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Vascular endothelial cells (ECs) sense and respond to hemody-
namic forces such as pulsatile shear stress (PS) and oscillatory
shear stress (OS). Among the metabolic pathways, glycolysis is
differentially regulated by atheroprone OS and atheroprotective
PS. Studying the molecular mechanisms by which PS suppresses
glycolytic flux at the epigenetic, transcriptomic, and kinomic levels,
we have demonstrated that glucokinase regulatory protein (GCKR)
was markedly induced by PS in vitro and in vivo, although PS
down-regulates other glycolysis enzymes such as hexokinase
(HK1). Using next-generation sequencing data, we identified the
binding of PS-induced Krüppel-like factor 4 (KLF4), which functions
as a pioneer transcription factor, binding to the GCKR promoter to
change the chromatin structure for transactivation of GCKR. At the
posttranslational level, PS-activated AMP-activated protein kinase
(AMPK) phosphorylates GCKR at Ser-481, thereby enhancing the
interaction between GCKR and HK1 in ECs. In vivo, the level of
phosphorylated GCKR Ser-481 and the interaction between GCKR
and HK1 were increased in the thoracic aorta of wild-type
AMPKα2+/+ mice in comparison with littermates with EC ablation
of AMPKα2 (AMPKα2−/−). In addition, the level of GCKR was ele-
vated in the aortas of mice with a high level of voluntary wheel
running. The underlying mechanisms for the PS induction of GCKR
involve regulation at the epigenetic level by KLF4 and at the post-
translational level by AMPK.
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The endothelium lines the luminal surface of the arterial wall
and is in direct contact with blood flow. The pulsatile shear

stress (PS) at straight parts of arteries maintains endothelial
homeostasis, whereas oscillatory shear stress (OS) at bifurcations
and curvatures impairs endothelial function. Such OS-induced
endothelial cell (EC) dysfunction is characterized by enhanced
glycolysis, inflammation, proliferation, and production of reac-
tive oxygen species (ROS) (1–5). Collectively, these EC pheno-
typic changes cause atherosclerosis (6).
As the sole pathway for glucose catabolism, glycolysis is a main

energy source for the endothelium (7–9). Increased glycolysis in
ECs meets the demand of glucose consumption required for EC
migration and proliferation (3, 10). However, exaggerated gly-
colysis in endothelium is associated with disease states such as
tumor angiogenesis, diabetic retinopathy, and atherosclerosis (8,
9). Mounting evidence indicates that shear stress regulates gly-
colysis in ECs as a function of the flow patterns. Doddaballapur
et al. showed that the PS-induced Kru ̈ppel-like factor 2 (KLF2)
reduces metabolic activity in ECs by repressing the expression of
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3), a key regulator of glycolysis (1). Analyzing RNA-
sequencing (RNA-seq) data from ECs exposed to OS, Wu et al.
concluded that OS increases endothelial glycolysis via stabilization
of ROS-mediated hypoxia-inducible factor 1α (HIF-1α) (11). Us-
ing bulk assays, Feng et al. reported a similar result, namely, OS
increased EC proliferation and inflammation via HIF-1α induction

of glycolysis enzymes (12). While these reports pointed out the
increase in glycolysis under OS, a systemic study of the regulatory
mechanisms of glycolysis in the endothelium in response to distinct
flow patterns remains elusive.
Kru ̈ppel-like factor 4 (KLF4) and AMP-activated protein ki-

nase (AMPK) are two principal molecules involved in the mecha-
notransduction mechanism in ECs. KLF4 is one of the Yamanaka
factors that are necessary for embryonic cell pluripotency (13, 14).
In ECs, KLF4 is a lineage-dependent transcription factor (TF)
essential for endothelial lineage and a PS-induced signal-dependent
TF (14). Under PS, KLF4 transcriptionally up-regulates many
atheroprotective genes such as endothelial nitric oxide synthase
(eNOS), thrombomodulin, and inositol 1,4,5-trisphosphate re-
ceptor, type 3 (ITPR3) (15, 16). Functioning as a pioneer TF,
KLF4 binds to the promoter region of these PS-induced genes to
interact with the basal transcriptional machinery and initiate epi-
genetic remodeling (16). As a metabolic gauge, AMPK globally
regulates cellular metabolism by increasing catabolic pathways and
decreasing anabolic pathways. AMPK activation decreases energy-
consuming glycolysis while promoting mitochondrial oxidative
metabolism to restore energy homeostasis (17). Upon activation,
AMPK phosphorylates a number of target proteins in ECs that
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contain a βθβXXX(S/T)XXXθ consensus sequence (β = basic
amino acid, θ = hydrophobic amino acid, and X = any amino acid)
(18). Many of these AMPK substrate proteins, such as eNOS and
angiotensin converting enzyme 2, are critical for endothelial ho-
meostasis (19, 20).
Hexokinase (HK1) catalyzes the first and also rate-limiting

step of glycolysis. HK IV, also called glucokinase (GK), is
expressed abundantly in ECs. Glycolysis is inhibited by the binding
of glucokinase regulator protein (GCKR) to HK1, thereby se-
questering HK1 in the nucleus (21). In homeostatic state, GCKR
is usually present in molar excess of HK1 in the cell. However, the
glycolytic rate is affected by the level of GCKR and the binding
status of GCKR/HK1, which is dynamically and intricately mod-
ulated and can be rapidly changed by metabolic conditions (22).
Thus, the expression of GCKR and its posttranslational modifi-
cations are essential regulatory mechanisms in glycolysis (23).
Given the lack of information on how shear stress regulates

EC glycolysis via GCKR, we launched this study to investigate
the roles of KLF4 and AMPK in regulating EC glycolysis via
GCKR. Our results show that PS down-regulates glycolysis in ECs
by 1) KLF4-mediated epigenetic and transcriptional up-regulation
of GCKR expression and 2) AMPK phosphorylation of GCKR,
with the ensuing increase in GCKR/HK1 interaction. This mecha-
notransduction mechanism is recapitulated in vascular health in
mice with a high level of voluntary wheel running behavior.

Results
PS Down-Regulates Glycolysis in ECs at the Systems Level. We first
assessed the dynamic changes in expression of genes involved in
the glycolysis pathway in response to PS vs. OS by analyzing RNA-
seq data from human umbilical vein ECs (HUVECs) subjected to
PS and OS for 0 to 24 h (GSE103672) (16, 24). Pathway analysis
demonstrated that the enzymes involved in glycolytic steps were
generally down-regulated by PS starting from 16 h, as compared
with OS (Fig. 1A). These results confirm that PS and OS regulate
glycolysis in ECs in opposite directions. The RNA-seq findings
that PS suppressed glycolysis enzymes were validated by qPCR
(Fig. 1B). Because epigenetic regulations are integral parts of
mechanotransduction in ECs in response to shear stress (16), we
next investigated whether PS down-regulation of glycolysis genes
involves chromatin remodeling. Thus, we determined the enrich-
ment of transposase-accessible chromatin sequencing (ATAC-seq)
peaks (measuring decondensed chromatin structure) in the re-
gions flanking the transcription start site of the human glycolysis
gene. The promoter regions of these glycolysis genes exhibited
ATAC peak enrichment under OS vs. PS (Fig. 1C). Together,
these results indicate that the PS inhibition of glycolysis genes
occurs at epigenetic and transcriptional levels.

KLF4 Regulates GCKR Expression in Response to PS. In addition to
testing PS down-regulated genes, we also examined PS up-
regulated genes involved in glycolysis. PS markedly induced GCKR
transcripts during 24 h (Fig. 2A), and this was validated by qPCR
(Fig. 2B). We next examined the effect of PS on H3K27ac en-
richment in the promoter region of GCKR. PS enriched H3K27ac
signals (Fig. 2C), indicating that the GCKR promoter has a more
decondensed chromatin structure under PS than OS. Given that
KLF4 is a PS-induced pioneer TF transactivating a panel of genes
essential for EC homeostasis (16), we next explored whether the
PS-induced GCKR is mediated by KLF4 epigenetically and
transcriptionally. Among the putative TFs that can bind to the
GCKR promoter (determined by analyzing the binding sites for
transcription factors [BSTF]), KLF4 mRNA was induced to the
greatest extent by PS, according to the GSE103672 dataset (Fig.
2D). Consistent with the two putative KLF4 binding sites pre-
dicted in the GCKR promoter (Fig. 2C), GCKR was induced in
ECs overexpressing KLF4, as indicated by the RNA-seq data
(GSE90982, Fig. 2E). To validate the results in Fig. 2 A–E, we

overexpressed KLF4 in ECs, mimicking the PS induction of KLF4.
KLF4 overexpression increased KLF4 binding to the GCKR pro-
moter and the expression of GCKR, as assessed by KLF4 chro-
matin immunoprecipitation (ChIP)-PCR, qPCR, and Western blot
(Fig. 2 F–H). In reciprocal experiments with KLF4 knockdown in
ECs, the PS induction of GCKR was attenuated at both mRNA
and protein levels (Fig. 2 I and J). In line with these results, PS
increased KLF4 binding to the GCKR promoter and augmented
GCKR expression (Fig. 2 B, K, and L). The mouse thoracic aorta
(TA) and aortic arch (AA) are under atheroprotective vs.
atheroprone flow patterns. In vivo validation was provided by
the finding that the GCKR mRNA level was higher in intima
isolated from TA than AA (Fig. 2M). Taken together, the results
in Fig. 2 demonstrate that the PS-induced GCKR depends on
KLF4-mediated epigenetic and transcriptional regulations.

AMPK Phosphorylates and Regulates GCKR. The activities of several
glycolysis enzymes (e.g., Phosphofructokinase 1 [PFK1]) are regu-
lated by posttranslational modifications such as phosphorylation.
To determine whether the PS-induced GCKR also involves protein
phosphorylation, we used bioinformatics approaches to determine
the phosphorylation sites and the corresponding kinases that
phosphorylate GCKR. To accomplish this, kinase phosphoryla-
tion sites of GCKR were predicted first by evaluating the con-
servation of these sites among species using the Ensembl database
(25). Then, kinases that putatively phosphorylate GCKR were
ranked, based on the conservation of the cognate phosphorylation
site. Among the predicted kinases, AMPK had the most preserved
consensus sequences (Fig. 3A). To test whether AMPK can
directly phosphorylate GCKR, we used in vitro kinase assays.
Kinase reaction mixture containing recombinant AMPK caused an
increase of the phosphorylation of GCKR (Fig. 3B). Among the
seven putative AMPK phosphorylation sites, Ser-481 was the most
homologous to the AMPK phosphorylation consensus sequence

CB

A

Fig. 1. PS inhibits the expression of glycolysis genes in ECs. (A) Pathway
diagram generated from RNA-seq data (GSE103672) analyzing HUVECs ex-
posed to PS (12 ± 4 dyn/cm2) or OS (1 ± 4 dyn/cm2) for 0 to 24 h. The PS/OS
fold changes of the mRNAs are shown with colors indicated in the scale on
the Upper Right. Data are represented as the average fold changes at 12-,
16-, and 24-h time points. (B) Relative PS/OS mRNA levels of indicated gly-
colytic genes (detected by qPCR) in HUVECs exposed to PS or OS for 16 h. (C)
ATAC-seq analysis of HUVECs exposed to PS or OS for 16 h in three biological
repeats. The promoter regions of the glycolysis genes exhibited ATAC peak
enrichment under PS (area in blue) or OS (area in red). Data are mean ± SEM
from three independent experiments.

2 of 6 | PNAS Han et al.
https://doi.org/10.1073/pnas.2103982118 Roles of KLF4 and AMPK in the inhibition of glycolysis by pulsatile shear stress in

endothelial cells

https://doi.org/10.1073/pnas.2103982118


(SI Appendix, Fig. S1 A and B). To test whether GCKR Ser-481 was
indeed an AMPK phosphorylation site, we mutated Ser-481 to
Ala (S481A), and then conducted in vitro kinase assays using the
wild-type and S481A mutant proteins. AMPK phosphorylation
of GCKR S481A was attenuated as compared with the wild-type
GCKR (Fig. 3B). In comparison to OS, PS increased the phos-
phorylation of GCKR Ser-481 in mouse embryonic fibroblasts
(MEFs) (Fig. 3C). Also, AMPK-knockout (AMPK−/−) MEFs
showed little phosphorylation of GCKR Ser-481 (Fig. 3C). Next,
we tested whether the phosphorylation of GCKR Ser-481 by AMPK
regulates the GCKR–HK1 interaction that inhibits glycolysis (23, 26,
27). As anticipated, PS-induced GCKR–HK1 interaction was
attenuated in HUVECs transfected with GCKR S481A
(dephosphomimetic) and was sustained in HUVECs transfected
with GCKR S481D (phosphomimetic) (Fig. 3D). Functionally,

HK1 activity was higher in HUVECs expressing GCKR S481A
than those expressing S481D (Fig. 3E). In vivo studies showed that
GCKR Ser-481 phosphorylation and GCKR–HK1 interaction
were higher in the TA from AMPKα2+/+ than AMPKα2−/− mice
(Fig. 3 F and G). Overall, the results in Fig. 3 indicate that PS in-
creased AMPK phosphorylation of GCKR Ser-481, which in turn
enhanced GCKR–HK1 interaction to attenuate HK1 activity in ECs.

KLF4-AMPK/GCKR Inhibition of Glycolysis in Mice with a High Level of
Voluntary Running. We used adult males from a selectively bred
mouse model (generation 83) with a high level of voluntary wheel
running, namely, high-runner (HR) mice (28), to substantiate the
finding that KLF4-AMPK/GCKR inhibits glycolysis in the endo-
thelium in vivo. Presumably, PS is increased in the aorta of these
HR mice as a result of the increase in cardiac output (29), and we

B CA

D E F H

G

I J K L M

Fig. 2. KLF4 regulates the expression of GCKR in response to PS. (A) Time course of PS/OS fold changes in mRNA level with a “glycolysis” gene ontology
categorization in ECs exposed to PS or OS for 24 h. (B) qPCR analysis of GCKR mRNA expression in HUVECs subjected to PS or OS at 4, 8, and 16 h. (C) Level of
H3K27ac in the GCKR promoter, which is annotated with the regions screened for TF binding sites. (D) RNA-seq data showing PS/OS fold change of TFs
identified in the GCKR promoter as illustrated in C. (E) GCKR fold change and significance in RNA-seq data from HUVECs infected with Ad-null or Ad-KLF4 for
48 h. (F–H) HUVECs were infected with Ad-KLF4 for 48 h. Level of KLF4 binding to the GCKR promoter is shown in F, GCKR mRNA abundance in G, and GCKR
protein abundance in H. (I) Levels of GCKR mRNA in HUVECs transfected with control (Ctrl) siRNA or KLF4 siRNA and subjected to PS or OS, respectively. (J)
Levels of GCKR protein in HUVECs transfected with Ctrl siRNA or KLF4 siRNA and subjected to PS. (K and L) HUVECs were subjected to PS or OS. KLF4 binding
to the GCKR promoter is shown in K and GCKR protein abundance in L. (M) GCKR mRNA abundance in the TA and AA from 7-wk-old C57BL/6 mice. *P < 0.05.
Data are mean ± SEM from three independent experiments.
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previously showed that AMPK activity is increased in aortas from
these mice (29). With such background information, we tested
whether glycolysis is decreased in the aorta of HR mice (sampled
from HR line #7) as compared with nonselected control mice (C)
(sampled from C line #4) sedentary mice. Both HR and C mice
had access to wheels (28) for 4 wk prior to killing.
qPCR revealed lower expression of glycolysis genes in HR

than C mice (Fig. 4A). KLF4 binding to the GCKR promoter
was enhanced and GCKR mRNA level was higher in the aortas
of HR than C mice (Fig. 4 B and C), consistent with the notion
that PS induces GCKR via KLF4. The protein levels of KLF4 and
GCKR were also higher in HR than C aortas (Fig. 4D). In line
with the observation that PS modulates GCKR activity via AMPK,
the phosphorylation of GCKR Ser-481 and the GCKR–HK1 in-
teraction were enhanced in HR vs. C mice (Fig. 4 E and F).
Moreover, HK1 activity was decreased in aortas of HR vs. C mice
(Fig. 4G). Overall, the data in Fig. 4 suggest that aerobic exercise
may benefit vascular endothelium in energy utilization, and that
this beneficial outcome is mediated by increased GCKR expres-
sion and activity. The underpinning mechanisms should include
regulations by KLF4 and AMPK at the transcriptional and post-
translational levels, respectively (Fig. 5).

Discussion
This study demonstrates a mechanism by which PS attenuates
glycolysis via suppressing GCKR, which is coordinately regulated
at epigenetic, transcriptomic, and proteomic levels, as based on
two key findings. First, the PS-induced KLF4 increased the expres-
sion of GCKR, but suppressed that of glycolytic genes. The sup-
pression of HK1 together with GCKR induction led to an increased
molar ratio of GCKR to HK1. Second, the PS-induced AMPK
phosphorylated GCKR Ser-481, thus increasing the GCKR–HK1
interaction. The augmented GCKR-to-HK1 ratio and GCKR–HK1
interaction would restrict the first and key step of glycolysis, namely,
the conversion of glucose to glucose 6-phosphate in ECs under
atheroprotective flow (Fig. 5). Given that glycolysis is an essential
pathway for the utilization of glucose to support EC metabolism,
this mechanism newly defined in the present study may act in

concert with other fine-tuned metabolic pathways to maintain a
functional endothelium.
We and others have previously shown that epigenetics (pio-

neer TFs, DNA methylation, and histone modifications) are in-
tegral to the shear stress regulation of gene expression and EC
phenotypes (16, 17). Pioneer TFs bind to cis-regulatory elements
and recruit DNA methyltransferases, histone acetyltransferases,
or histone deacetylases to coordinate DNA methylation and his-
tone modifications for transcriptional regulation (30, 31). There is
ample evidence that the PS-induced KLF4 acts as a pioneer TF
to transactivate a plethora of genes (e.g., eNOS, tropomodulin,
ITPR3, etc.) in ECs. Several lines of evidence support that KLF4-
coordinated epigenetic regulations are essential for the PS in-
duction of these genes: 1) KLF4, as an EC lineage-dependent TF,
is able to bind to the promoter regions of KLF4 target genes; 2)
PS stimulation induces an open state of these promoter regions
encompassing or flanking KLF4 binding sites; and 3) KLF4
overexpression in ECs recapitulates the PS-driven chromatin
remodeling and transactivation. The present study shows that the
KLF4-induced GCKR (Fig. 2 E–J) is mediated through these
mechanisms. In parallel to KLF4, KLF2 is another robust pioneer
TF enabling the transcriptional activation of these beneficial genes
in response to PS. Whether KLF2 orchestrates similar epigenetic
regulations as KLF4 to induce GCKR warrants future studies.
ECs produce as much as 85% of ATP from glycolysis rather

than oxidative phosphorylation. When under angiogenic, turn-
over, or stress conditions, ECs become even more glycolytic to meet
the energy demand. We previously showed that PS or metformin
activates AMPK to enhance mitochondrial abundance and func-
tion, resulting in elevated ATP level and reduced mitochondrial-
derived ROS in ECs (17). In the current study, we showed that
AMPK phosphorylates GCKR, with ensuing formation of the
GCKR–HK1 complex. Thus, the PS-activated AMPK maintains
EC energy homeostasis by enhanced mitochondrial efficiency and
reduced glycolytic flux. Although previous reports indicated that
AMPK inhibits glycolysis by phosphorylating GCKR in hepato-
cytes (23, 26, 27), our results in Fig. 3 reveal GCKR Ser-481 as a
key site phosphorylated by AMPK in response to PS. These results

BA C D

E F GAMPK+/+

Fig. 3. AMPK phosphorylates and regulates GCKR. (A) Number of species that contain GCKR phosphorylation sites phosphorylated by various kinases as
indicated. (B) In vitro kinase assays with immunopurified GCKR or GCKR S481A (dephosphomimetic) with or without recombinant AMPK. (C) Compared with
OS, PS increased the phosphorylation of GCKR S481 in AMPK+/+ MEFs at 10 and 60 min. In contrast, AMPK−/− MEFs showed little phosphorylation of GCKR
S481. (D and E) HUVECs were transfected with GCKR S481, S481A, or S481D (phosphomimetic) expression plasmids for 2 d. GCKR coimmunoprecipitated with
HK1 is shown in D and HK1 activity in E. (F and G) Aortic tissues were isolated from the TA parts of AMPKα2+/+ and AMPKα2−/− mice. Level of GCKR Ser-481
phosphorylation is shown in F and interaction with HK1 in G. *P < 0.05. Data are mean ± SEM from three independent experiments.
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are strengthened by the in vivo findings that phosphorylation of
S481 GCKR was impaired in the aortas of AMPKα2−/− mice and
that this impairment was accompanied by the enhanced HK1 ac-
tivity. Because both AMPKα2−/− and GCKR−/− mice exhibit im-
paired glucose metabolism (32, 33), AMPK phosphorylation of
GCKR Ser-481 may be functional in issue types other than en-
dothelium, such as liver or skeletal muscle, which deserves future
study. Additionally, the Ser-481 phosphorylation of GCKR may
synergize with other posttranslational modifications of GCKR,
including the acetylation or ubiquitination of Lys-5 (34). One in-
triguing question is whether Ser-481 phosphorylation affects the
structure of the HK binding domain and therefore facilitates
GCKR-HK1 binding. As such, we performed an analysis on the
location of S481 in relation to the HK binding domain on GCKR.
As shown in SI Appendix, Fig. S3, the GCKR-HK binding occurs
via a β-sheet structure on GCKR that results in multiple non-
covalent interactions with HK. Apparently, S481 is located adja-
cent to the β-sheet. Although our results indicate that AMPKα2 is
activated by PS to inhibit glycolysis, the regulation of AMPK in the
vasculature may depend on the specific AMPK isoform and the
time durations of activation (35).
The temporal dynamics of epigenetic, transcriptional, and

posttranslational regulations are synergistically involved in the
transactivation of metabolically related genes. We found that
AMPK phosphorylation of GCKR occurred within 10 min after
the onset of PS. However, the transcriptional induction of
GCKR did not reach a steady state until 12 h after PS onset
(Fig. 2A and B). Blood flow varies dynamically in the arterial
tree; the spatiotemporal regulation of GCKR in the vascular
endothelium in vivo is tightly controlled at the systems level. A

comprehensive and coordinated regulation of GCKR is indis-
pensable for regulating the energy status in the endothelium in
the context of glycolysis.
The clinical relationship between enhanced glycolysis and

vascular disease is well established. At the cellular level, increased
glycolytic activity leads to enhanced oxidative stress, inflammation,
and endothelial cell proliferation, all associated with EC dysfunc-
tion and the onset of many cardiovascular diseases (1–5, 10, 36, 37).
To this end, voluntary wheel running of mice would maintain
AMPK at a more activated state within the vascular tree and hence
improve EC function (28). Metabolically, this beneficial effect is
mediated at least in part by the synergistic regulation of GCKR
by KLF4 and AMPK, leading to attenuated glycolysis (Fig. 5).

B DA

C

E

F

G

Fig. 4. KLF4-AMPK/GCKR inhibition of glycolysis in mice with high level of voluntary wheel running. TAs were isolated and pooled from 7-wk-old mice with
high level of voluntary wheel running (HR, three male) and nonselected control-line mice (C, three male), all of which had wheel access for 4 wk. (A) qPCR
analysis of mRNA levels of glycolysis genes in the isolated TAs. (B) KLF4 binding to the GCKR promoter, detected by ChIP-PCR. (C) qPCR analysis of GCKR mRNA
level. (D and E) Western blots of GCKR, KLF4 and phosphorylated GCKR Ser-481 and GCKR. (F) GCKR coimmunoprecipitated with HK1. (G) HK1 activity. Data
are mean ± SEM from three mice. *P < 0.05.

Fig. 5. Summary diagram of PS inhibition of glycolysis in ECs via KLF4
and AMPK.
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Ultimately, such reduction in EC glycolysis by physiological activi-
ties may be important for the maintenance of vascular health.

Materials and Methods
Experimental methods are described in detail in SI Appendix, SI Materials and
Methods. Cells for all experiments were cultured according to standard
procedures and kept in a standard cell culture incubator held at 37 °C and
5% CO2. Quantification of nucleic acids by qPCR was conducted with a Bio-
Rad CFX96 real-time detection system using SYBR green. All primers used for
ChIP or standard PCR are listed in SI Appendix, Table S1. Bioinformatic

analyses were conducted in R programming language with support from
Bioconductor or Comprehensive R Archive Network (CRAN) libraries.

Data Availability.All study data are included in the article and/or SI Appendix.
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