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In brief

Hepatocytes have important roles in liver
iron homeostasis. Gao et al. report that
hepatocyte-derived, iron-containing
extracellular vesicles lead to hepatocyte
iron deficiency and hepatic stellate cell
iron overload, which contributes to the
development of liver steatosis and
fibrosis in Western diet-fed mice.
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SUMMARY

Hepatocytes have important roles in liver iron homeostasis, abnormalities in which are tightly associated with
liver steatosis and fibrosis. Here, we show that non-alcoholic fatty liver disease (NAFLD) and steatohepatitis
(NASH) are characterized by iron-deficient hepatocytes and iron overload in hepatic stellate cells (HSCs). Iron
deficiency enhances hepatocyte lipogenesis and insulin resistance through HIF2a-ATF4 signaling. Elevated
secretion of iron-containing hepatocyte extracellular vesicles (EVs), which are normally cleared by Kupffer
cells, accounts for hepatocyte iron deficiency and HSC iron overload in NAFLD/NASH livers. Iron accumula-
tion results in overproduction of reactive oxygen species that promote HSC fibrogenic activation.
Conversely, blocking hepatocyte EV secretion or depleting EV iron cargo restores liver iron homeostasis,
concomitant with mitigation of NAFLD/NASH-associated liver steatosis and fibrosis. Taken together, these
studies show that iron distribution disorders contribute to the development of liver metabolic diseases.

INTRODUCTION

Iron is an essential trace element present at approximately 35—
45 mg/kg of body weight in adult humans (Ganz, 2019). In a
healthy individual, 20%-30% of surplus iron is stored in hepato-
cytes, which serve as the most important reservoir and regula-
tors of iron homeostasis (Meynard et al., 2014). Iron participates
in many biological processes, such as oxygen transport, cellular
energy metabolism, electron transport, and numerous enzy-
matic reactions (Muckenthaler et al., 2017). According to the
World Health Organization, iron deficiency is the most common
nutritional disorder (Brissot et al., 2018; MclLean et al., 2009).
Emerging evidence has uncovered unsuspected connections
between iron homeostasis and metabolic disease (Britton
et al., 2016, 2018; Hori et al., 2018; Ryan et al., 2018; Simcox
and McClain, 2013). Clinical studies show that abnormal iron dis-
tribution in liver is tightly associated with the incidence of non-
alcoholic fatty liver diseases (NAFLDs) and non-alcoholic steato-
hepatitis (NASH) (Britton et al., 2018; Kim et al., 2012; Kowdley
et al., 2012; Nelson et al., 2011), but the underlying mechanisms
remain unknown. While hepatocytes play central roles in iron
storage and nutrient metabolism, how hepatocyte iron homeo-
stasis affects metabolic responses is unknown.

To maintain iron homeostasis, hepatocytes export excess iron
via ferroportin (FPN), which is a well-established membrane-
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localized iron exporter (Abboud and Haile, 2000; Donovan
et al., 2000; McKie et al., 2000). Hepcidin, a liver-secreted hor-
mone, can block FPN function by inducing its internalization
and degradation (Drakesmith et al., 2015; Nemeth et al., 2003,
2004). Liver inflammation enhances hepcidin production through
activation of the interleukin 6 (IL-6)-STAT3 axis (Nemeth et al.,
20083; Verga Falzacappa et al., 2007) that also plays a key role
in obesity-driven hepatocarcinogenesis (He et al., 2013; Park
et al., 2010). In the context of obesity, one of the most common
causes of chronic liver inflammation, circulating hepcidin levels
are elevated, resulting in FPN degradation and systemic iron defi-
ciency (Baumgartner et al., 2013; Stoffel et al., 2020; Tussing-
Humphreys etal.,2010; Yanoff et al., 2007). These important find-
ings led us to hypothesize that abnormalities in hepatocyte iron
export could be one of the causal factors for iron distribution dis-
orders and the pathogenesis of liver metabolic diseases.
Extracellular vesicles (EVs) and their cargos resemble an
endocrine-like system transferring a variety of cellular materials
and signals including RNA, DNA, proteins, and lipids between
neighboring or distant cells, playing important roles in the
development of metabolic diseases and cancer (Isaac et al,
2021; Kalluri and LeBleu, 2020; Luo et al., 2021; Mathieu
et al., 2019). Previous studies, including ours, have shown
that hepatocyte-derived EVs profoundly regulate insulin target
cell functions during obesity-associated metabolic disorders
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Figure 1. NAFLD/NASH is characterized by abnormal iron distribution in hepatic cells

(A) Total iron content in human hepatocytes (Hep) of lean/healthy or NAFLD/NASH individuals.

(B) The abundance of ferritin in human healthy/lean versus NAFLD/NASH hepatocytes.

(C and D) Total iron levels in hepatocytes (C) and HSCs (D) of lean and 24-week Western diet-fed (24-week WD) NASH WT mice.

(E) Immunofluorescence staining of human liver sections of lean/healthy and NAFLD/NASH individuals to examine the abundance of FTH in Desmin + HSCs.
(F and G) Total iron levels in hepatocytes (F) and HSCs (G) in WT mice after 6-week WD feeding.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, Student’s t test. See also Figure S1.

(Ji et al.,, 2021; Zhao et al., 2020). Other recent studies suggest
that EVs mediate iron expulsion in either cancer cells or macro-
phages (Brown et al., 2019; Truman-Rosentsvit et al., 2018).
However, whether EVs provide a new mechanism whereby he-
patocytes control the iron contents of other liver resident cells
is unknown.

Here, we report that iron deficiency promotes lipogenesis in
hepatocytes through activation of HIF2«-ATF4 signaling,
contributing to the steatotic phenotype in NAFLD- or NASH-
afflicted livers. Elevated secretion of iron-containing EVs
results in hepatocyte iron deficiency, whereas blocking hepa-
tocyte EV secretion preserves liver iron homeostasis in
NAFLD/NASH mice. While Kupffer cells (KCs) clear hepato-
cyte EVs, the diminished KC population in NASH livers results
in engulfment of excess hepatocyte EVs by hepatic stellate
cells (HSCs) and subsequent iron overload. HSC iron overload
enhances reactive oxygen species (ROS) accumulation and
assumption of a pro-fibrotic phenotype. In contrast, depletion
of iron cargos prevents the adverse effects of hepatocyte EVs.

RESULTS

Hepatic iron homeostasis is impaired in human and
mouse NAFLD/NASH

Given the critical roles of hepatocytes in mediating iron storage
and supply, we assessed hepatic iron balance in NAFLD and

1202 Cell Metabolism 34, 1201-1213, August 2, 2022

NASH. We found that total iron levels in human NAFLD/NASH
hepatocytes were significantly lower than in healthy hepatocytes
(Figure 1A). In addition, the abundance of both ferritin H (FTH)
and L (FTL) subunits, which are essential iron storage proteins
in mammals, was markedly reduced in human NAFLD/NASH he-
patocytes (Figure 1B). In the Western diet (WD)-induced mouse
NASH model, we observed that hepatocytes isolated from NASH
(24-week WD feeding) wild-type (WT) mice contained ~30% less
total iron than lean WT mouse hepatocytes (Figures 1C and S1A).
In addition, NASH mouse hepatocytes expressed less Fth and
Ftl compared to lean mouse hepatocytes (Figure S1B).

Notably, the abundance of Fth and Ft/ in NASH HSCs, which
are the major collagen-producing cells that drive liver fibrosis,
was greater than that in lean mouse HSCs (Figure S1C). Congru-
ently, HSCs from NASH mouse liver contained ~2-fold more to-
tal iron than lean mouse HSCs (Figure 1D). Iron was also likely to
be elevated in human NASH HSCs, as suggested by higher
ferritin amounts in Desmin- or a-SMA (smooth muscle actin)-ex-
pressing cells in NASH livers than in healthy/lean human livers
(Figures 1E and S1D).

We further examined whether abnormal iron distribution in he-
patocytes and HSCs precedes the establishment of steatosis
and fibrosis. After a short period (6 weeks) of WD feeding, total
iron and ferritin were significantly lower in hepatocytes
compared to hepatocytes from lean control mice (Figures 1F
and S1E). Conversely, 6-week WD-fed mouse HSCs had higher



Cell Metabolism

¢? CellPress

— 54 e Leancon ©  Human NAFLD/NASH Hep
Pathways upregulated by Iron deficiency ®  Human healthy Hep . +FAC
m +DFO = Lean TfrcrhHer 100000 Nk
GO term -log10(P) 10000 *¥ 4 e x o
” 3 . . Ta = 27 80000
Metabolic pathways 1713 B0 53 . * 23
HE £ L] % o O 60000
s . 2
vesicle 10.97 g g 52 % % — 8 § 20000
° S —_ - 5E
HIF signaling pathway 7.55 g€ w o . ° 3 ® M of 2E
SE 1 = 28 20000
Fructose metabolism 5.07 28 i ﬁ ° ° ° ° H B
= o
o " " " " " " " ;
FoxO signaling pathway 5.06 Tfrc Ftl  Fth Fas Acc Scdl Pparg Srebpl Atf4 Hif2a
Fatty acid synthesis 2.6
E G _ S H Glucose tolerance tests
o 12wks WD WT SRR 28 :
159 12wks WDWT ' ' +iron dextran 12wks WD-W‘[-‘i\(fr 5 * tzwksWowr
R = +Iron dextran M . kA = siron dextran
gz I
29 3: : . L] -
PR ] .
2s 510
82 s o = - b " "
>E 2 . 0
29 0.5 m m) i
== = m !
0. 15 30 45 60 90
Fas  Srebp1 Pparg  Scd1 Acc After glucose injection, min
I Insulin tolerance tests J 12wks WD ron d K L Human healthy Hep +DFO
+
2] = rwewowr whks WD con _+lron dextran Human NAFLD/NASH Hep  +FAC pAKT
Sl EEL EJd I T I ;
L ——— = YT F N Y
g
: \ti’/f,:’:. K [ AT [ - - ]
s —
T Mouse fean Hep
s
=

IRs2 |
HSP9) D D w WD =» = = e

0 15 30 45 60
After insulin injection, min

20

sz I S B W0 0]
HSPOO [ wee woe e wmn em

PAKT
AKT [

Figure 2. Iron deficiency triggers lipogenesis and insulin resistance in hepatocytes
) Upregulated pathways in lean mouse hepatocytes after 24 h deferoxamine (DFO; 100 uM)-induced iron deficiency.
) Effect of DFO treatment on lipogenesis in healthy human hepatocytes. Cells without DFO treatment were used as controls. cpm, counts per minute.

D) Lipogenesis in human NAFLD/NASH hepatocytes after ferric ammonium citrate (FAC; 100 uM) treatment.

A
B
(C) Expression of ferritin and lipogenic genes in the hepatocytes of lean AlbuminCre*Cas9* mice after 2-week injection with lentivirus carrying gRNA-Tfrc1.
(
(E

) Live triglyceride levels in 12-week WD WT mice after 6-week treatment with iron dextran (10 mg/kg body weight). Twelve-week WD WT mice treated with saline

were used as controls.

(F and G) Effects of iron dextran treatment on the abundance of lipogenesis genes (F) and lipid accumulation (G) in the livers of 12-week WD WT mice.

Representative images of n = 6 per group.

(H and 1) Glucose and insulin tolerance tests of 12-week WD WT mice after 6-week treatment with iron dextran.

(J) Effect of iron dextran treatment on AKT or IRS2 phosphorylation in the liver of 12-week WD mice.

(K) The levels of phosphorylated AKT or IRS2 in human NAFLD/NASH hepatocytes after in vitro treatment with FAC.
(L) Effect of DFO treatment on AKT phosphorylation in either human healthy hepatocytes or lean mouse hepatocytes.

Data are presented as mean + SEM. n = 6 per group (G and H).

iron and ferritin content than control mouse HSCs (Figures 1G
and S1F). Expression of transferrin receptor (Tfrc1) and Fpn
mRNAs was significantly repressed in HSCs after 6 weeks of
WD feeding (Figure S1G). Taken together, these results suggest
that dysfunction of hepatic iron metabolism and homeostasis
could be important for NAFLD and NASH pathogenesis.

Iron deficiency aggravates NAFLD-associated hepatic
lipogenesis

To investigate the effect of iron deficiency on hepatocyte func-
tions, human healthy hepatocytes were treated with deferox-
amine (DFO, 100 pM) to remove ~30% of their total iron content,
thus mimicking iron levels in human NAFLD/NASH hepatocytes
(Figure S2A). We assessed the impact of reduced iron content
on the hepatocyte transcriptome. RNA sequencing (RNA-seq)
analysis showed that metabolic responses and fatty acid synthe-
sis were among the top enriched pathways under iron deficiency
(Figure 2A). Consistently, we found a significant increase in
expression of key genes associated with lipogenesis in human
healthy hepatocytes after DFO treatment (Figure S2B). In addi-
tion, in vitro lipogenesis assays using C'*-labeled sodium acetate
showed that iron deficiency resulted in more C'*-acetate incor-

*p < 0.05, *p < 0.01, **p < 0.001, Student’s t test. See also Figure S2.

poration in DFO-treated human healthy hepatocytes compared
to control cells (Figure 2B). We also observed increased lipogen-
esis and lipogenic gene expression in DFO or Apo-transferrin-
treated normal mouse hepatocytes (Figures S2C-S2E), suggest-
ing that the lipogenic response to reduced hepatocyte iron is
conserved and could have a causal role in hepatosteatosis. To
assess the impact of iron deficiency on in vivo hepatic lipogenic
activation, we used hepatocyte-specific Tfrc1 knockout (KO)
(Tfrc14HeP) mice. After intravenous (i.v.) delivery of a lentivirus
containing guide RNA (gRNA) for Tfrc7 (1 x 108 particles/mouse),
hepatocyte-specific Cas9 transgenic mice (AlbuminCre*Cas9*)
had a lower Tfrc1 expression in hepatocytes than control
AlbuminCre*Cas9* mice injected with a lentivirus without gRNA
(Figures 2C and S2F). Of note, Tfrc1 depletion caused decreased
Ftl and Fth mRNA abundance, suggesting lower iron levels than
lean WT mice (Figure 2C). More importantly, lean Tfrc14HeP
mice showed higher expression of lipogenic genes than lean
WT mice (Figure 2C).

Activation of hepatic lipogenesis is essential for NAFLD devel-
opment (Friedman et al., 2018). We, therefore, examined whether
restoration of hepatocyte iron attenuates lipogenic activity in hu-
man NAFLD/NASH hepatocytes. After treatment with ferric

Cell Metabolism 34, 1201-1213, August 2, 2022 1203
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ammonium citrate (FAC, 100 puM), iron levels in human NAFLD/
NASH hepatocytes were comparable to those in human healthy
hepatocytes, concomitant with downregulated expression of
lipogenic genes and diminished C'#-acetate incorporation
(Figures 2D, S2G, and S2H). We also confirmed that restoration
of hepatocyte iron with FAC or holo-transferrin treatment
reduced lipogenic gene expression in 12-week WD WT mouse
hepatocytes (Figures S21 and S2J). To validate the effect of he-
patic iron restoration on hepatosteatosis, 6-week WD-fed WT
mice were intraperitoneally injected with iron dextran (10 mg/kg
body weight, twice per week). Of note, iron dextran treatment
restored hepatocyte iron content in WD-fed recipient mice to
the same levels as in lean WT mice (Figures S2K and S2L).
More importantly, after 6 weeks of treatment, administration of
iron dextran blunted hepatic lipogenic activity, as demonstrated
by markedly lower levels of liver triglycerides and lipogenic
mRNAs (Figures 2E and 2F). H&E staining of liver sections re-
vealed that iron dextran-treated mouse livers contained fewer
lipid droplets than untreated WD-fed livers (Figure 2G). These
data suggest that restoration of hepatocyte iron can attenuate
hepatosteatosis.

Hepatic insulin resistance accompanies NAFLD and NASH
progression (Friedman et al., 2018; Koyama and Brenner,
2017). We, therefore, assessed the importance of iron homeo-
stasis in modulation of hepatocyte insulin sensitivity. Compared
to untreated 12-week WD-fed WT mice, iron dextran-treated
mice exhibited improved glucose tolerance and insulin sensi-
tivity, as well as greater levels of insulin-stimulated phosphory-
lated AKT and IRS2 in the liver (Figures 2H-2J). While iron
dextran treatment also led to increased ferritin abundance in
KCs, the KC activation status was comparable between
12-week WD-fed WT control and iron dextran-treated mice
(Figures S2M and S2N). To further confirm the direct effect of
iron content recovery on hepatocyte insulin sensitivity, human
and mouse NAFLD/NASH hepatocytes were treated with FAC.
This resulted in enhanced insulin-induced AKT and IRS2 phos-
phorylation (Figures 2K and S20). In contrast, DFO treatment
of human or mouse healthy hepatocytes reduced insulin-stimu-
lated AKT phosphorylation (Figure 2L). Thus, these results show
that iron homeostasis maintains hepatic insulin sensitivity.

HIF24/ATF4 signaling mediates iron deficiency-induced
lipogenesis and insulin resistance

To further investigate how iron deficiency affects lipogenic gene
expression in hepatocytes, we analyzed the transcriptomic pro-
files of lean mouse hepatocytes treated with DFO. Gene
ontology analysis revealed that the differentially expressed
gene sets induced by iron deficiency were tightly associated
with cellular response to hypoxia and hypoxia-inducible factor
(HIF) signaling (Figure 2A). Among genes overexpressed in
DFO-treated hepatocytes was the gene coding for HIF2« (Fig-
ure S3A), which is the only Hif family member with iron-respon-
sive elements in its untranslated region (Muckenthaler et al.,
2017; Shah and Xie, 2014). Consistently, we observed that
HIF2a protein abundance was markedly elevated in human
and mouse NAFLD/NASH hepatocytes compared to lean hepa-
tocytes (Figures 3A and S3B). To examine the importance of
HIF2q in iron deficiency-induced hepatocyte dysfunction, we uti-
lized Hif2a siRNA packaged into liposomes to silence HIF2«

1204 Cell Metabolism 34, 1201-1213, August 2, 2022
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expression. gRT-PCR analysis indicated that reduced HIF2a.
amounts blunted iron deficiency-induced lipogenic gene expres-
sion in DFO-treated human or mouse hepatocytes (Figures 3B
and S3C). Congruently, the lipogenesis assay showed that
HIF2¢ siRNA transfection reduced '*C-acetate incorporation in
human healthy hepatocytes (Figure 3C). In addition, iron-defi-
cient human NAFLD/NASH hepatocytes displayed reduced lipo-
genic activity after HIF2a. silencing (Figures 3D and S3D).

We also examined the role of HIF2« in regulation of hepatic in-
sulin sensitivity in response to iron deficiency. After HIF2a knock-
downin DFO-treated human healthy hepatocytes, the levels of in-
sulin-stimulated AKT phosphorylation were significantly elevated
(Figure 3E). In addition, NAFLD hepatocytes transfected with
Hif2a siRNA contained more phosphorylated AKT, compared to
control NAFLD cells (Figure S3E). These results suggest that
HIF2a plays a critical role in modulating hepatic lipogenesis and
insulin sensitivity in response to iron deficiency.

Previous studies have demonstrated that activating transcrip-
tion factor 4 (ATF4) is an HIF target gene (Koditz et al., 2007;
Lange et al., 2008). We found that DFO-treated lean/healthy he-
patocytes or NAFLD/NASH hepatocytes expressed more ATF4
than control hepatocytes (Figures 3A and S3B). More impor-
tantly, concomitant with HIF2a repression, ATF4 expression
was reduced in iron-deficient hepatocytes, demonstrating that
HIF20 induces ATF4 expression (Figures 3B, 3E, and S3E). We
next examined whether ATF4 ablation attenuates iron defi-
ciency-induced hepatic dysfunctions. After treatment with
DFO, the ATF4 target genes Chop and Pparg were upregulated
in lean WT hepatocytes, whereas DFO treatment did not affect
their expression in Atf4~'~ mouse hepatocytes (Figure S3F).
More importantly, Atf4~’~ mouse hepatocytes had comparable
lipogenic activity to untreated counterparts (Figure 3F). Atf4
knockdown in human healthy hepatocytes blunted effects of
DFO on lipogenesis and insulin sensitivity (Figures 3G and S3G).

To further evaluate in vivo effects of ATF4 ablation on hepato-
cyte functions, hepatocyte-specific Atf44"eP (AlbuminCre*Atf4™)
mice were fed WD. While WT mice developed hepatosteatosis af-
ter 16 weeks of WD feeding, Atf44"P mice showed much
fewer lipid droplets in their liver and fewer liver triglycerides
(Figures 3H and 3l). In addition, in the WD-fed Atf44" liver, lipo-
genic gene expression was lower than in WD-fed WT liver (Fig-
ure S3H). Also, after 16 weeks of WD feeding, Atf44"®P mice
showed improved glucose tolerance and insulin sensitivity
compared to WT mice (Figures 3J and 3K). The levels of phos-
phorylated AKT and IRS2 in the WD-fed Atf44"eP liver were
greater than WD-fed WT livers (Figure S3l). Taken together, these
data suggest that the HIF2a.-ATF4 signaling axis mediates the ef-
fects of iron deficiency on hepatocyte lipid metabolism and insu-
lin signaling.

EV-dependent iron export underlies NAFLD/NASH-
associated hepatocyte iron deficiency

FPN is the main iron exporter in hepatocytes, and hepcidin is a
small peptide hormone that directly binds FPN to block iron
export (Drakesmith et al., 2015). Previous studies have shown
that obesity is accompanied by elevated secretion of hepcidin
(Stoffel et al., 2020). We also found that hepcidin levels in blood-
stream and hepatocytes were upregulated after a short period
(6 weeks) of WD feeding and were higher in NASH mice
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Figure 3. Iron deficiency induces hepatocyte responses through the activation of HIF2«/ATF4 pathway
A) The abundance of HIF2o. and ATF4 in hepatocytes isolated from lean and NAFLD/NASH humans or WT mice.
B) Effect of Hif2a repression on the expression of genes associated with lipogenesis in DFO-treated lean mouse hepatocytes.

E) Effects of HIF2a. knockdown on the abundance of phosphorylated AKT and ATF4 in DFO-treated healthy human hepatocytes.

(
(
(C and D) Lipogenesis in DFO-treated human healthy (C) or NAFLD/NASH (D) hepatocytes after transfection with siRNA-Hif2a.
(
(

F and G) Effect of DFO treatment on lipogenesis in lean ATF4KO mouse hepatocytes (F) and lipogenesis gene abundance in siRNA-Atf4-treated healthy human

hepatocytes (G).

(H-K) Levels of triglyceride (H) and H&E staining () in livers, glucose tolerance (J), and insulin sensitivity (K) of 16-week WD ATF4"f and AlbuminCre*ATF4"f (Atf4%
HeP) mice. Representative images of n = 6 per group (l). n = 7-10 per group (J and K).
Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, Student’s t test. See also Figure S3.

(Figures 4A and S4A). Concomitant with high circulating hepcidin,
WD-fed mouse hepatocytes had remarkably lower FPN abun-
dance compared to lean mouse hepatocytes (Figure 4B). We
also observed a marked reduction in FPN expression in human
NAFLD/NASH hepatocytes (Figure 4B). NASH hepatocytes ex-
pressed comparable amounts of MRNAs encoding ironimporters
(Tfrc1, Tfrc2, Slc39a14, and Dmt1) after 6-week WD feeding (Fig-
ure S4B). However, the iron content of these hepatocytes was
markedly reduced, suggesting FPN-independent iron expulsion.

EVs transport various cargos between different cell types (Isaac
etal., 2021; Kalluri and LeBleu, 2020). To examine whether iron is
one of the components of hepatocyte-derived EVs, we purified
EVs from hepatocyte culture media using the ultracentrifuga-
tion-based protocol described in our previous studies (Ji et al.,
2021; Ying et al., 2017, 2021). Iron was detectable within human
and mouse hepatocyte secreted EVs (Figures 4C and 4D). To
further validate iron as hepatocyte EV cargo, lean mouse hepato-
cyte-derived EVs were co-cultured with mouse HSCs. After 24 h,
EV addition resulted in elevated HSC total iron content (Figure 4E).
In contrast, DFO-treated hepatocyte EVs did not increase HSC
iron levels (Figures 4E and S4C). Although the iron content of
EVs from lean and NASH mouse hepatocytes was nearly identical,
NASH mouse hepatocytes produced more EVs than lean mouse
hepatocytes (Figures 4C and 4F). Similarly, human NAFLD/

NASH hepatocytes secreted more iron-containing EVs compared
to human healthy hepatocytes (Figure S4D). Given that lipids are
factors in NAFLD and NASH, we treated lean WT mouse and hu-
man healthy hepatocytes with palmitic acid (PA; 500 pM). Interest-
ingly, PA treatment elevated the number of secreted EVs (Fig-
ure 4G), but the iron content was similar in EVs derived from
control and PA-treated hepatocytes (Figure S4E). Concomitant
with enhanced EV secretion, PA-treated hepatocytes had a signif-
icantly lower ferritin abundance compared to control hepatocytes
(Figures 4H and S4F).

To investigate the mechanisms underlying PA-induced EV
secretion from hepatocytes, we examined a set of key regulators
of EV export. Interestingly, expression of RAB27, a small GTPase
that is critical for the secretion of small vesicles (Bobrie et al.,
2012; Ji et al., 2021; Ostrowski et al., 2010; Song et al., 2019),
was greater in PA or palmitic and oleic acid (PAOA)-treated
lean mouse hepatocytes compared to control cells (Figures 4,
S4G, and S4H). PA or PAOA treatment, however, had a minimal
effect on the abundance of other EV secretion regulators such as
Prominin2 and Ncoa4 (Figures S4G and S4H). RAB27 expression
was already elevated after a short period (6 weeks) of WD
feeding (Figure S4l). Consistently, human NAFLD/NASH hepato-
cytes expressed more RAB27 than healthy hepatocytes (Fig-
ure 4J). To test if PA-induced iron deficiency in hepatocytes is
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Figure 4. Extracellular vesicles play important roles in expulsing iron from hepatocytes in NAFLD/NASH livers

(A) Circulating hepcidin levels in WT mice after WD feeding.

(B) The abundance of ferroportin (FPN) in hepatocytes of lean and NAFLD/NASH livers.
(C and D) Iron levels within extracellular vesicles (EVs) derived from mouse (C) and human (D) hepatocytes.
(E) Iron content in lean mouse HSCs after in vitro treatment with either NASH hepatocyte EVs (NASH Hep EVs) or iron-free NASH Hep EVs. Control cells were

treated with empty liposomes.
(F) EV production of lean and NASH WT mouse hepatocytes.

(G) Effect of palmitic acid (PA; 500 uM) on EV production from either lean/healthy human or mouse hepatocytes.

(H) The abundance of ferritin in lean WT mouse hepatocytes after 24 h PA treatment.

(I) The abundance of RAB27a and RAB27b in healthy human hepatocytes after 24 h PA treatment.

(J) RAB27a and RAB27b expression in human healthy versus NAFLD/NASH hepatocytes.

(K) Effects of Rab27a/b depletion on ferritin expression in PA-treated lean mouse or healthy human hepatocytes.

(L) Hepatocyte iron levels in NASH WT versus NASH hepatocyte-specific Rab27a/b KO mice (Rab271).

(M and N) Levels of liver steatosis (M) and triglyceride (N) of NASH WT versus NASH Rab27°"°P mice. Representative images of n = 4 mice per group.
Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test (C-L and N) or one-way ANOVA (A). See also Figure S4.

RAB27 dependent, either healthy/lean human or mouse hepato-
cytes were transfected with Rab27 siRNA prior to PA treatment.
We found that, in the presence of PA, Rab27 silencing resulted in
a great reduction in EV secretion, accompanied by greater
ferritin abundance than the scramble RNA-treated cells
(Figures 4K and S4J). Concomitantly, RAB27 downregulation
repressed the expression of lipogenic genes in PA- or PAOA-
treated hepatocytes (Figures S4K and S4L).

To validate the role of RAB27-mediated EV secretion in the
regulation of hepatocyte iron homeostasis, we used a hepato-
cyte-specific Rab27 KO (Rab27"F) mouse described in our
previous studies (Ji et al., 2021). After i.v. delivery of a lentivirus
containing guide RNAs (gRNAs) for Rab27a and Rab27b (1 x 108
particles/mouse), AlbuminCre*Cas9* mice had lower RAB27a
and RAB27b expression in hepatocytes than control mice in-
jected with a lentivirus without gRNAs (Figure S4M). More impor-
tantly, Rab274"eP mice fed an NASH diet maintained higher iron
levels than WT NASH mice (Figure 4L). In addition, hepatocyte-
specific Rab27 KO mice exhibited less hepatosteatosis after
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24-week WD feeding than WT mice, as evidenced by fewer lipid
droplets, lower liver triglycerides, and lower expression of lipo-
genic genes (Figures 4M, 4N, and S4N). Hepatocyte Rab27
depletion also reduced glucose intolerance and insulin resis-
tance after WD feeding (Figures S40 and S4P). DFO treatment
reduced iron content of hepatocytes isolated from NASH
Rab274"P mice, concomitant with elevated expression of lipo-
genic genes (Figure S4Q). These results demonstrate that
RAB27-mediated secretion of iron-containing EVs accounts for
hepatocyte iron deficiency, thereby promoting the development
of hepatosteatosis.

KCs are key players cleaning iron-containing

hepatocyte EVs

KCs take up hepatocyte-secreted iron to maintain microenviron-
mental iron homeostasis in the liver (Krenkel and Tacke, 2017).
To assess whether KCs interact with hepatocyte EVs, we gener-
ated Cy3-labeled microRNA-223 (miR-223)-containing EVs as
previously described (Figures S5A and S5B) (Ying et al., 2021).
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Figure 5. Kupffer cells engulf hepatocyte EVs

(A) Intensity of Cy3 fluorescence in KCs (CD11b'°"F4/80"9") of lean WT mice after 12 h intravenous injection with Cy3-miR-223-containing NASH hepatocyte EVs.

Control mice were treated with empty liposomes.

(B) The population of recruited hepatic macrophages (CD11b"9"F4/80'°%; RHMs) and KCs (CD11b'°"F4/80"") after 24-week WD feeding or switching 24-week

WD WT mice to normal chow diet (NCD) feeding for 9 weeks.

(C) The abundance of ferritin in HSCs of lean WT versus KC-KO (diphtheria toxin-treated Clec4fCre*DTR™) mice.
(D) Iron content in the HSCs of lean KC-KO mice after 4-week treatment with either NASH Hep EVs or iron-free NASH Hep EVs. Control KC-KO mice were treated

with empty liposomes.

(E) HSC iron levels after lean WT mice treated with NASH Hep EVs for 4 weeks.
(F and G) Levels of total iron (F) and ferritin abundance (G) in HSCs after switching 24-week WD WT mice to normal chow diet feeding for 9 weeks.
Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, Student’s t test (A, C, and E-G) or one-way ANOVA (B and D). See also Figure S5.

Flow cytometric analysis indicated enrichment of Cy3 signals in
Clec4f"F4/80* KCs after overnight i.v. injection of Cy3-miR-223-
containing EVs (5 x 10° vesicles/mouse) into lean WT mice
compared to the controls without EV treatment (Figure 5A). These
data demonstrate that KCs can efficiently engulf iron-containing
hepatocyte EVs.

Previous studies demonstrated depletion of embryonic-
derived KC population in human and mouse NAFLD/NASH (Seid-
man et al., 2020; Tran et al., 2020), and we made similar observa-
tions (Figure 5B). Thus, we assessed how KC loss affects liver iron
homeostasis. We generated Clec4f*F4/80" KC-depleted (KC-
KO) mice by intraperitoneally injecting diphtheria toxin (DT) into
lean Clec4fCre*DTR* mice (200 ng/mouse, one injection every
2 days) (Figure S5C). After 2 weeks, we found that HSCs isolated
from lean KC-KO mice contained significantly more ferritin than
lean WT mouse HSCs (Figure 5C). To validate that the KC-medi-
ated uptake of iron-containing hepatocyte EVs controls HSC iron
accumulation, lean KC-KO mice were intravenously injected with
either NASH mouse hepatocyte EVs or iron-free NASH hepato-
cyte EVs (5 x 10° vesicles/mouse, two injections per week). After
4 weeks of treatment, we found that NASH hepatocyte EV treat-
ment led to greater HSC iron than treatment with iron-free hepa-
tocyte EVs (Figure 5D). In contrast, 4 weeks of treatment with
NASH hepatocyte EVs had little effect on HSC fibrosis and ferritin
expression in lean WT mice (Figures 5E and S5D).

Previous studies showed that the KC population is recovered
after switching WT mice from WD diet to a normal chow diet (diet

switch) (Tran et al., 2020). Accordingly, we observed elevated KC
number 9 weeks after diet switch (Figure 5B). More importantly,
diet switch reduced HSC total iron and ferritin abundance
(Figures 5F and 5G). Taken together, these data demonstrate
that KCs play a critical role in preventing the transport of iron-
containing hepatocyte EVs into HSCs.

Iron accumulation in HSCs enhances fibrogenic
activation

We observed that, concomitant with iron accumulation, fibro-
genic gene expression was elevated in HSCs after 6-week WD
feeding (Figure S6A). To further assess HSC responses after
iron overload, we analyzed the transcriptomic profiles in lean
mouse HSCs after in vitro treatment with FAC (100 pM/1 x 10°
cells). Among the genes upregulated by iron overload, many
were associated with inflammatory responses, the cellular
response to TGFp stimulus, and collagen processing (Figure 6A),
categories involved in NASH development. Since HSC iron over-
load is observed in both human and mouse NASH, we next eval-
uated whether iron enrichment exacerbates HSC fibrogenic acti-
vation and liver fibrosis. To obtain iron levels like those in NASH
HSCs, FAC or holo-transferrin was added into the culture me-
dium of healthy human and lean mouse HSCs (Figures S6B
and S6C). We observed that iron accumulation resulted in
greater levels of fibrogenic gene expression in human and
mouse HSCs compared to control cells (Figures 6B, S6D, and
S6E). In contrast, treatment with DFO or Apo-transferrin
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Figure 6. Iron overload triggers fibrogenic activation in HSCs

Timp1

(A) Pathways in lean mouse HSCs were significantly upregulated after treatment with FAC.

(B) Effect of FAC treatment (100 uM) on the expression of key genes associated with fibrogenic activation in healthy human HSCs.

(C) The abundance of fibrogenic genes in human NASH HSCs after 24 h treatment with DFO (100 pM).

(D) Sirius Red staining of liver sections of 24-week WD WT and DFO-treated WT mice. Representative images of n = 6 mice per group.
(E) Expression of Fth and fibrogenic genes in HSCs of lean LratCre*Cas9" mice after 2-week injection with lentivirus carrying gRNA-Fpn.

(F) Sirius Red staining of liver sections of 12-week WD control versus Fpn*HS®

mice.

(G) Expression of fibrogenic genes in HSCs isolated from lean WT and KC-KO mice.

(H and 1) HSC total iron levels (H) and liver fibrosis (I) of 24-week WD WT and Rab272"®P mice. Representative images of n = 5-6 mice per group.
(J) HSC fibrogenic activation in lean KC-KO mice after 4-week injection with either NASH Hep EVs or iron-free NASH Hep EVs.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, Student’s t test. See also Figure S6.

attenuated fibrogenic activation in human and mouse NASH
HSCs (Figures 6C, S6F, and S6G). To further test whether
reduced HSC iron could blunt the development of liver fibrosis,
20-week WD-fed WT mice were treated with DFO (20 mg/kg
body weight, intraperitoneal [i.p.] injection, twice per week). After
4 weeks of treatment, we observed that DFO-treated mice had
reduced liver fibrosis, including lower intrahepatic collagen in
DFO-treated livers revealed by Sirius Red staining and lower
expression of genes associated with fibrogenic activation
(Figures 6D and S6H). We also observed that, after 2-week injec-
tion of lentivirus carrying gRNA-Fpn, lean LratCre*Cas9" mice
expressed greater levels of ferritin and fibrogenic genes than
lean WT control mice injected with the lentivirus without gRNA
(Figures 6E and S6l). In addition, 12-week WD-fed Fpn*"SC¢
mouse livers contained readily detectable intrahepatic collagen,
whereas it was barely observed in 12-week WD WT livers (Fig-
ure 6F). Twelve-week WD-fed Fpn*"SC mouse livers also ex-
pressed greater «-SMA levels than control mice (Figure S6J).

In the KC-KO mouse model, concomitant with increased HSC
iron, the levels of fibrogenic gene expression were higher than in
lean WT liver (Figure 6G). To further demonstrate that hepatocyte
EVs contribute to HSC iron and subsequent fibrogenic activa-
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tion, Rab274"%P mice were fed WD. After 24 weeks, loss of hepa-
tocyte RAB27 prevented HSC iron accumulation, concomitant
with lower levels of fibrogenic activation than WT mice
(Figures 6H and S6K). Moreover, Sirius Red staining was signif-
icantly lower in 24-week WD-fed Rab27"P mice (Figure 6l).
Conversely, treatment with NASH hepatocyte EVs increased fi-
brogenic gene expression in HSCs of lean KC-KO mice
compared to treatment with iron-free EVs (Figure 6J), suggesting
that iron is the key EV cargo mediating the effect of NASH hepa-
tocyte EVs on fibrogenic activation. In vitro experiments with
lean WT mouse HSCs showed that the addition of NASH hepa-
tocyte EVs enhanced fibrogenic activation to a greater extent
than iron-free EVs (Figure S6L). Overall, these results demon-
strate that iron accumulation triggers HSC fibrogenic activation.

Iron accumulation-induced HSC fibrogenic activation is
ROS dependent

Iron is incorporated into ROS-producing enzymes, including
subunits of the mitochondrial electron transport chain, which
are tightly associated with oxidative stress (Dixon and Stockwell,
2014). Indeed, gene ontology analysis of our RNA-seq data re-
vealed that top enriched pathways in significantly changed
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Figure 7. Iron enrichment induces NASH-associated ROS accumulation in HSCs

A) Effect of FAC treatment on ROS content in healthy human HSCs.

B) ROS abundance in HSCs isolated from 24-week WD-fed WT and Rab27-"P mice.

D) Effect of ROS chelator treatment on the expression of fibrogenic genes in FAC-treated healthy human HSCs.
E-G) HSC ROS content (E), fibrogenic gene abundance (F), and liver Sirius Red staining (G) after switching NASH WT mice to NCD diet for 9 weeks. Repre-

(
(
(C) Effect of Hep EV treatment on HSC ROS levels in lean KC-KO mice.
(
(

sentative images of n = 4-6 mice per group.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test (A, B, and D-G) or one-way ANOVA (C). See also Figure S7.

genes were related to oxidative stress (Figure 6A). As expected,
ROS levels were elevated in healthy human and lean mouse
HSCs after treatment with FAC (Figures 7A and S7A). Concom-
itant with iron overload, NASH mouse HSCs contained more
ROS than lean WT HSCs (Figure S7B). Interestingly, Rab274 P
NASH mice had lower HSC ROS levels than HSCs of WT NASH
mice (Figure 7B), suggesting that hepatocyte EVs increase ROS
accumulation in HSCs. To further validate that iron is a key hepa-
tocyte EV cargo needed for ROS production in HSCs, lean KC-
KO mice were intravenously injected with either NASH hepato-
cyte EVs or iron-free EVs. After 4 weeks of treatment, the
HSCs of lean KC-KO mice treated with NASH hepatocyte EVs
had higher ROS contents than HSCs from iron-free EV-treated
KC-KO mice (Figure 7C), thus demonstrating the importance of
iron for the effect of hepatocyte EVs on HSC ROS production.
To examine whether iron-induced fibrogenic activation is ROS
dependent, healthy human and lean mouse HSCs were treated
with the combination of FAC and NAC (N-acetyl-cysteine, an
antioxidant). We found that FAC failed to induce fibrogenic acti-
vation in the presence of NAC (Figures 7D and S7C), suggesting
that ROS accumulation is critical for iron-induced fibrogenic
activation.

Weight loss is one of the current treatments for NAFLD/NASH
patients (Promrat et al., 2010; Vilar-Gomez et al., 2015). In diet-
switch WT mice, concomitant with reduced HSC iron levels,

we observed a significant reduction in HSC ROS content and fi-
brogenic activation (Figures 5F, 5G, 7E, and 7F). Consistently,
these diet-switch WT mice exhibited lower levels of liver steato-
sis and fibrosis compared to NASH WT controls (Figures 7G
and S7D).

DISCUSSION

Tight associations between impaired iron homeostasis and hu-
man and mouse liver metabolic disorders and fibrosis have
been reported (Britton et al., 2016). The essential role of hepato-
cytes in maintaining liver iron balance underscores a critical need
to investigate the impact of hepatocyte iron homeostasis on the
pathogenic processes that underlie NAFLD and NASH progres-
sion. In this study, we find that human and mouse NAFLD/
NASH hepatocytes are iron deficient due to enhanced secretion
of iron-containing EVs. RAB27, which is a key regulator of EV
secretion, is highly expressed in NAFLD/NASH hepatocytes,
and its ablation restores liver iron homeostasis and attenuates
NASH progression. Transcriptomic analysis has shown that he-
patocytes with iron deficiency have a greater lipid-synthesizing
ability and impaired insulin responsiveness linked to activation
of HIF20/ATF4 signaling. Restoration of iron content in NAFLD
hepatocytes by iron dextran treatment or Rab27 ablation signifi-
cantly reduced lipid accumulation and improved insulin
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sensitivity. In addition, taking up hepatocyte EVs leads to HSC
iron overload, enhancing ROS accumulation, and fibrogenic acti-
vation. Blocking hepatocyte EV secretion prevents HSC iron
overload, concomitant with reduced liver fibrosis in WD-fed
mice. KCs are also important players in hepatocyte to HSC iron
transfer by clearing hepatocyte EVs. The marked reduction in
the KC population during NAFLD/NASH results in elevated EV-
mediated iron transport into HSCs.

Hepatocytes are key regulators of iron metabolism, but the
impact of iron deficiency on hepatocyte physiology is poorly un-
derstood. Our transcriptomic analysis revealed that iron-defi-
cient hepatocytes exhibit marked alterations in pathways associ-
ated with lipogenesis and cellular insulin sensitivity. Hepatocyte
iron deficiency resulted in activation of HIF2a signaling, which
is already known to play critical roles in the development of
NAFLD/NASH (Morello et al., 2018). We found that ATF4, an
HIF target gene, was responsible for HIF2«-induced hepatocyte
dysfunction. Consistent with previous studies (Liet al., 2016; Xiao
et al., 2013), hepatocyte-specific ATF4 ablation mitigated hepa-
tosteatosis in WD-fed mice. Moreover, restoration of hepatocyte
iron blunted HIF2a/ATF4 axis activities in NAFLD hepatocytes.
These findings support the hypothesis that hepatocyte iron defi-
ciency is a key pathogenic factor contributing to NAFLD/NASH
progression.

FPN-dependent iron export is the main pathway by which
hepatocytes release iron (Drakesmith et al., 2015). However,
in the inflamed liver, hepcidin can directly block FPN function
(Drakesmith et al., 2015). In NAFLD patients, circulating hepci-
din levels are significantly greater than in healthy individuals
(Auguet et al., 2017; Demircioglu et al., 2014), and we found
that circulating hepcidin was elevated after WD feeding,
concomitant with the reduction in hepatocyte FPN abun-
dance. However, in our studies, FPN deficiency did not cause
iron overload in human and mouse NAFLD hepatocytes. In
addition, Zhang et al. reported that Fpn ablation in hepato-
cytes has minimal effects on hepatocyte iron content and sys-
temic iron homeostasis (Zhang et al., 2012). We observed that
NAFLD hepatocytes contained ~30% less iron than normal
healthy hepatocytes, suggesting that FPN-independent path-
ways mediate hepatocyte iron export during NAFLD/NASH
development. Recent studies show that cancer cells can
expulse iron through EV secretion (Brown et al., 2019). In addi-
tion, in previous studies, including ours (Ji et al., 2021; Zhao
et al., 2020), obesity is accompanied by remarkably elevated
hepatocyte EV secretion. To test whether EVs are important
for hepatocyte iron export, we used mice with hepatocyte-
specific ablation of RAB27, a key regulator of EV secretion,
and found that hepatocyte iron content of WD-fed Rab274+eP
mice was similar to that of lean mouse hepatocytes. Consis-
tent with our findings, it was reported that macrophages can
secrete iron-containing EVs and that RAB27 depletion reduces
iron export (Truman-Rosentsvit et al., 2018). However, it is un-
clear whether RAB27 proteins may have effects on other
secretory pathways besides extracellular vesicles, which
could affect hepatocyte iron homeostasis.

We also found that healthy hepatocytes secreted a lower
amount of iron-containing EVs compared to NAFLD/NASH he-
patocytes. In addition, KCs remove hepatocyte iron-containing
EVs in healthy liver, in line with their roles in maintaining liver
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microenvironmental iron homeostasis (Krenkel and Tacke,
2017). In contrast, the KC population is dramatically reduced in
both human and mouse NAFLD/NASH liver, and transcriptomic
analysis indicates that the NAFLD/NASH liver environment im-
pairs KC functions such as the ability of iron recycling and
phagocytosis (Seidman et al., 2020). In our studies, we used
the KC-KO mouse model and found that iron overload occurred
in hepatocyte neighboring cells such as HSCs after the loss of
KCs. In addition, NASH hepatocyte EV treatment led to iron
accumulation in HSCs in KC-KO mice, whereas administration
of iron-free NASH hepatocyte EVs had minimal effects on HSC
iron content in KC-KO mice. Thus, our findings support a critical
role for KCs in preventing iron overload in hepatic cells.

Concomitant with elevated secretion of iron-containing hepa-
tocyte EVs, HSCs in NAFLD-afflicted liver exhibited elevated iron
content. Previous studies observed iron accumulation in reticu-
loendothelial system cells in human NAFLD livers and correlated
it with increased fibrosis (Nelson et al., 2011). Hereditary hemo-
chromatosis patients who carry genetic mutations disrupting
hepcidin production exhibit iron overload in different hepatic
cells and a high risk for development of liver fibrosis (Britton
et al., 2016; Falize et al., 2006; Valenti et al., 2010). Consistent
with these observations, we found that iron overload resulted
in fibrogenic activation in human and mouse HSCs. In addition,
iron chelator treatment or depletion of RAB27-mediated hepato-
cyte EV secretion attenuated HSC fibrogenic activation and
reduced liver fibrosis. It is well documented that iron accumula-
tion leads to elevated ROS production, and excessive amounts
of ROS in HSCs drive NASH fibrosis (Rolo et al., 2012).

In summary, we find that maintenance of iron homeostasis is
critical for hepatocyte metabolic responses and that hepato-
cytes affect neighboring cell functions through the secretion of
iron-containing EVs. In contrast, impairment of hepatocyte iron
homeostasis leads to iron distribution disorders, which
contribute to NAFLD/NASH pathogenesis.

Limitations of study

These studies were performed in mice and human hepatocytes.
It remains to be seen whether comparable results will be ob-
tained in human studies. This study demonstrates the impor-
tance of iron homeostasis in hepatocytes and HSCs, but
follow-up clinical studies are needed to determine how to adjust
iron levels in these cells and whether that can be used to prevent
and ameliorate NAFLD/NASH patients. In addition to HSCs, iron-
containing hepatocyte EVs could spread into other cells, where
they can lead to iron overload and cellular abnormalities, which
may also contribute to the development of liver diseases.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-HIF2a. ABclonal Cat# A7553; RRID: AB_2768078
Anti-ATF4 ABclonal Cat# A18687; RRID: AB_2862422
Anti-Rab27a Cell signaling technology Cat# 69295; RRID: AB_2799759
Anti-Rab27b ABclonal Cat# A8897; RRID: AB_2771907
Anti-HSP90 Santa Cruz Cat# sc-101494; RRID: AB_1124018
Anti-Phospho-AKT Ser473 Cell signaling technology Cat# 9271S; RRID: AB_329825
Anti-pan AKT Cell signaling technology Cat# 4691S; RRID: AB_915783
Anti-FPN ABclonal Cat# A14884; RRID: AB_2761764
Anti-FtH ABclonal Cat# A1144; RRID: AB_2758562
Anti-Cd11b-FITC BioLegend Cat# 101205; RRID: AB_312788
Anti-F4/80-PE Cy7 BiolLegend Cat# 123113; RRID: AB_893490
Anti-Cd45-APC Cy7 BioLegend Cat# 103115; RRID: AB_312980
Anti-Desmin, eFluor 660 eBioscience Cat# 50-9747-80; RRID: AB_2574355

Anti-phospho-elF2a

Cell signaling technology

Cat# 3398; RRID: AB_2096481

Anti-a-SMA (for immunofluorescent staining eBioscience Cat# 14-9760-82; RRID: AB_2572996
assays)

Anti-a-SMA (for Western blots) Sigma Aldrich Cat# A5228-25UL; RRID: AB_262054
Chemicals, peptides, and recombinant proteins

Live/Dead Fixable Aqua dead cell stain kit ThermoFisher Cat# L34966

Novolin R regular human insulin used in ITTs
Sodium acetate (1-14C)

Dextrose

DT (Diphtheria Toxin)

Percoll

SuperSignal West Femto Maximum Sensitivity
Substrate

Halt Protease and Phosphatase Inhibitor Cocktail
RIPA buffer (10x)

AIN76A Western Diet

Collagenase D

Pronase

DNAnase |

RBC lysis buffer

High-capacity cDNA reverse transcription kit
iTagq SYBR Green supermix
Exosome-depleted FBS

Lipofectamine RNAIMAX reagent

Empty liposome

Iron-Dextran

FAC (Ammonium iron citrate)

DFO (Deferoxamine mesylate salt)
Holo-transferrin

Apo-transferrin

Palmitic acid

Novo-Nordisk
APCO0101A-50 pCi
Hospira

Bio Academia

GE Healthcare Life Sciences

ThermoFisher Scientific

ThermoFisher Scientific
Cell Signaling Technology
TestDiet

Roche

Roche

Roche

eBioscience
ThermoFisher Scientific
Bio-Rad

SBI

ThermoFisher Scientific
FormuMax
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cat# NDC 0169-1833-11
American Radiolabeled Chemicals
Cat# 0409-6648-02

Cat# 01-517

Cat# 17-0891-01

Cat# 34095

Cat# 78440

Cat# 9806

Cat# 5342

Cat# 11088882001
Cat# 11459643001
Cat# 10104159001
Cat# 00-4333-57
Cat# 4368813
Cat# 172-5125
Cat# EXO-FBSHI-50A-1
Cat# 13778-075
Cat# F70101-NH
Cat# D8517

Cat# F5879

Cat# D9533

Cat# T0665

Cat# T5391

Cat# P5585
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Quick-RNA microprep kit Zymo research Cat#R1051
Triglyceride colorimetric assay kit Cayman Cat# 10010303
Iron Assay Kit Sigma Aldrich MAKO025
Mouse Hepcidin ELISA Kit BioVision E4693-100
ROS-ID Total ROS/Superoxide Detection Kit Enzo Life Sciences ENZ-51010

Deposited data

RNA seq data

GEO database

GEO: GSE185694

Experimental models: Organisms/strains

Mouse: WT C57BL6/J

Mouse: ATF4 flox/flox

Mouse: Rosa26-floxed STOP-Cas9
Mouse: Albumin cre

Mouse: B6-iDTR, ROSA26iDTR
Mouse: C57BL/6-Lrat™!(?A-Cre)Smoc
Mouse: Clec4f-Cre-tdTomato

Jackson Laboratories
Michael Karin lab

Jackson Laboratories
Jackson Laboratories
Jackson Laboratories
Shanghai Model Organisms
Jackson Laboratories

JAX: 000664
JAX: 006366
JAX: 026175
JAX: 003574
JAX: 007900
NM-KI-190097
JAX: 033296

Oligonucleotides

siRNA control
siRNA-human Hif2a
siRNA-human ATF4
siRNA-mouse Hif2a
siRNA-mouse Rab27a
siRNA-mouse Rab27b
siRNA-human Rab27a
siRNA-human Rab27b
Cy3-labeled miR-223 mimic

Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery
Horizon Discovery
GE Dharmacon

Cat# D-001810-01-05
Cat# J-004814-06-0002
Cat# J-005125-10-0002
Cat# J-040635-09-0002
Cat# J-060970-09-0002
Cat# J-050808-09-0002
Cat# J-004667-05-0002
Cat# J-004228-05-0002
Cat# SO-2465930G

gRNA-Rab27a plasmid Sigma Aldrich Sanger Clone ID: MM5000028879

gRNA-Rab27b plasmid Sigma Aldrich Sanger Clone ID: MM5000025441

gRNA-Tfrc1 plasmid Sigma Aldrich Sanger Clone ID: MMPD0000041027

gRNA-Fpn plasmid Sigma Aldrich Sanger Clone ID: MMPD0000046431

Software and algorithms

Prism Graphpad https://www.graphpad.com/scientific-
software/prism/

FlowJo FlowJo https://www.flowjo.com/

ImageJ NIH https://Imaged.nih.gov/ij/

Image Lab Bio-Rad https://www.bio-rad.com/en-us/product/

image-lab-software?|D=KRE6P5E8Z

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be direct to and will be fulfilled by the Lead Contact, Wei Ying

(weying@health.ucsd.edu).

Materials availability

This study did not generate new unique reagents or materials. Most mouse lines in this study are available from the Jackson Labo-
ratory. ATF4 flox/flox mice are maintained at Dr. Michael Karin’s laboratory and available for transfer request with a completed Ma-

terial Transfer Agreement.

Data and code availability

o RNA-seq data have been deposited in the NCBI Gene Expression Omnibus under accession number GEO: GSE185694.

® This paper does not report original code.
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e Original data for creating all graphs in the paper are provided in Data S1. The RNA-seq data have been deposited in the NCBI
Gene Expression Omnibus under accession number GEO: GSE185694.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J (Be) mice were fed a AIN76A Western Diet (TestDiet 5342; containing 50ppm iron) or a normal chow diet (TestDiet 5TJS;
containing 41ppm iron) ad libitum. After 12 weeks WD feeding, mice developed hepatosteatosis phenotypes, and liver fibrosis was
present after 24weeks WD feeding. To generate hepatocyte-specific Cas9 transgenic mice, Rosa26-floxed STOP-Cas9 knockin
mice were bred with Albumin-Cre mice. To generate hepatocyte-specific knockout of Rab27 or Tfrc1, hepatocyte-specific Cas9
transgenic mice were intravenously injected with lentivirus carrying gRNA-Rab27 or Tfrc1 (1x10® particles per mouse). Hepato-
cyte-specific Cas9 transgenic mice treated with lentivirus carrying empty vectors were used as controls. LratCre*Cas9* mice
were injected with lentivirus carrying gRNA-Fpn (1x 108 particles per mouse) to generate hepatic stellate cell-specific Fpn knockout
mice. To deplete Kupffer cells, diphtheria toxin (DT) was intraperitoneally (200 ng/mouse, i.p.) injected into Clec4fCre*DTR* lean mice
(KCKO) for three days, and these mice were treated with DT (200 ng/mouse) every two days to prevent KC recovery. All mice used in
this study were male and maintained at 22 °C in a 12/12-h light/dark cycle in a specific pathogen-free facility and given free access to
food and water.

Study approval
All animal procedures were done in accordance with University of California, San Diego Research Guidelines for the Care and Use of
Laboratory Animals, and all animals were randomly assigned to cohorts when used.

Human specimens

Deidentified livers declined for transplantation was used in the experiments of this paper, the patients’ consents were obtained by
https://www.lifesharing.org/. The studies in this paper have been reviewed by the Director of the UCSD HRPP, IRB Chair, or IRB
Chair’s designee and is certified as not qualifying as human subjects research according to the Code of Federal Regulations, Title
45, part 46 and UCSD Standard Operating Policies and Procedures, and thus does not require IRB review. The levels of liver stea-
tosis, inflammation, and fibrosis were evaluated by a pathologist using a double-blinded method and identified as NAFLD/NASH or
normal.

METHOD DETAILS

Isolation of primary hepatocytes

The method for primary hepatocyte isolation has been described previously (Ji et al., 2021). Mice were infused through vena cava
with a buffer A (calcium and magnesium-free PBS containing 10 mM HEPES, 0.2 uM EGTA, 0.2% BSA, and 1 mM glucose, pH 7.4)
for 3-5 min. After liver appeared beige or light brown color, the perfusion media was changed to collagenase-containing buffer B
(PBS containing 1 mM calcium, 1 mM magnesium, 0.2% BSA, 30 mM HEPES, and 0.5 mg/mL collagenase D). After the liver sur-
face showed signs of cracking, the liver was transferred into the ice-cold buffer A. Cells from the digested livers were then sus-
pended in buffer A, passed through a 100-pm cell strainer, and spun at 50 x g for 6 min at 4°C. The pellet was washed twice with
buffer B (without collagenase) and then added with Percoll to a final concentration of 36% and centrifuged at 100 x g for 10 min,
4 °C. The hepatocyte pellet was washed once with buffer B and finally resuspended in Williams Medium E containing 10% FBS on
collagen-coated plates and antibiotics.

Isolation of hepatic stellate cell (HSC)

Mouse liver was sequentially perfused through vena cava first with 30-40 mL of calcium-free HEPES-phosphate buffer A, next with
30 mL of 0.5 mg/mL pronase buffer, and finally with 30 mL of 0.5 mg/mL collagenase D containing buffer. After digestion of the clip-
ped liver tissue in a buffer containing DNase | of collagenase D and pronase for 20 min, the cell suspension was centrifuged at 50 x g
for 3 min to remove the residual liver parenchymal cells. The supernatant was collected and spun at 900 x g for 8 min (4 °C) to pellet
the non-parenchymal cells. The collected non-parenchymal cells were resuspended in 15% OptiPrep buffer and transferred to a
15 mL tube after sufficient mixing. Then, 5 mL of 11.5% OptiPrep and 2 mL of Gey’s Balanced Salt Solution (GBSS; Sigma-Aldrich,
St. Louis, MO) were individually layered carefully onto the cell suspension. The tube was centrifuged at 2000 x g for 20 min (4 °C, low
acceleration), and the HSC layer between the 11.5% OptiPrep and GBSS was carefully collected. These cells were washed twice with
centrifugation dilution solution (800 x g for 10 min, 4 °C) and seeded with culture medium (1% Glutax, 10% FBS, and 2% penicillin/
streptomycin) at 37°C.

Lipogenesis assay

Incubation conditions: HEPES-Krebs-Ringer-bicarbonate buffer with 1 mM glucose, 0.2% BSA, 1 mM sodium acetate, and 1-14C-
sodium acetate (10 uCi/mL). 1 mL of radioactive buffer per well in 6-well plates. After 2 h incubation time in a cell incubator, the buffer
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was aspirated, and wells were washed with cold PBS. 0.5 mL of methanol was added to each well and kept swirling for 5 min. Meth-
anol extracts were collected into microfuge tubes. 0.5 mL of methanol and chloroform (1:1) mixture was added to each well. After
swirled for 5 min, solvents from these wells were transferred to the microfuge tubes containing methanol. All tubes were vortexed.
Next, 0.5 mL of PBS was added to each tube, then vigorously vortexed. Tubes were centrifuged at 10,000 x g for 10 min. Two layers
were separated. The lower chloroform layer from each tube was carefully transferred to scintillation vials. After solvents evaporated in
a hood, a scintillation cocktail was added to each vial and counted for 14C-radioactivity. Plates were allowed to dry up inside the
hood, and then 0.5 mL of 1 M NaOH was added to each well to dissolve cells. Plates were shaked vigorously for 20 min. These
NaOH extracts were used for protein assay.

Triglyceride detection
Triglyceride levels were detected using the Triglyceride Colorimetric Assay kit according to the manufacturer’s instructions.

Glucose tolerance (GTT) and insulin tolerance tests (ITT)

Glucose tolerance tests were performed by intraperitoneally (i.p.) injecting dextrose (1 g/kg body weight) into mice after 16 h of fast-
ing. After 6 h fasting, insulin tolerance tests were performed by i.p. injecting insulin solution (0.35 or 0.175 units per kg of body weight
for Western diet or NCD-fed mice, respectively).

Iron detection
Iron in the cells was detected by using Iron Assay Kit (Sigma Aldrich) as protocol indicated. Then the iron contents were normalized to
protein levels or tissue weight.

Extracellular vesicle (EV) purification and characterization

As previously described (Ji et al., 2021), primary hepatocytes were isolated from either lean or NASH mice and cultured on 100mm
collagen-coated plates (5 x 10° cells/plate) with 10-15 mL of William’s E medium containing 10% exosome-free FBS. After 24h of
culture, medium was collected, and debris and dead cells were discarded by centrifugation at 1,000g for 10 min at 4°C followed
by filtration through a 0.2 um filter. Then the medium was subjected to ultracentrifugation at 100,000g for 4h at 4°C (Beckman Optima
XPN with type 70 Ti fixed-angle rotor). After washing with PBS (100,000 x g for 20 min), the EV containing pellet was resuspended in
1 mL of PBS and filtered through a 0.2 um filter to remove large particles. Vesicle particle size and concentration were measured using
NanoSight analysis (Malvern Instruments). To deplete iron cargo (iron-free EVs), hepatocyte EVs (1~5x10'%) were incubated with
DFO (200 uM) for 4 h on ice and then washed with PBS (100,000 x g for 20 min), and finally the EV concentration was measured using
NanoSight analysis.

In vivo EV trafficking assays

As previously described (Ying et al., 2021), lean mouse primary hepatocytes were transferred with Cy3 conjugated miR-223 mimic
(100 pmol for 5 x 10° cells) with RNAIMAX transfection reagents. After 24 h, culture medium was replaced with William’s E medium
containing 10% exosome-free FBS. After another 24 h culturing, Cy3-miR-223 containing EVs were prepared from the culture me-
dium as described above and injected into the tail vein of lean WT recipient mice (5x10° EV per mouse). After 12 h, the abundance of
Cya3 signal in Kupffer cells was measured by flow cytometry analysis.

In vivo and in vitro EV treatment

For in vitro assays, 1x108 EV as determined by NanoSight analysis were used to treat 0.5x10° cells for 36 h. For in vivo treatment,
5x10° EV were injected into the tail vein of recipient mice (twice per week). The control groups were treated with empty liposomes or
iron-free EVs in the in vitro and in vivo experiments.

In vivo and in vitro iron overload or deficiency experiments

For in vitro experiments, cells were treated with ferric ammonium citrate (FAC) or deferoxamine (DFO) (100 uM/1x10° cells) in DMEM
medium (containing 0.25 uM ferric nitrate) to mimic iron overload or deficiency, respectively. Alternatively, cells were treated with
apo-transferrin or holo-transferrin (3 mg/mL for 1x10° cells) to induce iron deficiency or overload, respectively. To restore iron levels
in vivo, iron dextran (10 mg/kg body weight, twice per week) was injected intraperitoneally to 6weeks Western diet-fed mice for
6 weeks 20weeks Western diet-fed mice were treated with DFO (20 mg/kg body weight, i.p. injection, twice per week) for 4 weeks
to reduce HSC iron levels.

siRNA transfection

Recipient cells were transfected with siRNA (20 pmol siRNA/0.1x 108 cells) using the RNAIMAX reagent. Control cells were treated
with a non-targeting scramble siRNA. After mixing siRNAs with the RNAIMAX reagent and then incubating for 15 min at room tem-
perature, the mixture was then added to the cell media.
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Immunofluorescence staining assays

Mouse livers were frozen in Optimum Cutting Temperature (Fisher Healthcare) with dry ice. Six-micrometer cryo-sections of liver
slides were prepared and fixed with pre-cooled acetone for 20 min. Immunostaining assays were performed as previously described
(Luo et al., 2021). Slides were blocked with 5% normal donkey serum for 60 min at room temperature. The slides were incubated with
anti-ferritin, anti-desmin, or anti-a-SMA antibodies diluted in 1:100 in PBS at 4°C overnight. After washing, nuclei were stained for
10 min with DAPI (4,6-diamidino-2-phenylindole) at room temperature. Finally, mounting media and coverslips were added to the
slides. Images were acquired on a Keyence Fluorescent Microscope and were analyzed with the Imaged (NIH).

ROS detection

Reactive oxygen species (ROS) were measured using ROS-ID Total ROS/Superoxide Detection Kit (Enzo Life Sciences, ENZ-51010).
Cells were seeded at 500,000 cells per well in 50 pL of resuspension medium into clear 96-well plates with black chimneys. The
detection method was followed by the fluorescence microplate assay (adherent cells) protocol provided.

Gene expression analysis

Total RNAs were extracted from tissues using an RNA extraction protocol according to the manufacturer’s instructions (Zymo
Research). cDNA was synthesized using Super-Script lll and random hexamers. gqPCR was performed in 10 puL of reaction using
iTag SYBR Green supermix on a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). The data are presented as the
mean of 2-AACt from at least three independent experiments and normalized to -actin or RPL13.

Western blot analysis

Tissues or cells were homogenized in a RIPA buffer containing protease and phosphatase inhibitors. Equal amounts of cell lysate
protein (30-40 ng of protein per lane) from each biological replicate were analyzed by western blotting assays. Using a ChemiDoc
XRS imaging system (BioRad), protein bands on the blots were detected with the Super-Signal West Pico Chemiluminescent Sub-
strate. The signal intensities of protein bands were analyzed using Image Lab software (BioRad) or ImagedJ (NIH). The western blot
data shown in the figures are all representative of more than three independent experiments.

RNA-seq library preparation and sequencing

Total RNA was isolated from chow diet hepatocytes treated with DFO and chow diet HSCs treated with FAC. RNA purity was eval-
uated by an Agilent 2100 Bioanalyzer. Sequencing libraries were prepared using an mRNA Library Prep Kit (lllumina) according to the
manufacturer’s protocol. Samples were ligated to unique adaptors and subjected to PCR amplification. Libraries were then validated
using an Agilent 2100 Bioanalyzer, normalized, and pooled for sequencing processes. RNA-seq libraries prepared from biological
replicates for each group as indicated were sequenced on an lllumina NovaSeq 6000 using barcoded multiplexing. The RNA-seq
data have been deposited in the NCBI Gene Expression Omnibus under accession number GEO: GSE185694.

QUANTIFICATION AND STATISTICAL ANALYSIS

Samples were blinded whenever deemed appropriate and applicable. Sample description and identification were not available to the
core laboratory personnel during data plotting and analyses. No samples or data were excluded from the study for statistical pur-
poses. Each in vitro experiment was independently performed in duplicate or triplicate to ensure reproducibility. Group sizes of
five mice or greater were sufficient to reach statistical power of at least 80%. Animals were assigned randomly to treatment groups
for all studies. The tests used for statistical analyses are described in the figure legends. To determine whether the means of two
groups are statistically different from each other, unpaired two-tailed Student’s t tests were used for statistical analyses. All data
passed the normality test using Prism8 software (GraphPad software v.8.0, Prism). p values of 0.05 or less were considered statis-
tically significant. For the glucose and insulin tolerance tests, statistical comparisons between every two groups at each time point
were performed with the unpaired two-tailed Student’s t test.
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