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 Background: Sodium glucose transporter-2 inhibitors are the newest antidiabetic drugs that seem to be cardioprotective 
and can prevent type 2 diabetes in patients with high cardiovascular risks. Previous clinical trials have shown 
that these inhibitors can alleviate endothelial dysfunction, but the mechanism of action remains unknown. 
How SGLT inhibitor influences the release of NO in PA-induced HUVECs has never been reported.

 Material/Methods: To explore the potential effects of the endothelial-protective mechanism of phlorizin and its impact on nitric 
oxide (NO), human umbilical vein endothelial cells (HUVECs) were incubated with palmitic acid (PA) and then 
treated with phlorizin. Western blotting was performed to assess the phosphorylation of AKT, eNOS, and IRS-1. 
To further explore potential targets, siRNA transfection was used to demonstrate the role of SGLT1 and SGLT2.

 Results: Phlorizin suppressed the expression of SGLT1 and SGLT2, activated the PI3K/AKT/eNOS signaling pathway, in-
creased the output of NO, and promoted the consumption of glucose in PA-induced HUVECs. Through demon-
strating siRNA suppression of the expression of SGLT1 and SGLT2 in PA-induced HUVECs, this study provides 
a new understanding of the mechanism behind SGLT1 and SGLT2.

 Conclusions: Our data demonstrate that phlorizin ameliorates the endothelial dysfunction link with the activation of the 
PI3K/AKT/eNOS signaling pathway and augmentation of the release of NO, partially through suppressing the 
expression of SGLT1 and SGLT2 in PA-induced HUVECS.
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Sodium-Glucose Transporter 1 • Sodium-Glucose Transporter 2
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SGLT – sodium glucose cotransporter; IRS-1 – insulin receptor substrate 1; siRNA – small interfering 
RNA
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Background

Diabetes mellitus is a major global health and economic prob-
lem. Obesity, high blood glucose, and dyslipidemia have long 
been recognized as risk factors for type 2 diabetes [1]. Improved 
glycemic control is crucial in delaying the progression of po-
tential metabolic dysfunction in diabetic patients and reduc-
ing the risk of diabetic complications, including nephropathy 
and cardiovascular disease, which is usually achieved by in-
creased endothelial function [1,2]. Type 2 diabetes is a chronic 
disease with defective micro- and macro-vascular complications 
that result in excessive morbidity and premature mortality [3].

Phlorizin is a type of flavonoid that can be found on the rind 
of various fruit trees. It is also regarded as a sodium-glucose 
co-transporter inhibitor [4]. As a natural product, phlorizin is a 
relatively nonselective but potent inhibitor of the sodium glu-
cose cotransporters (SGLTs), which regulate renal reabsorption 
and intestinal absorption of glucose, and it has been demon-
strated to induce glycosuria and anti-hyperglycemia in diabet-
ic animal models [5]. Phlorizin obviously inhibits SGLT2 and 
SGLT1, with a 10-fold higher affinity for the former. Patients 
who have been diagnosed with type 2 diabetes may have new 
cure options due to the recent use of SGLT2-selective inhibi-
tors, which effectively reduce renal glucose reabsorption and 
improve glycosuria [6]. Inhibition of renal reabsorption is prone 
to reduce the renal threshold for glucose, allowing the excre-
tion of excess glucose into the urine and thus reducing plas-
ma glucose concentrations [7,8]. Because this mechanism of 
action does not rely on insulin secretion or insulin action to 
lower plasma glucose levels, it is predicted to be efficacious 
in a wide variety of diabetic patients [9]. Many studies have 
convincingly shown that SGLT2 inhibitors not only lower the 
A1C levels in diabetic individuals with an overall improvement 
in cardiovascular function, but also induce the development 
of renal and peripheral insulin sensitivity and b cell function, 
which means that the presence of SGLT2 inhibitors is of func-
tional significance [10]. More importantly, studies have shown 
a beneficial decline in several other CV risk factors, cardiovas-
cular morbidity, and mortality, and even all-cause death by us-
ing of SGLT2 inhibitors [11].

Dysfunction of endothelial cells mediates abnormal vasomo-
tor function, which is a characteristic of complications and has 
been demonstrated as the critical initiator [12,13]. NO plays a 
key role in mediating endothelial function homeostasis [14,15]. 
NO, which is derived from the endothelium, is a vasodilator 
with effective and widespread influence and has many differ-
ent kinds of vasoprotective effects [16]. Pathological chang-
es such as the metabolic alterations and insulin resistance in 
type 2 diabetes mellitus (T2DM) can result in endothelial dys-
function and relatively low NO levels, which are now regard-
ed as the major mechanisms of macro-vascular complications 

in T2DM [13,17]. Some antidiabetic agents exert direct protec-
tive effects on HUVECs via the PI3K/AKT-eNOS pathway [18]. 
Regulated by PI3K/AKT/eNOS to elevate NO production, NO 
has also been suggested to be a crucial mediator in a broad 
spectrum of functions, including its vasorelaxing role in the 
cardiovascular system. However, the underlying mechanisms 
of phlorizin behind these effects have not been sufficiently in-
vestigated. The gastrointestinal tract has high expression level 
of SGLT1, while the kidney is known to be where SGLT2 is ex-
pressed. Additionally, 90% of renal glucose reabsorption occurs 
in the S1 segment of the proximal tubule, where SGLT2 is lo-
calized, whereas SGLT1 appears in the more distal S3 segment 
of the proximal tubule [7,19]. There have been several publi-
cations indicating that SGLT1 and SGLT2 expression occurs in 
endothelial cells including HUVECs [20–22]. However, wheth-
er phlorizin offers directly unique benefits independent of its 
glucose-lowering endothelial function is not fully understood.

Moreover, it has been shown that palmitic acid (PA), one of 
the fatty acids most commonly present in the Western diet, 
can decrease the release of NO and the activation of AKT and 
eNOS phosphorylation, resulting in increased insulin resistance 
(IR) [16,23]. In the present research, we investigated the advan-
tage of the phlorizin on endothelial function impaired by PA in 
HUVECs and explored the underlying molecular mechanisms, 
including the PI3K/AKT/eNOS signaling pathway, and endo-
thelial function-related molecules involving NO. To further this 
study, we used siRNA transfection to suppress the expression 
of SGLT1 and SGLT2 to examine this underlying mechanism.

Our results improve understanding of the mechanism by which 
phlorizin exerts cardiovascular protective effects. We first ex-
amined the expression of SGLT1 and SGLT2 in HUVECs. Our 
findings are the first to demonstrate that phlorizin ameliorates 
endothelial dysfunction in PA-induced HUVECs via the PI3K/
AKT/eNOS signaling pathway.

Material and Methods

Reagents

Phlorizin was obtained from Sigma-Aldrich (St Louis, MO). 
HUVECs were obtained from Shanghai Institute of Biochemistry 
and Cell Biology (Shanghai, China). LY294002 was purchased 
from Calbiochem (CA, USA). Antibodies to anti-phosphor-AKT 
(S473), anti-phosphor-eNOS (S1177), and anti-phosphor-IRS-1 
were purchased from Cell Signaling Technology (Danvers, MA). 
Anti-SGLT1 was purchased from Affinity (Cincinnati, OH), and 
anti-SGLT2 was purchased from Abcam (Cambridge, UK). The 
nitric oxide assay kit was obtained from Cayman Chemical 
(Ann Arbor, MI).
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PA preparation

PA (256 mg) was diluted in 0.1 mol/L sodium hydroxide (10 mL) 
at 70°C and combined with 3 mL of fatty acid-free BSA (10%) 
at 55°C. The complex concentration was 2 mM. The stock so-
lution was filter-sterilized and stored at –4°C.

Cell culture

Human umbilical vein endothelial cells (HUVECs) were grown in 
RPMI-1640 medium (Gibco/BRL, Life Technologies, Eggenstein, 
Germany) containing 10% FBS, 100 U/mL penicillin, and 100 
mg/mL streptomycin at 37°C in 5% CO2. Phlorizin was dissolved 
in dimethylsulfoxide (DMSO), and the solvent concentration 
was identically maintained in the control group. After being in-
cubated overnight under serum starvation conditions, the cells 
were incubated with or without 300 µM palmitic acid (PA) for 
18 h and then treated with phlorizin 50nM for 30 min in the 
presence or absence of LY294002 (10 µM, 1 h).

Real-time quantitative PCR

Total RNA was extracted and purified from the cell lines using 
Trizol reagent (Thermo Fisher Scientific, Carlsbad, CA) and the 
RNeasy Mini Kit (Qiagen Sciences, Germantown, MD), respec-
tively, according to the manufacturer’s instructions. A 2-step 
M-MLV Platinum SYBR Green qPCR SuperMix-UDG kit (Thermo 
Fisher) was used to carry out reverse transcription and quan-
titative PCR in the Eppendorf Mastercycler ep realplex detec-
tion system (Eppendorf, Hamburg, Germany). The mRNA ex-
pression of target gene level for each of the transcripts was 
normalized to GAPDH.

Western blot analysis

Western blotting was carried out to quantify the total proteins 
of SGLT1 and SGLT2 and phosphorylated eNOS, AKT, and IRS-1. 
The cell lysates were centrifuged (12 000 rpm, 15 min, 4°C), 
and the supernatant was collected to be resolved through 10% 
SDS-PAGE and transferred onto a nitrocellulose membrane. 
The membranes were blocked in TBS-T containing 5% non-
fat milk, followed by overnight incubation with specific anti-
bodies. The membranes were thoroughly washed 3 times and 
subsequently incubated with peroxidase-conjugated goat an-
ti-rabbit IgG (1: 10,000) in TBS-T for 1 h at room temperature. 
The membranes were thoroughly washed 3 times and the im-
munoassayed proteins were visualized by ECL.

Measurement of nitric oxide

Nitric oxide release in HUVECs was examined by nitrate (con-
verted to nitrite) reductase method according to the manu-
facturer’s instructions of the nitrate/nitrite fluorometric assay 

kit. The cells were treated with PA for 18 h and stimulated 
by phlorizin for 30 min. The 10–20 μL supernatant collected 
from the experimental conditions was diluted with assay buf-
fer to adjust the volume to 80 μL in the 96 wells and mixed 
with 10 μL enzyme cofactors and nitrate reductase. After 30-
min incubation at room temperature, we added 10 μL of DAN 
regent to each well for 10-min incubation. Finally, we added 
20 μL NaOH to each well and read the plate in a fluorometer 
using an excitation wavelength of 360–365 nm and emission 
wavelength of 430 nm.

Glucose absorption

Glucose absorption in HUVECs was examined by using a com-
mercial kit (Nanjing Jiancheng, Jiangsu, China). The cells were 
treated with PA for 18 h and stimulated by phlorizin or insulin 
for 30 min. The supernatant was collected for measurement 
in a 550-nm enzyme immunoassay.

siRNA-induced gene silencing

Gene silencing in cells was performed using specific siRNA se-
quences. SGLT1 and SGLT2 siRNAs were purchased from Gene 
Pharma Co. Ltd. (Shanghai, China). Transfection of HUVECs 
with siRNA was carried out using the Lipofect AMINETM 2000 
(Thermo Fisher, Carlsbad, CA) reagent for 12 h. Cells were then 
washed and cultured in fresh medium with PA for 18 h. Gene 
knockdown was confirmed by qPCR and Western blot analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Pro 
(GraphPad, San Diego, CA). All data are represented as av-
erage ±S.E. The significant differences between groups were 
compared using the t test or ANOVA for multiple comparisons. 
P<0.05 was considered statistically significant.

Results

Effects of PA and phlorizin on the expression of SGLT1 and 
SGLT2 in HUVECs

To investigate the effects of PA in endothelial cells, HUVECs 
were treated with PA (300 μM) for 18 h. As shown in Figure 1, 
PA upregulated the expression of SGLT1 and SGLT2 remarkably 
compared to control (Figure 1A, 1B). In addition, qRT-PCR dem-
onstrated that the SGLT1 and SGLT2 mRNA levels were higher 
than those of the control (Figure 1C, 1D). These results dem-
onstrated that PA, which leads to insulin resistance in T2DM, 
tended to significantly increase the expression of SGLT1 and 
SGLT2 in HUVECs. However, phlorizin significantly suppressed 
the expression level caused by PA (Figure 2B–2D).
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Phlorizin attenuated endothelial dysfunction caused by PA

To investigate whether increased SGLT levels are associated 
with improving endothelial function, we used PA to determine 
whether impaired endothelial function was attenuated. PA re-
duced glucose uptake in the endothelial cells in a dose-de-
pendent manner (Figure 2G). The glucose oxidase peroxidase 
enzymatic method was completed to determine the concentra-
tions of glucose in the culture medium and then we evaluated 
whether the insulin resistance models of the cells were suc-
cessfully prepared. According to the glucose absorption test, 
we found that PA in 300 μM was the proper concentration to 
take shape of IR. In addition, the release of NO catalyzed by 
the nitric oxide assay kit was also reduced because of the pres-
ence of PA (300 µM, 18 h) in HUVECs (Figure 2I). Treatment 
with phlorizin significantly ameliorated the impaired endothe-
lial function in the release of NO (Figure 2I) and the glucose 

uptake (Figure 2H), compared with the PA-induced HUVECs. 
These data indicate that some of the dysfunctions caused by 
PA can be reversed by cultivating phlorizin, and phlorizin atten-
uated insulin resistance, thus improving endothelial function.

Phlorizin activated the PI3K/AKT/eNOS signaling pathway 
in PA-induced HUVECs.

We further investigated the molecular mechanism by which 
phlorizin attenuated PA-induced endothelium function impair-
ment. HUVECs were incubated with PA (300 μM) in the pres-
ence or absence of phlorizin for 18 h. Our results suggested 
that phlorizin increased the levels of the phosphorylation of 
AKT in a dose- (Figure 3A) and time- (Figure 3B) dependent 
manner. PA decreased nitric oxide (NO) release and AKT/
eNOS phosphorylation compared with controls. Phlorizin re-
versed these effects and further increased the AKT (Figure 3C)/
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Figure 1.  PA stimulates expression of SGLT1 and SGLT2 in HUVECs. Cells were incubated for 18 h in the presence of PA (300 µM). 
(A, B) SGLT1 and SGLT2 proteins in the samples were analyzed by Western blotting. Bar plots show the summarized 
data of the relative density after being normalized to GAPDH and are expressed as average percentage of control ±SEM. 
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eNOS (Figure 3D) phosphorylation. Phlorizin augmented AKT 
and eNOS phosphorylation in HUVECs, with the effect of AKT 
phosphorylation (Figure 3E) completely abolished and the phos-
phorylation of eNOS (Figure 3F) attenuated after exposure to 
LY294002 (10 µM, 1 h), which is a special inhibitor of PI3K. We 
found that phlorizin elevated the output of NO by activating 
PI3K/AKT/eNOS, which disappeared when combined with the 
LY294002 or L-NAME (a special inhibitor of eNOS, 100 nM, 1 h) 
pretreatment (Figure 3G). These results suggest that phlori-
zin reversed the PA-decreased NO levels in a PI3K/AKT/eNOS-
dependent manner, and the NO output partially relies on the 

activation of eNOS. Phlorizin had no effect on the phosphor-
ylation of IRS-1 (Figure 3H). This implies that IRS-1 does not 
participate in the mechanism of phlorizin-improved endothe-
lial function in HUVECs induced by PA.

These data indicate that phlorizin reversed PA-induced endo-
thelial dysfunction by increasing AKT and eNOS phosphoryla-
tion levels and upregulating NO production. This effect may 
be mediated by both SGLT-dependent and SGLT-independent 
mechanisms. These data suggest that phlorizin can attenuate 
insulin resistance and endothelial function through endothelial 
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Figure 2.  The protective effects of phlorizin on PA-induced endothelial dysfunction in HUVECs. (A) The cell viability was determined 
by MTT assay of HUVECs treated with phlorizin in different concentrations for 30 min. Representative immunofluorescence 
microscopy (magnification 200, scale bar: 100 mm) showed extracellular HS expression. (G) PA reduced the glucose uptake 
in endothelial cells in a dose-dependent manner. (B, C) The relative amounts of mRNA of SGLT1 and SGLT2 were analyzed 
by qPCR. (D–F) Proteins of SGLT1 and SGLT2 were analyzed by Western blotting. (H) The course of phlorizin (50 nM)-induced 
consumption of extracellular glucose. (I) NO production was detected by the nitric oxide assay kit. # P<0.01 vs. controls, 
* P<0.05, ** P<0.01, *** P<0.001 for a chance difference compared with the relevant group.
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nitric oxide synthase (eNOS) activation and increase NO re-
lease in endothelial cells.

Confirmation that blocking SGLT1 and SGLT2 in the 
endothelial cells was functional

A scrambled sequence for the SGLT siRNA was taken to be the 
negative control (si-NC). SGLT1 and SGLT2 were markedly inhib-
ited through special siRNA. qPCR (Figure 4C, 4D) and Western 
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Figure 4.  AKT and eNOS activity is stimulated in siRNA transfected HUVECs. (A, B) A scrambled sequence for the SGLT siRNA was 
taken to be the negative control (si-NC). The siRNA-treated HUVECs for 12 h were collected to be analyzed by Western 
blotting. Band intensities normalized to GAPDH. (C, D) The SGLT1 and SGLT2 mRNA levels determined by real-time RT-
PCR and normalized to GAPDH mRNA. (E–G) Then, transfected HUVECs were collected for SDS-PAGE and immunoblotted 
with phospho-AKT, phospho-eNOS, and phospho-IRS-1 specific antibodies. Values were normalized using GAPDH controls. 
Representative of three experiments with similar results. # P<0.01 vs. the control group, * P<0.05, ** P<0.01 compared with 
relevant control.
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blot (Figure 4A, 4B) also demonstrated that siRNA can sup-
press their gene translations and protein expression of SGLT1 
and SGLT2 compared with the si-NC. As expected, exposure of 
endothelial cells to siRNA markedly increases AKT (Figure 4E) 
and eNOS (Figure 4F) phosphorylation levels. Thus, the expres-
sion of SGLT1 and SGLT2 may play an important role in regu-
lating NO-mediated endothelial function.

Discussion

A growing number of studies have illustrated that SGLT2 in-
hibitors reduce the CV risk factors in T2DM and demonstrated 
that the function of attenuating cardiovascular dysfunction was 
not a significant contributor to the metabolic effects [11,24,25]. 
Ipragliflozin improved hyperglycemia, ameliorated the impaired 
p-AKT and p-eNOS, and prevented the development of endo-
thelial dysfunction in STZ-induced diabetes mice, at least par-
tially by attenuation of oxidative stress [26]. Our study may of-
fer one of the potential mechanisms for these effects. In this 
study, we demonstrated that phlorizin ameliorated the endo-
thelial dysfunction and improved the insulin resistance by ac-
tivation of the PI3K/AKT/eNOS signaling pathway and aug-
mentation of the release of NO, partially through suppressing 
the expression of SGLT1 and SGLT2 in PA-induced HUVECs.

SGLT1and 2 are the co-transporters of glucose sodium, which 
is found on the cell surface, mediating the transfer of extracel-
lular and intracellular glucose [7]. SGLT1 is mainly expressed 
in the small intestine and also in human hearts [27]; howev-
er, SGLT2 appears in the kidney and contributes to renal glu-
cose reabsorption. Consistent with results reported by other 
researchers, we found that SGLT1 and 2 are also expressed in 
HUVECs [20,22]. In our study, we focused on the effect of phlo-
rizin on endothelial function associated with SGLT1 and SGLT2 
and the release of NO, elucidating the underlying molecular 
mechanisms. As a type of FFA, palmitic acid can be used to sim-
ulate the environment of high FFA in T2DM. There was no tox-
ic effect of phlorizin in HUVECs based on MTT (Figure 2A). We 
have discovered that PA upregulates the expression of SGLT1and 
SGLT2, and inhibited glucose utilization and the NO output; 
however, phlorizin can change the detrimental influences of 
PA, indicating that the potentially direct beneficial effects of 
phlorizin are linked to SGLT1 and SGLT2 in the vascular endo-
thelium. Additionally, animal study showed that SGLT2 inhib-
itors improved vascular function in SGLT2-knocked mice [28]. 
As Figure 4 shows, HUVECs blocked the expression of SGLT1 
and SGLT2 through the special siRNA incubated with PA for 18 
h, and the phosphorylation of AKT and eNOS were at higher 
levels compared with the si-NC group. All results taken togeth-
er, we demonstrated the AKT/eNOS signaling pathway is been 
correlated with SGLT1 and SGLT2, supporting a potential di-
rect protection mechanism of phlorizin on PA-induced HUVECs.

We suggest that when PA exists, the function of SGLT1 and 
SGLT2 is damaged, and negative feedback to increase its ef-
fect and create a high-sugar extracellular environment, leading 
AGEs to promote the production of ROS. High AGEs, on the one 
hand, hinder IRS tyrosine phosphorylation, leading to loss of 
the combination of IRS with insulin receptor, further inducing 
insulin resistance. On the other hand, PA or high AGEs inhib-
ited the activation of the AKT/eNOS signaling pathway. AKT, 
one of the PI3K signaling pathway downstream molecules, is 
an important protein kinase, mediating cell proliferation, mi-
gration, and metabolic response, and eNOS mediates endog-
enous NO output [29]. As Figure 3 shows, phlorizin increased 
the levels of p-AKT in a dose- and time-dependent manner. 
Phlorizin elevated the release of NO and the phosphorylation 
of AKT/eNOS compared with controls, in spite of the presence 
of PA. Addition of the PI3K inhibitor LY294002 to the HUVECs 
completely diminished the effects of phlorizin on NO produc-
tion, AKT, and eNOS phosphorylation, respectively. We main-
tain that phlorizin may have a beneficial cardiovascular effect 
by increasing p-AKT and p-eNOS by the upper molecular PI3K. 
These effects were regulated primarily through activation of 
the PI3K/AKT pathway and subsequent improvement of eNOS. 
The results of the present study demonstrate the PI3K plays 
a critical role in which phlorizin protects against endothelial 
dysfunction in type 2 diabetes.

NO, an endothelium-derived vasodilator, plays a chief role in 
regulating endothelial function homeostasis [30]. Loss of NO 
bioavailability is a key feature of endothelial dysfunction in pre-
ceding and deteriorating atherosclerosis. Elevating the NO lev-
els has also been considered as a major regulator in a broad 
spectrum of functions involving a vasodilation effect in the car-
diovascular system [30–32]. Nitric oxide is generated by the 
endothelial and inducible NO synthases (eNOS and iNOS, re-
spectively) [33]. We used L-NAME, a special eNOS inhibitor, to 
interdict NO, which is produced by endothelial synthases. On 
the basis of NO concentrations, L-NAME (100 nM, 1 h) eliminat-
ed the function of phlorizin on NO, which was partially depen-
dent on p-eNOS. To the best of our knowledge, this is the first 
study to investigate the role of phlorizin therapy on cardiovascu-
lar endothelial function via elevation of NO levels by activating 
p-eNOS, which may be a potential treatment for heart failure.

We found that phlorizin in reduction of p-IRS-1 induced by PA 
was not significantly increased, and it may not be able to func-
tion through IRS-1. Under normal circumstances, the IRS is an 
important signaling protein in insulin signal transduction path-
ways, with activating the downstream of the IRS-1/PI3K/AKT and 
regulating the cell growth and proliferation. However, the IRS, 
which has many subtypes, should be assessed in further exper-
iments to detect the possible role of phlorizin. There are some 
limitations to our study. First, it did not distinguish the roles of 
SGLT1 and SGLT2. Further studies are needed to elucidate these 
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effects of SGLT1 and SGLT2, which present the domain status 
in protecting the endothelial cells. Second, in vitro trials are 
relatively restricted, and animal trials would help to more con-
vincingly clarify its cardiovascular protective effects and under-
lying mechanisms. Finally, our study did not discover how phlo-
rizin stimulated the PI3K to elevate the NO levels in HUVECs.

Conclusions

Our results provide new insights into the beneficial effects of 
phlorizin, which were associated with attenuation of endothelial 

dysfunction, and into the underlying mechanism, which at least 
in part is an elevation of the NO levels. Taken together with 
the results of previous studies, our results show that phlorizin 
has direct protective effects. These non-glycemic properties of 
phlorizin may provide attractive therapeutic options for type 
2 diabetic patients, in whom endothelial dysfunction and cor-
onary artery disease adversely affect survival.
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