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SUMMARY

Insulin is an essential growth factor for the survival and self-renewal of human embryonic stem cells (hESCs). Although it is best known as
the principal hormone promoting glycolysis in somatic cells, insulin’s roles in hESC energy metabolism remain unclear. In this report, we
demonstrate that insulin is essential to sustain hESC mitochondrial respiration that is rapidly decreased upon insulin removal. Insulin-
dependent mitochondrial respiration is stem cell specific, and mainly relies on pyruvate and glutamine, while glucose suppresses exces-
sive oxidative phosphorylation. Pharmacologic and genetic manipulations reveal that continuous insulin signal sustains mitochondrial
respiration through PI3K/AKT activation and downstream GSK3 inhibition. We further show that insulin acts through GSK3 inhibition
to suppress caspase activation and rescue cell survival. This study uncovers a critical role of the AKT/GSK3 pathway in the regulation of
mitochondrial respiration and cell survival, highlighting insulin as an essential factor for accurate assessment of mitochondrial respira-

tion in hESCs.

INTRODUCTION

Human embryonic stem cells (hESCs) are capable of unlim-
ited proliferation and have the potential to generate all cell
types in our body. hESCs hold great promise for regenera-
tive medicine, and also serve as an indispensable model
system to understand cellular physiology in early embryo-
genesis (Gepstein, 2002; Gerecht-Nir and Itskovitz-Eldor,
2004; Takahashi and Yamanaka, 2013; Thomson et al.,
1998). Insulin plays essential roles in hESC maintenance
and differentiation (Chen et al., 2011; Godoy-Parejo
et al., 2019; Wang et al., 2007; Yang et al., 2019) and is
also well known for its regulatory roles in glycolysis in so-
matic cells. However, the molecular mechanisms of insulin
regulation in hESCs remain unclear for many essential
cellular processes such as energetic metabolism.

In hESCs, cellular energy is mainly generated through
glycolysis and mitochondrial respiration. Although glycol-
ysis produces the majority of ATP in hESCs, mitochondrial
respiration is still indispensable for stem cell functions
(Folmes and Terzic, 2016; Gu et al., 2016; Teslaa and Teitell,
2015). Mitochondrial respiration not only contributes to
substantial energy production but also plays essential roles
in fundamental processes such as cell survival and differen-
tiation (Birket et al., 2011; Chung et al., 2007; Leese and
Barton, 1984; Mandal et al., 2011; Schieke et al., 2008;
Zhang et al., 2018). Excessive mitochondrial respiration
has been shown to cause DNA damage and epigenetic
changes (Zhang et al., 2017). The manipulation of mito-
chondrial respiration could affect the pluripotent status
and even induce differentiation (Birket et al., 2011; Chung
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etal., 2007; Mandal et al., 2011; Schieke et al., 2008; Zhang
etal., 2018). Due to its important functions, mitochondrial
respiration has to be tightly controlled in hESCs; however,
it is unknown how signal transduction is involved in mito-
chondrial respiration regulation in hESCs.

Insulin exerts pleiotropic effects on a variety of cellular
processes in the human body. In somatic cells insulin is
involved in metabolism, protein synthesis, cell survival,
growth control, and apoptosis (Beitner and Kalant, 1971;
Haeusler et al., 2018; Kimball et al., 1994; Lawlor and Rot-
wein, 2000; Morgan et al., 1971; Taha and Klip, 1999). In-
sulin’s functions are often carried out through the PI3K/
AKT pathway and its key downstream effectors such as
glycogen synthase kinase 3 (GSK3) and FOXO (Brunet
et al., 1999; Cross et al., 1995; Manning and Toker, 2017;
Romorini et al., 2016; Yu and Cui, 2016; Zhang et al.,
2011). Insulin is best known as the principal metabolic
regulator promoting glycolysis in somatic cells where insu-
lin stimulates the translocation of the glucose transporter
within minutes (Beitner and Kalant, 1971; Dimitriadis
et al., 2011; Osawa et al., 1996; Saltiel and Kahn, 2001;
Summers et al., 1999; Wu et al., 2005). In hESCs, insulin
is essential for maintenance by promoting cell survival
and self-renewal (Chen et al., 2011; Godoy-Parejo et al.,
2019). Insulin activates PI3K/AKT to suppress caspase
cascade and promote cell survival, and AKT overexpression
suppresses cell death in the absence of insulin (Godoy-Par-
ejoetal., 2019; Hossini et al., 2016). In embryonic develop-
ment, insulin has also been shown to stimulate metabolic
activities, including glucose consumption and protein syn-
thesis (Baroffio et al., 1986; Pantaleon and Kaye, 1996; Rao
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et al.,, 1990). However, it is unclear whether insulin is
involved in the regulation of mitochondrial respiration in
hESCs.

Despite its essential functions in metabolic regulation in
somatic cells, the role of insulin in hESC metabolism re-
mains largely unexplored. We hypothesize that insulin
could also play important roles in energy metabolism regu-
lation in stem cells. In this study, we demonstrate that in-
sulin is continuously required to maintain mitochondrial
respiration in hESCs while modulations of the insulin
pathway lead to rapid energetic responses. Pyruvate and
glutamine synergistically contribute to insulin-dependent
mitochondrial respiration, which is negatively regulated
by glucose. Insulin elevates mitochondrial respiration
within minutes through the PI3K/AKT pathway and down-
stream GSK3 inhibition. We reveal that insulin is required
for accurate assessment of energetic metabolism in hESCs.
We further show that GSK3 inhibition is required to sup-
press the caspase cascade and to promote cell survival,
but respiration regulation is independent of caspase regula-
tion. This study not only establishes insulin as the chief
regulator of stem cell respiration but also highlights GSK3
as a key component in the regulation of mitochondrial
respiration and hESC survival.

RESULTS

Insulin Is Required to Maintain Mitochondrial
Respiration in hESCs

To establish the relationship between mitochondrial respi-
ration and mitogens in hESCs, we compared the metabolic
phenotypes of H1 cells under specific mitogens. We first
focused on insulin because of its well-known metabolic
functions in somatic cells. When H1 cells were cultured
in E8 medium without insulin for 24 h, cell proliferation
was suppressed in comparison with that in E8 containing
insulin (Figure 1A). Oxygen consumption rate (OCR) was
measured in those cells by a standard Mito Stress Test on
a Seahorse flux analyzer (Figure S1A). The absence of insu-
lin for 24 h led to significant decrease in key parameters of
mitochondrial respiration, including basal, maximal respi-
ration, and spare respiratory capacity (Figures 1B and 1C).
This suggests that insulin is essential to sustain mitochon-
drial respiration in hESC maintenance.

We further examined the timescale of respiratory activity
changes due to insulin. We noticed that 1-h absence of in-
sulin did not lead to significant changes in cell hESC sur-
vival (Figure S1C). A standard Mito Stress Test is usually
conducted without insulin (Figure S1A), as it is for all the
other Seahorse flux analyses. Under such conditions, cells
are kept in insulin-free medium for about 2.5 h, including
a pre-incubation stage (1 h) and a measurement stage

(1.5 h). Addition of insulin during the pre-incubation stage
of Mito Stress Test (Figure S1B) significantly elevated basal,
maximal respiration, and spare respiratory capacity (Fig-
ures 1D and 1E). This suggests that 1-h absence of insulin
is sufficient to suppress mitochondrial respiration. Thus,
insulin is continuously required to maintain mitochon-
drial respiration in hESCs.

We further examined whether other essential stem cell
factors are also necessary to maintain mitochondrial respi-
ration. Individual essential culture components, including
fibroblast growth factor 2 (FGF2), transforming growth fac-
tor B (TGFB), transferrin, ascorbic acid, and sodium selenite
(Chen et al., 2011), were applied to hESCs during the pre-
incubation stage and then subjected to respiration analysis
with the Mito Stress Test. No insulin-like effect was
observed in cells treated with other essential factors from
E8 medium, including FGF2, TGFB, transferrin, ascorbic
acid, and sodium selenite (Figures 1F and S1D). In addition,
insulin alone was sufficient to promote respiration to the
same level as the condition with all E8§ components com-
bined (Figure S1E). Meanwhile, insulin-like growth factor
1 (IGF1) and IGF2 proteins were able to sustain mitochon-
drial respiration at the same level as insulin did when they
were added during the pre-incubation stage (Figure 1G). We
also showed that respiration was sustained by insulin in
both H9 hESCs and NCRM-4 induced pluripotent stem
cells (iPSCs) (Figures S1F and S1G). These data suggest
that insulin-dependent respiration is maintained through
insulin/IGF signaling in human PSC lines.

Given that glycolysis is promoted by insulin in somatic
cells, we examined whether insulin could influence glycol-
ysis in hESCs with a Seahorse analyzer (Figure S1H). Insulin
was added to hESCs at pre-incubation stage in a glycolysis
stress test, but no significant effect was observed with insu-
lin treatment (Figures 1H and 1I). These results indicate
that insulin is not necessary to maintain glycolysis in
hESCs during short-term treatment.

Insulin Promotes Mitochondrial Respiration through
Specific Energy Substrates

Various metabolic substrates could contribute to mito-
chondrial respiration, but their functions have not been
systematically analyzed in hESCs. We inspected their ener-
getic contribution to maintaining respiration with or
without insulin. Glucose (Glc), glutamine (GIn), and pyru-
vate (Pyr) are the main energy substrates in stem cell media
and in Mito Stress assay (Figure S1A). We first compared the
impact of various substrate combinations on respiration in
the standard Mito Stress Test without insulin (Figure S2A).
Mitochondrial respiration was greatly influenced by the
choice of energetic substrates (Figures 2A and S2B). The
consumption of glucose alone (Glc) led to a relatively low
level of respiration. The addition of pyruvate (Glc + Pyr)
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Figure 1. Insulin Is Required to Maintain Mitochondrial Respiration in hESCs

(A) Survival of H1 hESCs after 24 h of treatments with or without insulin (10 ng/mL). The cell numbers were determined using a BD Accuri
(6 flow cytometer (n = 3 independent replicates).

(B) Oxygen consumption rate (OCR) of H1 hESCs measured with Mito Stress Test at baseline and in response to oligomycin (Oligo), FCCP,
and rotenone plus antimycin A (Rote/AA). Cells were pre-treated for 24 h in E8 medium with or without insulin, followed by 1-h pre-
incubation in assay medium (no insulin) before the assay. Data were normalized to the cell confluence. The cell confluence was determined
using a Celigo image cytometer (n = 3 independent replicates).

(C) Individual parameters, including basal, maximal respiration, and spare respiratory capacity, calculated from (B).

(D) OCR of H1 hESCs after 1 h of pre-incubation in assay medium with or without insulin (n = 5 independent replicates).

(E) Individual parameters, including basal, maximal respiration, and spare respiratory capacity, calculated from (D).

(F) OCR of H1 hESCs after 1 h of pre-incubation in assay medium with individual essential factors from E8 medium (insulin, 2 ng/mL TGFB,
100 png/L FGF2, 10 mg/L holo-transferrin, 64 mg/L ascorbic acid, and 14 pg/L sodium selenite) (n = 3 independent replicates).

(G) OCR measured in H1 hESCs after 1 h of pre-incubation in assay medium with insulin, IGF1 (100 ng/mL), IGF2 (100 ng/mL), or none as
indicated.

(H) Glycolysis stress test results of H1 hESCs following pre-incubation with or without insulin for 1 h (n = 4 independent replicates).
(I) Individual parameters, including glycolysis, glycolytic capacity, and glycolytic reverse, calculated from (H).

Data are presented as means + SD.
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Figure 2. Insulin Promotes Mitochondrial Respiration through Specific Energy Substrates
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(A and B) OCR of H1 hESCs measured after 1 h of pre-incubation with different substrate (glucose-Glc, glutamine-Gln, pyruvate-Pyr)

combinations in the absence (A) or presence (B) of insulin (n = 3 independent replicates).
(C) Maximal respiration calculated from (A) and (B).
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significantly increased both maximal respiration and spare
respiratory capacity, but glutamine (Glc + GIn) only had a
small positive effect on spare respiratory capacity. Adding
both glutamine and pyruvate to glucose (Glc + Pyr + Gln)
synergistically increased all the respiration parameters. Sur-
prisingly, when glucose was removed, glutamine and pyru-
vate (Pyr + Gln) led to the highest levels of respiration (Fig-
ures 2A and S2B). These data suggest that glutamine and
pyruvate are the main substrates for mitochondrial
respiration in hESCs, but glucose suppresses excessive
oxidation.

We then examined the impact of insulin on the
substrate-specific respiration. The overall trend is similar
to that observed without insulin. When insulin was added
during the pre-incubation stage, it did not significantly in-
crease respiration when only glucose was in the assay (Fig-
ures 2A and 2B). However, insulin stimulated maximal
respiration and spare respiration capacity when glutamine
or pyruvate was supplied in the assay (Figures S2C and 2C).
Similar to the profiles without insulin, the combination of
pyruvate and glutamine (Pyr + GIn) led to the highest OCR,
but the level was significantly suppressed by the addition of
glucose (Glc + Pyr + Gln). These results indicate that insulin
promotes mitochondrial respiration mainly through pyru-
vate and glutamine oxidation, but glucose suppresses insu-
lin-dependent respiration.

We further evaluated individual substrates’ impact on
mitochondrial respiration. In the standard Mito Stress
assay (GlIc + Pyr + GIn), the mitochondrial pyruvate carrier
inhibitor UK5099 suppressed basal respiration more than
the glutaminase inhibitor bis-2-(5-phenylacetamido-
1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES) (Figure 2D), sug-
gesting that pyruvate and glutamine have a distinctive
contribution to respiration in the assay. Similar levels of
mitochondrial respiration were observed with either pyru-
vate (Pyr) or glutamine (GIn) alone (Figure 2E); however,
glucose differentially suppressed mitochondrial respiration
depending on the availability of other substrates. Pyruvate-
based respiration (Pyr + Glc) was less sensitive to glucose
suppression than glutamine-based respiration (Gln + Glc)
(Figure 2E). The increased glutamine did not relieve glucose
suppression (Figure S2D). These results were consistent
with the observation in Figure 2B that pyruvate contrib-

uted a larger proportion than glutamine to mitochondrial
respiration when all three energy substrates were present.

We then inspected how glucose suppresses mitochon-
drial respiration in hESCs. Besides suppressing pyruvate-
and glutamine-based respiration (Figures 2A, 2B and 2E),
glucose alone led to lower respiration than base medium
without other energy substrates, which could not be
rescued by insulin (Figure 2F). This result indicates that
glucose represses mitochondrial respiration independent
of insulin stimulation. We also showed that the glycolysis
inhibitor 2-deoxy-D-glucose (2-DG) rescued maximal
respiration (Figure 2G). We further showed that glucose
suppressed basal respiration in a few minutes in base me-
dium (green line) (Figure 2H). Although mitochondrial
respiration was enhanced by pyruvate and glutamine, it
was significantly repressed by glucose. Collectively, these
data demonstrate that glucose suppresses mitochondrial
respiration in hESCs and has differential impacts on ener-
getic metabolism of pyruvate and glutamine.

In addition to the substrates in standard Mito Stress as-
says, fatty acids are also utilized in mitochondrial respira-
tion, so we investigated whether insulin influences fatty
acid oxidation (FAO). The assay was conducted by
combining the Mito Stress Test with XF Palmitate-BSA sub-
strate and etomoxir (ETO), a carnitine palmitoyl-trans-
ferase 1A inhibitor. The FAO assay medium contains
glucose as a carbon source. We first examined FAO in the
absence of insulin (Figure S2E). Basal respiration was not
suppressed by ETO, indicating that endogenous FAO (dif-
ference between BSA and BSA + ETO) does not contribute
to basal respiration. In comparison, ETO significantly in-
hibited maximal respiration and spare respiratory capacity,
suggesting that endogenous FAO is involved in maximal
respiration and spare respiratory capacity (Figures 2I and
S2F). Exogenous fatty acid palmitate (Palm:BSA) did not
further increase the respiration levels in comparison with
the control condition (BSA) (Figures 2I and S2F). When in-
sulin was added during the pre-incubation stage, maximal
respiration and spare respiratory capacity were signifi-
cantly increased in both the control condition (BSA) and
the one with ETO (BSA + ETO), but basal respiration was
not affected by insulin (Figures 2I, 2J, and S2F). The pres-
ence of insulin enhanced the endogenous FAO (the

(D) Basal respiration measurement with injections of UK5099 (2 uM) or BPTES (4 uM).
(Eand F) OCR measured following 1 h of pre-incubation with different substrate combinations or under the substrate-free condition (Base)

in the presence or absence of insulin as indicated.

(G) OCR measured following 1 h of pre-incubation with substrate-free condition (Base), glucose (Glc), or glucose plus the glycolysis

inhibitor 2-DG (Glc + 2-DG) in the presence of insulin.

(H) Basal respiration measurement with injections of different energy substrates or energy-free control (Base).
(I and J) Fatty acid oxidation (FAQ) assay in H1 hESCs without insulin (I) or with insulin (3) (n = 3 independent replicates).
(K) Endogenous FAQ calculated by maximal respiration without or with insulin.

Data are presented as means + SD.
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Figure 3. Insulin-Dependent Mitochondrial Respiration Is Cell-type Specific
(A-C) OCRs were measured by Mito Stress Test in mesendoderm progenitors (A), ectoderm progenitors (B), and fibroblasts (C) after 1 h of

pre-incubation with or without insulin.

(D) OCR of fibroblasts measured with different substrate (glucose-Glc, glutamine-Gln, pyruvate-Pyr) combinations.

(E) Spare respiratory capacity calculated from (D).
(F) Spare respiratory capacity calculated from (D) and Figure 2A.
Data are presented as means + SD.

difference between BSA and [BSA + ETO]) as indicated by
maximal respiration measurement (Figure 2K). Moreover,
exogenous palmitate did not enhance OCR in the presence
of insulin. These results suggest that insulin upregulates
endogenous FAO, which contributes to maximal respira-
tion and spare respiratory capacity in hESCs.

Insulin-Dependent Mitochondrial Respiration Is Cell-
type Specific

We next examined whether insulin-dependent mitochon-
drial respiration is associated with pluripotency. The insu-
lin-dependent mitochondrial respiration diminished after
hESCs were induced to differentiate for 2 days, including
mesendoderm lineage (Figures 3A and S3B), ectoderm line-
age (Figures 3B and S3C), and spontaneous differentiation
(Figures S3A and S3D) conditions. The insulin-dependent
mitochondrial respiration was also absent in fibroblasts
(CCD-11398k) (Figure 3C). These data indicate that insu-
lin-dependent respiration is specific to PSCs.

We then focused on fibroblasts to inspect the utilization
of energy substrates in somatic cell respiration. Similar to
hESCs, basal respiration of fibroblasts also relied on pyru-
vate and glutamine and was suppressed by glucose (Figures

3D and S3E). However, unlike hESCs, fibroblasts displayed
fewer differences in maximal respiration between different
conditions (Figure S3E). The absence of glucose (Pyr + Gln)
led to a decrease in spare respiratory capacity, whereas the
removal of pyruvate (Glc + Gln) or glutamine (Glc + Pyr) re-
sulted in a small increase (Figure 3E). Even though fibro-
blasts had much larger spare respiratory capacity than
hESCs under standard Mito Stress Test conditions (Glc +
Pyr + Gln), the difference diminished under the glucose-
free (Pyr + Gln) condition (Figure 3F). These results suggest
that the respiratory profiles of hESCs and differentiated
cells are both substrate dependent, but the insulin-depen-
dent mitochondrial respiration is only observed in plurip-
otent stem cells. Unlike in somatic cells, insulin is neces-
sary to accurately measure energetic metabolism in hESCs.

Insulin-Dependent Mitochondrial Respiration Is
Rapidly Regulated through the PI3K/AKT Pathway

As mitochondrial respiration is upregulated by insulin and
IGFs (Figure 1G), we interrogated how insulin/IGF signal
transduction regulates mitochondrial respiration. When
hESCs are switched from insulin-containing E8 medium to
insulin-free assay medium, the phosphorylation of AKT
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Figure 4. Insulin Regulates Mitochondrial Respiration via PI3K/AKT in hESCs

(A) Western blot analysis of p-AKT (Ser473) and total AKT in H1 hESCs after 1 h of incubation in E8 or Mito Stress Test assay medium
supplemented with vehicle + insulin, or BEZ235 (BEZ, 2.5 uM) =+ insulin. GAPDH was used as loading control.

(B) OCR of H1 hESCs after 1 h of pre-incubation with vehicle + insulin or BEZ235 =+ insulin, measured with Mito Stress Test at baseline and
in response to Oligo, FCCP, and Rote/AA (n = 3 independent replicates).

(C) Kinetic OCR response to vehicle + insulin or BEZ235 + insulin as indicated.

(D) OCR of H1 hESCs following 1 h of pre-incubation with vehicle + insulin or AKTi VIII (10 uM) + insulin, measured with Mito Stress Test
(n = 3 independent replicates).

(E) Kinetic OCR response to vehicle + insulin or AKTi VIII (10 uM) + insulin as indicated.

J

(legend continued on next page)
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(Ser473) was significantly decreased within 1 h (Figure 4A).
The addition of insulin maintained AKT phosphorylation
at the same level as in E8 medium. The insulin-dependent
AKT phosphorylation was suppressed by the PI3K inhibitor
BEZ235. In the Mito Stress Test, BEZ235 significantly
decreased insulin-dependent mitochondrial respiration
when it was added during pre-incubation stage (Figures 4B
and S4A). To closely observe the immediate effects of insulin
on mitochondrial respiration, we injected specific pathway
modulators during the measurement of basal respiration
(Figure S4B). Within minutes, insulin significantly elevated
basal respiration in comparison with the insulin-free condi-
tion (Figure 4C). BEZ235 not only suppressed insulin’s pos-
itive influence but also further decreased basal respiration.
These data suggest that insulin maintains mitochondrial
respiration through the PI3K/AKT pathway.

Similar to BEZ235, AKT inhibitor VIII (AKTi VIII) effi-
ciently suppressed insulin-dependent basal and maximal
respiration (Figures 4D and S4C). AKTi VIII also suppressed
insulin-dependent OCR within a few minutes in basal
respiration analysis (Figures S4B and S4E). When constitu-
tively active AKT1 or AKT2 was overexpressed in hESCs
(Godoy-Parejo et al., 2019), mitochondrial respiration
was significantly enhanced in the absence of insulin (Fig-
ures 4F, 4G, S4D, and S4E). Western blot analysis confirmed
that AKT and p-AKT protein levels of AKT1- and AKT2-
overexpressing cell lines were significantly higher than
that of wild-type hESCs in insulin-containing E8 condition
and insulin-free assay medium (Figure 4H). Because the ac-
tion of insulin or the pathway inhibitors takes effect in mi-
nutes, we speculate that AKT acts directly in mitochondria.
We showed that AKT was present in mitochondria and re-
sponded to insulin stimulation (Figure 4I). Immunostain-
ing showed that phosphorylated AKTs (Ser473) were
observed in mitochondria (Figure 4]). These data indicate
that the insulin-dependent mitochondrial respiration is
rapidly regulated through the PI3K/AKT pathway, most
likely through the action of AKT on mitochondrial targets
related to energetic metabolism.

Because various enzymes are involved in energetic meta-
bolism, we inspected whether insulin/AKT acts by altering
either protein levels or phosphorylation levels of key meta-

bolic enzymes in the tricarboxylic acid cycle and glycolysis
pathway. The phosphorylation of key enzymes, such as py-
ruvate dehydrogenase E1 component subunit «, pyruvate
kinase M2, and acetyl-coenzyme A carboxylase o, were re-
ported to affect mitochondrial respiration in tumor cells
(Cerniglia et al., 2015; Jones et al.,, 2017; Luan et al.,
2015). We examined the phosphorylation levels of these
enzymes, whereby our data showed that their phosphory-
lation was not significantly affected by insulin in hESCs
(Figure S4F). We further showed that the protein levels of
additional metabolic enzymes, including hexokinase 1
(HK1), HK2, and pyruvate dehydrogenase kinase 4, were
not significantly changed by insulin either (Figure S4G).
These results suggest that the insulin-dependent respira-
tion is not modulated by changing the abundance and
phosphorylation of the above metabolic enzymes, but
through other targets.

GSK3 Inhibition Promotes Mitochondrial Respiration
in hESCs

Besides the metabolic enzymes, we further explored
whether AKT-associated signal transducers were involved
in mitochondrial respiration in hESCs. GSK3 and FOXO
proteins are known AKT substrates involved in signal trans-
duction, and their activities are regulated by AKT-depen-
dent phosphorylation (Brunet et al.,, 1999; Cross et al.,
1995; Manning and Toker, 2017; Romorini et al., 2016;
Yu and Cui, 2016; Zhang et al., 2011). We showed that
GSK3 and FOXO phosphorylation decreased within 1 h af-
ter the removal of insulin (Figures SA and SSA). In the Mito
Stress Test, the inhibition of GSK3 by CHIR99021 signifi-
cantly elevated OCR, especially maximal respiration, to a
level similar to that seen with insulin treatment, and no ad-
ditive effect was observed for insulin and CHIR99021 (Fig-
ure 5B). When CHIR99021 was applied during the mea-
surement of basal respiration it significantly increased the
respiration level, although not as potently as insulin (Fig-
ure 5C). When CHIR99021 was added during the pre-incu-
bation stage, it rescued both basal and maximal respiration
that were suppressed by BEZ235 or AKTi VIII in the Mito
Stress Test (Figures 5D and SE). In contrast, the FOXO in-
hibitor did not elevate respiration (Figure S5B), although

(Fand G) OCR of AKT1-overexpressing (F) and AKT2-overexpressing (G) H1 cell lines following 1 h of pre-incubation with or without insulin,
measured with Mito Stress Test. The data were normalized to the cell numbers. The cell numbers were determined using a Celigo image

cytometer (n = 3 independent replicates).

(H) Western blot analyses of p-AKT (Ser473) and total AKT in H1 hESCs, and AKT1- and AKT2-overexpressing H1 cell lines after 2 h of
incubation in E8 or Mito Stress Test assay medium. GAPDH was used as loading control.

(I) Western blot analyses of p-AKT (Ser473) and AKT in whole-cell lysate and the mitochondrial fraction from H1 hESCs after 2 h of in-
cubation in Mito Stress Test assay medium with or without insulin. COX IV and GAPDH were used as loading controls.

(J) Immunostaining of p-AKT (Ser473) in H1 hESCs (green) after 2 h of incubation in Mito Stress Test assay medium supplemented with
insulin. Mitochondria were stained with MitoTracker (red) and nuclei with Hoechst (blue). Vehicle, DMSO. Scale bar, 5 pm.

Data are presented as means + SD.
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Figure 5. GSK3 Inhibition Promotes Mitochondrial Respiration in hESCs
(A) Western blot analysis of p-GSK-3a/B and GSK-3a./f in H1 ESCs following 1 h of incubation in E8 or Mito Stress Test assay medium with

or without insulin. B-Actin was used as loading control.

(B) OCR of H1 hESCs following 1 h of pre-incubation with vehicle + insulin or CHIR99021 (CHIR, 5 uM) + insulin, measured with Mito Stress

Test.

(C) Kinetic OCR response to vehicle, vehicle + insulin, or CHIR99021 as indicated.
(D) OCR of H1 hESCs following 1 h of pre-incubation with vehicle, CHIR99021, AKTi VIII + CHIR99021, or BEZ235 + CHIR99021 (n =3

independent replicates).

(E) Basal and maximal respiration calculated from (D). Vehicle, DMSO.

Data are presented as means + SD.

it was able to induce differentiation quickly (Figure S5C).
peroxisome proliferator-activated receptor-y coactivator
la. (PGCla) is a known regulator of mitochondrial biogen-
esis and is downstream of GSK3 regulation (Anderson et al.,
2008; Lin et al., 2005; Martin et al., 2018; Souder and An-
derson, 2019). We showed that the PGCla inhibitor
ZLNOOS suppressed mitochondrial respiration in the pres-
ence of insulin (Figure S5D). These results indicate that
GSK3 is a key effector in mitochondrial respiration in
hESCs.

Although fibroblasts did not display insulin-dependent
mitochondrial respiration (Figure 3C), insulin was required
to sustain phosphorylation of AKT and GSK3 proteins in fi-
broblasts in the same manner as observed in hESCs (Figures
SSE, 4A, and 5A). However, AKTi VIII did not suppress
respiration in the presence of insulin in fibroblasts (Fig-
ure SS5F). At the same time, the GSK3 inhibitor
CHIR99021 did not increase respiration in insulin-free con-
ditions (Figure S5G). These data indicate that mitochon-
drial respiration is differentially modulated in hESCs and fi-
broblasts. We also showed that GSK3 protein levels in
hESCs were significantly higher than those in fibroblasts
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(Figure SSH). It is possible that the low GSK3 level in fibro-
blasts could bypass the requirement for AKT-dependent
phosphorylation to relieve the GSK3 suppression on mito-
chondrial respiration and other functions. However, more
studies are necessary to explore the molecular mechanism.

GSK3 Inhibition Promotes hESC Survival

In addition to sustaining respiration, insulin is necessary
for AKT-dependent cell survival during maintenance
(Godoy-Parejo et al., 2019). However, we note that insulin
is not required for hESC survival when the GSK3 inhibitor
CHIR99021 is applied to initiate differentiation (Lin et al.,
2017; Yang et al., 2019). We examined whether GSK3 could
beinvolved in the caspase cascade and hESC cell death. The
phosphorylation of GSK3 was enhanced without insulin in
AKT-overexpressing cell lines, especially in the AKT2-over-
expressing cell line (Figure 6A). Caspase-3 cleavage was sup-
pressed in insulin-containing E8 medium. After hESCs
were cultured in insulin-free Mito Stress Test assay medium
for 2 h, significantly more caspase-3 was cleaved (Figure 6B).
The caspase cleavage was suppressed by the addition of
either insulin or the GSK3 inhibitor CHIR99021. We then
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Figure 6. GSK3 Inhibition Promotes the Survival of hESCs
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(A) Western blot analysis of p-GSK-3a/B and GSK-3a/B in H1 ESCs and AKTI- and AKT2-overexpressing H1 cell lines following 2 h of
incubation in E8 or Mito Stress Test assay medium. B-Actin was used as loading control.

(B) Western blot analysis of cleaved caspase-3 in H1 ESCs and AKT1- and AKT2-overexpressing H1 cell lines after 2 h of incubation in E8 or
Mito Stress Test assay medium with vehicle, CHIR99021 (5 uM), or insulin as indicated. B-Actin was used as loading control.

(C) OCR of H1 hESCs following 1 h of pre-incubation with vehicle or Z-DEVD-FMK (a caspase-3 inhibitor), measured with Mito Stress Test

(n = 3 independent replicates).

(D) Images of dissociated H1 hESCs 24 h after plating with vehicle + insulin or CHIR99021 (1 pM) + insulin.
(E) Survival of dissociated H1 hESCs 24 h after plating with vehicle + insulin or CHIR99021 (1 uM) = insulin. The cell numbers were
determined using a BD Accuri C6 flow cytometer. Vehicle, DMSO (n = 4 independent replicates).

Data are presented as means + SD.

demonstrated that the caspase-3 cleavage was suppressed
by AKT overexpression (Figure 6B). However, caspase-3 in-
hibition with Z-DEVD-FMK did not significantly enhance
mitochondrial respiration (Figures 6C and S6A). This result
indicates that caspase inhibition by insulin does not
contribute to enhanced respiration.

We finally examined whether GSK3 inhibition is associ-
ated with hESC survival. Individualized hESCs usually suf-
fered severe cell death in 24 h without insulin after
passaging. Insulin and AKT overexpression rescued cell
survival (Figures 6D, 6EF, S6B, and S6C). Meanwhile, GSK3
inhibition by CHIR99021 also enhanced cell survival
significantly (Figures 6D and 6E). Our data suggest that in-
sulin-induced GSK3 inhibition promotes hESC survival
and sustains mitochondrial respiration.

DISCUSSION

Insulin signaling plays crucial roles in early embryonic
development. Besides regulating growth and differentia-
tion, insulin stimulates metabolic activities, including

glucose consumption and protein synthesis (Baroffio
etal., 1986; Pantaleon and Kaye, 1996; Rao et al., 1990; Spa-
venti et al., 1990). As an essential factor for hESC survival,
insulin is a common presence in various hESC culture me-
dia (Chen et al., 2011; Godoy-Parejo et al., 2019; Interna-
tional Stem Cell Initiative et al., 2010). This study demon-
strates that insulin is required to maintain mitochondrial
respiration in hESCs and reveals the interaction between
energy substrates and insulin signal transduction in respi-
ration. Insulin promotes both mitochondrial respiration
and survival of hESCs through the PI3K/AKT/GSK3
pathway.

Unlike somatic cells, hESCs require continuous insulin
stimulation to sustain mitochondrial respiration. Insulin
promotes respiration through PI3K/AKT activation and
subsequent GSK3 inhibition. Suppressed respiration is
observed within minutes after the inhibition of the insulin
pathway. This fast-mode effect of insulin is distinct from its
conventional roles in regulation of transcription, transla-
tion, proliferation, and differentiation, which often take
hours or days (Colosia et al., 1988; Feldman et al., 1997;
Haeusler et al.,, 2018; Kimball et al., 1997; Lawlor and
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Rotwein, 2000; Lian et al., 2013). Judging from its immedi-
ate impact, insulin probably stimulates kinase cascades to
directly activate metabolic enzymes in the mitochondrial
respiratory chain. GSK3 may also affect mitochondrial
respiration through downstream effectors, such as
PGCla. We showed that the PGCle inhibitor significantly
downregulates mitochondrial respiration, which is consis-
tent with PGC1la's crucial role in regulating mitochondrial
functions (Anderson et al.,, 2008; Martin et al., 2018;
Souder and Anderson, 2019). More studies are necessary
to discern the details of respiration regulation by signal
transduction.

Besides mitogen stimulation, the combination of meta-
bolic substrates is also critical in maintaining a proper
respiration level in hESCs. Pyruvate and glutamine are
the main exogenous substrates for respiration, and they
synergistically enhance basal and maximal respiration.
Meanwhile, endogenous fatty acids also contribute to
cellular respiration. Insulin acts as a positive enforcer to
sustain the substrate-specific respiration while glucose sup-
presses oxidation of pyruvate and glutamine. Insulin and
glucose are essential for a balanced cellular respiration to
support normal stem cell functions. Besides generating
cellular energy, glucose could potentially prevent meta-
bolic defects and DNA damage by suppressing excessive
respiration (Zhang et al., 2017).

hESCs and somatic cells maintain distinctive energetic
balance and also respond differently to mitogen regula-
tion in metabolism. Insulin is best known to promote
rapid glycolytic response in adipocytes and hepatocytes
(Dimitriadis et al., 2011; Noguchi et al., 2013; Saltiel
and Kahn, 2001). Emerging proof also reveals that insulin
signaling is involved in the mitochondrial functions
(Cheng et al.,, 2010; Nisr and Affourtit, 2014; Zhao
et al., 2014). In myoblasts, insulin elevates the levels of
both mitochondrial respiration and glycolysis (Nisr and
Affourtit, 2014). We showed that insulin regulates glycol-
ysis and mitochondrial respiration quite differently in
hESCs. Insulin does not enhance glycolysis in the fast
mode; however, it is required to sustain mitochondrial
respiration that requires pyruvate and glutamine. The in-
sulin-dependent mitochondrial respiration diminishes in
differentiated cells, such as fibroblasts. It would be inter-
esting to further explore the molecular mechanism of
cell-type-specific energy metabolism regulated by insulin
and its functional impacts.

Many insulin-associated functions are carried out
through the PI3K/AKT kinase cascade, and various down-
stream effectors have been reported (Cantley, 2002;
Manning and Toker, 2017; Vivanco and Sawyers, 2002).
In hESCs, our data indicate that GSK3 is the main down-
stream effector of the PI3K/AKT pathway that controls
insulin-dependent mitochondrial respiration and cell
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survival. Complexes I, II, III, and IV of the respiratory
chain are phosphorylated and suppressed by GSK3
(Gong et al., 2017; Sieber et al.,, 2016; Yang et al.,
2017), and insulin probably promotes respiration by
relieving this GSK3-related suppression. At the same
time, GSK3 inhibition suppresses the caspase cascade in
the absence of insulin. However, caspase inhibition
does not rescue mitochondrial respiration, suggesting
that GSK3 regulates parallel pathways for stem cell en-
ergy production and cell survival. It is important to
note that fibroblasts are insensitive to AKT/GSK3 modu-
lation in both respiration and cell survival. The key
downstream effectors of AKT/GSK3 pathway are still to
be identified.

Although only the insulin/IGF pathway exerts immedi-
ate effect in sustaining respiration, FGF2 and TGFB may
also affect mitochondrial respiration. FGF2 and TGFp
removal for 2 days leads to the loss of insulin-dependent
respiration (Figure S3A), coinciding with the exit of plurip-
otency (Figure S3D). This phenomenon highlights the
complexity of metabolic activities in stem cells. When
hESCs are cultured without essential growth factors for
extended periods of time, changes in transcription and
translation could take place to cause metabolic changes,
which go beyond signal transduction through kinase cas-
cades. It is important to understand whether the metabolic
change is caused by lack of growth factor stimulation or by
the loss of pluripotency. Further studies by combining
metabolic flux analysis with more sophisticated analyses
of pluripotency and metabolic enzymes will likely reveal
interesting facts about respiration regulation by those
signals.

The understanding of insulin-dependent respiration is
crucial for accurate assessment of energetic metabolism
in human PSCs. The balance of energetic metabolism is
shifted toward mitochondrial respiration upon differenti-
ation, but reprogramming brings the balance toward
glycolysis in iPSCs (Zhang et al., 2012a). Metabolic flux
analyses on the Seahorse XF platform are the key tools
for assessment of energetic metabolism, but most stan-
dard assays are conducted in growth-factor-free condi-
tions (Sperber et al., 2015; Xu et al., 2016; Zhang et al.,
2012b). In the absence of insulin, mitochondrial respira-
tion in stem cells will be underestimated by more than
20%, while differentiated cells are not affected. When in-
sulin is provided in the assay, mitochondrial respiration is
sustained and the difference between hESCs and somatic
cells is not as large as previously estimated. At the same
time, insulin in the assay suppresses caspase cascade and
maintains cellular integrity, which further improves the
measurement of respiration. We believe that insulin is
an essential factor for accurate energetic analyses of
hESCs, and improved metabolic assays based on the



findings from this study will help researchers to better un-
derstand the relationship between metabolism and
pluripotency.

In short, this report shows that insulin sustains hESC
mitochondrial respiration and cell survival through the
PI3K/AKT/GSK3 axis. Our study highlights the integral
role of the insulin pathway in cellular metabolism and
reveals that GSK3 is the central factor controlling ener-
getic regulation and cell survival. Understanding of the
insulin dependency of hESC respiration will allow us to
evaluate the coordination between signal transduction
and metabolism in pluripotent and somatic cells and to
explore their metabolic dynamics in a more accurate
way.

EXPERIMENTAL PROCEDURES

Cell Culture

The use of hESCs and hiPSCs were approved by the Institutional
Review Board at the University of Macau. H1 and H9 hESCs
(Thomson et al.,, 1998) and NCRM-4 human iPSCs (hiPSCs)
(https://commonfund.nih.gov/stemcells/lines) were used in this
study. The majority of experiments were conducted with the H1
line unless otherwise specified. hESCs and hiPSCs were maintained
in E8 medium on Matrigel-coated plates (Corning) (Chen et al.,
2011). Cells are passaged with Dulbecco’s PBS/EDTA in the pres-
ence of Y-27632 (Selleck) as previously described (Chen et al.,
2010). Fibroblast (CCD-1139Sk, ATCC) cells were cultured in
DMEM (Gibco) supplemented with 10% fetal bovine serum
(Gibco) for 4-5 days and were passaged with TrypLE Select Enzyme
(Life Technologies).

Metabolic Flux Assay

Metabolic flux assay was performed using a Seahorse XF96
analyzer (Agilent). hESCs (2 x 10* cells/well) were seeded in
the XF96 microplate pre-coated with Matrigel in growth me-
dium. The medium was changed every day. In the Mito Stress
Test, on the day of the assay the growth medium was replaced
with assay medium (Agilent) or assay medium supplemented
with drugs as indicated. Cells were incubated in an incubator
without CO, for 1 h before initiation of the test. The assay
medium for the standard Mito Stress Test was Seahorse XF
base medium supplemented with glucose (10 mM, Sigma-Al-
drich), pyruvate (1 mM, Thermo Fisher) and glutamine
(2 mM, Thermo Fisher). The final concentrations of specific
chemicals are oligomycin at 1 uM, carbonyl cyanide-4-(tri-
fluoromethoxy)phenylhydrazone (FCCP) at 1 pM, and rote-
none/antimycin A at 0.5 pM. Other drugs or chemicals
applied during Mito Stress Test as indicated in the figures
include recombinant human TGFB (R&D), FGF2 (Chen Lab),
holo-transferrin (Sigma), ascorbic acid (Sigma), sodium selenite
(Sigma-Aldrich), IGF1 (PeproTech), IGF2 (PeproTech), BPTES
(Sigma), UKS099 (Sigma), DMSO (Sigma-Aldrich), AKTi VIII
(Calbiochem), NVP-BEZ235 (LC Laboratories), CHIR99021
(Selleck), Z-DEVD-FMK (R&D), and ZLNOOS (Selleck). The

assay medium for the Glycolysis Stress Test was Seahorse XF
base medium supplemented with glutamine (2 mM). The final
concentrations of specific chemicals were glucose at 10 mM,
oligomycin at 1 uM, and 2-DG at 50 mM. In the FAO assay,
cells were cultured in E8 medium and then changed to KHB
medium (111 mM NaCl [Sigma], 4.7 mM KCl [Sigma],
1.25 mM CaCl, [Sigma], 2 mM MgSO, [Sigma], and 1.2 mM
NaH,PO,4 [Sigma]) supplemented with glucose (2.5 mM),
carnitine (0.5 mM, Sigma) and HEPES (5 mM, Sigma)
45 min before the assay. ETO (40 pM) was added 15 min
before the assay. BSA or Palm:BSA was added immediately
before the assay, followed by sequential injections of oligomy-
cin (1 uM), FCCP (1 pM), and rotenone/antimycin A (0.5 pM).
All assay media were adjusted to pH 7.4 at 37°C.

Statistical Analysis

The data are presented as mean + standard deviation (SD). Stu-
dent’s t test was used for experiments with two groups; ANOVA fol-
lowed by Tukey’s post hoc test was used for experiments with mul-
tiple groups. Significance is indicated in figures as *p < 0.05; n.s.,
not significant.
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