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ORIGINAL RESEARCH

Folic Acid Protects Against Kidney Damage in
Mice with Diabetic Nephropathy by Inhibiting
M1 Macrophage Polarization via Nuclear Factor-
k-gene Binding Pathway

Yuanyuan Jing, BD, Shuai Niu, Mmed; Yi Chen, BD

ABSTRACT

Kidney damage is one of the most common
complications of diabetes, and inflammation caused by
macrophage infiltration plays an important role. Folic acid
(FA), a water-soluble vitamin, was previously found to
affect inflammation by regulating macrophage
polarization. In our study, we aimed to investigate the
effect of FA on renal injury in mice with diabetic
nephropathy (DN). We found that FA treatment
ameliorated diabetic metabolic parameters in mice with
DN, including reducing 24-hour food consumption,
24-hour urine volume and 24-hour water intake and
increasing body weight and serum insulin. Of note, FA
treatment improved renal functional and structural
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INTRODUCTION

Diabetes mellitus is a metabolic disease whose main
feature is hyperglycemia, and long-term hyperglycemia can
lead to chronic damage and dysfunction of various tissues,
especially the eyes, kidneys, cardiovascular system and
nerves."* Diabetic nephropathy (DN) is one of the most
common microvascular lesions in patients with diabetes, and
approximately one-third of patients with diabetes will
eventually develop DN.? The pathogenesis of DN is complex,
and multiple links are involved in the kidney damage of DN,
such as metabolic environment disorder, obesity,
hemodynamic changes, hormone effects, pro-inflammatory
effects, oxidation and stress, protein kinase activity and
genetics.>* Recently, more and more studies have confirmed
that chronic immune inflammation plays an important role

damage in mice with DN. In addition, FA treatment
significantly reduced the number of renal infiltrating M1
macrophages, inflammatory cytokine FA stimulation
significantly reduced the increase in F4/80+CD86+ cell
ratio, inflammatory factor content and p-p65/p65 protein
expression induced by high glucose exposure in RAW264.7
cells.

All in all, our results indicated that FA protects
against kidney damage in mice with DN by inhibiting M1
macrophage polarization, and its mechanism may be
related to the inhibition of nuclear factor-k-gene binding
(NF-kB) signaling pathway. (Altern Ther Health Med.
2023;29(6):274-279).

in the pathogenesis of DN, and innate immunity plays a key
role.> Macrophages are the most important innate immune
cells in DN kidney tissue, and they number many more than
other types of immune cells. And macrophage polarization
caused by renal microinflammation plays a decisive role in
the occurrence and development of DN, and activated
macrophages promote the deterioration of DN by secreting
pro-inflammatory mediators.”® Therefore, targeted regulation
of macrophage polarization has become a research hotspot in
the prevention and treatment of DN.

Folic acid (FA) is a water-soluble vitamin B that is
essential for the renewal of red blood cells and other cells in
the human body and is an essential vitamin. As an organic
substance necessary to maintain the normal life process of
organisms, FA becomes at least 5 active coenzymes after
being absorbed by the body.”'® These coenzymes are involved
in the transfer of one-carbon units in the body, and play a
particularly important role in the biosynthesis of purines,
pyrimidines, nucleic acids and proteins, as well as cell
division and growth.'> Lack of FA in the human body is
related to the occurrence and development of many diseases,
such as neonatal malformations,"”® macrocytic anemia'* and
cardiovascular and neurological diseases.”!

There is a good deal of clinical evidence that has shown
that serum FA levels in patients with diabetes are lower than
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in healthy people,’® and FA deficiency in patients with type 2
diabetes (T2D) increases the risk for diabetic nephropathy.*®
Of note, FA supplementation can not only improve blood
sugar control in patients with diabetes,' but also help reduce
the risk for gestational diabetes and diabetic nephropathy.”

However, the exact molecular mechanism by which FA
supplementation prevents and treats DN remains unknown.
A previous study suggested that FA can inhibit the
lipopolysaccharide-induced inflammatory response in
RAW?264.7 macrophages by suppressing MAPKSs and nuclear
factor-k-gene binding (NF-kB) activation.' In our study, we
aimed to investigate the effect of FA on renal injury in mice
with DN, and to explore its mechanism related to macrophage
polarization and the NF-kB pathway.

MATERIALS AND METHODS
Animals and Drug Administration

All animal experiments complied with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines and the European Union Directive 2010/63/EU for
animal experiments. We purchased 28 C57/BL6 female mice
(6 to 8 weeks old; weight, 20 to 22 g) for this study from
Shanghai Lingchang Biotechnology Co., Ltd. After 1 week of
adaptive feeding under laboratory conditions, the mice were
used for follow-up studies. As previously described,” we
randomly selected 21 mice in which we induced diabetes via a
high-fat diet and intraperitoneal injection of streptozotocin
(STZ) (40 mg/kg); the remaining 7 mice were fed a normal diet
and received intraperitoneal injection of the same amount of
normal saline as controls (the control group). After 2 weeks,
we defined those mice with fasting blood glucose >11.1
mmol/L as mice as having diabetes. Subsequently, the mice
were randomly divided into 3 groups (n=7 each): the DN
group, a folic acid (FA ) group (5 mg/kg) and an FA group (10
mg/kg). Mice in the 2 FA groups were given different doses (5
or 10 mg/kg) of FA (59-30-3; MilliporeSigma, Merck, Shanghai
China) by gavage daily for 8 weeks. After 8 weeks of FA
treatment, we housed each mouse individually in order to
measure 24-hour food consumption, 24-hour urine volume,
24-hour water intake, 24-hour urine protein fasting blood
glucose and weight. Blood was collected and serum creatinine
(Scr), blood urea nitrogen (BUN) and serum insulin levels
were measured using colorimetric kits.

Kidney Histology and Tissue Immunofluorescence
Researchers euthanized the mice by having them inhale
excess carbon dioxide and then removed their kidneys.
Mouse kidney tissue was fixed with 4% paraformaldehyde
(P1110; Solarbio Science and Technology, Beijing, China) for
24 hours at 4°C, and then sliced into 4-um sections for
hematoxylin-eosin (H&E) staining according to the
manufacturer’s instructions (SL7070; Coolaber Science &
Technology, Shanghai, China). In addition, 4-pm sections of
kidney tissue were deparaffinized, dehydrated and washed
with phosphate-buffered saline (PBS) buffer. Antigen retrieval
was performed with citrate after removal of endogenous

peroxidase with 3% H,O,. The antibody of alexa fluor 488
Anti-CD86 antibody (1:100,ab290990, Abcam Biotechnology;,
Cambridge UK) was incubated overnight at 4°C. Finally, all
samples were analyzed by confocal microscopy (TCS SP5;
Leica Biosystems, Wetzlar, Germany).

Cell Culture and Flow Cytometry Analysis

RAW264.7 cells were purchased from American type
culture collection (ATCC, Manassas, Virginia USA), and
were cultured in RPMI-1640 medium (A1049101, Gbico,
Thermo Fisher Scientific, Waltham, Massachusetts USA)
with 10% fetal bovine serum (10099141; Gbico) added at
37°C with 5% CO.,.

High glucose exposure protocol. After RAW264.7 cells
were stimulated to differentiate into macrophages by phorbol-
12-myristate-13-acetate (PMA), we exposed them to 30 nM
glucose medium for 12 hours.

FA treatment protocol. After completion of high
glucose exposure, macrophages derived from Raw246.7 cells
were treated with different concentrations of FA (10 ug/mL
or 20 ug/mL) for 48 hours. RAW264.7 cells in the control
group received only phorbol 12-myristate 13-acetate (PMA)
induction without high glucose exposure and FA treatment.
After completing all treatments, we collected cells to analyze
the F4/80+CD86+ cell ratio via flow cytometry with staining
F4/80 antibody (ab60343; Abcam) and CD86 antibody
(ab275357; Abcam).

Enzyme Linked Immunosorbent Assay (ELISA)

Levels of TNF-a, IL-1p and IL-6 in mouse kidney tissue
homogenate and cell culture medium were detected using
mouse IL-6 ELISA kit (PI326; Beyotime Biotechnology,
Shanghai, China; mouse TNF-a ELISA kit (PT512; Beyotime)
and mouse IL-13 ELISA kit (EK0502, Signalway Antibody,
Greenbelt, Maryland USA).

Western Blot

Immunoblotting was used to measure the protein
expression in the mouse kidney tissues and Raw246.7 cells.
First, a radioimmunoprecipitation assay (RIPA) lysis buffer
(R0O010; Solarbio) was used to extract total protein from the
kidney tissues of mice and TCMK-1 cells. After detecting the
protein concentration using a BCA kit (BC0020; Solarbio),
40 ug total protein was separated by 10% SDS-PAGE. After
being transferred to PVDF membrane and blocked with 5%
nonfat milk at room temperature for 1 hour, primary
antibody against CD86 (1:500, ab220188; Abcam), p65
(1:1000, ab32536; Abcam) and p-P65 (1:500, ab76302;
Abcam) were incubated at 4°C overnight. After being
incubated with secondary antibody at room temperature for
1 hour, the proteins were visualized with enhanced
chemiluminescence solution (ECL) (WBKLS0100; Beijing
Xinjingke Biotechnologies Co., Ltd, China), followed by
densitometry analysis using Image] 3.0 (National Institutes
of Health [NIH], Bethesda, Maryland USA). B-actin was
loaded as the control.
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Statistical Analysis

Data in this study were analyzed with IBM® SPSS 19.0
software (IBM, Armonk, New York USA). One-way ANOVA
with Tukey’s test was used post hoc to compare the difference
between multiple groups; P < .05 indicated a significant
difference.

RESULTS
Folic Acid Ameliorates Diabetic Metabolic Parameters in
Mice with DN

Compared with the normal mice in the control group,
the diabetic model mice in the DN group had increased food
and water intake and urination, tarnished fur and were
restless, irritable, prone to conflict, etc. These symptoms were
gradually alleviated after FA treatment (Figure 1).

Quantitatively, after 8 weeks of FA treatment, we found that
the level of 24-hour food consumption (Figure 2A), 24-hour
urine volume (Figure 2B), 24-hour water intake (Figure 2C) in
the mice with DN in the DN group were all significantly higher
than in normal mice in the control group, and FA treatment
could significantly decrease the level of 24-hour food
consumption, 24-hour urine volume and 24-hour water intake
in mice with DN in the FA group. At the same time, the body
weight of mice in the DN group was significantly lower than in
the control group, while FA treatment significantly increased
body weight of mice with DN (Figure 2D). In addition, the level
of fasting blood glucose in mice in the DN group was significantly
higher than in the control group, while FA treatment significantly
decreased the level of fasting blood glucose in mice with DN
(Figure 2E). In addition, the level of serum insulin in mice in the
DN group was significantly lower than in the control group,
while FA treatment significantly increased the level of serum
insulin in mice with DN (Figure 2F).

FA Improves Renal Functional and Structural Damage in
Mice with DN

Kidney damage is one of the most common complications
of diabetes. In our study, we found that blood urea nitrogen
(Figure 3A), serum creatinine (Figure 3B) and 24-hour urine
protein (Figure 3C) in mice with DN in the DN group were all
significantly higher than in normal mice in the control group,
while FA treatment could significantly decrease the blood urea
nitrogen, serum creatinine and 24-hour urine protein in mice
with DN. In order to perform pathological analysis, we
euthanized all mice after 8 weeks of FA treatment to obtain
kidney tissue and performed pathological evaluation of the
kidneys using hematoxylin and eosin (H&E) staining. As
shown, the glomerular area of mice with DN in the DN group
was significantly higher than in the normal mice in the control
group, while FA treatment could significantly decrease the
glomerular area in mice with DN (Figure 3D). Moreover, H&E
staining also showed that the DN model mice developed
inflammatory cell infiltration (green arrow), pathological
changes such as glomerular congestion and enlargement,
collapse and necrosis of the renal tubules (blue arrow) and FA
treatment significantly improved these changes (Figure 3E).

Figure 1. Chemical formula of folic acid.

Figure 2. Effect of FA on mice with DN. After 8 weeks of FA
treatment, we measured 24-hour food consumption (2A),
24-hour urine volume (2B), 24-hour water intake (2C), body
weight (2D), fasting blood glucose (2E) and serum insulin
levels (2F) in mice in each group. There were 7 mice in each
group, and the P value was calculated by post hoc
comparisons.
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Abbreviations: DN, diabetic nephropathy; FA, folic acid.

As shown, we used tissue immunofluorescence to stain
CD86 (M1 macrophage marker) in mouse kidney tissue
(Figure 4A), and found that the number of CD86 positive
cells infiltrated in the kidney tissue of mice with DN was
significantly higher than in the control group, while FA
treatment significantly decreased the number of CD86
positive cells infiltrated into the kidney tissue in mice with
DN (Figure 4B). In a similar fashion, we also used western
blot to detect the expression of CD86 protein in the kidney
tissue of mice (Figure 4C), and found that the expression of
CD86 protein in the kidney tissue of mice with DN was
significantly higher than in the control group, while FA
treatment significantly decreased the expression of CD86
protein in the kidney tissue of mice with DN (Figure 4D).
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Figure 3. Effect of FA on kidney injury in mice with DN.
After 8 weeks of FA treatment, we measured blood urea
nitrogen (3A), serum creatinine (3B), 24-hour urine protein
(3C) and glomerular area (3D) of mice in each group. (3E)
Representative mouse kidney pathology detected with H&E
staining (10 X). Bar is 10 pm. There were 7 mice in each
group, and the P value was calculated by post hoc comparison.
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Note: Green arrow: inflammatory cell infiltration; blue
arrow: glomerular congestion and enlargement, collapse and

necrosis of renal tubules.

Abbreviations: DN, diabetic nephrology; FA, folic acid.

Figure 4. Effect of FA on the polarization of M1 macrophages
in mouse kidney. After 8 weeks of FA, we euthanized mice in
each group and obtained kidney tissue. (4A) Representative
CD86 protein (green) staining in mouse kidney tissue using
tissue fluorescence staining (20 X). Bar is 50 pm. (4B)
Comparison of CD86 positive cells in different groups of
mouse kidneys. (4C) Representative CD86 protein brands in
mouse kidney tissue using western blotting. (4D) Comparison
of gray value of CD86 protein bands in different groups of
mouse kidneys. There were 7 mice in each group, and the P
ValueAwas calculated by post hoc comparison.
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FA Inhibits Inflammation and the NF-kB Pathway in
Kidneys of Mice with DN

Further, we evaluated the presence of inflammatory
factors in the supernatant of mouse kidney tissue homogenate
via ELISA kit after 8 weeks of FA treatment, and found that
the expression of tumor necrosis factor alpha (TNF-a)
(Figure 5A), interleukin (IL)-1f (Figure 5B) and IL-6 (Figure
5C) in the kidney tissue of mice with DN was significantly
higher than in the control group, while FA treatment
significantly decreased the expression of TNF-a, IL-1p and
IL-6. At the same time, we also detected the expression of p65
and p-p65 protein, a key protein in the NF-kB pathway, in the
kidney tissue of mice via western blot (Figure 5D), and found
that the expression of p-p65/p65 protein in the kidney tissue
of mice with DN was significantly higher than in the control
group, while FA treatment significantly decreased the
expression of p-p65/p65 protein in the kidney tissue of mice
with DN.

Figure 5. Effect of FA on the levels of inflammatory factors
and the NF-kB pathway in mouse kidneys. After 8 weeks of
FA treatment, we euthanized the mice in all groups and
obtained kidney tissue in order to detect the level of TNF-a
(5A), IL-1P (5B) and IL-6 (5C). (5D) Representative p-p65
and p65 protein brands in mouse kidney tissue using western
blotting. (5E) Comparison of gray ratio value of p-p65 / p65
protein bands in different groups of mouse kidneys. There
was a total of 7 mice in each group, and the P value was
calculated by post-hoc comparison.
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interleukin; NF-k, nuclear factor-k-gene binding; TNF-a,
tumor necrosis factor alpha.
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FA Inhibits M1 Macrophage Polarization, Inflammatory
Factor Secretion and NF-kB Pathway Transduction in
RAW264.7 Cells

In vitro, we used RAW264.7 cells to study the effect of FA
on macrophage polarization, inflammatory cytokine
secretion and the NF-kB pathway. First, results of flow
cytometry analysis showed that high glucose exposure can
significantly increase M1 macrophage polarization from
RAW264.7 cells, while FA stimulation could significantly
decrease M1 macrophage polarization induced by high
glucose exposure (Figure 6A and Figure 6B). At the same
time, we used ELISA kits to detect the content of inflammatory
factors in the cell medium, and found that high glucose
exposure can significantly increase the secretion of TNF-q,
IL-1P and IL-6 from RAW264.7 cells, while FA stimulation
could significantly decrease the secretion of TNF-a, IL-1f
and IL-6 induced by high glucose exposure (Figure 6C).
Furthermore, immunoblotting results indicated that high
glucose exposure can significantly increase the expression of
p-p65/p65 protein in RAW264.7 cells, while FA stimulation
could significantly decrease the expression of p-p65/p65
protein induced by high glucose exposure (Figure 6D).

DISCUSSION

In this study, we found that FA not only ameliorated
diabetic metabolic parameters, but also improved renal
functional and structural damage in mice with DN. Our
findings in the present study are consistent with previous
findings that FA exhibits metabolic regulation and renal
protection in animal models of DN.!7*

We also found that FA treatment significantly reduced
the number of renal infiltrating M1 macrophages in the
kidney tissues of mice with DN. Macrophages are generally
divided into 2 subgroups based on their function: M1
macrophages and M2 macrophages.*'

M1 macrophages are pro-inflammatory macrophages
activated by lipopolysaccharide and/or inflammatory
cytokines such as interferon-gamma, interleukin-12 and
interleukin-2. M1-type pro-inflammatory macrophages are
involved in a variety of infectious diseases by mediating host
defense immunity against a variety of bacteria and viruses.>*
In addition, M1 macrophages play an important role in the
development of chronic diseases, especially chronic
inflammatory diseases, including DN.**#** Macrophage
infiltration has been shown to be responsible for interstitial
hyperplasia and irreversible pathological changes in renal
tissue in patients with DN,'®?* while M1 macrophage-
induced inflammation is the direct cause of high glucose-
induced renal injury*?® Therefore, regulation of renal
macrophage polarization has become a hot topic in the
treatment and prevention of DN.

Inflammation caused by immune cell infiltration is a key
factor in diabetes-induced kidney injury, especially
macrophages.?*® After finding that FA significantly reduced
the number of M1 macrophages in the kidneys of mice with
DN, we further investigated the effect of FA on the expression

Figure 6. Effect of FA on macrophages polarization,
inflammatory factor secretion and NF-kB pathway
transduction in RAW264.7 cells. (6A) Representative flow
cytometry plots to analyze M1 macrophage polarization
from RAW264.7 cells (F4/80+CD86+ cells). (6B) Statistical
comparison of the percentage of F4/80+CD86+ cells from
RAW?264.7 cells. (6C) Levels of TNF-a, IL-1p and IL-6 in the
cell medium. (6D) Representative p-p65 and p65 protein
brands inRAW264.7 cells using western blotting. (6E)
Comparison of gray ratio value of p-p65/p65 protein bands
in different groups of RAW264.7 cells. There was a total of 3
independent repetitions of each test. P value was calculated
by post-hoc comparisons.
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necrosis factor alpha.

of inflammatory factors in the kidneys of mice with DN. Our
study results showed that FA treatment significantly reduced
inflammatory cytokine secretion (TNF-a, IL-13 and IL-6)
and p-p65/p65 protein expression in kidney tissues of mice
with DN, suggesting that FA treatment significantly reduced
inflammation by inhibiting the NF-kB pathway in kidney
tissues of mice with DN.

The NF-«B pathway is one of the important pathways for
macrophages polarization and function.” In DN animal
models, that NF-kB pathway is found to be activated, M1
macrophages are activated and inflammatory factors are
released, triggering the immune inflammatory response.®
Multiple drugs were found to inhibit the polarization of M1
macrophages by inhibiting the NF-kB pathway, ultimately
reducing kidney inflammation in mice with DN.*>*

To exclude the effect of in vivo confounding factors, like
Wang, et al.’”, we investigated the effect of FA on the
polarization of M1 macrophages induced by high glucose
exposure in vitro. We found that FA significantly reduced the
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indicate that FA protects against kidney damage in mice with NF-«B and MAPK pathways. BMC Immunol, 202021(1):32. doi:10.1186/512865-020-00355-y

. otes . . . 34. Zhang X, Zhao Y, Zhu X, et al. Active vitamin D regulates macrophage M1/M2 phenotypes via
DN by inhibiting M1 macrophage polarization via the NF-kB the STAT-1-TREM-1 pathway in diabetic nephropathy. J Cell Physiol. 2019,234(5):6917-6926.
pathway doi:10.1002/jcp.27450
ETHICS APPROVAL

The Ethics Committee of First Central Hospital Baoding City approved this study.

CONFLICT OF INTEREST

None.

REFERENCES

1. Cole JB, Florez JC. Genetics of diabetes mellitus and diabetes complications. Nat Rev Nephrol.
2020;16(7):377-390. doi:10.1038/541581-020-0278-5

2. ZhengY, Ley SH, Hu FB. Global aetiology and epidemiology of type 2 diabetes mellitus and its
complications. Nat Rev Endocrinol. 2018;14(2):88-98. doi:10.1038/nrendo.2017.151

3. Samsu N. Diabetic Nephropathy: Challenges in Pathogenesis, Diagnosis, and Treatment. BioMed
Res Int. 2021;2021:1497449. doi:10.1155/2021/1497449

4. VR ALBVR, Tan SH, Candasamy M, et al. Diabetic nephropathy: an update on pathogenesis and
drug development. Diabetes Metab Syndr. 2019;13:754-762. doi:10.1016/j.dsx.2018.11.054

5. Tesch GH. Diabetic nephropathy - is this an immune disorder? Clin Sci (Lond). 2017;131(16):2183-
2199. doi:10.1042/CS20160636

6. Pérez-Morales RE, Del Pino MD, Valdivielso JM, Ortiz A, Mora-Fernédndez C, Navarro-Gonzalez
JE Inflammation in Diabetic Kidney Disease. Nephron.2019;143(1):12-16. doi:10.1159/000493278

7. JiL, Chen Y, Wang H, et al. Overexpression of Sirté promotes M2 macrophage transformation,
alleviating renal injury in diabetic nephropathy. Int ] Oncol. 2019;55(1):103-115. doi:10.3892/
ij0.2019.4800

8. Calle P, Hotter G. Macrophage Phenotype and Fibrosis in Diabetic Nephropathy. Int ] Mol Sci.
2020;21(8):21. doi:10.3390/ijms21082806

9. Paul RT, McDonnell AP, Kelly CB. Folic acid: neurochemistry, metabolism and relationship to
depression. Hum Psychopharmacol. 2004;19(7):477-488. doi:10.1002/hup.614

10.  van Gool JD, Hirche H, Lax H, De Schaepdrijver L. Folic acid and primary prevention of neural
tube defects: A review. Reprod Toxicol. 2018;80:73-84. doi:10.1016/j.reprotox.2018.05.004

11.  Field MS, Stover PJ. Safety of folic acid. Ann N'Y Acad Sci. 2018;1414(1):59-71. doi:10.1111/nyas.13499

12.  Scaglione E, Panzavolta G. Folate, folic acid and 5-methyltetrahydrofolate are not the same thing.
Xenobiotica. 2014;44(5):480-488. doi:10.3109/00498254.2013.845705

13.  Czeizel AE, Dudas I, Vereczkey A, Banhidy E. Folate deficiency and folic acid supplementation:
the prevention of neural-tube defects and congenital heart defects. Nutrients. 2013;5(11):4760-
4775. doi:10.3390/nu5114760

14.  Karakoyun I, Duman C, Demet Arslan E Baysoy A, Isbilen Basok B. Vitamin B12 and folic acid
associated megaloblastic anemia: could it mislead the diagnosis of breast cancer? Int ] Vitam Nutr
Res. 2019;89(5-6):255-260. doi:10.1024/0300-9831/a000555

15. Valdés-Ramos R, Guadarrama-Lépez AL, Martinez-Carrillo BE, Benitez-Arciniega AD.
Vitamins and type 2 diabetes mellitus. Endocr Metab Immune Disord Drug Targets. 2015;15(1):54-
63. doi:10.2174/1871530314666141111103217

16. Bherwani S, Saumya AS, Ahirwar AK, et al. The Association of Folic Acid Deficiency and
Diabetic Nephropathy in Patients with Type 2 Diabetes Mellitus. Endocr Metab Immune Disord
Drug Targets. 2016;16(2):120-123. doi:10.2174/1871530316666160415155934

17.  House AA, Eliasziw M, Cattran DC, et al. Effect of B-vitamin therapy on progression of diabetic
nephropathy: a randomized controlled trial. JAMA. 2010;303(16):1603-1609. doi:10.1001/jama.2010.490

18. Feng D, Zhou Y, Xia M, Ma J. Folic acid inhibits lipopolysaccharide-induced inflammatory
response in RAW264.7 macrophages by suppressing MAPKs and NF-kB activation. Inflamm Res.
2011;60(9):817-822. doi:10.1007/s00011-011-0337-2

19. Wang Y, Cui J, Liu M, Shao Y, Dong X. Schisandrin C attenuates renal damage in diabetic
nephropathy by regulating macrophage polarization. Am J Transl Res. 2021;13(1):210-222.

20. Ebaid H, Bashandy SAE, Abdel-Mageed AM, Al-Tamimi J, Hassan I, Alhazza IM. Folic acid and
melatonin mitigate diabetic nephropathy in rats via inhibition of oxidative stress. Nutr Metab
(Lond). 2020;17(1):6. doi:10.1186/s12986-019-0419-7

21.  Schneider MP, Schneider A, Jumar A, Kistner I, Ott C, Schmieder RE. Effects of folic acid on
renal endothelial function in patients with diabetic nephropathy: results from a randomized trial.
Clin Sci (Lond). 2014;127(7):499-505. doi:10.1042/CS20140111

22. Wynn TA, Vannella KM. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity.
2016;44(3):450-462. doi:10.1016/j.immuni.2016.02.015

23.  Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage Polarization: Different Gene
Signatures in M1(LPS+) vs. Classically and M2(LPS-) vs. Alternatively Activated Macrophages.
Front Immunol. 2019;10:1084. doi:10.3389/fimmu.2019.01084

24. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 polarization. Eur ] Pharmacol.
2020;877:173090. doi:10.1016/j.ejphar.2020.173090

25.  Funes SC, Rios M, Escobar-Vera ], Kalergis AM. Implications of macrophage polarization in
autoimmunity. Immunology. 2018;154(2):186-195. doi:10.1111/imm.12910

26. Wang S, Liu R, Yu Q Dong L, Bi Y, Liu G. Metabolic reprogramming of macrophages during
infections and cancer. Cancer Lett. 2019;452:14-22. doi:10.1016/j.canlet.2019.03.015

27. Yang H, Xie T, Li D, et al. Tim-3 aggravates podocyte injury in diabetic nephropathy by
promoting macrophage activation via the NF-kB/TNF-a pathway. Mol Metab. 2019;23:24-36.
doi:10.1016/j.molmet.2019.02.007

28. Landis RC, Quimby KR, Greenidge AR. M1/M2 Macrophages in Diabetic Nephropathy: Nrf2/
HO-1 as Therapeutic Targets. Curr Pharm Des. 2018;24(20):2241-2249. doi:10.2174/1381612824
666180716163845

29. LiG, SuE Liang Z, et al. Macrophage M1 regulatory diabetic nephropathy is mediated by m6A
methylation modification of IncRNA expression. Mol Immunol. 2022;144:16-25. doi:10.1016/j.
molimm.2022.02.008

30. Jiang WJ, Xu CT, Du CL, et al. Tubular epithelial cell-to-macrophage communication forms a
negative feedback loop via extracellular vesicle transfer to promote renal inflammation and
apoptosis in diabetic nephropathy. Theranostics. 2022;12(1):324-339. doi:10.7150/thno.63735

Jing—Folic Acid Protects Against Kidney Damage ALTERNATIVE THERAPIES, SEPTEMBER 2023 VOL. 29 NO. 6 279



