RESEARCH ARTICLE

‘Ll AMERICAN Molecular and

SOCIETY FOR . ®

microsiotocy| Cellular BlOlOgy '.)
Check for
updates

Inhibition of SGLT1 Alleviates the Glycemic Variability-Induced
Cardiac Fibrosis via Inhibition of Activation of Macrophage and
Cardiac Fibroblasts

Weihua Wu,? Qian Chai,’ Ziying Zhang®

2Department of Endocrinology, Third Affiliated Hospital of Shenzhen University, Shenzhen, People’s Republic of China
bDepartment of General Medicine, First Affiliated Hospital of Harbin Medical University, Harbin, People’s Republic of China

ABSTRACT Glycemic variability has been considered one of the predictors of diabe-
tes complications in patients with diabetes mellitus (DM). In this work, we evaluated
whether glycemic variability induces cardiac fibrosis through regulating cardiac fibro-
blast activation and macrophage polarization. Moreover, we determined whether
glucose transporter sodium-glucose cotransporter 1 (SGLT1) plays an important role
in this process. Glycemic variability-induced mice were established using DM mice
(GVDM mice), and intermittent high-glucose (IHG) treatment was used to simulate
glycemic variability in RAW264.7 macrophages and cardiac fibroblasts. The short hair-
pin RNA for SGLT1 was used to knock down SGLT1. The results showed that glyce-
mic variability aggravated the cardiac fibrosis in GVDM mice. Additionally, glycemic
variability promoted the expression of fibrogenic cytokine and the extracellular ma-
trix proteins in left ventricular tissues and cardiac fibroblasts. GVDM mice showed a
higher incidence of macrophage infiltration and M1 polarization in left ventricular
tissues. Moreover, IHG-promoted RAW264.7 macrophages tended to differentiate to
M1 phenotype. SGLT1 knockdown alleviated cardiac fibrosis in GVDM mice and
inhibited activations of cardiac fibroblast and macrophage M1 polarization. Our
results indicated that glycemic variability aggravates cardiac fibrosis through activat-
ing cardiac fibroblast and macrophage M1 polarization, which could be partially
inhibited by SGLT1 knockdown.

KEYWORDS diabetes mellitus, glycemic variability, cardiac fibrosis, SGLT1, macrophage
polarization, cardiac fibroblast

lycemic variability (GV), which refers to blood glucose fluctuations over time, has
been considered a predictor of diabetes complications in patients with type 2 dia-
betes mellitus (T2DM) (1-4). Glycemic variability is a normal physiological process after
fasting and feeding in healthy people. However, the amplitude and frequency of glyce-
mic variability are different between people with and without diabetes (5, 6). The path-
ological glycemic variability in diabetic patients will lead to hyperglycemia and hypo-

glycemia. Therefore, glycemic variability will cause serious damage to diabetic patients Copyright © 2022 American Society for
compared to sustained hyperglycemia (7-10). Compared to sustained hyperglycemia, Microbiology. All Rights Reserved.
glycemic variability could aggravate oxidative stress activation and inflammation to \//*v‘ﬁe;zgggizg"::;me to Weihua Wu,
induce tissue or cell pathology (11, 12). Glycemic variability contributes to many diabe- N S
tes complications such as renal injury in diabetic rats and diabetic retinopathy in Received 16 June 2021

patients with T2DM (13, 14). However, the investigations of glycemic variability on dia- Returned for modification 30 June 2021
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left ventricular diastolic function of T2DM patients, and the authors pointed that reduc- P ——
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cardiac fibrosis in diabetic rats (16). However, the effects of glycemic variability on dia-
betic cardiopathy in murine model and the underlying regulatory mechanisms are still
unclear. In this study, we assessed the effects of glycemic variability on cardiac fibrosis
in diabetic mice and tried to reveal the potential regulatory mechanism.

Cardiac fibrosis is a pathological process to form and deposit fibrotic extracellular
matrix (ECM) and can lead to adverse cardiac remodeling. Cardiac fibrosis also is an im-
portant pathological feature in many cardiovascular diseases, including heart failure,
myocardial infarction, and hypertensive heart diseases (17-19). Additionally, studies
found that cardiac fibrosis is related to the development of diabetic cardiomyopathy
and cardiac hypertrophy (20, 21). In diabetes, hyperglycemia increases the expression
of fibrogenic cytokine transforming growth factor B (TGF-pB) in cardiac fibroblasts,
which leads to cardiac fibrosis (20). Moreover, high glucose (HG) could promote cell
proliferation of cardiac fibroblasts and upregulate the protein expression of fibrillar col-
lagens in vitro (22, 23). Macrophage, a type of immune cell, could regulate inflamma-
tion in cardiovascular and hypertension diseases (24, 25). Macrophage recruitment and
polarization are the important processes for cardiac fibrosis (26). Under certain patho-
physiologic conditions, macrophages undergo phenotypic polarization. Two major
types of macrophages are classically activated macrophages (M1) and alternatively
activated macrophages (M2) (27). M1 macrophages are proinflammatory macrophages,
producing proinflammatory factors, which then leads to induction of inflammation
and cardiac fibrosis (26). M2 macrophages are considered anti-inflammatory macro-
phages, and replacing M1 macrophages with M2 macrophages could inhibit cardiac fi-
brosis (28). In this study, we evaluated whether glycemic variability could promote car-
diac fibrosis by regulating activation of cardiac fibroblasts and macrophages.

Sodium-glucose cotransporters SGLT1 (encoded by solute carrier family 5 member
1 SLC5AT) and SGLT2 (encoded by SLC5A2) are key glucose transport mediators cross-
ing to the cell membrane. SGLT2 is specifically expressed in human and mouse kidney.
SGLT1, on the other hand, is expressed in various organs such as heart, kidney, liver,
and small intestine both in humans and in mice (29-31). Importantly, it has been
reported that SGLT1 is highly expressed in human and murine hearts (31, 32).
Knockout of SGLT1 in mice could abolish chronic pressure overload-caused cardiac hy-
pertrophy and fibrosis (33). Moreover, SGLT1, not SGLT2, has been proved to be
involved in HG-induced matrix metalloproteinase2 (MMP-2) expression, a profibrotic
factor, in human cardiac fibroblasts (34). The mRNA expression of SGLT1 in heart is sig-
nificantly increased both in patients with T2DM and coronary artery disease and in ani-
mal models (35). In addition, SGLT1 is upregulated in human myocardial tissue under
ischemia and hypertrophy conditions (36). Furthermore, a selective SGLT1 inhibitor
KGA-2727 inhibits the myocardial infarction-induced left ventricular hypertrophy and
fibrosis in mice (37). Therefore, in this study, we induced glycemic variability and inhib-
ited SGLT1 expression by knocking down SGLT1 to investigate whether SGLT1 plays an
important role in glycemic variability-induced mice. It might be very helpful to better
understand the underlying mechanism of cardiac fibrosis.

RESULTS

Glycemic variability-induced cardiac dysfunction is abrogated by SGLT1
inhibition. The blood glucose levels 30 min after insulin and glucose injection were
measured in week 13. The glucose level and glucose fluctuation in week 13 showed
that the glycemic variability was induced by alternate insulin and glucose injections,
and knockdown of SGLT1 reduced the glycemic variability in week 13 (Fig. TA and B).
Next, the cardiac dysfunction was monitored, and the results showed that glycemic
variability aggravated cardiac dysfunction by suppressing the ejection fraction (EF) and
fractional shortening (FS) and enhanced the left ventricular end-diastolic dimension
(LVEDd) and left ventricular end-systolic dimension (LVESd) (Fig. 1C to F). Additionally,
the cardiac dysfunction in GVYDM mice seemed more serious than in diabetes mellitus
(DM) mice. However, the results showed that SGLT1 inhibition in GVDM mice amelio-
rated the cardiac dysfunction judging by reversing the changes of these parameters.
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FIG 1 Glycemic variability-induced cardiac dysfunction is abrogated by SGLT1 inhibition. (A) The blood glucose (BG) levels of mice 30 min after insulin or
glucose injection at each time point in week 13. (B) The average differences of glucose levels 30 min after insulin and glucose treatment in week 13. (C to
F) The cardiac parameters left ventricular ejection fraction (EF), fractional shortening (FS), left ventricular end-systolic dimension (LVESd), and left ventricular
end-diastolic dimension (LVEDd) were measured by echocardiography. The data are expressed as means * standard deviation (SD) (n = 6/group). ***,
P < 0.001; **, P < 0.01; ¥, P < 0.05 versus control mice. ttt, P < 0.001; 1, P < 0.05 versus DM mice. ###, P < 0.001; ##, P < 0.01; #, P < 0.05 versus
GVDM + shNC mice. DM, diabetes mellitus; GV, glycemic variability; SGLT1, sodium-glucose cotransporter 1; shSGLT1, SGLT1 short hairpin RNA; shNC,

negative-control short hairpin RNA.

Glycemic variability-aggravated cardiac fibrosis is alleviated by SGLT1 inhibition.
The mRNA and protein levels of SGLT1 in left ventricular tissues of mice were detected
to confirm that SGLT1 was silenced by short hairpin RNA (shRNA) against SGLT1. Our
results showed that knockdown of SGLT1 clearly reduced the increased expression of
SGLT1 by glycemic variability (Fig. 2A to C). Next, the effects of glycemic variability on
cardiac fibrosis were determined. In the results of Masson’s trichrome staining, the
fibrotic area of left ventricular tissues in GVYDM mice was increased dramatically com-
pared with that in the control and DM group mice. The degree of fibrosis was reduced
in SGLT1 shRNA-treated mice (Fig. 2D and E). Moreover, we found that the fibrogenic
cytokine TGF-B1 and the ECM proteins such as fibronectin, a-smooth muscle actin
(a-SMA), collagen |, and collagen Il were significantly upregulated in DM mice and had
higher levels than in GVDM mice, and inhibition of SGLT1 clearly downregulated
expression of these factors in GVDM mice (Fig. 3A to G). Additionally, the expression of
collagen Il was also confirmed by immunohistochemical staining. The staining results
of collagen Ill were consistent with its protein expression analysis (Fig. 3H and I). Our
results indicated that glycemic variability aggravates cardiac fibrosis and that SGLT1 in-
hibition could alleviate glycemic variability-caused cardiac fibrosis.

Glycemic variability drives M1 macrophage polarization and inhibition of
SGLT1 promotes macrophages toward a M2 phenotype in GVDM mice. In order to
verify whether glycemic variability drives M1 macrophage polarization, M1 and M2 mac-
rophage polarization were analyzed by gene marker expression using quantitative
reverse transcription (QRT)-PCR and immunofluorescence assay. The mRNA levels of M1
markers monocyte chemotactic protein-1 (MCP-1) and CD86 and M2 marker CD206 in
left ventricular tissues were measured. The results showed that expression of MCP-1 and
CD86 was increased in the DM and GVDM groups, and the expression levels were much
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FIG 2 Glycemic variability-aggravated cardiac fibrosis is alleviated by SGLT1 inhibition. (A) The relative mRNA expression of SGLT1 in left ventricular tissues
were detected by gRT-PCR. (B) The protein levels of SGLT1 in left ventricular tissues were detected by Western blot. (C) Quantitative analysis of the protein
levels of SGLT1. (D) The cardiac fibrosis was determined by Masson’s trichrome staining. Scale bars, 500 (upper panel) and 100 (lower panel) um. The arrows
point to Aniline Blue. (E) The percentage of fibrosis area in total staining area (six mice/group, three sections/mouse). The data are expressed as means * SD
(n = 6/group). ***, P < 0.001 versus control mice. 11, P < 0.001; t1, P < 0.01; +, P < 0.05 versus DM mice. ###, P < 0.001 versus GVDM + shNC mice.

higher in the GVDM group (Fig. 4A and B). Knockdown of SGLT1 remarkably reduced the
expression of MCP-1 and CD86 compared to shNC-treated mice. Additionally, CD206 was
decreased in the GVDM group, and SGLT1 inhibition dramatically enhanced CD206 expres-
sion in left ventricular tissues (Fig. 4C). Moreover, the percentages of M1 (Green-CD68",
Red-iINOS™) and M2 (Green-CD68*, Red-Arg-1+) macrophages were examined by double-
immunofluorescence staining (Fig. 4D to G). The results showed that there were more
CD68-positive cells aggregated in left ventricular tissues of GVDM mice than that in control
and DM mice. The iNOS*/CD68* M1 macrophages were increased in GVDM groups com-
pared to control and DM mice, but they were significantly reduced by SGLT1 silence.
Conversely, the percentages of Arg-1*/CD68" M2 macrophages were prominently
increased in SGLT1-inhibited mice. The results indicated that glycemic variability aggra-
vates macrophage infiltration and drives more macrophages into M1 phenotype com-
pared to control and DM mice. Inhibition of SGLT1 partially reverses the M1 macrophage
polarization and significantly promotes macrophages toward a M2 phenotype in left ven-
tricular tissues of GVDM mice.

SGLT1 is downregulated in cardiac macrophages and fibroblasts of GVDM mice
that received shSGLT1. In this study, we confirmed that SGLT1 is expressed in various
organs such as the heart, liver, kidney, and small intestine of mice (Fig. 5A and B). Then we
detected the expression of SGLT2 in kidney and the expression of SGLT1 in the heart, liver,
kidney, and small intestine of mice that received shSGLT1 or shNC. The results showed that
shSGLT1 did not affect SGLT2 expression in kidney and shSGLT1 silenced SGLT1 expression
in the kidney, heart, intestine, and liver, and the gene silencing efficiency of shSGLT1 was
higher in the heart (Fig. 5C to H). Next, double immunofluorescence was performed to verify
whether SGLT1 expresses in macrophages and fibroblasts and whether shSGLT1 could
silence SGLT1 expression in macrophages and fibroblasts under GYDM condition. We found
that in control mice, SGLT1 is expressed in macrophages and fibroblasts. More double-stain-
ing cells were shown in GVDM + shNC mice. More importantly, shSGLT1 injection decreased
the SGLT1 expression in macrophages and fibroblasts (Fig. 51 and J). Our results indicated
that SGLT1 may affect glycemic variability-induced cardiac fibrosis, at least partly, via directly
regulating the activation of macrophages and fibroblasts in heart.
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FIG 3 Glycemic variability-upregulated expression of fibrogenic cytokine TGF-B1 and extracellular matrix proteins are alleviated by SGLT1 inhibition. (A)
The relative mRNA expression of TGF-B1 in left ventricular tissues were detected by quantitative reverse transcription (qRT)-PCR. (B) The protein levels of
TGF-B1 in left ventricular tissues were detected by Western blot. (C to D) The protein levels of fibronectin and a-SMA, collagen |, and collagen IlI in left
ventricular tissues were detected by Western blot. (E to G) Quantitative analysis of the protein levels of TGF-B1, fibronectin, a-SMA, collagen |, and
collagen lll. (H) The expression of collagen Ill was detected by immunohistochemical analysis. Scale bar, 50 um. Arrows point to collagen lIl. (I) The
percentage of collagen IIl staining area in total staining area (%) (six mice/group, three sections/mouse). The data are expressed as means * SD (n = 6/
group). ***, P < 0.001; **, P < 0.01 versus control mice. 11, P < 0.001; t1, P < 0.01 versus DM mice. ###, P < 0.001 versus GVDM + shNC mice. TGF-31,
transforming growth factor B1; a-SMA, a-smooth muscle actin.

Inhibition of SGLT1 inhibits cardiac fibroblast proliferation and activation in
IHG-treated cardiac fibroblasts. The cardiac fibroblasts were isolated from mice, and
cell identification was performed by staining vimentin (38). The results showed that most
of the cells on the third passage expressed vimentin, and high purity of cardiac fibroblast
was obtained (Fig. 6A). Subsequently, the IHG model was induced by alternately normal
glucose (NG) and high-glucose (HG) treatment, and lentiviral vector containing shSGLT1
was used to silence SGLT1 protein. The results showed that both the mRNA and protein
levels of SGLT1 were decreased in shSGLT1-received cells (Fig. 6B to D). Then cell
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FIG 4 Glycemic variability drives macrophage infiltration and M1 polarization, and inhibition of SGLT1 promotes macrophages toward a M2 phenotype in GVDM mice.
(A to C) The relative mRNA expression of MCP-1, CD86, and CD206 in left ventricular tissues was detected by qRT-PCR. (D and F) The contents of M1 (CD68*, iNOS*)
and M2 (CD68*, Arg-1*) macrophages were examined by double-immunofluorescence staining. Scale bars, 50 um. Arrows point to double-immunofluorescence
staining cells. (E and G) The percentage of iNOS-positive CD68 macrophages and the percentage of Arg-1-positive CD68 macrophages (six mice/group, three sections/
mouse). The data are expressed as means * SD (n = 6/group). ***, P < 0.001; **, P < 0.01; *, P < 0.05 versus control mice. t11, P < 0.001; 11, P < 0.01; 1, P < 0.05
versus DM mice. ###, P < 0.001 versus GVDM + shNC mice. Arg-1, arginase 1; DAPI, 4',6-diamidino-2-phenylindole; iNOS, inducible nitric-oxide synthase.

proliferation of cardiac fibroblasts was measured, and the results displayed that HG and
IHG treatment could promote cell proliferation of cardiac fibroblasts and showed a higher
proliferative ability in IHG group. We also found that knockdown of SGLT1 suppressed
cell proliferation in IHG-treated cells (Fig. 6E). In addition, we found that IHG promoted
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FIG 5 SGLT1 is downregulated in cardiac macrophages, and fibroblasts of GVDM mice received shSGLT1. (A) The protein levels of SGLT1 in heart, liver,
kidney, and small intestine were detected by Western blot. (B) Quantitative analysis of the protein levels of SGLT1. (C) C57BL/6 mice received with AAV9-
mediated shSGLT1 or shNC for 4 weeks. The protein levels of SGLT1 and SGLT2 in kidney were detected by Western blot. (D) Quantitative analysis of the
protein levels of SGLT2 in kidney. (E to G) The protein levels of SGLT1 in liver, small intestine, and heart were detected by Western blot. (H) Quantitative
analysis of the protein levels of SGLT1 in heart, liver, kidney, and small intestine. The data are expressed as means * SD (n = 6/group). *, P < 0.05 versus
shNC mice. (I and J) The expression of SGLT1 and vimentin, SGLT1, and CD68 in left ventricular tissues were examined by double-immunofluorescence
staining. Scale bars, 50 um (n = 6/group). Arrows point to double-immunofluorescence staining cells.

the expression of TGF-31, collagen |, and collagen Ill (Fig. 6F to I). However, inhibition of
SGLT1 observably suppressed the enhanced TGF-B1, collagen |, and collagen Il that
induced by IHG.

IHG stimulates macrophage polarization, and inhibition of SGLT1 promotes
M2 macrophage polarization. The effects of IHG on macrophage polarization were
assessed in RAW264.7 cells in vitro. First, the expression of SGLT1 was detected in IHG-
induced and SGLT1-inhibited RAW264.7 cells. The results showed that IHG significantly
upregulated SGLTT mRNA and protein expression compared to NG- and HG-treated
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FIG 6 Inhibition of SGLT1 inhibits cardiac fibroblast proliferation and activation in IHG-treated cardiac fibroblasts. (A) Cell
identification of cardiac fibroblasts was determined by vimentin expression. Scale bar, 50 um. (B) The relative mRNA expression of
SGLT1 in cardiac fibroblasts were detected by qRT-PCR. (C) The protein levels of SGLT1 in cardiac fibroblasts were detected by
Western blot. (D) Quantitative analysis of the protein levels of SGLT1. (E) The cell proliferation of cardiac fibroblasts was detected
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). (F) The protein levels of TGF-B1, collagen I, and collagen llI
in cardiac fibroblasts were detected by Western blot. (G to I) Quantitative analysis of the protein levels of TGF-31, collagen |, and
collagen lll. The data are expressed as means = SD (n = 3/group). ***, P < 0.001; **, P < 0.01; *, P < 0.05 versus NG. ttt,
P < 0.001; 11, P < 0.01; 1, P < 0.05 versus HG. ###, P < 0.001; #, P < 0.05 versus IHG + shNC. NG, normal glucose; HG, high
glucose; HG, intermittent high glucose.

cells, and knockdown of SGLT1 partially inhibited IHG-increased SGLT1 expression (Fig.
7A to C). The macrophage M1 markers MCP-1, CD86, and nitric-oxide synthase (iNOS)
were increased in HG- and IHG-treated cells, and they had higher levels in IHG-treated
cells. Inhibition of SGLT1 partially downregulated IHG increased the expression of mac-
rophage M1 markers (Fig. 7D to F). However, IHG decreased macrophage M2 markers
CD206 and Arg-1, and knockdown of SGLT1 dramatically enhanced M2 macrophage
percentages determined by the enhanced expression of CD206 and Arg-1 (Fig. 7G and
H). The results indicated that IHG stimulates M1 macrophage polarization and could be
suppressed by inhibition of SGLT1. Moreover, inhibition of SGLT1 benefits macrophage
toward M2 phenotype in IHG-treated cells.

DISCUSSION

Cardiac dysfunction is an important feature in many heart-related diseases such as
heart failure, myocardial infarction, and diabetic cardiomyopathy (39-41). Our results
show that, compared to sustained hyperglycemia, glycemic variability aggravated the
cardiac dysfunction of GVDM mice characterized by decreases of LVEF and increases of
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FIG 7 IHG stimulates macrophage M1 polarization and inhibition of SGLT1 promotes M2 macrophage polarization. (A) The relative mRNA expression of
SGLT1 in RAW264.7 cells was detected by qRT-PCR. (B) The protein levels of SGLT1 in RAW264.7 cells were detected by Western blot. (C) Quantitative
analysis of the protein levels of SGLT1. (D to H) The relative mRNA expression of MCP-1, CD86, iNOS, CD206, and Arg-1 in RAW264.7 cells was detected by
gRT-PCR. The data are expressed as means * SD (n = 3/group). ***, P < 0.001; **, P < 0.01; *, P < 0.05 versus NG. ttt, P < 0.001; 1, P < 0.01;
1, P < 0.05 versus HG. ###, P < 0.001 versus IHG + shNC.

LVESd. Our results were consistent with the previous reports by others that glycemic
variability could aggravate cardiac dysfunction (15, 42). Moreover, in our study, we
found that the effects of glycemic variability on cardiac dysfunction were alleviated in
SGLT1-inhibited mice.

Under cardiac pathophysiologic conditions, cardiac fibrosis commonly occurs by
expressing and accumulating ECM proteins in cardiac interstitium, which leads to
destroying the normal cardiac structure and impairing cardiac function (43, 44).
Therefore, cardiac fibrosis is an important process for contributing to heart injury. Our
results showed that glycemic variability increased the fibrosis areas and promoted the
expression of TGF-B1, fibronectin, a-SMA, collagen |, and collagen Ill in the left ventri-
cle tissues compared to DM mice. We also found that IHG promoted the cell prolifera-
tion and the expression of TGF-B1, collagen | and collagen Ill compared to HG-treated
cardiac fibroblasts in vitro. In heart, cardiac fibroblasts play the important roles in dedi-
cating to myocardial structure and cell signaling in heart (38). However, it is well
known that activation of cardiac fibroblasts contributes to the process of cardiac fibro-
sis. Cardiac fibroblasts have high proliferative ability and are able to regulate the syn-
thesis of ECM proteins, such as fibronectin, collagen |, and collagen Il (23, 38, 45).
Moreover, cardiac fibroblasts could be stimulated by profibrosis gene TGF-B1 to
undergo conversion to myofibroblasts, and myofibroblast is the main effector cell for
cardiac fibrosis (20, 38). Studies found that TGF-B1/Smad2/3 pathway in cardiac fibro-
blasts is involved in promoting cardiac fibrosis (46, 47). Moreover, TGF-B1 upregulates
the expression of collagen I and collagen Il in cardiac fibroblasts (48, 49). In HG-treated
cardiac fibroblasts, the expression of TGF-31, collagen |, and collagen lll is increased in
cardiac fibroblasts, and HG favors proliferation of cardiac fibroblasts (50, 51). Therefore,
our results indicated that glycemic variability might promote cardiac fibrosis by activa-
tion of cardiac fibroblasts. Our results showed that SGLT1 was expressed in fibroblast
in left ventricular tissue, and knockdown of SGLT1 decreased the SGLT1 expression in
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fibroblasts in GVDM + shSGLT1 mice. Moreover, our results show that inhibition of
SGLT1 could reduce the increased expression of TGF-31, collagen |, and collagen Ill in
left ventricular tissues and fibroblasts and inhibit the IHG-induced the increases of pro-
liferation of cardiac fibroblasts. Thus, our results indicated that the effects of glycemic
variability on cardiac fibroblasts might be partially regulated by SGLT1 in cardiac
fibroblasts.

Next, we detected the macrophage infiltration and polarization in the left ventricu-
lar tissues. The results showed that compared with DM mice, glycemic variability
increased the content of CD68-positive macrophages, indicating that glycemic variabil-
ity promoted the macrophage infiltration in the left ventricular tissues. We also found
that glycemic variability promoted the expression of MCP-1 in left ventricular tissues.
MCP-1 is an important proinflammatory and profibrotic factor that is released by
parenchymal cells and macrophages. MCP-1 is a chemokine attracting macrophages to
the injured tissue, and it is able to directly promote the activation of fibroblasts (43,
52-54). Additionally, MCP-1 could be secreted by proinflammatory macrophages such
as M1 macrophages to maintain the inflammatory state in injured tissues (55). Our
results showed that glycemic variability increased the expression of M1 markers CD86
and iNOS in left ventricular tissues. Moreover, IHG significantly increased MCP-1, CD86,
and iNOS expression in RAW264.7 cells compared to HG-treated cells in vitro. This indi-
cated that glycemic variability promotes macrophages to differentiate into proinflam-
matory M1 macrophages. We also found that knockdown of SGLT1 inhibited CD86
expression and reduced the iNOS-positive macrophages in left ventricular tissues.
Inhibition of SGLT1 dramatically enhanced anti-inflammatory macrophage M2 marker
CD206 expression and the percentage of Arg-1-positive macrophages in GVDM-
shSGLT1 mice. Moreover, we found that SGLT1 was expressed in macrophages in left
ventricular tissues, and knockdown of SGLT1 decreased the SGLT1 expression in mac-
rophages in GVYDM + shSGLT1 mice. In vitro, RAW264.7 macrophages tended to differ-
entiate to the M1 phenotype in IHG-treated cells, and inhibition of SGLT1 promoted
macrophages to switch from the M1 to M2 phenotype. Our results indicated that inhi-
bition of SGLT1 suppresses glycemic variability-induced macrophage M1 polarization,
which might inhibit the inflammatory response in heart and then improve cardiac
fibrosis.

It has been reported that compared with sustained hyperglycemia, glycemic vari-
ability exacerbates inflammation in patients with T2DM (11, 56). SGLT1 is a glucose
transport mediator, and it can regulate cell glucose absorption. It has been reported
that SGLT1 is expressed in the human and mice heart and is also expressed in fibro-
blasts and macrophages (31, 32, 34, 57). Studies found that inhibition of SGLT could
reduce blood glucose fluctuation in clinical trial (58, 59). Moreover, inhibition of SGLT1
could inactivate human cardiac fibroblasts exposing to HG (34). Knockout of SGLT1
remarkably inhibits the chronic pressure overload-induced cardiac fibrosis through
mediating phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 in heart
(33). In our study, we found that SGLT1 was upregulated in left ventricular tissues of
GVDM mice, IHG-treated RAW264.7 cells, and cardiac fibroblasts. More importantly, in-
hibition of SGLT1 suppressed macrophage M1 polarization and cardiac fibroblasts acti-
vation under conditions of glycemic variability or IHG, which might relieve cardiac dys-
function and fibrosis.

There are some limitations in our study that should be mentioned. Glycemic vari-
ability is closer to the actual changes in blood sugar level in diabetic patients (5). The
effects of glycemic variability on both diabetes patients and animals are more deleteri-
ous than sustained hyperglycemia. Therefore, in this study, we paid more attention to
glycemic variability-induced cardiac damage and only inhibited SGLT1 expression in
GVDM mice. Additionally, it is well known that SGLT1 is highly expressed in small intes-
tine and regulates the absorption of glucose. We found that SGLT1 was silenced in
small intestine, liver, and kidney tissues by shSGLT1, even though the gene silencing
efficiency of shSGLT1 seemed higher in heart. However, we found that SGLT1 was
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significantly increased in the left ventricular tissues of GVDM mice, the expression of
SGLT1 was clearly decreased in left ventricular tissues in GVYDM + shSGLT1 mice, and
the cardiac fibrosis was improved. Therefore, it is possible that SGLT1 in many organs
has synergistic effects for affecting cardiac fibrosis. For instance, knockdown of SGLT1
in small intestine helps to control glucose fluctuation and knockdown of SGLT1 in
heart directly inhibits activation of cardiac fibroblasts and macrophage M1 polarization.
Additionally, it has been reported that SGLT1 inhibition attenuates apoptosis of cardio-
myocyte in diabetic cardiomyopathy animal model and in vitro culture (60). We also
found that shSGLT1 silenced the expression of SGLT1 in cardiomyocyte in GVDM mice
(data not shown). There is a possibility that SGLT1 in cardiomyocyte also plays an im-
portant role in glycemic variability-induced cardiac fibrosis. Therefore, we confirmed
our hypothesis that SGLTT mediates the activation of cardiac fibroblasts and macro-
phages under glucose variability by experiments in vitro. The results showed that inhi-
bition of SGLT1 suppressed the cell proliferation and ECM proteins’ expression of car-
diac fibroblasts and inhibited the M1 polarization of macrophages exposure to IHG.
Therefore, our results indicated that SGLT1 in cardiac fibroblasts and macrophages, at
least partially, contributes to glycemic variability-induced cardiac fibrosis.

In conclusion, our results indicated that glycemic variability might aggravate cardiac
fibrosis by promoting the activation of cardiac fibroblasts and inducing macrophage
M1 polarization. Moreover, inhibition of SGLT1 could alleviate the glycemic variability-
induced cardiac fibrosis, at least partially, through mediating the activation of macro-
phage and cardiac fibroblasts.

MATERIALS AND METHODS

Ethical statement. This study was approved by Medical Ethics Committee of the First Affiliated
Hospital of Harbin Medical University. All animal experiments referred to the Guide for the Care and Use
of Laboratory Animals (61).

Mouse model. The male C57BL/6 mice (18 to 22 g) were purchased from Changsheng Biotechnology
Co,, Ltd. (China). The mice were randomized into normal and diabetes groups. After 1 week adapting, the
mice were fed a high-fat diet (HFD) from weeks 2 to 13, while the control mice were fed a normal diet.
Streptozotocin (STZ) (40 mg/kg, S110910, Aladdin, Shanghai, China) was intraperitoneally injected into HFD-
fed mice after 6 h fasting for 5 continuous days starting after the last day of week 3. The control mice were
given an equal volume of citrate buffer. The fasting blood glucose (FBG) level was measured with a glucome-
ter 72 h after STZ injection. Mice with FBG levels of 16.7 mmol/L or greater were considered to be successful
diabetic mice. The diabetic mice then were assigned to the DM, GVDM (glycemic variability in type 2 diabe-
tes mellitus), GVDM + shNC (shRNA-negative control), and GVDM + shSGLT1 (short hairpin RNA targeting
SGLT1) groups. All mice from three GVDM groups were subcutaneously injected 20 U/kg insulin (8:00. a.m.,
12:00 p.m., and 4:00 p.m.) and intraperitoneally injected 3 g/kg glucose (10:00 a.m., 2:00 p.m., and 6:00 p.m.)
every day from weeks 5 to 13. The mice from GVDM + shNC or GVDM + shSGLT1 group were administered
5 x 10" vector genome (v.g.)/mouse of adeno-associated virus serotype 9 (AAV9, promoter U6)-mediated
shSGLT1 or shNC (intravenous injection, Vigene Biosciences, Inc,, China) in week 6. The blood glucose levels
of mice were measured 30 min after each insulin and glucose injection every day in week 5 to confirm the
successful establishment of glycemic variability model. The treatment was stopped at the end of week 13,
and the blood glucose levels of mice after each time insulin and glucose injection were measured on the last
day of week 13. On the first day of week 14, the cardiac function of mice was determined, and then the mice
were directly anesthetized by 5% inhalant isoflurane with an oxygen flow of 1 L/min and then euthanized by
cervical dislocation. The experimental process of GVDM induction was shown in Fig. 8A and B. Then left ven-
tricular tissues were collected for pathological and molecular studies. Six mice were used for echocardiogra-
phy and pathological analysis, and six mice were used for molecular biological analysis. C57BL/6 mice
received with AAV9-mediated shSGLT1 or shNC by intravenous injection were used to verify whether
shSGLT1 specifically silence SGLT1 in the multiple organs. The heart, kidney, small intestine, and liver tissues
of mice were collected 4 weeks later to detect the expression of SGLT1 and SGLT2.

Echocardiography. Cardiac function was analyzed via echocardiography using a Vevo 2100 high-re-
solution imaging system (VisualSonics Inc., Toronto, Canada) on the last day of the experiment. The
mouse was anesthetized using 3% inhalant isoflurane with an oxygen flow of 1 L/min and maintained at
1 to 2% isoflurane during the procedure. The mice were placed in a supine position on a heat pad (38°C)
to minimize fluctuations of body temperature. The short-axis M-mode echocardiography was performed,
and the following parameters were measured or computed as indicators of left ventricular function: left
ventricular end-diastolic dimension (LVEDd), left ventricular end-systolic dimension (LVESd), left ventric-
ular ejection fraction (EF), and fractional shortening (FS).

Histological analysis and immunohistochemical analysis. After fixation with 4% paraformalde-
hyde, the left ventricular tissues were embedded in paraffin and then cut into 5-um sections.
Subsequently, the sections were deparaffinized and rehydrated. Cardiac fibrosis was evaluated by
Masson'’s trichrome staining. The expression of collagen Ill was detected by immunohistochemical
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FIG 8 Schematic overview of the GVDM mouse model. (A) Schematic view of the GVDM mice induction and AAV9-shSGLT1 administration in mouse

model. (B) Protocol for insulin and glucose injection and blood glucose measurement.

analysis using antibodies against collagen Ill (AF0136, Affinity, Cincinnati, OH). The results were observed
by a microscope with DP73 image analysis program, and three fields of each image were recorded
(BX53, Olympus, Tokyo, Japan). For Masson’s trichrome staining, the percentage of fibrosis area was cal-
culated using the following formula: percentage of fibrosis area = Aniline Blue staining area/total stain-
ing area x 100 (%). For immunohistochemical analysis, the percentage of collagen Ill expression was cal-
culated using the following formula: percentage of collagen Il = anti-collagen Ill staining area/total
staining area x 100 (%).

Immunofluorescence. Double immunofluorescence was performed to evaluate the expression of
inducible iNOS (M1 marker) and Arg-1 (arginase 1, M2 marker) on CD68* macrophages in cardiac tissues.
Briefly, the sections were blocked in phosphate-buffered saline (PBS) with goat serum (SL038, Solarbio,
Beijing, China) for 15 min. For CD68 and iNOS detection, the sections were incubated with primary anti-
bodies against CD68 (sc-20060, Santa Cruz, CA) and iNOS (AF5369; Affinity) overnight at 4°C. The primary
antibodies against CD68 and Arg-1 (DF6657; Affinity) were subsequently used to detect Arg-1 expression
in CD68" macrophages. Subsequently, the sections were washed and incubated with fluorescein iso-
thiocyanate (FITC)-labeled goat anti-mouse IgG (A5608; Beyotime, Shanghai, China) and Cy3-labeled
goat anti-rabbit IgG (A0516, Beyotime) for 90 min at room temperature. The identification of the isolated
mouse cardiac fibroblasts was performed by immunofluorescence assay, and the cells were stained with
anti-vimentin antibody (A2584; Abclonal, Wuhan, China). The results were observed by a microscope
under x400 magnification with the DP73 image analysis program and three fields per each image
(BX53). The percentage of iNOS-positive CD68 cells was calculated using the following formula: cell
number of iINOS-positive CD68 cells/cell number of CD68-positive cells x 100 (%). The percentage of
Arg-1-positive CD68 cells was calculated using the following formula: cell number of Arg-1-positive
CD68 cells/cell number of CD68-positive cells x 100 (%). To verify whether SGLT1 is expressed in macro-
phages and fibroblasts in heart tissue of mice, double immunofluorescence was performed, and the left
ventricular tissues of mice from the control, GVDM + shNC, and GVDM + shSGLT1 groups were stained
SGLT1 with CD68 or vimentin (a marker of cardiac fibroblasts).

Isolation of cardiac fibroblasts. The thorax was opened to expose the heart of 3- to 4-month-old
male C57BL/6 mice. Subsequently, the heart was removed and washed with PBS twice. The aorta was
cannulated with an 18-gauge needle and mounted on a Langendorff apparatus. The heart was perfused
with a Ca®*-free bicarbonate buffer (pH 7.35) containing 126 mM NaCl, 44 mM KCl, 1.0 mM MgCl,,
18 mM NaHCO,, 11 mM glucose, 4 mM HEPES, 10 mM 2,3-butanedione monoxime, and 30 mM taurine
at 37°C for 5 min. Then the perfusion buffer was switched to bicarbonate buffer containing 1 mg/mL col-
lagenase Il solution, 1 mg/mL albumin, and 2.5 mM CaCl, for tissue digestion for 20 to 30 min. The
digested heart was removed, minced into small pieces, and pipetted to release cells. Then the cells were
filtered through a 140-um-mesh filter to filter out large debris, followed by centrifugation. The cells
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TABLE 1 Primer sequences for quantitative real-time PCR

Primer name

Primer sequence (5’ to 3')

SGLT1 forward GAGTCTACGCAACAGCAAGG
SGLT1 reverse AGCCCACAGAACAGGTCATA
iNOS forward CACCACCCTCCTCGTTC

iNOS reverse CAATCCACAACTCGCTCC
MCP-1 forward GCCTGCTGTTCACAGTTGCC
MCP-1 reverse CTGGACCCATTCCTTCTTGG
CD86 forward ATGGGCTCGTATGATTGT
CD86 reverse CTTCTTAGGTTTCGGGTG
CD206 forward GCAAGTGATTTGGAGGCT
CD206 reverse ATAGGAAACGGGAGAACC
Arg-1 forward TATCTGCCAAAGACATCG
Arg-1 reverse ATCACCTTGCCAATCCC
TGF-B1 forward TAATGGTGGACCGCAACAAC
TGF-B1 reverse CACTCAGGCGTATCAGTGGG
B-Actin forward CTGTGCCCATCTACGAGGGCTAT
B-Actin reverse TTTGATGTCACGCACGATTTCC

SGLT1, sodium-glucose cotransporter 1;iNOS, inducible nitric-oxide synthase; MCP-1, monocyte chemotactic
protein-1; Arg-1, arginase 1; TGF-31, transforming growth factor 31.

were then resuspended in the Dulbecco’s modified Eagle’s medium (DMEM; 31600-034, Gibco, Grand
Island, NY) supplied with 10% fetal bovine serum (FBS; F8067, Sigma, St. Louis, MO). The cells were cul-
tured at an incubator under 37°C and 5% CO,. The culture medium was replaced with fresh medium af-
ter 4 h of incubation, and the cell identification was performed at the third passage.

Cell culture and treatment. RAW264.7 mouse macrophage cell line was purchased from
Zhonggiaoxinzhou (Shanghai, China). RAW264.7 cells and isolated cardiac fibroblasts were cultured in
DMEM supplemented with 10% FBS in a 5% CO, incubator at 37°C. The cells were seeded with five
groups including normal glucose (NG, 5 mM), high glucose (HG, 30 mM), intermittent high glucose
(IHG), IHG + shSGLT1, and IHG + shNC. Plasmid Tet-pLKO-puro containing shNC or shSGLT1 were con-
structed by Nanjing GenScript Co., Ltd. (China). Then the plasmids were expanded and extracted and
subjected to virus packaging; the recombinant plasmids were transfected into 293 T cells, respectively;
and the cell supernatants were collected 48 h later. Then the supernatants were concentrated by ultra-
centrifugation to obtain high-titer lentivirus solution. The sequences shRNA targeting SGLT1 or shNC
were shSGLT1 (5'-GTGGTGAACATCAACGGTATT-3’") and shNC (5'-TTCTCCGAACGTGTCACGT-3'). For cell
infection, cells from IHG + shSGLT1 and IHG + shNC groups were infected with the lentivirus containing
shSGLT1 and shNC, respectively. After 24 h, the IHG model was induced. Cells from IHG groups were
exposed to HG and NG alternating every 2 h from 8:00 a.m. to 6:00 p.m. and cultured in NG for the rest
of the day. The media of the cells from the NG and HG groups were refreshed at the same time point
with IHG groups. The cells were analyzed 58 h later after cells from the HG and IHG groups received HG.

MTT. The cardiac fibroblast proliferation was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT). Cardiac fibroblasts (4 x 10%) were seeded in 96-well culture plates. Then
the MTT assays were performed at 0, 10, 34, and 58 h starting from HG treatment. The culture medium
was removed, and the cells were incubated with fresh medium containing 0.5 mg/mL MTT for 4.5 h.
Subsequently, the medium was removed, and the formazan crystals were dissolved in 150 ul of dimethyl
sulfoxide (DMSO). Then the absorbance of each well was measured at 570 nm using a microplate reader.

RNA preparation and qRT-PCR. Total RNA was extracted from cardiac tissues, cardiac fibroblasts,
and RAW264.7 cells using TRIpure reagent (RP1001, BioTeke, Beijing, China) according to the manufac-
turer’s instructions, and reverse transcription was performed to synthesize cDNA. The mRNA expression
of SGLT1, transforming growth factor 81 (TGF-B1), iNOS, monocyte chemotactic protein 1 (MCP-1),
CD86, CD206, and Arg-1 in cardiac tissues, cardiac fibroblasts, or RAW264.7 cells were measured, and the
primer sequences (GenScript, China) were shown in Table 1. The gRT-PCR was performed using an SYBR
green (59430, Sigma), and the mRNA expression of targets was expressed as relative levels to B-actin.

Western blot. Proteins from left ventricle (heart), kidney, small intestine, and liver of mice, cardiac
fibroblasts, and RAW264.7 cells were extracted by cell lysis buffer (P0013; Beyotime). The analysis of
SDS-PAGE was carried out, and then the proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Billerica, MA). After blocking, the membranes were incubated overnight with the
primary antibodies with SGLT1 (A11976; Abclonal), SGLT2 (A20271; Abclonal), TGF-B81 (BA0290; Boster,
Wuhan, China), collagen | (AF0134; Affinity), collagen Ill (AF0136; Affinity), fibronectin (AF0738; Affinity),
a-SMA (AF1032; Affinity), and B-actin (sc-47778; Santa Cruz). Then the membranes were incubated with
secondary antibodies goat anti-rabbit IgG (A0208; Beyotime) or goat anti-mouse IgG (A0216; Beyotime),
and the protein bands were visualized by an ECL reagent (P0018; Beyotime) and quantified using gel
imaging analysis system with image soft Gel-Pro-Analyzer (WD-9413B; LIUYI, Beijing, China). The densito-
metric quantitation of SGLT1 was normalized to B-actin, and the relative expression of SGLT1 was nor-
malized to the average level of SGLT1 in the control group.

Data availability. The data are available from the corresponding author on reasonable request.

Statistical analysis. Statistical analysis was performed using Prism 8.0 software (GraphPad Inc., La
Jolla, CA). One-way analysis of variance (ANOVA) followed by Tukey’s analysis was performed to
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compare multiple experimental groups. Two-way ANOVA with repeated measures was used to deter-
mine cell proliferation of cardiac fibroblasts. The data are expressed as means * standard deviation
(SD). A value of P < 0.05 was considered statistically significant.
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