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Abstract
Change in cell size may bring in profound impact to cell function and survival, hence the integrity of the organs consisting 
of those cells. Nevertheless, how cell size is regulated remains incompletely understood. We used the fluorescent zebrafish 
transgenic line Tg-GGH/LR that displays inducible folate deficiency (FD) and hepatomegaly upon FD induction as in vivo 
model. We found that FD caused hepatocytes enlargement and increased liver stiffness, which could not be prevented by 
nucleotides supplementations. Both in vitro and in vivo studies indicated that RIPK3/MLKL-dependent necroptotic pathway 
and Hippo signaling interactively participated in this FD-induced hepatocytic enlargement in a dual chronological and coop-
erative manner. FD also induced hepatic inflammation, which convenes a dialog of positive feedback loop between necroptotic 
and Hippo pathways. The increased MMP13 expression in response to FD elevated TNFα level and further aggravated the 
hepatocyte enlargement. Meanwhile, F-actin was circumferentially re-allocated at the edge under cell membrane in response 
to FD. Our results substantiate the interplay among intracellular folate status, pathways regulation, inflammatory responses, 
actin cytoskeleton and cell volume control, which can be best observed with in vivo platform. Our data also support the use 
of this Tg-GGH/LR transgenic line for the mechanistical and therapeutic research for the pathologic conditions related to 
cell size alteration.
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OCM	� One-carbon metabolism (OCM)
PRR16	� Proline-rich protein 16
SAHH	� S-adenosylhomocysteine hydrolase
SHMT	� Serine hydroxymethyltransferase
TAZ	� PDZ-binding motif
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YAP	� Yes-associated protein
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Introduction

The control of cell size is important for maintaining cell 
functionality and fitness. Change in cell volume or surface 
area will bring in profound impact to many basic cellular 
processes, such as nutrients distribution, intracellular trans-
portation, the flux across cell membrane, energy genera-
tion and cell division [1]. Abnormal cell size also impairs 
transcription and translation [2, 3]. Therefore, alteration 
in cell size may affect cell survival and hence the integ-
rity of the organs consisting of those cells. One of the most 
apparent consequences of cell size enlargement in vivo is 
organ growth. The size of an organ is determined mainly 
by the number and volume of the component cells. Cell 
enlargement has been recognized in several physiological 
processes, such as postnatal heart growth [4]. Altered cell 
size has been associated with pathological conditions, such 
as hypertrophic cardiomyopathy and renal hypertrophy [5]. 
While significant progress has been achieved in understand-
ing the control of cell cycle and cell division in the past 
few decades, how cell size is regulated has hitherto is still 
mysterious.

Several pathways and mechanisms operating both in 
parallel and interactively have been proposed to modulate 
cell size [6]. The Hippo pathway is one of the best stud-
ied and highly conserved signaling pathways that regulate 
organ size, cell proliferation, apoptosis, differentiation, 
cell–cell contact and cell polarity. Yes-associated protein 
(YAP)/PDZ-binding motif (TAZ), is the major effector of the 
Hippo pathway. Overexpressing YAP in mice and zebrafish 
liver caused enlarged liver [7]. Contradictorily, mice with 
liver-specific knockout of YAP also displayed a mild liver 
enlargement and steatosis. Besides Hippo signaling, the 
mevalonate pathway participates in the synthesis of choles-
terol and ubiquinone and has been found to control cell size 
through RAB11 GTPase and autophagy [8]. Overexpres-
sion of the proline-rich protein 16 (PRR16) gene product 
increased the size of hepatocyte [9]. Cell size homeostasis 
is also regulated by nutrients. S. pombe and E. coli grow 
larger in nutrients rich medium [10, 11]. One of the best-
known examples correlating nutrition and cell volume is 

folate deficiency (FD)-induced macrocytic anemia, a clinical 
manifestation displaying the phenotypic characteristics of 
enlarged red blood cells. However, the functional details for 
most of the mechanisms, including FD and cell size control, 
remain elusive.

Individual status of folate, a micronutrient participat-
ing in nucleotides biosynthesis and essential for cell pro-
liferation and differentiation, has been known to affect cell 
size. In addition to genetic factors, environmental impacts, 
such as cell–cell contact, cell density and nutritional sta-
tus, have also been shown to influence cell size. Folate, 
also known as vitamin B9, is composed of a pteridine ring, 
p-aminobenzoate and glutamyl moieties (Fig. 1a). The bio-
logically active forms of folate are fully reduced tetrahydro-
folate (THF), which is very unstable and easily lost in the 
process of cooking. Folate is the major one-carbon carrier 
with an one-carbon unit at the oxidation levels of formate, 
formaldehyde and methanol bound to THF at either the N-5 
and/or N-10 positions, forming a large group of one-carbon 
adducts. In cells, folate exists as poly-glutamyl forms with 
five to eight glutamate residues attached to the γ-carbon of 
the first glutamate residue [12]. This polyglutamate tail helps 
retain the folate molecules inside the cells and increases the 
affinity of folate to folate enzymes. Dietary folate, mainly 
tri-glutamyl folate, needs to be converted to the monoglu-
tamyl folate before up-take by intestine. Liver is the major 
organ for folate storage and metabolism since it contains the 
most abundant folate and almost all the enzymes involved 
in folate-mediated one-carbon metabolism (OCM). Folate 
participates in the biosynthesis of purine, pyrimidine, amino 
acids and neurotransmitter through OCM, hence is vital 
for rapidly growing tissues and proliferating cells, such as 
developing organ systems and cancer (Fig. 1b). Providing its 
one-carbon unit for the formation of S-adenosylmethionine 
(SAM), folate is also crucial to epigenetic control [13]. SAM 
is the primary methyl donor for most intracellular methyla-
tion reactions including DNA methylation. Reduced folate 
is a natural and strong antioxidant essential to maintaining 
intracellular oxidative stress and cell viability [12, 14, 15]. 
The multi-activity of folate endows this vitamin a modifi-
able environmental factor to prevent many important birth 
defects and associated diseases simply via dietary interven-
tion. Meanwhile, as a reflection of the multiactivity pos-
sessed by folate, FD has been linked to various prevalent 
diseases, including neural tube defects, congenital heart 
diseases and Alzheimer’s disease [16–18]. FD is one of the 
most frequently encountered clinical malnutrition. Neverthe-
less, how FD contributes to the etiology of these diseases, 
as well as cell size regulation, merit further investigation.

Studies with animal models of human diseases are 
indispensable, not only for pathomechanistic studies but 
also for the development of therapeutic strategies. This 
is especially true for studying the pathogenesis related 
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to cell and organ size homeostasis since the complexity 
of cell–cell and cell–matrix interactions is better main-
tained in an in vivo system. Possessing both advantages of 
in vitro throughput and in vivo complexity, zebrafish offers 
an efficient platform for easy genetic manipulation and 
phenotypic endpoints examination [19]. In addition to the 
similarity in genetic composition and molecular operations 
between zebrafish and mammals, the convenience and eco-
nomic in breeding of zebrafish has made this model animal 
ideal for complementing rodent for translational studies. 
Zebrafish has hitherto been effectively used in research 
fields of a wide-spectrum including molecular function, 

diseases mechanism, developmental biology, toxicology 
and drug discovery. Zebrafish is especially prominent for 
studying in embryonic development for its transparent 
embryos/larvae and quick development. The study with 
zebrafish model on cell size control is just getting off the 
ground but promising since the same genetic pathways that 
govern cell size control in normal development have been 
shown to also affect pathological hypertrophy [20]. There-
fore, detailed cell biological studies with zebrafish will be 
central to unveiling the complicate interactions between 
cell size, morphogenesis and disease etiology.

Fig. 1   Folate and folate-mediated one-carbon metabolism. a Folate 
is composed of a pteridine ring and a p-aminobenzoic acid with 5–8 
γ-linked glutamate residues attached to the carboxyl group of benzene 
ring. The one-carbon unit is attached to N5- and/or N10-position of 
pteridine ring at the oxidation levels of formate, formaldehyde and 
methanol. b The one-carbon units carried by reduced folate par-
ticipate in the biosynthesis of purines, thymidylate, amino acid and 
S-adenosylmethionine (SAM) in cytosolic, mitochondrial and nuclear 
folate pools. The folate enzyme γ-glutamylhydrolase (γGH) converts 
polyglutamylfolates (folate-Glun) to monoglutamylfolates (folate-
Glu1) and facilitate intracellular folate exportation, leading to intra-

cellular folate deficiency (thickened circle and arrows in shadowed 
box). Enzyme abbreviations: DHFR dihydrofolate reductase, MTHFD 
methylenetetrahydrofolate dehydrogenase, FDH 10-formyltetrahy-
drofolate dehydrogenase, GART​ glycinamide ribonucleotide transfor-
mylase, AICART​ aminoimidazolecarboxamide ribonucleotide trans-
formylase, MTHFS 510-methenyltetrahydrofolate synthetase, SHMT 
Serine hydroxymethyltransferase, MTHFR methylenetetrahydrofolate 
reductase, TS thymidylate synthase, MTR 5-methyltetrahydrofolate-
homocysteine methyltransferase, MAT methionine adenosyl trans-
ferase, MT methyltransferase, SAHH S-adenosylhomocysteine hydro-
lase
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We found that FD caused liver cell enlargement both 
in vitro and in vivo, which cannot be prevented by nucleo-
tides supplementation. Previously, we have established a 
zebrafish FD model, Tg(lfabp:mCherry/hsp:eGFP-γGH), 
by over-expressing a fusion protein of γ-glutamylhydrolase 
(GGH), the enzyme hydrolyzing the polyglutamate tail of 
folate, with a fluorescent protein controlled by a heat-shock 
promoter (hsp) [12]. In contrast to polyglutamyl folate 
which will be retained intracellularly, monoglutamyl folate 
can cross cell membrane readily [21]. Therefore, the over-
expressed GGH induced by heat-shock facilitates folate 
exportation, leading to diminished intracellular folate pools. 
The use of heat-shock promoter allows us to induce FD in an 
extent-, stage-and duration-controllable manner. The fusion 
of a fluorescent protein with GGH allows us to estimate the 
extent of GGH expression and FD. The expression of a fluo-
rescent protein driven by a liver-specific promoter allows us 
to select transgenic fish without the need of heat-shock treat-
ment and examine liver size in real-time without the need of 
sacrificing the experimental fish. With this double transgenic 
line, we found that zebrafish with FD displayed apparent 
hepatomegaly. Unlike the FD-induced macrocytic anemia, 
the liver enlargement observed in FD transgenic larvae could 
not be prevented by nucleotides supplementation. These 
observations were unexpected but suggested a mechanism 
other than disturbed nucleotides supply for the FD-induced 
liver cell enlargement. It also presents a potential platform 
for studying folate-related cell size regulation, prompting 
us to conduct the current study. Our results showed that it is 
mainly the interplay among the multiple pathways, includ-
ing inflammation, YAP–TEAD signaling and necroptosis, 
instead of disturbed nucleotides supply, contributes to the 
etiology of enlarged liver cells.

Materials and methods

Material

5-methyl-THF were gift from Dr. Moser (Merck Eprova 
AG, Switzerland). 5-formyltetrahydrofolate was purchased 
from Schircks Laboratories (Bauma, Switzerland). Fetal 
bovine serum (FBS) and trypsin–EDTA were purchased 
from Invitrogen, Thermo Fisher Scientific Inc. (CA, USA). 
dNTP and dTTP were purchased from FocusBio (CA, USA). 
CAY10500 was purchased from Santa Cruz Biotechnology 
Inc. (DA, USA). Wortmannin, Nec-1s, and PF1052 were 
purchased from Abcam plc. (Cambridge, UK). Lenalido-
mide, GSK’872, necrosulfonamide, and Q-VD-Oph were 
purchased from BioVision, Inc. (SF, USA). Antibodies for 
immunostaining were purchased from either Santa Cruz Bio-
technology Inc. (DA, USA) or Cell Signaling Technology 
Inc. (MA, USA). All other chemicals were purchased from 

Sigma-Aldrich Chemical Co. (WI, USA). The HPLC gel fil-
tration column AQUASIL C18 was purchased from Thermo 
Fisher Scientific Inc. (MA, USA).

Fish (Danio rerio) lines and maintenance

Zebrafish, including wild-type AB strain, Tg(mpx:eGFP) 
and Tg(mpeg:mCherry), were purchased from NTHU-
NHRI Zebrafish Core Facility (supported by MOST 
104-2321-B-001-045), Taiwan and bred and maintained 
at 28 ℃ in a 14-h light/10-h dark diurnal cycle follow-
ing the standard procedure [22]. FD transgenic lines 
Tg(lfabp:mCherry/hsp70:eGFP-γGH) (will be abbreviated 
as Tg-GGH/LR) and Tg(lfabp:eGFP/hsp70:mCherry-γGH) 
(will be abbreviated as Tg-GGH/LG) were previously gener-
ated in our lab and regularly maintained at 25 ℃ [12].

Induction of folate deficiency

Adult fish and embryos were incubated in 38.5 ℃ for 8 h 
or 37.5 ℃ for an hour, respectively, following the protocols 
described in “Results”.

Compounds treatment

Most of the compounds and inhibitors were prepared as 
stocks in water or DMSO, added to embryo-containing 
E3 buffer and refreshed every other day unless otherwise 
mentioned. The concentrations for the inhibitors used were 
determined by referencing the literatures available and also 
tested for larval survival rate for optimization prior to apply-
ing the compounds to the experimental fish. The concentra-
tions that allow for at least 90% survival rate will be chosen. 
The final concentrations used were: folic acid (FA) 1 mM, 
5-formyltetrahydrofolate (5-CHO-THF) 1 mM, 5-methyl-
tetrahydrofolate (5-CH3-THF) 1 mM, wortmannin 20 nM, 
lenalidomide (LEN) 38.5 µM, quercetin 2.5 µM, dNTPs 
and dTTP 50 µM, hypoxanthine 100 µM, GdCl3 20 µM, 
verteporfin (VP) 0.62 µM [23], Nec-1s 20 µM, GSK’872 
15 µM, necrosulfonamide (NSA) 5 µM, MMP13 inhibitor 
7.5 µM, PF1052 0.1625 µM [24], Q-VD-Oph 50 µM [25], 
ATP 500 µM, CAY10500 1 µM.

Fluorescence determination of liver size

Larvae were anesthetized with 0.004% tricaine and imaged 
for larval lateral view under a fluorescence dissecting 
microscopy. The liver area was circled and quantified with 
the on-line software ImageJ, Threshold-Color plugin.
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Folate content analysis

The total folate contents in cells and larvae extracts were 
measured with Lactobacillus casei assay with modifications 
[26]. In brief, cells (including cultured cells and dispersed 
cells prepared from larvae) were homogenized in extraction 
buffer (100 mM phosphate buffer pH 7.5, 2% ascorbic acid 
and 0.1% 2-mercaptoethanol) and centrifuged. Recombi-
nant zebrafish γ-glutamyl hydrolase (γGH) was added to the 
supernatant to convert the polyglutamyl folate to monoglu-
tamyl folate. Aliquots of supernatant were added to L. casei 
suspension and incubated for 15 h at 37 ℃ before the optical 
density of the bacterial culture were recorded.

Intracellular folate content and composition were deter-
mined with an Aquasil C18 column on an HPLC system 
(Agilent 1100) as previously described [27]. The samples 
used here were prepared following the same procedure as 
aforementioned for the total folate measurement except that 
30–45 embryos were used for each analysis.

Elastic modulus of zebrafish liver

Elastic modulus was measured using a JPK nanoWizard II 
atomic force microscope (JPK Instruments) as previously 
described with minor modifications [28]. Briefly, a tipless 
cantilever (CSC12, µMash) glued with 25 µm (in diameter) 
polystyrene bead was prepared and calibrated with thermal 
noise method in protease inhibitor-contained PBS before 
measurement to reach a spring constant ranging within 
0.2–0.6 N/m. For sample preparation, zebrafish liver was 
embedded in OCT at 4 ℃ overnight and dissected into 20 µm 
sections at − 10 ℃. Approximately 1–3 nN was applied to 
indent on the tissue section in PBS containing protease 
inhibitor, and force–distance curves were recorded. Young’s 
modulus was calculated with the JPK’s AFM software based 
on the Hertz model. The indentation depth was restricted to 
1–2 µm to avoid influence of the substrate.

Quantification for gene expression

For determining gene expression, RT-PCR, real-time PCR 
and Western blotting were performed as previously described 
[29]. The primers used in RT-PCR were: 5′-CGC​ATC​TAC​
AGC​GGC​ACA​GC-3′ (forward) and 5′-GTT​CAG​GAC​GCG​
GAA​CAG​CC-3′ (reverse) for zebrafish mmp13a; 5′-CGG​
TGC​GGA​TCT​TCA​AAC​-3′ (forward) and 5′-TGT​TTG​GGA​
GTG​GAC​ACG​-3′ (reverse) for zebrafish adam17b; 5′-AGA​
CAT​CAA​GGA​GAA​GCT​GTG-3′ (forward) and 5′-TCC​
AGA​CGG​AGT​ATT​TAC​-3′ (reverse) for zebrafish β-actin 
as internal control. The primers used in real-time PCR were: 
5′-GGG​ACA​AGT​TGG​TGG​TGG​T-3′ (forward) and 5′-AAA​
GCG​GCC​ACA​TCC​TGT​-3′ (reverse) for zebrafish txn; 
5′-GTC​CAC​CGC​AAA​TGC​TTC​-3′ (forward) and 5′-ATT​

GCC​GTC​ACC​TTC​ACC​-3′ (reverse) for zebrafish β-actin 
as internal control.

Cell culture

Cells were regularly maintained in Dulbecco's Modified 
Eagle medium (DMEM) containing 10% FBS and incubated 
in 5% CO2 at 37 ℃. For folate-deficient condition, cells were 
cultured in special α-Minimum Essential Medium, which 
was depleted for folate with exogenous addition of 5% char-
coal-treated FBS, 0.003 g/L l-glycine, 0.03 g/L l-methio-
nine, 0.042 g/L l-serine and 0.004 g/L pyridoxine.

Cell size and cell number analysis

Larvae were incubated in 2.5X trypsin–EDTA solution at 
room temperature for 20 min and manually dispersed. Cells 
(1 × 106 cells/ml), including both cultured cells and dis-
persed zebrafish larval cells, were thoroughly washed with 
PBS and subjected to flow cytometer (FACS CALIBUR, 
BD) for cell number and cell size determination following 
the manufacture’s instruction. Cells were gated by FSC and 
SSC to eliminate debris and collect 10,000 cells to analyze 
cell size. Huh7, 293 T, and SK-N-SH cells (5 × 105 cells/
dish) were seeded in 6-cm dishes and cultured in CTL or 
FD medium. Cells were harvested at 2-, 5- and 8-day post-
seeding, stained with 0.2% trypan blue, and counted with a 
hemocytometer.

Immunostaining for cytoskeleton

Huh7 cells were fixed in 4% PFA/PBS for 15 min at room 
temperature and permeabilized with PBDTx (PBS, 1% BSA, 
1% DMSO, 0.5% Triton X-100) at least 2 h. Cells were incu-
bated in mouse monoclonal anti-tubulin antibody 1:200) 
overnight at 4 °C. Huh7 cells were washed with PBS and 
incubated in goat anti-mouse IgG Alexa Fluor 594 (1:400) 
and Alexa Flour 488 Phalloidin (1:200) for F-actin for 1 h 
at room temperature in the dark. Huh7 cells were stained 
with DAPI (1:2000) for 10 min and mounted with Fluoro-G 
mounting gel. The cytoskeleton of Huh7 cells was observed 
by FV3000 confocal laser scanning microscope.

Statistical analysis and reproducibility

Statistical significance was calculated with Student's t tests 
and Mann–Whitney nonparametric U test at 95% confidence 
intervals using the software GraphPad Prism 5 (GraphPad 
Software; San Diego, CA) with the error bars representing 
s.e.m..
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Study approval

All use and experiments of adult and embryo were approved 
by the Institutional Animal Care and Use Committee, 
National Cheng Kung University, Tainan, Taiwan (IACUC 
Approval No. 106086).

Results

Hepatomegaly occurred to zebrafish larvae 
displaying FD

Our results showed that the livers of Tg-GGH/LR larvae 
were significantly enlarged when folate deficiency (FD) 
was induced at early embryonic development. The trans-
genic fish Tg-GGH/LR display red fluorescent liver and FD 
upon induction. To induce FD, four heat-shock protocols 
were designed and tested. Embryos/larvae were incubated at 
37–39 ℃ for 1 h at the stages of either hepatic specification 
(protocol 1), liver differentiation (protocol 2) or post-liver 
development (protocol 3 and 4), and then evaluated for larval 
liver size at 11 days post fertilization (dpf) (Fig. 2a). The 
size of larval liver was observed and quantified by meas-
uring the fluorescent area under a fluorescent dissecting 
microscope. Larval liver was apparently enlarged in those 
treated with protocol 2, 3 or 4, but showed no significant 
difference when FD was induced before 1 dpf (protocol 
1) (Fig. 2b). An approximately 40% increase in size was 
found for the liver of the larvae treated with protocol 3 and 
4. Examining the H&E stained cryo-sections prepared from 
11 dpf larvae revealed apparently enlarged liver area with 
vacuoles in FD larvae (Fig. 2c). To minimize the interfer-
ence on data interpretation raised from the impact to liver 
development and to allow for the maximal larval survival, 
protocol 3 was adopted for all the subsequent experiments. 
Measuring the intracellular total folate content of larvae at 
7–11 dpf with microbiological assay revealed an approxi-
mately 40% decrease in the larvae treated with protocol 3, 
confirming FD status (Fig. 2d). Supplementing with either 
folic acid (FA), 5-formyltetrahydrofolate (5-CHO-THF) or 
5-methyltetrahydrofolate (5-CH3-THF) significantly allevi-
ated liver hypertrophy, confirming the causal link between 
FD and enlarged liver (Fig. 2e). These results show that FD 
induced hepatomegaly in zebrafish larvae.

FD‑induced hepatomegaly was not prevented 
by nucleotide supplementation

Organ size is mainly affected by the number and size of 
the cells constituting the organ. We observed no significant 
change in the size of liver of developing wild-type larvae 
from 7 to 11 dpf, indicating that hepatocytes might not 

actively proliferate at these stages (Fig. 3a). Conversely, 
increasing liver size was found in FD larvae of the compa-
rable stages. Folate is crucial to nucleotides formation and 
hence cell proliferation. Therefore, FD-induced enlarged 
liver is less likely caused by increasing the number of hepat-
ocytes in FD larvae. Adding wortmannin, a potent inhibitor 
of cell proliferation, to embryos led to no further change in 
the liver size of both control and FD larvae (Fig. 3b). These 
results support the speculation that FD-induced hepatomeg-
aly was not due to the impact to cell proliferation and cell 
numbers.

However, we could not exclude the possibility that FD 
might deplete intracellular nucleotide and lead to FD-
induced pathology in a way other than impeding cell prolif-
eration. Adding either deoxy-nucleotides or hypoxanthine, 
the nucleotides precursors, to larvae medium provided no 
appreciable rescuing effects (Fig. 3c). Further increase in 
liver size was even observed when dTTP and dNTP were 
added to embryo water. These results suggested that the 
hepatic nucleotides supply might not be significantly 
affected in FD larval liver. Examining the intracellular folate 
composition of FD larvae revealed significant decrease of 
both THF and 5-CH3-THF in FD larvae (Fig. 3d and e). THF 
is the basic folate moiety of one-carbon carrier. 5-CH3-THF 
provides the methyl group essential for the biosynthesis of 
SAM, the major methyl group donor for most intracellular 
methylation reaction. Contrarily, the level of 10-CHO-THF, 
the source of formyl group for purine production, in FD lar-
vae was unaffected (Fig. 3f). Supplementing FD larvae with 
5-CHO-THF restored THF and 5-CH3-THF levels, whereas 
the content of 10-CHO-THF remained constant. These data 
are in line with our observations of the unproductive res-
cue with nucleotides supplementation for the hepatomeg-
aly observed in FD larvae. These results suggested that cell 
proliferation and cell number were neither affected by FD 
nor contributed to the hepatomegaly observed in FD larvae.

Increased hepatic cell size and liver stiffness were 
found in vivo

The other determining factor on organ size is the size of 
the cells constituting the organ. For examining the size of 
hepatocytes, FD larvae with fluorescent liver were directly 
subjected to confocal microscopy imaging at 11 dpf. Quan-
tification for the dimension of individual cells revealed sig-
nificant enlargement of hepatocyte in FD larvae (Fig. 4a). 
Larval livers were also isolated, dispersed and analyzed 
with flow cytometry. The results showed that the size of 
hepatocytes isolated from FD larvae is approximately 1.4-
fold larger than that of control larvae (Fig. 4b). In addition, 
the enlargement of hepatocytes was successfully prevented 
by 5-CHO-THF supplementation, confirming the causal link 
between FD and hepatocytic enlargement. Increased cell size 
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was also found in the hepatocytes of transgenic adult fish 
enduring FD, as compared to those of control, when the iso-
lated liver was directly examined under confocal microscopy 
(Fig. 4c). These results showed that the size of hepatocytes 
was significantly increased in response to FD both in larvae 
and adult fish.

Liver stiffness was increased in FD zebrafish. Altera-
tion in cell volume has been shown to change cell stiffness 
and cell fate [30]. To examine the potential impact of FD-
induced hepatocytic enlargement to liver stiffness, fish liver 
from FD larvae and adult fish were isolated and examined 
for tissue elastic modulus. The results showed significant 

increase in FD larval liver although no apparent difference 
was detected between the livers isolated from control and 
FD adult fish (Fig. 4d and e). These results showed that FD 
increased the size of hepatocytes and liver stiffness in vivo.

FD impeded cell proliferation, increased cell 
size and modulated cytoskeleton in cultured 
hepatocytes

For further examination with subsequent studies, three 
human cell lines: Huh7, 293 T and SK-N-SH, were culti-
vated in FD medium and recorded for cell growth and cell 

Fig. 2   Increased liver size was observed in zebrafish larvae dis-
playing folate deficiency. The embryos/larvae generated from Tg-
GGH/LR were induced for FD and examined for their liver size. a 
Embryos/larvae were heat-shocked repeatedly at 37 ~ 39 ℃ for 1 h at 
the indicated stages (arrows). Protocol 1, heat-shock twice at 9 and 
24 hpf; protocol 2, three times at 1, 3 and 5 dpf; Protocol 3, three 
times at 5, 6, and 7 dpf; Protocol 4, three times at 6, 8 and 10 dpf. 
b Larvae treated with the four protocols were imaged under a fluo-
rescence microscope at 11 dpf. Larval liver size was quantified by 
measuring the fluorescent area with the on-line software Image J. c 
Cryosections were prepared from larvae at 11 dpf and H&E stained. 

Loosened tissue structure with apparent vacuoles was observed in the 
liver area (circled by red dashed line) of the larvae exposed to pro-
tocol 3, as compared to the untreated control. Scale bars = 30 µm. d 
The larvae treated with protocol 3 were collected at 7, 9 and 11 dpf 
and examined for total folate content. e Larvae treated with protocol 
3 were supplemented with folic acid (FA), 5-formyl-THF(5-CHO) 
or 5-methyl-THF(5-CH3) starting from 7 dpf until 11 dpf. Larvae 
were imaged and quantified for liver size at 11 dpf. Statistical data 
are shown in mean ± SEM. CTL control (Tg-GGH/LR larvae without 
FD), FD folate deficiency
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cycle progression. Huh7 is an immortal human hepatoma 
cell line with a point mutation in the p53 gene [31]. 293 T 
is a highly transfectable derivative of human embryonic 
kidney 293 cells, and contains the SV40 T-antigen [32]. 
SK-N-SH is a neuroblastoma cell line that displays epi-
thelial morphology with the potential of differentiating 
and adopting a neuronal phenotype [33]. Lack of appreci-
able cell growth was observed for all three cell lines with 
apparent inhibition starting from 2 days post seeding (dps) 
(Fig. 5a–c). Cell cycle arrest with significantly decreased 
cell number at G1 phase and accumulation of the poly-
ploid cells also occurred (Fig. 5d–f). Unexpectedly, sig-
nificant increase in cell size was observed for Huh7 cells 
and 293 T cells, but not for SK-N-SH (Fig. 5g). A 90% 

decrease of intracellular total folate content was confirmed 
with microbiological assay in all three cell lines cultivated 
in FD medium for 8 days (Fig. 5h). The harvested Huh7 
cells were also examined for individual folate content with 
HPLC. Significant decrease was found for both 5-methyl-
tetrahydrofolate and 10-CHO-THF levels (Fig. 5i). THF 
was not detected in FD Huh7 cells. The results of immu-
nostaining for cytoskeleton revealed apparent difference in 
F-actin which displayed perinuclear distribution in control 
Huh7 cells (Fig. 5j–m), but appeared to be circumferen-
tially allocated at the edge under cell membrane when cells 
were cultivated in FD medium (Fig. 5n–q). These results 
showed that FD increased hepatic cell size and modulated 
the arrangement of intracellular F-actin.

Fig. 3   FD-induced hepatomegaly was not prevented by nucleotide 
supplementation. Larval liver size was recorded daily by imaging 
the larvae under dissecting microscope and quantified with on-line 
software Image J (a). Larvae with/without exposure to wortmannin 
(20 nM) (b) and nucleotide supplement (c) starting from 7 dpf were 
evaluated for liver size. Liver size was quantified at 11 dpf using the 
on-line software Image J. d–f Larvae were collected at 11 dpf and 

examined for folate derivatives contents. All the data presented are 
the averages of at least three independent trials with 10–40 larvae for 
each group. Hx hypoxanthine, dTTP deoxythymidine triphosphate, 
dNTP deoxynucleotide triphosphates. Statistical data are shown in 
mean ± SEM. CTL control (Tg-GGH/LR larvae without FD), FD 
folate deficiency
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Both RIPK3/MLKL(Necroptotic)‑dependent pathway 
and Hippo pathway are interactively involved 
in FD‑induced hepatomegaly

The possibility for the occurrence of apoptosis and necrop-
tosis, the two main avenues of programmed cell death in 
response to restricted nutrition, was examined although 
organ hypertrophy is less likely caused by increased cell 
death. Adding Q-VD-Oph, an apoptosis inhibitor, did not 
prevent FD-induced liver hypertrophy (Fig. 6a). The results 
of TUNEL assay revealed no appreciable difference for the 
apoptotic signal between the livers of control and FD lar-
vae (Fig. 6b). Curiously, adding NSA, a potent inhibitor of 
necroptosis, alleviated the hepatomegaly observed in FD 

larvae although trypan blue staining revealed no apparent 
necrotic/necroptotic death in FD larvae (Fig. 6a and data not 
shown). These results suggested that the MLKL-dependent 
(necroptotic) pathway was activated but did not cause sig-
nificant cell death. In addition, the activation of necrop-
totic pathway, but not apoptosis, likely played a role in the 
enlargement of FD larval liver. These results are unexpected 
but conceivable since increased cell size has been known to 
be an early morphological characteristic of necroptosis [34].

Further examination on the activation of necroptotic 
pathway revealed significant increase of phosphorylated 
MLKL in Huh7 cells cultivated in FD medium (Fig. 7a). 
The phosphorylation of MLKL, a key component in 
necroptotic pathway, is crucial for initiating necroptosis. 

Fig. 4   Increased cell dimension was found in FD larval hepatocytes. 
a The hepatocytes of FD Tg-GGH/LR larvae were imaged under a 
fluorescence confocal microscope and quantified at 11 dpf. b FACS 
analysis on the dispersed red fluorescent liver cells prepared from FD 
larvae showed apparent increase in cell size, which was effectively 
prevented by the presence of 5-formyl-THF (5-CHO). Presented 
are the averaged results of at least six independent trials with each 
of the sample prepared from 20 to 30 larvae. The cell size obtained 

with flow cytometry (FSC) was reported in arbitrary units (a.u.). c 
Confocal image analysis on the liver isolated from FD Tg-GGH/LR 
adult fish revealed increased dimension of hepatocytes. The fish livers 
isolated from larvae of 11 dpf (d) and adult fish (e) were examined 
for tissue elastic modulus. Significant increase in liver stiffness was 
detected in FD larval liver. CTL control (Tg-GGH/LR larvae without 
FD), FD folate deficiency. Statistical data are shown in mean ± SEM. 
Scale bars = 10 µm
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RIPKs are the major components essential for forming 
MLKL complex that ruptures plasma membrane. Adding 
RIPK1 and RIPK3 inhibitors to embryo water also effec-
tively alleviated FD-induced liver hypertrophy (Fig. 7b). 
In addition, the presence of inhibitors for necroptosis and 
RIPK3, but not RIPK1, effectively ameliorated the FD-
induced enlargement of larval hepatocytes (Fig. 7c). ATP 
depletion is one of the biochemical hallmarks of necrop-
tosis, which also distinguishes necroptosis from apoptosis 
[35]. Supplementing with ATP alleviated liver hypertro-
phy, further supporting the involvement of necroptotic 
pathway in FD-induced hepatomegaly (Fig. 7d). These 
results suggest that the activation of RIPK3/MLKL-
dependent necroptotic pathway contributed to FD-induced 
hepatomegaly.

Increased protein levels for both total YAP and pYAP s127 
but with decreased ratio of pYAPs127/YAP were found in FD 
Huh7 cells (Fig. 8a). YAP is the effector of Hippo signaling 
cascade, a master regulator of organ size and tissue growth. 
De-phosphorylation of YAP at serine127 (YAPs127) is essen-
tial for the intra-nuclear localization of YAP and the activa-
tion of subsequent transcription [36]. In addition, a more 
than twofold increase in txn transcript was observed for FD 
adult fish liver (Fig. 8b). Txn is one of the down-stream 
genes regulated by nuclear-localized YAP/TAZ–TEAD com-
plex. Increased txn expression was also found for FD whole 
larvae and the liver isolated from FD larvae. We would like 
to note that supplementing with 5-CHO-THF did not lower 
the expression of txn when the extracts prepared from whole 
larvae were used for examination (Fig. 8c). Considering the 

Fig. 5   Cell enlargement and altered F-actin distribution in FD liver 
cells. Cells grown in FD medium were recorded for cell number 
daily (a–c). The numbers shown on the Y-axis equate to (the actual 
cell numbers) times the multiplier, 10–5, shown in the parentheses of 
the Y-axis title. Cells were also harvested after cultivating for 8 days 
and examined for cell cycle (d–f), cell size (g) and total folate content 

(h). The cell size obtained with flow cytometry (FSC) was reported 
in arbitrary units (a.u.). Huh7 cells cultured in regular (CTL) or 
folate-deficient α-MEM (FD) were further analyzed with HPLC for 
individual folate derivatives (i) and immuno-stained for cytoskeleton 
distribution (j–q). Scale bars = 40  µm. Statistical data are shown in 
mean ± SEM



The cooperative interplay among inflammation, necroptosis and YAP pathway contributes to…

1 3

Page 11 of 20  397

tissue specificity of folate-mediated OCM, these results 
are not unexpected since the obtained results would reflect 
the combined effect from all larval tissues/organs. Contra-
rily, the decrease of txn expression became significant, in 
response to 5-CHO-THF supplementation, when isolated 
larval livers were used as samples (Fig. 8d). Verteporfin is 
a Hippo pathway inhibitor functioning by disrupting YAP/
TAZ–TEAD interactions. Adding verteporfin to embryo 
water ameliorated both liver hypertrophy and FD-induced 
hepatocytes enlargement (Fig. 8e and f). In addition, knock-
ing down YAP expression by transfecting with siYAP has 
significantly decreased YAP protein levels and prevented 
the FD-induced cell size enlargement in Hun7 cells (Fig. 8g 
and h). These results support the causal link between FD-
induced hepatomegaly and Hippo pathway activation, as 
well as the tissue-specific response to altered folate status.

We also found that adding verteporfin to Huh7 cells 
cultivated in FD medium decreased MLKL phosphoryla-
tion, indicating the participation of YAP signaling in the 
FD-induced activation of necroptotic pathway (Fig. 9a). No 

apparent change was observed in the pMLKL/MLKL ratio 
of FD Huh7 cells when TNFα inhibitor LEN was added 
to culture medium for rescue. These results suggest that 
TNFα might not contribute significantly to the activation 
of necroptotic pathway in FD Huh7 cells in vitro. Neverthe-
less, adding both verteporfin and NSA simultaneously to 
embryo water did not provide additive rescuing effect for the 
size of either FD larval liver or cultured Huh7 cells (Fig. 9b 
and c). These data suggested that FD modulated both Hippo 
pathway and necroptotic signaling, which contributed to the 
FD-induced hepatomegaly. In addition, these two pathways 
may function interactively via the same route likely in an 
upstream–downstream cooperative manner.

Inflammation and TNFα participated in FD‑induced 
hepatomegaly

The discretely reported interplays among inflammation, 
necroptosis and Hippo pathway prompted us to examine 
whether inflammation also played a role in FD-induced 

Fig. 6   Inhibiting necroptosis alleviated FD-induced liver hypertro-
phy. a Larvae exposed to apoptosis inhibitor Q-VD-Oph (Q, 50 µM) 
or necroptosis inhibitor NSA (5 µM) starting from 7 dpf were imaged 
and quantified for liver size at 11 dpf. b The hepatic cryo-sections 
prepared from the larvae at 11 dpf were subjected to TUNEL assay 

for apoptotic cells. No apparent apoptotic signal was found in the 
liver (circled) of both control and FD larvae, as compared to positive 
control (sample pretreated with DNase). Statistical data are shown 
in mean ± SEM. CTL control (Tg-GGH/LR larvae without FD), FD 
folate deficiency
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hepatomegaly [37–40]. The embryos generated from the 
triple transgenic lines Tg(lfabp:mCherry/hsp70:eGFP-
γGH/mpx:eGFP) and Tg(lfabp:eGFP/hsp70:mCherry-
γGH/mpeg1:mCherry) were used to assess the involve-
ment of neutrophils and macrophages, respectively. 
Tg( l fabp :mCher r y/hsp70 :eGFP-γGH/mpx :eGFP) 
display red fluorescent liver, green fluorescent neu-
trophils and FD upon induction. By the same token, 
Tg(lfabp:eGFP/hsp70:mCherry-γGH/mpeg1:mCherry) dis-
play green fluorescent liver, red fluorescent macrophages 
and FD upon heat shock. Apparent infiltration of both neu-
trophils and macrophages were found in larval liver area 
of FD larvae in a time-dependent manner (Fig. 10a and 
b). Adding neutrophil inhibitor PF1052 to embryo water 
decreased the number of neutrophils in FD larval liver area 
but did not prevent hepatomegaly (Fig. 10c and d). On the 

other hand, adding quercetin and GdCl3 to embryo water sig-
nificantly rescued FD larvae from hepatomegaly (Fig. 10e). 
Both quercetin and GdCl3 are macrophages inhibitors. 
These results suggested that the activation of macrophages 
might play a role in FD-induced hepatomegaly. Significant 
increase of Mpeg protein, the macrophage specific marker, 
was found in FD adult fish liver, confirming the activation 
of macrophages (Fig. 10f). The presence of quercetin and 
GdCl3 has alleviated the increased Mpeg expression in 
response to FD when the whole larvae extracts were sub-
jected to Western blotting (data not shown). Analysis on 
the size of the hepatocytes isolated from GdCl3-treated FD 
larvae also showed significant decrease in comparison to 
those without GdCl3 exposure (Fig. 10g). More intriguingly, 
inhibiting YAP signaling and necroptotic pathway also alle-
viated FD-induced macrophage infiltration (Fig. 10h). These 

Fig. 7   Activated necroptotic pathway was involved in FD-induced 
liver hypertrophy. a Cell lysates prepared from Huh7 cells cultivated 
in regular (CTL) or FD medium were analyzed with Western blot-
ting for MLKL phosphorylation and quantified with densitometry. 
b The liver size of larvae exposed to Nec-1s (20 µM, RIPK1 inhibi-
tor) or GSK’872 (15 µM, RIPK3 inhibitor) starting from 7 dpf were 
imaged and quantified at 11 dpf. The presence of RIPKs inhibitors 
significantly improved liver hypertrophy. c FACS analysis on the dis-
persed red fluorescent liver cells prepared from 11 dpf larvae exposed 

to necroptosis and RIPKs inhibitors showed significant decrease for 
the enlarged cell size. Shown here are the averaged results of at least 
five independent trials with each sample prepared from 20 to 30 lar-
vae. The cell size obtained with flow cytometry (FSC) was reported 
in arbitrary units (a.u.). d The liver sizes of larvae grown in embryo 
water with/without additional ATP were imaged and quantified. CTL 
control (Tg-GGH/LR larvae without FD or Huh7 cells cultured in 
regular α-MEM), FD folate deficiency
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results suggested that FD induced hepatic inflammation in 
larval liver, which contributed to the FD-induced hepato-
cytes enlargement and hepatomegaly.

Our results also showed that the activity of tumor 
necrosis factor α (TNFα) was involved in FD-induced 
hepatomegaly. TNFα is a key pro-inflammatory cytokine 
secreted primarily by immune cells, especially mac-
rophages. We found that the level of TNFα protein was 
significantly increased in the extracts prepared from 
liver, but not eyes and whole larvae at 11 dpf (Fig. 11a). 
Increased TNFα was also detected in the used culture 
medium when Huh7 cells were cultivated under FD 

condition for 8 days (Fig. 11b). Adding TNFα directly 
into medium increased the cell size and decreased intra-
cellular pYAPs127/tYAP ratio of cultured Huh7 cells 
(Fig. 11c and d). In addition, adding TNFα inhibitors 
lenalidomide (LEN) and CAY10500 (CAY) to embryo 
water significantly alleviated the hypertrophy of larval 
liver and hepatocytes (Fig. 11e and f). The presence of 
LEN in cell culture medium also significantly prevented 
the enlargement of FD Huh7 cells (Fig.  11g). These 
results suggested the involvement of TNFα activity in 
FD-induced hepatomegaly. This viewpoint was further 
supported by the increased expression of mmp13a, one 

Fig. 8   Activation of Hippo pathway contributed to FD-induced hepa-
tomegaly. a Cell lysates prepared from Huh7 cells cultivated in regu-
lar (CTL) or FD medium were analyzed with Western blotting for the 
level of total YAP and pYAP.S127 and quantified with densitometry. 
The results of Real-time PCR revealed increased txn transcripts in 
the extracts prepared from FD adult fish liver (b), FD whole larvae of 
11 dpf (c) and FD larval liver (d). e The liver size of larvae exposed 
to verteporfin (VP, 0.62  µM) starting from 7 dpf were imaged and 
quantified at 11 dpf. f FACS analysis on the dispersed red fluorescent 
liver cells prepared from 11 dpf larvae exposed to VP showed signifi-

cant decrease for the enlarged cell size. Shown here are the averaged 
results of at least eight independent trials with each sample prepared 
from 20 to 30 larvae. Huh7 cells were cultivated in regular (CTL) 
or FD medium and transfected with siCon or siYAP at 4-day post-
seeding (dps). Cells were harvested and subjected to Western blot-
ting (g) and flow cytometry (h) at 7 dps. The cell size obtained with 
flow cytometry (FSC) was reported in arbitrary units (a.u.). 5-CHO 
5-formyltetrahydrofolate. Statistical results are represented in the 
mean ± SEM. CTL control (Tg-GGH/LR larvae without FD or Huh7 
cells cultured in regular α-MEM), FD folate deficiency
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of the metalloproteases responsible for TNFα cleavage 
and activation, in FD larval liver (Fig.  11h). Adding 
CL-82198, an MMP13 inhibitor, has successfully pre-
vented FD-induced hepatomegaly (Fig. 11i). On the other 
hand, no significant difference in the expression level of 
adam17b, the other major metalloprotease mediating 
TNFα activation in extracellular matrix, was observed, 
suggesting that Adam17 did not contribute significantly 
to the activation of TNFα in FD larvae. Our results 
showed that FD-induced increase of TNFα activity was 
tissue-specific and partly due to the increased mmp13a 
expression. Meanwhile, the increased TNFα contributed 
to Hippo/YAP pathway activation and likely the subse-
quent hepatomegaly.

Discussion

We reported in the current studies that it is the interplay 
among the multiple pathways operating both in parallel 
and interactively, instead of merely the disturbed nucleo-
tide supply, plays the decisive role in FD-induced hepato-
cytes enlargement. With the model of the transgenic FD 
zebrafish, which displays inducible folate deficiency and 
enlarged liver, we found that increased liver cell size is the 
major cause for the FD-induced hepatomegaly. Based on 
our results and the information reported in the literature 
[41–43], a prospective pathomechanism contributing to the 
FD-induced hepatocytes enlargement has been depicted 

Fig. 9   The lack of additive rescuing effects upon co-exposure to 
verteporfin and NSA for FD-induced hepatomegaly. a The cell lysates 
prepared from Huh7 cells cultivated in FD medium in the presence of 
LEN (TNFα inhibitor, 4 µM), VP (Hippo pathway inhibitor, 0.1 µM) 
or NSA (necroptosis inhibitor, 2 µM) for 8 days were analyzed with 
Western blotting for MLKL phosphorylation and quantified. b Lar-
vae were exposed to VP (0.62 µM) and NSA (5 µM) either separately 
or simultaneously from 7 to 11 dpf. Larvae were imaged at 11 dpf 
and larval liver size was quantified with on-line software Image J. c 

VP (0.1  µM) and NSA (2  µM) were added to FD cultured medium 
for Huh7 cells separately or simultaneously 5-day post-seeding. Cell 
sizes were measured on 8 dps with flow cytometry and calculated for 
the percentage of rescuing efficiency. Shown here are the averaged 
results of at least three independent trials. LEN lenalidomide, VP 
verteporfin, NSA necrosulfonamide. Statistical results are represented 
in the mean ± SEM. CTL control (Tg-GGH/LR larvae without FD or 
Huh7 cells cultured in regular α-MEM), FD folate deficiency
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(Fig. 12): FD triggered necroptosis and Hippo/YAP path-
way, leading to enlarged hepatocyte and hepatomegaly. 
FD also caused inflammation and macrophages infiltra-
tion in liver, which acts as an additional route to activate 
necroptotic pathway and YAP signaling via the increased 
TNFα and MMP13. MMP13 is a metalloprotease most 
abundant in extracellular environment and mediates TNFα 
cleavage and activation. In addition, FD-induced inflam-
mation and necroptosis would convene a dialog of positive 
feedback loops, further deteriorating hepatomegaly. Hippo 

signaling is one of the best-known pathways that controls 
organ size and involves in multifarious hepatic pathogen-
esis when dysregulated [36, 44]. No dedicated receptor 
on cell membrane has hitherto been identified for the 
activation of Hippo pathway. Instead, several physiologi-
cal cues and cellular processes, including inflammation, 
biochemical signals and molecules from other pathway, 
have been shown to trigger YAP transcriptional network. 
Hippo pathway may also respond to physical milieu, such 
as tissue architecture including cell density, tissue tension 

Fig. 10   Inflammatory cells infiltration was observed in FD lar-
val liver. The FD larvae, generated from Tg(lfabp:mCherry/hsp70: 
eGFP-γGH/mpx:eGFP) (a) and Tg(lfabp:eGFP/hsp70: mCherry-
γGH/mpeg1:mCherry) (b), were imaged at 11 dpf. The number of 
neutrophil (green fluorescent dots in a) and macrophages (red fluores-
cent dots in (b)) was counted and recorded daily. Data were collected 
from at least three independent trials with total larvae number rang-
ing from 23 to 57 for each group. The number of neutrophils in liver 
area (c) and liver size (d) of larvae exposed to PF1052 (0.1625 µM) 
starting from 7 dpf was examined at 11 dpf as described before. e 
The liver sizes of larvae exposed to macrophage inhibitors, querce-
tin (QUE, 2.5 µM) and GdCl3 (20 µM), were imaged and quantified 
at 11 dpf. Presented here are the averages of at least three independ-
ent trials with the total larval number of 24–47 for each group. f The 

liver extracts prepared from FD adult fish were subjected to Western 
blotting with anti-mpeg antibodies. The signal intensity of Mpeg was 
quantified with densitometry. g FACS analysis on the sizes of hepato-
cytes isolated from FD larvae revealed significant improvement for 
those in the group treated with GdCl3. The cell size obtained with 
flow cytometry (FSC) was reported in arbitrary units (a.u.). h Larvae 
were exposed to VP (Hippo pathway inhibitor, 0.62  µM) and NSA 
(necroptosis inhibitor, 5  µM) starting from 7 dpf and counted for 
the number of macrophages in larval liver area. Shown here are the 
averaged results of at least five independent trials with each sample 
prepared from 20 to 30 larvae. Statistical results are represented in 
the mean ± SEM. CTL control (larvae or adult fish without FD), FD 
folate deficiency
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and shear stress [45]. Our findings unveiled a novel avenue 
through which the activity of Hippo pathway is modu-
lated and the impact of folate status to cell size control is 
executed. These results substantiate the interplay among 
intracellular folate status, pathways regulation, inflamma-
tory responses, actin cytoskeleton and cell volume control, 
which occurs in liver and can be best observed only with 
in vivo platform. Our findings also provide the evidence 
for an additional patho-mechanism contributing to hepato-
megaly from the prospect of micronutrient, which may be 

taken into consideration in future development of prophy-
lactic and therapeutic strategies for liver diseases.

Our data suggested that the enlargement of hepatocytes 
in response to FD is largely due to the interplay among 
the multiple pathways, including inflammatory response, 
instead of disturbed nucleotide supply. The findings that 
supplementing FD larvae with dNTP failed to prevent 
hepatomegaly are unexpected. This is because megaloblas-
tic anemia, a hall-mark clinical manifestation of FD with 
the characteristics of enlarged red blood cells, is reversible 

Fig. 11   TNFα contributed to Hippo/Yap pathway activation and FD-
induced hepatomegaly. The tissue homogenate prepared from larvae 
at 11 dpf (a) and the used FD medium after cultivating Huh7 cells for 
8 days (b) were quantified for TNFα protein level with ELISA. Huh7 
cells cultivated in regular α-MEM with/without the exogenously 
added TNFα protein for 48 h were examined for cell size with flow 
cytometry (c) and analyzed for YAP expression and phosphorylation 
(d). The liver sizes of the larvae incubated in embryo water contain-
ing TNFα inhibitor LEN (38.5  µM) or CAY10500 (1  µM) starting 
from 7 dpf were imaged and quantified at 11 dpf under a fluores-
cence dissecting microscope (e). f The livers isolated from the larvae 
of 11 dpf were dispersed and the hepatocytes were examined for cell 
size with FACS. Shown here are the averaged results of at least four 
independent trials with each sample prepared from 20 to 30 larvae. 

g LEN (TNFα inhibitor, 4  µM) was added to FD cultured medium 
for Huh7 cells 5-day post-seeding. Cell sizes were measured on 8 dps 
with flow cytometry and calculated for the percentage of rescuing 
efficiency. h The expression of mmp13a and adam17b in the liver iso-
lated from FD larvae at 11 dpf were quantified with real-time PCR. i 
The liver size of larvae exposed to MMP13 inhibitor was quantified 
at 11 dpf. The continuous presence of MMP13 inhibitor in embryos 
water upon FD induction significantly alleviated liver hypertrophy. 
All the data presented above are the averages of at least three inde-
pendent trials. The cell size obtained with flow cytometry (FSC) was 
reported in arbitrary units (a.u.). Statistical results are represented in 
the mean ± SEM. CTL control (cells or larvae without FD), FD folate 
deficiency, LEN lenalidomide, MMP13-I MMP13 inhibitor
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with exogenous provision of nucleotides, suggesting a major 
role for nucleotide depletion and impaired DNA synthesis in 
the disease etiology [46]. These unexpected results could be 
readily explained by two observations. First, no significant 
cell proliferation and liver growth in the control larvae at the 
stages of 6–11 dpf. In addition, the intracellular 10-formyl-
THF level in developing larvae is stably maintained even 
in FD larvae (Fig. 3f). 10-formyl-THF is the source of the 
formyl group for the C2 and C8 of purine in de novo synthe-
sis. A constant level of 10-formyl-THF shall ensure a stable 
supply for nucleotides. This speculation is further supported 
by the subsequent findings that 10-CHO-THF concentrations 
remained constant always; whereas THF and 5-CH3-THF 
levels changed alone with the fluctuating folate status. Stud-
ies showed that modulating the expression of folate enzymes 
in OCM, especially those responsible for generating 10-for-
myl-THF, would allow the embryos to prioritize nucleotide 
supply in response to FD [47]. Our results also affirm the 
current viewpoint that the nucleotides formation was main-
tained in the expense of other biochemical reactions such as 
5-CH3-THF for SAM formation. Our data convey a possibil-
ity that FD may execute its effects through a non-canonical 
activity since increasing evidence also suggested that folate 
and folate metabolic enzymes possess non-metabolic func-
tions in cell signaling and cancer biology [48]. That whether 
and how altered intracellular folate content ignites these 
non-metabolic signaling pathways modulating cell volume 
merits further investigation.

Different cell type/tissue appears to respond differentially 
to FD and supplementary rescuing agents. This is likely a 
reflection of tissue/cell type specificity of folate-mediated 
OCM. FOCM cell type/tissue specificity includes the vari-
ation in the regulatory mechanisms of OCM, as well as the 
cellular/tissue response to altered folate status. We found 
that cell enlargement occurred to Huh7 cells and 293 T cells, 

but not SK-N-SH cells, although polyploid cells accumula-
tion was observed in all three cell lines. Polyploidization 
is a potential factor causing cell enlargement and is ben-
eficial to cells by increasing cell fitness without disrupting 
cell and tissue structure and to improve cell tolerance to 
genomic stress and apoptotic signals [49]. SK-N-SH cells 
also displayed polyploid cell accumulation, but did not show 
increased cell size correspondingly. These observations sug-
gest that factors other than cell ploidy may also contribute 
to cell size control in response to FD. We also noticed the 
differential accumulation of FD cells at different cell cycle 
stages for different cell types. The increase at S-phase for 
Huh7 cells and at G2/M phase for SK-N-SH cells indicates 
that different types of cells respond to FD differentially. The 
absence of consistency between the change in cell size and 
the alteration in cell cycle/polyploidy supports the cell type/
tissue specificity of FOCM. Lack of obvious alteration in 
the distribution of cytoskeleton may contribute to the unaf-
fected cell size observed for FD SK-N-SH cells, which will 
be further discussed below.

The FOCM cell type/tissue specificity is also presented in 
the variation of cellular/tissue responses to altered folate sta-
tus. Studies showed that FD-induced anomalies responded 
multifariously to rescuing agents. Nucleotides supplementa-
tion failed to prevent FD-induced hepatomegaly, as shown 
in the current study, and the impaired cardiogenesis and 
obstructed visual development, but effectively rescued the 
enlarged red cells, impeded hematopoiesis and malformed 
eyes observed in FD larvae [47, 50]. By the same token, 
folic acid did not improve hematopoiesis and swim bladder 
development but successfully prevents the cardiac anoma-
lies found in FD larvae [50, 51]. Some FD-induced pheno-
types even got worse when folic acid was used for rescue. 
For example, the UVB-inflicted larval tail damage become 
more severe when folic acid was added to embryos [52]. 

Fig. 12   The prospective pathomechanism contributing to the FD-
induced hepatomegaly. FD triggers necroptosis and Hippo/YAP 
pathway, leading to enlarged hepatocyte and hepatomegaly. FD also 
caused inflammation and macrophages infiltration in liver, which act 
as an additional route to activate necroptotic pathway and YAP sign-

aling via increasing TNFα activity and mmp13, the metalloprotease 
mediating TNFα cleavage and activation. The FD-induced inflamma-
tion and necroptosis convene a dialog of positive feedback loops, fur-
ther deteriorating hepatomegaly
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This cell/tissue type-specific response may be attributed to 
the different folate content among tissues and the incoherent 
distribution of folate derivatives resulting from the differen-
tial regulation of folate-mediated OCM [47]. It also reflects 
the complexity and context-dependent control of folate 
metabolism for maintaining a tissue-specific one-carbon 
homeostasis, which empowers the cells/tissues to prioritize 
the essential biochemical pathways to fulfill the needs under 
a circumstance. There is also a possibility that the cell-type 
specificity resides in the different non-metabolic signaling 
pathways triggered by FD, which guards the cell volume and 
varies among different types of cells. To be aware of the phe-
nomenon of FOCM tissue specificity shall be vital since this 
differential specificity will render the tissues different vul-
nerability to altered folate status (both folate deficiency and 
sufficiency), hence different demands (responses) for folate 
supplementation. We are convinced that the knowledge on 
FOCM tissue specificity is crucial for optimizing the use of 
folate supplementation and anti-folate drug for diseases pre-
vention and treatment. Further investigation on how the cell 
type specificity is established shall provide valuable insight 
to the control of folate-mediated OCM and references for 
folate supplementation.

Circumferential re-allocation of intracellular F-actin at 
the edge under cell membrane was found in FD Huh7 cells, 
which likely contributed to the hepatocyte enlargement and 
elevated liver stiffness observed in FD zebrafish. Altera-
tion in cell size has been shown to change cell stiffness and 
cell fate [30]. Cell size has been tightly correlated with cell 
growth, metabolism and functional activity. Change in cell 
size reflects disturbed cellular homeostasis, which brings in 
further impact to cellular function and activity. By sensing 
and mediating extracellular signals, such as inflammatory 
cytokine TNFα, as well as coordinating with ion channels 
activity, actin cytoskeleton is crucial in determining cell 
volume [53, 54]. Currently, the direct evidence connecting 
intracellular folate status to actin and cell/tissue stiffness 
are limited. However, studies have shown that modulating 
the expression of 10-formyltetrahydrofolate dehydrogenase 
(FDH, ALDH1L1), a cytosolic folate enzyme, disturbed 
actin dynamics both in vitro and in vivo [55, 56]. Knocking 
down FDH obstructed F-actin polymerization and delayed 
epiboly in zebrafish embryogenesis. FDH is most abundant 
in liver, comprising 1% of total soluble protein in the liver 
of mammals and zebrafish [56, 57]. This tetrameric enzyme 
converts 10-CHO-THF to THF and formate. It also binds to 
its own product THF tightly and serves as a reservoir to store 
and stabilize tetrahydrofolate. Therefore, it is conceivable 
that decreasing FDH level likely led to a decreased intracel-
lular folate content of hepatocytes. Although the total folate 
contents in those two studies were not reported, knocking 
down FDH expression indeed lowered the intracellular tet-
rahydrofolate level of zebrafish larvae [56].

We noticed that the intracellular folate content of SK-N-
SH cells was fivefold higher than those in Huh7 cells and 
293 T cells, of liver and kidney origins, respectively. The 
higher content of intracellular folate may imply a greater 
need for folate for SK-N-SH cells and a different homeo-
static regulation for folate-mediated OCM (i.e., the compo-
sition of intracellular folate derivatives and folate enzymes, 
in terms of species and content). On the other hand, it may 
also convey a different sensitivity of cells to FD. It is inter-
esting to note that SK-N-SH cells, when cultivated in FD 
medium, displayed neither change in cell size nor apparent 
alteration in the distribution of microtubule and actin fila-
ment (data not shown). These results support our speculation 
that the circumferential re-allocation of intracellular F-actin 
at the edge under cell membrane in FD Huh7 cells might 
contribute to the hepatocyte enlargement and elevated liver 
stiffness observed in FD zebrafish, as well as echo the cor-
relation between cytoskeleton distribution and cell size con-
trol. We are convinced that the cell/tissue-specific regulation 
for folate metabolism and homeostasis, in conjunction with 
actin dynamics control and cell size regulation, merit further 
investigation.

Both Nec-1 and GSK872 were tested in the current 
study for examining the participation of RIPK1 and RIPK3, 
respectively. Studies showed that RIPK3 is essential for the 
activation of necroptosis. On the other hand, RIPK1 may 
(RIPK1-dependent) or may not (RIPK1-independent) be 
required for intervening necroptosis. Evidence even sug-
gested that depletion of RIPK1 activity facilitated necrop-
tosis triggered by TNF [58]. We noticed that the presence 
of Nec-1, a RIPK1 inhibitor, ameliorated FD-induced 
hepatomegaly but did not prevent the enlargement of lar-
val hepatocytes. These results suggest that the FD-induced 
hepatocytic enlargement is via a RIPK1-independent path-
way. In another word, RIPK1 may affect liver size indirectly 
and passively. Our observations also imply a possibility that 
factor other than enlarged cell size, which is also sensitive to 
RIPK1 activity, may also contribute to the liver enlargement 
observed in FD larvae.

The results that multiple pathways contribute to liver 
enlargement found in FD zebrafish larvae reflect the com-
plexity of the etiology for hepatomegaly. Hepatomegaly is 
the most common and earliest detectable sign of many liver 
diseases, including fatty liver diseases, alcoholic hepatitis, 
non-alcoholic fatty liver disease and hepatic tumors. As the 
disease progressing and passing the stage of hepatomegaly, 
the damage may become irreparable and ultimately lead to 
liver failure, cirrhosis, cancer and even death. Hepatomeg-
aly is also a non-specific pathological sign of multifarious 
causes, such as obesity, infection, metabolic syndrome, 
autoimmune disease and toxification. Although the etiol-
ogy of hepatomegaly is diverse, the resulting pathological 
hypertrophy may cause a similar progression of disease 
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and hinder the effect of subsequent treatment. Currently, 
the patho-mechanism underlying hepatomegaly remain 
incompletely understood and is considered multifarious. 
The results reported in the current studies, as well as the 
zebrafish transgenic line displaying FD-induced hepatomeg-
aly, may provide reference for developing both prophylactic 
and therapeutic strategies for the early treatment of liver 
disease.
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