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Thyroid hormone T3 augments the 
cytotoxicity of sorafenib in Huh7 
hepatocellular carcinoma cells by 
suppressing AKT expression

ABSTRACT
Background and Objectives: Hepatocellular carcinoma (HCC) is a primary cancer that poorly responds to treatment. Molecular 
cancer studies led to the development of kinase inhibitors, among which sorafenib stands out as a multi-kinase inhibitor approved by 
FDA for first line use in HCC patients. However, the efficiency of sorafenib was shown to be counteracted by numerous subcellular 
pathways involving the effector kinase AKT, causing resistance and limiting its survival benefit. On the way of breaking such resistance 
mechanisms and increase the efficiency of sorafenib, deeper understanding of hepatocellular physiology is essential.  Thyroid 
hormones were shown to be metabolized in liver and inevitably affect the molecular behaviour of hepatocytes. Interestingly, thyroid 
hormone T3 was also demonstrated to be potentially influential in liver regeneration and treatment with this hormone reportedly 
led to a decrease in HCC tumor growths. In this study, we aimed to uncover the impact of T3 hormone on the cytotoxic response 
to sorafenib in HCC in vitro. 

Materials and Methods: We pre-treated the HCC cell line Huh-7 with T3 prior to sorafenib exposure both in 2D and 3D culture. We 
checked cell viability with MTT assay in 2D culture and measured the sizes of 3D spheroids with bright-field microscopy followed 
by a surface analysis with ImageJ. We also performed scratch assay to measure cell migration as well as western blot and qPCR 
to uncover affected pathways. 

Results: We observed an additive effect to sorafenib’s cytotoxicity both in 2D and 3D culture. Cell migration assay also confirmed our 
finding and pointed out a benefit of T3 hormone in HCC cell migration. Western blot experiments showed that T3 exerts its additive 
effect by suppressing AKT expression upon sorafenib treatment both at protein and gene expression levels. 

Conclusion: Our results open a promising new avenue in increasing sorafenib’s cytotoxicity where thyroid hormone T3 is utilized 
to modulate AKT expression to combat resistance, and warrant further studies in the field.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common 
form of liver cancer. This devastating disease occurs 
when hepatocytes transform into malignant tumor 
cells with the influence of factors including obesity, 
type‑2 diabetes, cirrhosis, alcohol‑induced liver 
diseases, or virus infections.[1] Despite its increasing 
incidence, current HCC treatment options are 
insufficient, mostly due to the complexity of its 
molecular pathogenesis. The carcinogenesis of the 
liver is a multi‑step biological process involving a 
plethora of pathways. The key players are known 
to involve the abnormal activation of signaling 
pathways such as PI3K/AKT/mTOR, MAPK/ERK, JAK/

STAT, Wnt/ß‑Catenin; disturbed balance between 
oncogenes and tumor suppressors, as well as 
genomic instability.[2] Sorafenib, a multi-kinase 
inhibitor, stands out as an FDA‑approved first‑line 
treatment option currently being used in clinics.[3] It 
works by inhibiting the Ras/Raf/MEK/ERK signaling 
pathways a that drive tumor growth.[4] However, 
there is only limited therapeutic response to this 
agent. Resistance to sorafenib arises due to multiple 
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factors, including but not limited to the overexpression of AKT 
and Epidermal growth factor receptor (EGFR), as well as the 
activation of autophagy.[5]

In addition to main signaling cascades within the cell, the 
last decade also witnessed valuable studies that put forward 
the impact of physiological factors in HCC development. 
Thyroid hormones 3,5,3’‑triiodo‑L‑thyronine  (T3) and 
3,5,3’,5’‑tetraiodo‑L‑thyronine  (T4) were linked to HCC 
development, and interestingly, an increased association 
between hypothyroidism and HCC was reported.[6–8] Thyroid 
gland secretes 80% of the inactive thyroid hormone T4 and 
20% of the active T3 hormone. Because the T4 hormone is 
inactive, it needs to be converted to the active version, T3, to 
perform its functions.[9] Roughly 60% of this conversion occurs 
in the liver with the help of deiodinase enzymes, which remove 
one iodine atom from the T4 hormone. One of the deiodinase 
enzymes that convert T4 to T3, iodothyronine deiodinase 1, 
is primarily expressed in the liver and kidney.[10] One of the 
receptors of thyroid hormone, TRß1, is also predominantly 
expressed in the liver.[11] In previous literature studies, it was 
emphasized that the TRß1 receptor has a tumor suppressor 
function, and oncogenic transformation is observed in the 
absence of TRß1.[12–14] Studies on HCC cells revealed that the 
T3 hormone itself upregulated the tumor suppressor p21 
through endoglin and downregulated the oncogenes CDK2, 
cyclin E, and phospho‑Rb.[14,15] T3 also downregulated ELF2, 
the transcription factor linked to tumor growth and cell 
proliferation, and increased DKK4, which inhibits cell invasion 
and metastatic spread by reducing matrix metalloproteases.
[16–18] In line with this, Kowalik et al. observed that T3 itself 
may be a potential HCC antitumor agent by inducing a 
differentiation program and a metabolic switch.[19] Moreover, 
the thyroid hormone axis was reported many times as crucial 
for liver regeneration in liver disease thanks to its effect on 
hepatocyte differentiation.[20]

Due to the poor prognosis and limited therapeutic options of 
HCC, it is essential to come up with new treatment strategies 
which could reach clinics easily. In light of the information 
given above, we wondered whether the cytotoxic effect of 
the FDA‑approved HCC drug sorafenib[21] could be enhanced 
in the presence of thyroid hormone T3 treatment, which 
is widely used in clinics to treat hypothyroidism.[22] To test 
this hypothesis in vitro, we utilized the HCC cell line Huh7. 
We pre‑treated Huh7 cells with T3, followed by continuous 
sorafenib exposure in 2D and 3D cultures. We then analyzed 
cell migration and documented phosphorylation/expression of 
key HCC proteins, with valuable implications on the molecular 
insights in augmenting the cancer cell death effect of sorafenib 
in the presence of T3.

MATERIALS AND METHODS

2D Cell culture
Human HCC cell line Huh7 was cultured with Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 10% fetal bovine 
serum (FBS) and 1% penicillin‑streptomycin with incubation 
conditions of 5% CO

2
 and 37°C. Cells were trypsinized and 

collected when they reached 90% confluence. When the cells 
were in expansion, they were seeded onto new 10 cm round 
culture dishes with a 20% confluence level. Passaging was 
performed every 2–3 days.

3D spheroid culture
3D Spheroids were formed using the hanging drop method. 
Huh7 cell line was seeded on 10‑cm culture plates at 2 × 105 
per plate and incubated for 24 hours. Cells were then 
pre‑treated with 0.1 µM T3 or dimethyl sulfoxide (DMSO) as 
control and incubated for 48 hours. After the incubation, 
cells were collected with trypsin, and a cell concentration of 
1 × 103 cells per 30 µL DMEM + FBS was prepared. Cells were 
seeded as 30 µL droplets to the interior of a 10‑cm plate lid, 
which then was inverted and closed onto the culture plate. 
The plate was incubated for 24 hours while continuing the 
pre‑treatment with T3. Sorafenib or DMSO was then carefully 
added to the drops for the next 72 hours. Bright‑field photos 
were taken each day to observe the formation and growth 
of the spheroids. The areas of the spheroids were calculated 
using ImageJ software (NIH, USA).[23]

Treatments
T3  (Liothyronine sodium; T3 analog) and sorafenib were 
purchased from Abcam  (ab145834; ab141966, respectively). 
Drugs were dissolved in DMSO, aliquoted, and stored 
at −20°C. Fresh aliquots were used each time. Cell lines were 
pre‑treated with either DMSO or T3 (liothyronine sodium) in 
concentrations of 0.001 µM, 0.01 µM, and 0.1 µM. Sorafenib 
treatments were applied either as 5 µM or 10 µM.

MTT Assay
Cells were seeded onto 10‑cm round culture dishes at 
2 × 105 per plate. They were cultured in DMEM with 10% 
FBS and 1% P/S for 24 hours. As a pretreatment, each plate 
was treated with a different dose of T3, the control group 
was given media containing DMSO in the same amount 
as T3, and all culture dishes were incubated for 48 hours. 
Cells were then collected with trypsin and seeded into 
96‑well plates using 6  ×  105  cells per well. Pretreatment 
continued for a further 24 hours. Cells that received a total of 
72 hours pre‑treatment were then subjected to subsequent 
drug treatment  (sorafenib or DMSO) in the absence and 
presence of T3, followed by incubation for an additional 
72 hours. After incubation, 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5 
diphenyltetrazolium bromide (MTT) (BioBasic, T0793) test was 
performed according to the protocol that had been published 
previously.[24] Optical density  (OD) was read at 570  nm by 
a microplate reader. Cell viability was calculated using the 
formula (OD value of treated samples – blank)/(OD value of 
untreated control samples  –  blank). All experiments were 
performed in triplicates.
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Migration assay
Cells were seeded onto 10 cm Petri dishes with DMEM medium 
containing 10% FBS and 1% P/S and were allowed to attach 
for 24 hours. The next day, the medium was replaced with 
DMEM containing 0.1 µM T3 or DMSO and incubated for 48 
hours. Cells were then trypsinized and seeded onto 12‑well 
plates  (3 × 105 cells per well) to continue pre‑treatment in 
DMEM media containing 0.1 µM T3 or DMSO. The medium was 
then discarded, and a scratch was made along the mid‑axis 
of the well plates using a sterile pipette tip. Pre‑treated 
cells then received the second treatment as 5 µM sorafenib 
or DMSO. Cell migration pictures were captured under a 
microscope immediately after scratching and 24, 72, and 120 
hours later. Gap‑filling images were analyzed with the Image 
J software (NIH, USA).[23]

RNA Isolation and qPCR
For qPCR analysis, 2 × 105 cells were seeded onto 10‑cm dishes 
and were allowed to attach for 24 hours. Cells were then 
pre‑treated with 0.1 µM T3 or DMSO for 72 hours. Following 
pre‑treatment, they received 5 µM sorafenib or DMSO for 24 
hours. After washing with PBS, total RNAs were extracted 
using Quick‑RNATM MiniPrep Kit  (Zymo Research, R1054) 
according to manufacturer’s instructions. For cDNA synthesis, 
0.5‑1 µg of isolated total RNA was reverse transcribed using 
VitaScriptTM FirstStrand cDNA Synthesis Kit  (Procomcure 
Biotech, PCCSKU1301) with oligo dTs and the qPCR reaction 
was performed in 96‑well plates using A.B.T. TM 2X qPCR 
SYBR‑Green MasterMix (Atlas Biotechnology, Q03‑01‑05). The 
relative gene expression levels were determined using CFX 
Connect Real‑Time PCR Detection System (Bio‑Rad Laboratories) 
and calculated with the Livak method.[25] Each experiment was 
performed in triplicates.

Western blot
2 × 105 cells were incubated in 10‑cm dishes for 24 hours. 
Later, they were treated with DMSO, 0.1 µM T3, 5 µM 
Sorafenib, or 0.1 µM T3  +  5 µM Sorafenib for 72 hours. 
Cells were then washed with PBS and lysed in lysis buffer. 
Cellular protein lysates were extracted and quantified with 
the DCTM Protein Assay (Bio‑Rad Laboratories, 500‑0112). The 
concentrations of the samples from the different treatments 
were equalized and loaded into SDS‑PAGE. The separated 
proteins were transferred onto a polyvinylidene fluoride 
membrane using standard procedures. The membrane was 
blocked with 5% milk powder in 1X Tris‑buffered saline and 
0.1% Tween‑20 (TBST) and probed with primary antibodies 
overnight at 4°C. Once washed with TBST, blots were 
incubated at room temperature with HRP‑conjugate rabbit 
or mouse secondary antibodies for 1 hour. Membranes were 
washed with TBST and detected using ClarityTM Western ECL 
Substrate  (Bio‑Rad Laboratories, 170‑5060). Images were 
captured with Vilber Fusion Solo S optical system.

Antibodies
The following antibodies were used in Western Blot 

analysis:  PARP (Cell  Signaling Technology, 46D11, 
1:1000), phospho‑β‑catenin  (Cell Signaling Technology, 
S552,1:1000), β catenin  (BD Biosciences, 610153, 1:1000), 
phospho‑AKT  (Ser473)  (Cell Signaling Technology, D9E, 
1:2000), pan‑AKT (Cell Signaling Technology, C67E7, 1:2000), 
Phospho‑p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling 
Technology, 9101S, 1:2000), p44/42 MAPK  (Erk1/2)  (Cell 
Signaling Technology, 137F5, 1:2000), β‑actin (Cell Signaling 
Technology, 13E5, 1:1000), Anti‑rabbit IgG HRP‑linked 
secondary antibody (Cell Signaling Technology, 7074S, 1:5000), 
Goat‑anti‑mouse IgG  (H  +  L), HRP conjugate  (Advansta, 
R‑05071‑500, 1:5000).

Statistical analysis
Data were expressed as mean  ±  standard error. Analysis 
of significance was performed with two‑way Analysis of 
variance (ANOVA) using the GraphPad Prism 8.0 software for 
Windows (GraphPad Software, La Jolla California USA, www.
graphpad.com).

RESULTS

T3 pre‑treatment improves sorafenib’s cytotoxicity in 
Huh7 cells in 2D culture
To understand the effect of thyroid hormone T3 on the 
cytotoxicity of sorafenib on hepatocellular carcinoma 
cells, we employed Huh7 cells, which are known to exhibit 
epithelial‑like hepatocellular characteristics.[26–28] As it takes a 
few days for the effects of T3 to manifest on hepatocytes,[29,30] 
we utilized a pre‑treatment plan where cells were incubated 
with T3 for three days, followed by the continuation of 
T3 dosing along with sorafenib treatment at varying 
concentrations  [Figure  1a]. To determine the effective dose 
of T3 and sorafenib, we did a dose titration on Huh7 cells in 
line with previously published studies,[31,32] where they were 
exposed to DMSO or 0.001µM, 0.01 µM and 0.1 µM T3 as a 
three days pre‑treatment followed by another three days in the 
presence and absence of 1 µM and 5 µM sorafenib [Figure 1b]. 
The cell viability was then assessed with an MTT assay.[33] T3 
treatment alone did not cause a significant change in the 
proliferation of Huh7  cells, and sorafenib treatment alone 
caused a decrease in proliferation only at 5 µM. We observed a 
significant additive effect on sorafenib’s cytotoxicity at 0.1 µM 
of T3 concentration [Figure 1b].

T3 pre‑treatment improves sorafenib’s cytotoxicity in 
Huh7 cells in 3D culture
2D monolayer culture often lacks key morphological and 
physiological tissue properties and thereby fails to recapitulate 
in situ drug response.[34] To overcome this, the hanging drop 
technique[35] was used to generate 3D spheroid cultures. 
Huh7  cells were treated with 0.1 µM T3 or DMSO for two 
days and then seeded as droplets onto culture plate lids. 
Pre‑treatment was continued for one day while cells formed 
spheroids, and the pre‑treatment was completed as outlined in 
Figure 1a. For the next three days, spheroids were treated with 
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sorafenib or DMSO in the absence or presence of T3. Because 
of the increased resistance in spheroids (3D) compared to 2D 
cell culture and the expected low drug penetration rates, the 
dose of sorafenib this time was increased to 10 µM in line 
with the study of Karabiçici et al.[36] as the sorafenib exerts its 
effect at higher concentrations in 3D conditions. T3 treatment 
alone or in combination with sorafenib significantly reduced 
the spheroid size, and T3 pre‑treatment brought an additive 
effect for sorafenib response in 3D [Figure 2a and b].

T3 treatment slows down Huh7 cell migration
To further elucidate the effects of T3 treatment on Huh7 
hepatocellular carcinoma cells, a migration assay was 
performed with the help of the scratch method.[37] Cells were 
pre‑treated with 0.1 µM T3 for three days [as Figure 1a outlined], 
followed by scratching. Next, cells were treated with 5 µM 
sorafenib or DMSO in the continuum of T3 or DMSO treatment. 
The gap closure in the scratched wound was visualized and 
assessed with a bright‑field microscope every 24 hours for 
five days [Figure 3a], and images were analyzed with Image J 
using a wound‑healing analysis pipeline [Figure 3b].[38] Although 
statistically insignificant, a trend of impaired migration was 
realized in the presence of T3 for the first 24 hours. Gap 
closure difference reached statistical significance in three 
days  (72 hours) for T3 pre‑treated cells, and there was an 

insignificant trend of impairment in cell migration with T3 
pre‑treatment for the sorafenib treatment group. Altogether, 
T3 treatment slowed down Huh7 cell migration, and it seems 
to exert its effect under the influence of sorafenib as well, even 
though the latter was statistically insignificant.

T3 pre‑treatment modulates the expression and/or 
phosphorylation statuses of key HCC proteins with an 
emphasis on AKT down‑regulation
To gain a deeper mechanistic insight into the effects of T3 in 
the previous results presented here, we treated Huh7 cells (in 
2D) for 24 hours with DMSO (CTRL), 5 µM sorafenib, 0.1 µM T3 
and 5 µM sorafenib + 0.1 µM T3 and observed the expression/
phosphorylation changes of crucial signaling and apoptosis 
proteins involved in HCC pathogenesis.[39] This time, we limited 
the treatment window to a shorter period to be able to see the 
initial response upon the treatments before potential pathway 
rewiring takes place. We verified the increase in sorafenib’s 
cytotoxicity in the presence of T3 by observing an elevation in 
the levels of cleaved PARP, which is an indicator of apoptotic 
onset[40] [Figure 4a]. A reduction of β‑catenin phosphorylation 
was also documented with standalone T3 treatment, but this 
was mostly attributed to a decrease in overall β‑catenin levels, 
which reportedly drives HCC pathogenesis and resistance.[41] 
Moreover, we checked AKT phosphorylation  (S473p), which 
was reported to be elevated as a resistance response not only 
to sorafenib within the context of HCC[42,43] but also to other 
kinase inhibitors used in various other types of cancers.[44] Our 
result pointed out an increase in the phosphorylation levels of 
AKT in Huh7 cells in response to sorafenib treatment, which 
was in agreement with previous studies.[42,43] Interestingly, T3 
pre‑treatment helped Huh7 cells maintain AKT phosphorylation 
at levels closer to untreated cells in response to sorafenib 
treatment. Standalone T3 treatment, on the other hand, caused 
a marked decrease in total AKT levels, which seem also mildly 
elevated in response to standalone sorafenib treatment. When 
we examined gene expression levels of AKT for all three AKT 

Figure  1: Effects of   T3 pre‑treatment on sorafenib’s cytotoxicity 
on Huh7  cells in 2D culture.  (a) Time‑course of the treatment 
scheme (Sor: sorafenib).  (b) Cell viability as demonstrated by MTT 
assay. DMSO  (vehicle) concentrations were equalized in volume 
for all groups, including sorafenib‑treated groups, to account for the 
artifactual DMSO toxicity. (Two‑way ANOVA: *P < 0.05, **P < 0.01, 
***P < 0.001, error bars = SEM)

b

a

Figure 2: Effects of T3 pre‑treatment on sorafenib’s cytotoxicity on 
Huh7  cells in 3D culture.  (a) Representative Huh7 spheroids were 
pre‑treated with either 0.1 μM T3 or DMSO before 10 μM sorafenib 
treatment. Scale Bar: 200 μm.  (b) Spheroid area comparisons as 
calculated by Image J  (Two‑way ANOVA: *P  <  0.05, **P  <  0.01, 
***P < 0.001, error bars = SEM)
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isoforms with quantitative real‑time PCR (Q-PCR), we realized 
a dramatic increase in the expressions of all isoforms as a 
response to sorafenib [Figure 4b]. Importantly, this possibly 
resistance‑related increase was rescued with T3 pre‑treatment 
followed by sorafenib treatment. Still, the effects on AKT did 
not seem to be resonated at the phosphorylation levels of 

ERK [Figure 4a], which is a downstream effector kinase of the 
RAS/RAF pathway.[45]

DISCUSSION

The multitude of physiological functions exerted by the thyroid 

Figure 3: Effects of T3 on Huh7 cell migration in the presence and absence of sorafenib. (a) Representative bright‑field microscopy images of 
gap closures of Huh7 cells upon DMSO or T3 pre‑treatment followed by DMSO or sorafenib treatment. (b) Analysis of relative migration with 
Image J. (Two‑way ANOVA, *P < 0.05, error bars = SEM)
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hormone in crucial processes, including development, growth, 
and metabolism, makes it no wonder that it was also associated 
with cancer.[18] Hepatocellular carcinoma comes across as a 
type of cancer where T3 activity was shown to inhibit the 
progression through modulating the metabolic pathways and 
inducing re‑differentiation of neoplastic cells into a benign 
phenotype suggesting T3 could potentially be a therapeutic 
agent for patients with HCC.[19] In this study, we combined the 
FDA‑approved first‑line treatment sorafenib with T3 hormone 
pre‑treatment to investigate whether supporting therapy with 
thyroid hormone could increase efficacy in comparison to 
standalone treatment. We tested this on Huh7 hepatocellular 
carcinoma cells in vitro, both in 2D and 3D conditions, and 
observed that T3 treatment brings an additive effect to sorafenib 
response. Cell migration assay also was in line with this 
observation, and western blots, as well as Q‑PCR, confirmed 

that the impact of T3 on HCC is likely to be arisen by its 
down‑regulating effect on AKT expression and phosphorylation.

Recent studies suggested that drug sensitivity in HCC is 
associated with differentiation status.[27,36,46] Huh7 cell line 
exhibits epithelial‑like characteristics,[28] and the β‑catenin 
prompts mutations, which makes these cells sensitive to 
β‑catenin inhibition.[47,48] We documented a small decrease 
in phosphorylated β‑catenin levels with T3 treatment. Even 
though this effect seems to be reversed when cells were also 
exposed to sorafenib, it could explain a potential dimension 
where T3 activity was influential in HCC. The most remarkable 
effect of T3 in this study was on the AKT pathway, where 
AKT levels were significantly impaired in the presence of 
T3. Interestingly, a correlation between the differentiation 
status of tumor nodules and p‑AKT expression levels has been 

Figure 4: Phosphorylation and expression levels of key hepatocellular carcinoma proteins. (a) Western blot image of total protein lysates obtained 
after DMSO (CTRL), 5 µM sorafenib, 0.1 µM T3, and 0.1 µM T3 + 5 µM sorafenib treatment for 24 hours. Immuno‑blotted proteins were indicated 
on the left panel of the image. (b) Quantitative real‑time PCR result obtained after treatments for three main AKT isoforms. Gene expression 
levels were shown relative to β‑actin. (Two‑way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, error bars = SEM)
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found in HCC, where increased p‑AKT levels indicate a highly 
differentiated tumor.[49] More importantly, AKT levels were 
shown to serve as a prognostic marker in HCC patients,[50] 
and acquired resistance to sorafenib treatment was associated 
with increased AKT expression and phosphorylation.[42,43] Here, 
we confirmed that sorafenib treatment indeed increases AKT 
levels, which was surprisingly suppressed in the presence 
of thyroid hormone T3. This observation possibly explains 
the beneficial additive effect of T3 in sorafenib treatment, as 
documented with our MTT, spheroid, and cell migration assays.

In conclusion, our findings provide new insights into how 
T3 hormone modulates the molecular behavior of HCC cells, 
indicating a promising new avenue where T3 treatment could 
be considered as a combinatory agent to increase the effect of 
FDA‑approved sorafenib. As newer studies are warranted with 
more HCC cell lines and in vivo models to further elaborate the 
results presented here, transcriptomic and phosphoproteomic 
approaches would be useful to understand unknown 
dimensions of thyroid hormone function in HCC. Considering 
the fact that thyroid hormone treatment is already widely used 
in clinics for various other health conditions, the phenomena 
explained in this research article has the potential to bring 
immediate benefit to HCC patients.
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