFOA-exposed mice. Liver sections were viewed under a light microscope. (a) Control mice fed
aregular diet (RD); (b) RD-fed mice treated with 5 mg/kg/day PFOA; (c) RD-fed mice treated with 10 mg/kg/day PFOA; (d) RD-fed mice treated with
20 mg/kg/day PFOA; (e) Control mice fed a high-fat diet (HFD); (f) HFD-fed mice treated with 5 mg/kg/day PFOA; (g) HFD-fed mice treated with
10 mg/kg/day PFOA; (h) HFD-fed mice treated with 20 mg/kg/day PFOA. Hydropic degeneration with visible vacuoles in hepatocytes was observed in
c and g; ballooning degeneration occurred in d and h. Scale bar in panel a, 200 UM.

of lipid metabolism-related enzymes in LDs indicates the important
roles of LDs in storage and metabolism of TG and CHOL, as well as
degradation of arachidonic acid®'*'®. Abnormal state of LDs may
lead to disturbance in lipid metabolism and a series of effects on
cellular activities.

In this study, in spite of the decreased body weight, lipid accu-
mulation was observed in PFOA-exposed hepatic cells. A similar
result has been reported in other PFOA-related studies'*. The
compelling point occurred as abnormal translocation of LDs to the
hepatocyte nucleus in PFOA-treated mice. We also examined ultra-
structures in thymus and spleen cells, but did not observe a similar
phenomenon. As an important location for DNA storage, replication
and transcription®, Nuclei invaded by LDs may lead to devastating
consequences. As expected, we observed liver-associated abnormal-
ties. Therefore, we reason that PFOA induces a specific accumulation

of LDs in the nucleus of hepatic cells, which may be responsible for
the PFOA-associated toxicity.

The activation of the transcription factor PPARa has been con-
sidered as a possible mechanism for PFOA-induced toxicities'**.
Here expression of PPARY can be stimulated by 20 mg/kg/day
PFOA, but PPARa expression in liver cells was not upregulated.
Hence, it is unlikely that PPARa activation is responsible for the
PFOA liver toxicity.

TG and CHOL in hepatocytes can be assembled into very low-
density lipoproteins (VLDLs) and secreted into the circulation, or
stored in the hepatic cytosol as LDs***. VLDLs turn into low-density
lipoproteins (LDL) in the blood stream, which carries CHOL to
extra-hepatic tissues; High-density lipoproteins (HDL) extracts
lipids from VLDLs remnants and can carry CHOL stored in extra-
hepatic tissues back to the liver®'. In this study, the unaltered albumin

Dose of PFOA (mg/kg/day)

Figure 2 | Ultrastructural changes in liver nuclei after 14 days of PFOA exposure. (a) Control mice fed a regular diet (RD); (b) RD-fed mice treated with
5 mg/kg/day PFOA; (c) RD-fed mice treated with 10 mg/kg/day PFOA; (d) RD-fed mice treated with 20 mg/kg/day PFOA; (e) Control mice fed a
high-fat diet (HFD); (f) HFD-fed mice treated with 5 mg/kg/day PFOA; (g) HFD-fed mice treated with 10 mg/kg/day PFOA; (h) HFD-fed mice treated

with 20 mg/kg/day PFOA. L = lipid droplets. Scale bar in panel a, 2 pM.
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Figure 3 \ Ultrastructures of liver organelles after 14 days of PFOA exposure. (a) Control mice fed a regular diet (RD); (b) RD-fed mice treated with
5 mg/kg/day PFOA; (c) RD-fed mice treated with 10 mg/kg/day PFOA; (d) RD-fed mice treated with 20 mg/kg/day PFOA; (e) Control mice fed a high-
fat diet (HFD); (f) HFD-fed mice treated with 5 mg/kg/day PFOA; (g) HFD-fed mice treated with 10 mg/kg/day PFOA; (h) HFD-fed mice treated with
20 mg/kg/day PFOA. L = lipid droplets. V = void formed by dilatation of endoplasmic reticulum; M = swollen mitochondria; C = condensed

chromatin. Scale bar in panel a, 2 pM.

levels in PFOA-exposed mice indicated that the transportation of
exogenous lipids was normal. However, PFOA may block the export
of lipids from the liver, resulting in less VLDLs secretion, leading to
reduced levels of serum HDL and LDL. Adding extra fat to the diet
may have balanced the serum lipids, but reduction in LDL was also
detected. Though lipids were released from adipose tissue to supple-
ment the decreasing serum TG and CHOL, LDs continued to accu-
mulate in the hepatocytes. Therefore, the PFOA-exposed mice had
intumescent livers and shrunken adipose tissues.

As PFOA resembles FA in structure, we reason that it would
interfere with the transportation and metabolism of FA***>*. This
interference may have blocked the lipids exportation from the liver,
and probably caused altered transportation of lipids to the nucleus.
As a result, LDs accumulation in hepatocytes, especially in the nuc-
leus, occurred in PFOA-treated mice. However, the mechanism for
translocation LDs into the nucleus requires further investigation.

PPAR a

@l Control
3 5 mg/kg/day
6 4 @ 20 mg/kg/day

Ratio to RD Control
D

RD HFD

Methods

Reagents and animals. The experimental procedures were approved by the ethics
committee of Jianghan University (Wuhan, China). Four-week-old male BALB/c
mice were purchased from Hubei Research Center of Laboratory Animals (Hubei,
China). The animals were fed either an RD or a HFD and were randomly divided for
PFOA exposure (15 mice per group). In comparison with the RD, HFD contained
10% more lard and 3% more cholesterol. The food was purchased from Beijing HFK
Bio-Technology co., LTD.

PFOA (CAS number, 335-67-1; purity, 96%, Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in 0.5% Tween 20 (Sigma-Aldrich), and was given to mice orally via
gavage for 14 days at doses of 5, 10 or 20 mg/kg/day. Control mice were given 0.5%
Tween 20 without PFOA.

Animal treatment. All animals were fasted overnight prior to execution. Blood
samples of those animals were drawn from the orbital sinus. Serum was separated and
analyzed for various biochemical parameters, such as albumin, glucose, CHOL, TG,
HDL-ch, and LDL-ch, by an Abbott Aeroset automated instrument analyzer (Abbott
Diagnostics, Abbott Park, IL, USA). Next, the mice were sacrificed by cervical
luxation. Livers and ventral fat were quickly removed and weighed. Cubical samples

10
PPAR Y
@R Control

8 1 = 5 mgl/kg/day
§ EED 20 mg/kg/day
=
[
O 6 *
[a]
14
L
o 41
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©
14

2 ol
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Figure 4 | Expression of PPARa and PPARY after 14 day of PFOA exposure. *p<<0.05, **p<<0.01 versus their respective controls or between the two
groups indicated, using one-way ANOVA. Doses of PFOA are showed in the legends. RD = regular diet; HFD = high-fat diet. All values are

represented as means * SE (standard error); N=4.
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of liver were removed and immediately immersed in a 4% paraformaldehyde solution
for histopathological observation, or in 2.5% glutaraldehyde for ultrastructure
observation. The remaining liver samples were stored at —80°C for glycogen or gene
analysis.

Quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR).
Procedures of qRT-PCR were performed as previously reported”. The forward (F)
and reverse (R) primers were as follows: PPARa, F-TGAACAAAGACGGGATGC
and R-GCCACAAACAGGGAAATG; PPARY, F-TCAAGGGTGCCAGTTTCG and
R-GAGGCCAGCATCGTGTAG.

Statistical analysis. Data were analyzed with SPSS 16.0 software (SPSS, Chicago, IL,
USA). Results are presented as the mean * standard error (SE) of at least four
independent experiments. One-way ANOVA was used to determine the differences
between the control and PFOA-treated groups. P values < 0.05 were considered
statistically significant.
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