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Metabolic syndrome (MetS) includes visceral obesity, hyperglycemia, dyslipidemia, and
hypertension. The prevalence of MetS is 20-25%, which is an important risk factor for
chronic kidney disease (CKD). MetS causes effects on renal pathophysiology, including
glomerular hyperfiltration, RAAS, microalbuminuria, profibrotic factors and podocyte
injury. This review compares several criteria of MetS and analyzes their differences.
MetS and the pathogenesis of CKD includes insulin resistance, obesity, dyslipidemia,
inflammation, oxidative stress, and endothelial dysfunction. The intervention of MetS-
related renal damage is the focus of this article and includes controlling body weight,
hypertension, hyperglycemia, and hyperlipidemia, requiring all components to meet the
criteria. In addition, interventions such as endoplasmic reticulum stress, oxidative stress,
gut microbiota, body metabolism, appetite inhibition, podocyte apoptosis, and
mesenchymal stem cells are reviewed.
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1 INTRODUCTION

MetS called “Syndrome X” at first, it refers to a pathological state of metabolic disorders of proteins,
fats, carbohydrates, and other substances in humans. It is including hypertension, hyperlipidemia,
hyperuricemia, hyperglycemia, central obesity and insulin resistance. MetS is a common risk factor
for the morbidity and mortality of cardiovascular events such as myocardial infarction, stroke,
sudden cardiac death and thrombosis (1–6), it is also an important cause of new-onset CKD and
progression of CKD. With the increasing prevalence of MetS, its effects on the kidneys have
Abbreviations: MetS, Metabolic syndrome; RAAS, Renin Angiotensin Aldosterone System; GFR, glomerular filtration rate;
eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; ESRD, end-stage renal disease; ACEI, angiotensin
converting enzyme inhibitor; OS, oxygen species; Nrf2,erythroid 2-related factor; HSL, Hibiscus sabdariffa; HDL, high-density
lipoprotein; DPP-4, dipeptidyl peptidase-4; SGLT2,sodium-glucose cotransporter 2; GLP-1,glucagon-like peptide 1; CVD,
cardiovascular disease (CVD); ARB, angiotensin receptor antagonist; TMAO, trimethylamine N-oxide; LPS,
lipopolysaccharide; MSCs, Mesenchymal stem cells; WHO, World Health Organization; NCEP-ATPIII, National
Cholesterol Education/Adult Treatment Panel III; CDC, Chinese Diabetes Society; WC, waist circumference; TG,
triglycerides; IR, insulin resistance; AHA/NHLBI, American Heart Association/National Heart, Lung, and Blood Institute;
JIS, Joint Interim Statement; FBG, fasting blood glucose; CDA, China Diabetes Association; NHANES, National Health and
Nutrition Examination; TGF-b1,transforming growth factor-b1; ORG,obesity-Related Glomerulopathy; RPF, renal plasma
flow; ANG II, angiotensin II; TNF-a, tumor necrosis factor a; MCP-1, macrophage chemoattractant protein-1; ROS, reactive
oxygen species; NADPH, nicotinamide adenine dinucleotide phosphate oxidase. GFB, glomerular filtration barrier; GDF-11,
growth differentiation factor- 11; GDF-15, Growth differentiation factor 15; pEVs, podocyte-derived EVs; 11b-HSD11,11beta-
Hydroxysteroid dehydrogenase type 1; MSCs, Mesenchymal stem cells.
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attracted an increasing amount of attention from nephrologists.
The prevalence of MetS and MetS-related renal injury are also
different due to different races, lifestyles, and MetS diagnostic
criteria. Therefore, we will summarize the epidemiology,
pathogenesis, diagnosis and treatment progress of MetS-related
renal injury.
2 METS DEFINITION AND PREVALENCE

There is no uniform diagnostic standard for MetS in the world,
and the World Health Organization (WHO, 1998) (7), National
Cholesterol Education/Adult Treatment Panel III (NCEP-
ATPIII,2001) (8), Modified NCEP-ATP III,2010 (9), American
Heart Association (AHA, 2005) (10), International Diabetes
Federation (IDF, 2005) (11), and the Chinese Diabetes Society
(CDS,2020) (12) definitions are currently used. Components of
the several diagnostic criteria include central adiposity, an
impaired glucose tolerance, waist circumference (WC); blood
pressure, high density lipoprotein, triglycerides (TG), and serum
glucose. The WHO believes that the basic condition for
diagnosing MetS is an abnormal glucose metabolism, diabetes,
or insulin resistance (IR). The IDF believes central adiposity is a
prerequisite for the diagnosis of MetS. Due to the different focus
of several diagnostic criteria, the incidence of MetS in the same
group is different.Therefore, to unify the diagnostic criteria of
MetS, IDF, American Heart Association/National Heart, Lung,
and Blood Institute (AHA/NHLBI), and other institutions
published the MetS Joint Interim Statement (JIS) criterion
(13). This standard no longer regards WC as a necessary
condition for the diagnosis of MetS. The JIS criterion for
Frontiers in Endocrinology | www.frontiersin.org 2
defining MetS includes: (1) raised fasting blood glucose (FBG)
or the use of hypoglycemic drugs; (2) increased blood pressure or
the use of antihypertensive drugs; (3) increased plasma TG or the
use of hypolipidemic drugs; (4) a decreased HDL-C; and (5) the
Chinese criterion for central obesity (or visceral obesity) with a
waist circumference of >85 cm for men and >80 cm for women.
MetS was diagnosed if three or more of the above criteria were
met (13). The diagnostic criteria of the China Diabetes
Association (CDA) MetS of the Chinese Medical Association
has a high similarity and coincidence rate with the JIS and
NCEP-ATPIII (Kappa values are 0.730 and 0.774, respectively)
(14). Table 1 shows the common definitions of MetS.

It is estimated that the worldwide prevalence of MetS is 20 –
25% (15), but there are great differences in the prevalence of
MetS in various countries. According to the literature, the lowest
prevalence of MetS patients is only 6.1% and the highest is 55.6%.
This may be due to different gender, age, racial, eating habits,
education, medical security, nature of work, and living
environment. From 1980 to 2012, the prevalence of MetS in
the United States increased to 35% (16), however, the prevalence
of MetS in the United States has been gradually decreasing in
recent years. The data released by the National Health and
Nutrition Examination (NHANES) in 2020 showed that the
incidence rate of MetS was 24% in men and 22% in women
(17). A meta-analysis from China showed that the prevalence of
MetS was 24.5% between 2007 and 2015. By sex, the prevalence
was 19.2% in men and 27.0% in females. The older the age, the
higher the prevalence of MetS. The prevalence of MetS in aged ≥
60 was 2.33 times higher than those in aged 15-39 (32.4% vs.
13.9%). The prevalence of MetS was 1.3 times higher in
individuals living in urban areas than those living in rural
TABLE 1 | Criteria for diagnosing MetS.

WHO,1998 IDF,2005 NCEP ATP III,2004 Modified NCEP
ATP III,2010

AHA,2005 CDS,2020

Presence of impaired
glucose tolerance with
any 2 of the following
criteria

Presence of central
adiposity with 2 or more
of the following criteria

Presence of 3 or more of the following criteria

Serum
glucose

plasma glucose at 2h after
glucose load ≥7.8 mmol/L

FPG ≥100 mg/dL (5.6
mmol/L) or previously
diagnosed type 2
diabetes.

FPG≥110 mg/dL
(6.1 mmol/L)

FPG≥100 mg/dL (5.6
mmol/L)

FPG ≥100 mg/dL
(5.6 mmol/L)

FPG ≥6.1 mmol/L or
plasma glucose at 2 h
after glucose load ≥7.8
mmol/L

WC – M: > 90cm; F: > 80cm M: >102 cm; F:
>88 cm

M: >102 cm; F:
>88cm(Asian origin,
M: >90 cm and F:
>80 cm)

M: >102 cm; F:
>88 cm

M: ≥ 90cm; F: ≥ 85cm

BMI >30 kg/m2
WHR M>0.90 ;F >0.85
Hyperrension ≥140/≥90 mmHg ≥130/≥85 mmHg ≥130/≥85 mmHg ≥130/≥85 mmHg or

current use of
antihypertensive
drugs

≥130/≥85 mmHg ≥130/≥85 mmHg

HDL
Cholesterol

M: < 35 mg/dL (0.9 mmol/
L); F: < 39 mg/dL (1 mmol/
L)

M: < 40 mg/L (1.03 mmol/
L); F: < 50 mg/L (1.29
mmol/L) or receiving
treatment

M: <40 mg/dL
(1.03 mmol/ L) ;F:
<50 mg/dL (1.29
mmol/L)

M: <40 mg/dL (1.03
mmol/ L) ;F: <50 mg/
dL (1.29 mmol/L)

M: <40 mg/dL
(1.03 mmol/ L) ;F:
<50 mg/dL
(1.29mmol/L)

<40 mg/dL (1.04mmol/L)

Triglycerides ≥150 mg/dL (1.7 mmol/L) ≥150 mg/dL (1.7 mmol/L)
or receiving treatment

≥150 mg/dL (1.7
mmol/L)

≥150 mg/dL (1.7
mmol/L)

≥150 mg/dL (1.7
mmol/L)

≥150 mg/dL (1.7 mmol/L)
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areas (24.9% vs. 19.2%) (18). A joint survey study between the
United States and China showed that the prevalence of MetS in
the two countries was 36.6-37.3% and 23.0%, respectively. The
highest prevalence of MetS is in aged 40-50 (19). MetS is also
common in South Asian countries, including Afghanistan,
Bangladesh, India, Maldives, Nepal, Pakistan, and Sri Lanka.
The lowest prevalence of MetS was only 8.6%, and the highest
was 46.1% (20). All were in South Asian, using the ATP III
diagnostic criteria, Pakistani males had a higher prevalence of
MetS (55.6% vs. 45.9%) (21), while Indian females had a 1.30-
fold higher prevalence of MetS (50.9% vs. 39.2%) (22). From
2009 to 2013, the prevalence of MetS in Japan was 14.6% (648/
4446). By sex, the prevalence was 20.6% in males and 6.1% in
females (23). It can be seen that the prevalence of MetS is greatly
affected by dietary habits, medical insurance, gender and age,
especially postmenopausal women have a higher prevalence
of MetS.
3 ASSOCIATION BETWEEN METS
AND CKD

MetS and CKD are causal and influence each other. A large
number of studies have confirmed that MetS can lead to changes
in renal structure and function, such as a decreased glomerular
filtration rate (GFR) and increased urinary microalbumin (24–
27). A meta-analysis showed that the risk of CKD in MetS was
1.34 times higher than those without MetS (28). Another meta-
analysis showed that MetS increased the risk of CKD by 50%
(29). Many studies found that each component of MetS was
associated with CKD. The more components there were, the
higher the risk of CKD (odds ratio, 1.96; 95%: 1.71,2.34) (26, 29).
However, a few reports have shown a nonsignificant association,
which may have been related to the different diagnostic criteria
used for MetS (30). Similarly, due to impaired renal function,
microenvironment changes and disorder of glucose and lipid
metabolism in patients with CKD, the incidence of MetS in
patients with CKD is significantly higher than that in the general
population. With the progress of CKD, the incidence of MetS
gradually increases (31). A study in Thailand found that the
prevalence of MetS in patients with CKD was 71.3%, and the
prevalence of met in patients with ckd3a to 5 was 70.1%, 72.3%,
73.4% and 72.7% respectively, which was significantly higher
than that in patients without CKD (32).

Recently, after using the “MetS score” and the “MetS factor”
to refine MetS and its components, it was found that
regardless of gender and racial, the higher the score of MetS,
the higher prevalence of CKD, including GFR decline and
microalbuminuria increase (33–35). When each component of
MetS was evaluated separately, it was found that hypertension
and increased LDL metabolism were associated with
microalbuminuria and estimated glomerular filtration rate
(eGFR), hyperglycemia and hypertriglyceridemia were
associated with microalbuminuria (36). Sixty percent of the
study population had MetS in CKD3-4. After more than 2
years of follow-up, CKD stage 3-4 patients with MetS had a
Frontiers in Endocrinology | www.frontiersin.org 3
1.33 times increased risk of progression to ESRD. Among the
components of MetS, hyperlipidemia and elevated blood
pressure are more likely lead to the progression of CKD to
ESRD; Low HDL cholesterol increases the risk of death; Impaired
glucose metabolism is an important risk factor for ESRD and
death (37).
4 THE PATHOGENESIS OF METS-
RELATED RENAL INJURY

The pathogenesis of MetS-related renal damage is complex,
including insulin resistance, obesity, hypertension,
dyslipidemia, inflammation, oxidative stress, and endothelial
dysfunction. The pathogenesis of MetS-related kidney injury is
shown in Figure 1.

4.1 Insulin Resistance
Insulin resistance is essential factor of MetS, it is able to induce
sodium retention and vascular endothelium vasoconstriction by
antinatriuresis, which leads to RAAS activation and renal tubular
lipid accumulation finally. This may be the important cause of
MetS-related renal damage caused by insulin resistance (38, 39).
Insulin resistance-related renal injury also includes transforming
growth factor-b1 (TGF-b1), which is increased in the adipocytes
of obese patients with insulin resistance and is responsible for the
proliferation of mesangial cells and ultimately CKD, a potent
initiator of disease (40–43). The sterol regulatory element
binding protein-1 (SREBP-1) increases lipid droplet deposition
in renal tubular cells and interstitial extracellular mechanisms
(44–46), leading to tubular atrophy and interstitial fibrosis.
Insulin like growth factor-1 (IGF-1) and dedifferentiation of
vascular smooth muscle cells can induce connected tissue growth
factor (CTGF), thus promoting renal tubular fibrosis
Hyperglycemia in rat mesangial cells inhibits the degradation
of the extracellular matrix by metalloproteinase 9, resulting in
mesangial extracellular matrix proliferation and fibrosis (47–50).
In addition, insulin resistance damages the microvessels of
patients, especially the fundus, kidneys, muscles and cardiac
arteries, and eventually damages the corresponding target
organs (51).

4.2 Obesity
Hemodynamic changes, abnormal lipid metabolism, and
dysregulations of the hormone response are the primary
pathogeneses of obesity-Related Glomerulopathy (ORG)
(52). A study found that aldosterone levels were significantly
elevated in obese patients, hypertension and high WC were
positively correlated with the level of aldosterone and
negatively correlated with HDL (53). Activation of the RAAS
and enhanced sympathetic activity in obese patients lead to
increased levels of aldosterone, which reflexively lead to
increased renal tubular reabsorption of sodium salts,
resulting in water and sodium retention (54). The activation
of RAAS in obese patients leads to hemodynamic changes such
as increased of GFR and renal plasma flow (RPF), which causes
June 2022 | Volume 13 | Article 904001
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glomerular hyperfiltration, compensated glomerulomegaly,
segmental sclerosis, and promoting the progression of MetS-
related renal damage (55–57). Hormone regulation disorder and
ectopic lipid deposition in obese patients can directly or indirectly
affect the structure and function of renal intrinsic cells (52).
Hyperinsulinemia promotes the secretion of leptin by adipocytes,
and leptin levels are significantly elevated in MetS patients (58, 59).
Increased leptin secretion in MetS patients leads to kidney damage
through the following two pathways, including (1) promoting the
expression of TGF-b1 in renal parenchymal cells, increasing the
production of type IV collagen, leading to tubular atrophy,
interstitial fibrosis and glomerulosclerosis, (2) Leptin causes
sodium reabsorption, leading to changes in renal hemodynamics
(60, 61).

4.3 Hypertension
Hypertension is an important condition for the diagnosis of
Mets. Hypertension in MetS patients is closely related to plasma
aldosterone levels and sympathetic nerve activity (53). First,
visceral adipocytes secrete a large number of substances such as
angiotensinogen, which leads to the activation of RAAS (62–
64). Second, the accumulation of excessive fat in and around
the kidneys of patients with MetS compresses renal
parenchymal cells, resulting in impaired pressure natriuresis
(65–68). Thirdly, other hormone secretion disorders in MetS
patients (including increased leptin, reduced adiponectin, etc.)
lead to increased sympathetic nerve activity in the body (69–
71), which are important reasons for hypertension in MetS
patients. For a long time, the changes in renal structure and
function caused by hypertension cannot be ignored, and it is
also one of the important secondary causes of ESRD.
Frontiers in Endocrinology | www.frontiersin.org 4
Hypertension primarily causes kidney damage due to
ischemia. Ischemia causes renal tubular, renal vascular, and
glomerular damage, primarily renal tubular damage (72, 73).
Ischemia can also increase the synthesis and secretion of
angiotensin II (ANG II), which can further constrict blood
vessels and lead to the proliferation of renal parenchymal cells,
damaging the kidney through hemodynamic and non-
hemodynamic effects (74).
4.4 Another Pathogenesis
During MetS, adiponectin, leptin, chemerin, resistin, IL-6, and
tumor necrosis factor a(TNF-a) and other adipokines are
abnormally secreted and released, or dysfunctional, which
induces oxidative stress, endothelial dysfunction, inflammatory
effects, and increased sympathetic activity, and finally lead to
changes in renal function and structure (75–79). Furthermore,
during Mets, adipose tissue secretion of pro-inflammatory factors
increased, including macrophage chemoattractant protein-1
(MCP-1), macrophage migration inhibitory factor, chemokine
ligand 5, and macrophage colony-stimulating factor. These pro-
inflammatory factors can lead to inflammatory response, resulting
in proteinuria and impaired renal function (80–82). The
production of reactive oxygen species (ROS) in renal tissue
increases due to inflammatory cell infiltration. ROS may cause
damage to proximal tubules by interfering with renal tubular ion
transport by altering renal and hemodynamics. ROS can also
induce TGF-b1 and fibrinolysis through the activation of the
nuclear factor-k light chain enhancer and nicotinamide adenine
dinucleotide phosphate oxidase (NADPH) pathways of activated
B cells. The expression of pro-fibrotic molecules, such as zymogen
FIGURE 1 | The pathogenesis of MetS-related kidney injury.
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activator inhibitor 1, thus aggravates the progress of renal fibrosis
(83).IR is an independently risk factor in many diseases, it affects
renal podocytes. Podocyte foot loss causes partial shedding of the
glomerular filtration barrier (GFB), resulting in macromolecular
leakage and proteinuria (84, 85). The adipose tissue secretes all
components of the RAAS. During Mets, excessive activation of
RAAS will lead to increased renal volume load and hyperfiltration,
thus damaging the GFB, including endothelial cells, basement
membrane, especially the podocytes (67, 86). In obese patients, a
large number of lipid droplets can be found in renal innate cells,
especially in podocytes. The deposition of lipid droplets leads to
the depletion of renal cell energy, and ultimately the apoptosis of
intrinsic renal cells, resulting in CKD and even ESRD (85, 87, 88).
5 DIAGNOSIS OF METS-RELATED
RENAL INJURY

MetS-related kidney disease is renal impairment in patients with
MetS that includes glomerular hyperfiltration, eGFR < 60/mL/min
per 1.73 m2, proteinuria and/or microalbuminuria, renal tubular
dysfunction, ultrasound abnormalities (increased intra-renal
resistive indices) (89), and histopathological abnormalities (90).
Of course, MetS with CKD is not exactly MetS-related kidney
disease. In addition, there is consistent evidence in the literature
regarding the association betweenMetS and kidney stones (91, 92).

Several components of MetS may affect the kidney, or they may
be combined to damage the kidney. Therefore, the damage of MetS
to the renal tissue structure is also diverse. Kidney pathological
characteristics in patients with MetS include glomerulomegaly,
podocytopathy, mesangial cell and matrix proliferation, GBM
thickening, global sclerosis, segmental sclerosis, tubular atrophy,
interstitial fibrosis, and renal vascular injuries (arterial sclerosis and
hyalinosis) (93–97). Kidney pathological characteristics for patients
with MetS is shown in Figure 2 (98).

Recent studies have found that some new biomarkers are
significantly altered in the blood and urine of MetS patients, such
as growth differentiation factor -11 (GDF-11). GDF- 11 is an
important endocrine factor involved in the metabolic process of
the body (99, 100), was found to be negatively correlated with
body mass index and WC of MetS patients (101, 102). Growth
differentiation factor 15 (GDF-15) is an endocrine factor
involved in metabolism, and GDF-15 levels have been found
to be significantly increased in elderly MetS patients and
has been independently correlated with MetS (103, 104). A
study from the Japanese found that urinary A-megalin is
associated with the clustering number of MetS traits including
hyperhomocysteinemia (105, 106). At present, Urinary
podocyte-derived EVs (pEVs) is widely recognized as a specific
biomarker for podocyte injury, and studies have found that it is
significantly increased in secondary podocytes, such as early
diabetic nephropathy, hypertensive nephropathy, and eclampsia
(107–109). An animal study found that the urine pEVs of MetS
model pigs increased significantly, Meanwhile, kidney histology
confirmed the existence of podocyte and mitochondrial damage
Frontiers in Endocrinology | www.frontiersin.org 5
in MetS pigs. Therefore, urinary pEVs may be an early biomarker
for MetS-related kidney injury (88). Whether the above
indicators can be used as markers for the diagnosis of MetS-
related nephropathy requires further study.

6 MANAGEMENT OF METS-RELATED
KIDNEY DISEASE

A study found that patients with uncontrolled MetS had a 3.28
times higher risk of rapid decline in renal function than those
who were controlled (110). Therefore, early treatment of MetS is
beneficial to prevent and delay the progression of kidney disease.
Specific measures include lifestyle change, managing weight
control, hypertension, hyperlipidemia, and abnormal blood
sugar. If each component of MetS is treated, each component
can meet the standard. In recent years, studies have found that
intervention targeting gut microbiota, oxidative stress, and
inflammatory responses, and stem cell transplantation may
help to alleviate Mets related nephropathy.

6.1 Lifestyle Interventions
Lifestyle interventions have always been important means of
control MetS, including changing dietary patterns, focusing on a
veggie–fruit–grains dietary pattern (111), adhering to aerobic
exercise, a diet rich in medium-chain fatty acids and short-chain
fatty acids, reasonable sleep, smoking cessation, and avoiding
excessive intake of coffee. A study found that excessive coffee
consumption (≥3 cups/day) increased the incidence of MetS by
1.5 times (112).

6.2 Weight Loss
Lifestyle interventions such as dietary restriction, change dietary
Patterns, aerobic exercise, a diet rich in medium-chain fatty acids
and short-chain fatty acids, reasonable sleep, and smoking
cessation have always been important means of weight
control. Studies have found that after dietary restriction or
dietary restriction combined with aerobic exercise, serum
creatinine and albuminuria decreased, GFR increased, renal
hemodynamics improved, and the risk of kidney stone
formation reduced with weight loss (81, 113–115). A study
from Taiwan showed that compared with other dietary
patterns, MetS patients with veggie–fruit–grains dietary pattern
had better parameters of kidney function, including lower serum
creatinine, blood urea nitrogen, and serum uric acid levels, and
higher eGFR (111). A study of bariatric surgery in adolescents
showed that eGFR increased by an average of 26ml/min/1.73m2
three years after surgery. Participants with albuminuria at
baseline had improved significantly after operation (116).
Similarly, after 6 years of follow-up for weight loss by gastric
bypass, it was found that the patient’s metabolic-related
indicators were well controlled, cardiovascular events were
significantly reduced, and the risk of moderate to severe kidney
disease was reduced by 45% (117). However, the existing
literature demonstrated that despite its perioperative risks and
short-term complications, surgical weight loss has a better long-
June 2022 | Volume 13 | Article 904001

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Lin et al. Metabolic Syndrome and CKD
term prognosis for cardiovascular and renal disease (116,
118–121).

6.3 Antihypertensive Therapy
Patients with hypertension should first adhere to a salt restriction
diet. The second is the application of antihypertensive drugs. It is
recommended to use angiotensin converting enzyme inhibitor
(ACEI) and angiotensin receptor antagonist (ARB) to control
hypertension in MetS patients, and this is beneficial to reduce
Renin Angiotensin Aldosterone System(RAAS) activation,
relieve glomerular hyperfiltration, and reduce proteinuria and
hyperuricemia (122).RAAS blocker combined with exercise
training can better reduce the hypertension, urine albumin-to-
creatinine ratio, and serum creatinine of MetS patients (39, 123).
Losartan can stably reduce blood pressure in MetS patients, while
maintaining the normal circadian rhythm of blood pressure and
achieve renal protection (124).

Animal studies have found that long-term administration of
telmisartan can reduce the release of leptin from adipose tissue,
thereby reducing proteinuria (125). Calcium channel blocker
drugs, benidipine can also reduce the mean arterial pressure and
resistance of the renal arterioles in MetS patients, and the urinary
protein excretion rate is reduced by 1.5 times (126).

6.4 Lipids Adjustment
Statins have very solid evidence in controlling hyperlipidemia,
stabilizing atherosclerosis, and reducing the risk of
Frontiers in Endocrinology | www.frontiersin.org 6
cardiovascular disease, and have become the first-line drugs for
hyperlipidemia in MetS patients (127). Fibrates are also effective
in hyperlipidemia, especially in the control of atherosclerotic
dyslipidemia (128). In addition, the anti-inflammatory,
antioxidant, antithrombotic, anti-fibrotic, and endothelial cell
function improvement effects of statins can reduce proteinuria in
patients with MetS and delay the progression of kidney disease
(129). A study found that the benefit of cardiovascular protection
in patients with MetS treated with statins was significantly higher
than that without MetS. The eGFR in the MetS increased
by 13.7mi/min/1.73m2, which was 2.36 times higher than that
in MetS patients without statins (130). In MetS patients with
CKD, it is safe to control hyperlipidemia with statins or fibrates.
Is the combination of the two drugs safe for MetS with a variety
of dyslipidemia? A study found that in MetS patients with CKD
treated with low-dose statins combined with fibrate still
have high safety and can significantly reduce proteinuria (131).
Studies have found that the expression of 11beta-Hydroxysteroid
dehydrogenase type 1 (11b-HSD1) is significantly increased in
obesity and glucose and lipid metabolism disorders (132). 11b-
HSD1 inhibitors can improve the lipid metabolism disorder in
MetS (133–135).
6.5 Glucose Control
Metformin, pioglitazone, dipeptidyl peptidase-4 (DPP-4)
inhibitors, glucagon-like peptide 1 (GLP-1) receptor agonists,
FIGURE 2 | Kidney pathological characteristics for patients with MetS. Tubular atrophy (arrows) and interstitial fibrosis (arrowheads), PASM. This picture is from
Mariam P et al., 2009 (98).
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and the sodium-glucose cotransporter 2 (SGLT2) inhibitor have
been studied in patients with MetS. Metformin has good safety in
the treatment of hyperglycemia and can enhance insulin
sensitivity at the same time. It is the best solution for the
treatment of MetS glucose metabolism disorder in children
(136). Thiazolidinedione increases insulin sensitivity, improves
IR and glycemic control, and also significantly reduces blood
pressure, increases high-density lipoprotein (HDL), improves
endothelial cell function and fibrinolytic activity, and
reduces inflammation.

DPP4 inhibitors not only have definite hypoglycemic effect,
but also play a protective role in cardiovascular, kidney and
important target organs through the following mechanisms.
Including regulating the levels of adenosine monophosphate-
activated protein kinase and adiponectin levels in MetS mice,
reducing inflammatory response and fatty liver (137), DPP-4/
incretin axis reducing cardiovascular events (138), and
improving hyperglycemia induced vascular lesions through
endothelium-dependent Manner (139).

In recent years, GLP-1 receptor agonists have been used more
and more widely. They not only exert the hypoglycemic effect,
but also do not increase the risk of hypoglycemia. At the same
time, they also have the effects of reducing weight, controlling
hyperlipidemia, hypertension, and reducing inflammatory
reaction, so as to prevent cardiovascular events (140).
Liraglutide is a widely used GLP-1 receptor agonist, which has
definite efficacy in reducing plaque formation and anti-
atherosclerotic action (141).

Similarly, in addition to controlling hyperglycemia, SGLT2
also plays a role in reducing weight loss, controlling
hypertension, increasing urinary sodium excretion and
reducing edema by reducing sympathetic activity, improving
insulin resistance (142), regulating renal sodium and urate
transport and excretion in MetS patients (143, 144). It has a
definite protective effect on cardiovascular and renal function in
type 2 diabetes and MetS patients.

6.6 Chinese Herbal Medicines
In recent years, many Chinese herbal medicines and their
extracts have achieved significant efficacy in the treatment of
MetS and MetS- related kidney damage. They mainly improve
components of the MetS and protect the kidneys by exerting
anti-endoplasmic reticulum stress, antioxidant and anti-
inflammatory activities.

Endoplasmic reticulum stress is an important pathogenesis of
MetS kidney damage. Berberine can reduce urinary
microalbumin, the body mass index, and postprandial blood
glucose and triglyceride levels in MetS patients by regulating
glucose and lipid metabolism, endoplasmic reticulum stress,
inflammatory factors, insulin resistance, oxidative stress, and
intestinal microbiota (145–148).

Osthol and Hibiscus sabdariffa L (HSL) have significant
antioxidant effects. The mechanisms include inhibiting
ketohexokinase activity and regulating adipogenesis; reducing
oxidative stress by activating nuclear factor-erythroid 2-related
Frontiers in Endocrinology | www.frontiersin.org 7
factor (Nrf2) (149); promoting an increase in the enzymatic and
non-enzymatic antioxidant systems, leading to a reduction in
oxygen species (150). Ultimately, it promotes renal repair and
delay renal progression in MetS patients.

Pycnogenol is an extract of pine bark, which is rich in
bioactive substances such as procyanidins and catechins, has
strong anti-inflammatory activities (151), affects endothelial
function and reduces blood pressure (152). A randomized
controlled study of ramipril alone and ramipril combined with
pycnogenol in the treatment of MetS found that the combined
treatment group decreased urinary albumin more significantly
than the control group, and the renal cortical blood flow rate and
renal function improved more significantly (123).

6.7 Other Treatments
6.7.1 Probiotics
Gut microbiota can interfere with host metabolism, and the
taxonomic species or abundance of gut microbes are affected by
dietary patterns, lifestyles, and drugs. A study found changes in
gut microbial taxonomic species in obese patients (153), and gut
microbial-derived metabolites may induce subclinical
inflammatory processes in MetS patients, leading to target
organ damage (154).. Studies have found that probiotics have
great benefits for obese and MetS patients by improving the
body’s inflammatory state and reducing homocysteine and blood
glucose levels (155). A randomized controlled study of patients
with MetS found that the severity of MetS was significantly
reduced after probiotic supplementation (156). Whether
probiotics have a protective effect on MetS-related renal
damage needs further study.

6.7.2 Glycine
Glycine is a non-essential amino acid in the human body, but it
participates in the important process of metabolism, as well as
the process of immune regulation and anti-inflammatory. A
study found that plasma the glycine level in MetS patients were
lower than that in healthy. Glycine supplementation can improve
a variety of clinical symptoms of MetS, such as abnormal glucose
metabolism, overweight, hypertension, and hyperlipidemia
(157). A study of 60 patients with MetS found that daily
supplementation glycine (15 g/day) for 3 months, significantly
reduced oxidative stress responses in the treatment group,
including superoxide dismutase-specific activity and
thiobarbituric acid reactive substances. The patient ’s
hypertension was significantly improved (158).

6.7.3 Stem Cell Therapy
Mesenchymal stem cells (MSCs) can improve the various
disorders of MetS such as abdominal obesity, hyperglycemia,
hypertriglyceridemia, and hypertension. MSCs promote renal
injury in diabetic mice (159, 160). A superior source of MSCs
is from the umbilical cord -MSCs, where the cells can be
obtained conveniently, less invasively, and have excellent
regenerative and immunosuppressive properties (161).
However, whether stem cell therapy can improve the renal
June 2022 | Volume 13 | Article 904001

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Lin et al. Metabolic Syndrome and CKD
tissue structure and function of MetS related renal damage has
not been studied.
7 DISCUSSION

With improvements in living standards and changes in lifestyle,
the prevalence of MetS is increasing annually. In the future,
MetS-related renal damage will become one of the key diseases
for CKD prevention and treatment. We should focus on
prevention and pay attention to early comprehensive
intervention by including the control of body weight,
hypertension, hyperglycemia, and hyperlipidemia, requiring all
components to meet the criteria. Recently, studies have
demonstrated that many new intervention measures, such as
anti-inflammatories, antioxidants, the regulation of intestinal
microorganisms, inhibiting appetite, stem cell transplantation,
and other treatment methods, have achieved preliminary results
and are expected to become new treatment targets for MetS
Frontiers in Endocrinology | www.frontiersin.org 8
related renal injury. This will reduce the prevalence of MetS renal
damage and improve the prognosis.
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59. Vatier C, Jéru I, Fellahi S, Bastard JP, Vigouroux C. Leptin, Adiponectin,
Lipodystrophic and Severe Insulin Resistance Syndromes. Ann Biol Clin
(Paris) (2020) 3:261–4. doi: 10.1684/abc.2020.1551

60. Sikorska D, GrzymislawskaM, RoszakM, Gulbicka P, Korybalska K,Witowski J.
Simple Obesity and Renal Function. J Physiol Pharmacol (2017) 2:175–80.

61. Navarro Dıáz M. Consequences of Morbid Obesity on the Kidney. Where
are We Going? Clin Kidney J (2016) 6:782–7. doi: 10.1093/ckj/sfw094

62. Rasha F, Ramalingam L, Gollahon L, Layeequr Rahman R, Mizanoor
Rahman S, Menikdiwela K, et al. Mechanisms Linking the Renin-
Angiotensin System, Obesity, and Breast Cancer. Endocr Relat Cance
(2019) 12:R653–72. doi: 10.1530/ERC-19-0314

63. Yvan-Charvet L, Quignard-Boulange A. Role of Adipose Tissue Renin-
Angiotensin System in Metabolic and Inflammatory Diseases Associated
With Obesity. Kidney Int (2011) 79:162–8. doi: 10.1038/ki.2010.391

64. Escasany E, Izquierdo-Lahuerta A, Medina-Gomez G. Underlying
Mechanisms of Renal Lipotoxicity in Obesity. Nephron (2019) 1:28–32.
doi: 10.1159/000494694

65. Seok Hui K, Kyu Hyang C, Jong Won P, Kyung Woo Y, Jun Young D.
Association of Visceral Fat Area With Chronic Kidney Disease and
Metabolic Syndrome Risk in the General Population: Analysis Using
Multi-Frequency Bioimpedance. Kidney Blood Press Res (2015) 3:223–30.
doi: 10.1159/000368498

66. Hall ME, do Carmo JM, da Silva AA, Juncos LA, Wang Z, Hall JE. Obesity,
Hypertension, and Chronic Kidney Disease. Int J Nephrol Renovasc Dis
(2014) 7:75–88. doi: 10.2147/IJNRD.S39739

67. Mende CW, Einhorn D. FATTY KIDNEY DISEASE: A NEW RENAL AND
ENDOCRINE CLINICAL ENTITY? DESCRIBING THE ROLE OF THE
KIDNEY IN OBESITY, METABOLIC SYNDROME, AND TYPE 2
DIABETES. Endocr Pract (2019) 8:854–8. doi: 10.4158/EP-2018-0568

68. Ferrara D, Montecucco F, Dallegri F, Carbone F. Impact of Different Ectopic
Fat Depots on Cardiovascular and Metabolic Diseases. J Cell Physiol (2019)
12:21630–41. doi: 10.1002/jcp.28821

69. Gu P, Xu A. Interplay Between Adipose Tissue and Blood Vessels in Obesity
and Vascular Dysfunction. Rev Endocr Metab Disord (2013) 1:49–58.
doi: 10.1007/s11154-012-9230-8

70. Mair KM, Gaw R, MacLean MR. Obesity, Estrogens and Adipose Tissue
Dysfunction Implications for Pulmonary Arterial Hypertension. Pulm Circ
(2020) 3:2045894020952019. doi: 10.1177/2045894020952023

71. Hosseini A, Marjan Razavi B, Banach M, Hosseinzadeh H. Quercetin and
Metabolic Syndrome: A Review. Phytother Res (2021) 10:5352–64.
doi: 10.1002/ptr.7144

72. da Silva AA, do Carmo JM, Li X, Wang Z, Mouton AJ, Hall JE. Role of
Hyperinsulinemia and Insulin Resistance in Hypertension: Metabolic Syndrome
Revisited. Can J Cardiol (2020) 5:671–82. doi: 10.1016/j.cjca.2020.02.066

73. Simeoni M, Borrelli S, Garofalo C, Fuiano G, Esposito C, Comi A, et al.
Atherosclerotic-Nephropathy: An Updated Narrative Review. J Nephrol
(2021) 1:125–36. doi: 10.1007/s40620-020-00733-0

74. Katsimardou A, Imprialos K, Stavropoulos K, Sachinidis A, Doumas M,
Athyros V. Hypertension in Metabolic Syndrome: Novel Insights. Curr
Hypertens Rev (2020) 1:12–8. doi: 10.2174/1573402115666190415161813

75. Zhu Q, Scherer PE. Immunologic and Endocrine Functions of Adipose
Tissue: Implications for Kidney Disease. Nat Rev Nephrol (2018) 14:105–20.
doi: 10.1038/nrneph.2017.157

76. Cabandugama PK, Gardner MJ, Sowers JR. The Renin Angiotensin
Aldosterone System in Obesity and Hypertension: Roles in the
Cardiorenal Metabolic Syndrome. Med Clin North Am (2017) 1:129–37.
doi: 10.1016/j.mcna.2016.08.009
Frontiers in Endocrinology | www.frontiersin.org 10
77. Nasrallah MP, Ziyadeh FN. Overview of the Physiology and Pathophysiology of
Leptin With Special Emphasis on Its Role in the Kidney. Semin Nephrol (2013)
1:54–65. doi: 10.1016/j.semnephrol.2012.12.005

78. Mao S, Fang L, Liu F, Jiang S, Wu L, Zhang J. Leptin and Chronic Kidney
Diseases. Recept Signal Transduct Res (2018) 2:89–94. doi: 10.1080/
10799893.2018.1431278

79. Esmaili S, Hemmati M, Karamian M. Physiological Role of Adiponectin in
Different Tissues: A Review. Arch Physiol Biochem (2020) 1:67–73.
doi: 10.1080/13813455.2018.1493606

80. Markova I, Miklankova D, Hüttl M, Kacer P, Skibova J, Kucera J, et al. The
Effect of Lipotoxicity on Renal Dysfunction in a Nonobese Rat Model of
Metabolic Syndrome: A Urinary Proteomic Approach. J Diabetes Res (2019)
6:8712979. doi: 10.1155/2019/8712979

81. Fu C-P, Sheu WH-H, Lee I-T, Lee W-J, Wang J-S, Liang K-W, et al. Weight
Loss Reduces Serum Monocyte Chemoattractant Protein-1 Concentrations
in Association With Improvements in Renal Injury in Obese Men With
Metabolic Syndrome. Clin Chem Lab Med (2015) 4:623–9. doi: 10.1515/
cclm-2014-0468

82. Leonardo Silveira Rossi J, Barbalho SM, Reverete de Araujo R, Dib Bechara
M, Portero Sloan K, Sloan LA. Metabolic Syndrome and Cardiovascular
Diseases: Going Beyond Traditional Risk Factors. Diabetes Metab Res Rev
(2022) 3:e3502. doi: 10.1002/dmrr.3502

83. Lee H, Jose PA. Coordinated Contribution of NADPH Oxidase- and
Mitochondria-Derived Reactive Oxygen Species in Metabolic Syndrome
and Its Implication in Renal Dysfunction. Front Pharmacol (2021)
12:670076. doi: 10.3389/fphar.2021.670076

84. Welsh GI, Hale LJ, Eremina V, Jeansson M, Maezawa Y, Lennon R, et al.
Insulin Signaling to the Glomerular Podocyte is Critical for Normal Kidney
Function. Cell Metab (2010) 12:329–40. doi: 10.1016/j.cmet.2010.08.015

85. D’Agati VD, Chagnac A, de Vries APJ, Levi M, Porrini E, Herman-Edelstein
M, et al. Obesity-Related Glomerulopathy: Clinical and Pathologic
Characteristics and Pathogenesis. Nat Rev Nephrol (2016) 8:453–71.
doi: 10.1038/nrneph.2016.75

86. Martin-Taboada M, Vila-Bedmar R, Medina-Gómez G. From Obesity to
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