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Abstract

Inflammation plays a central role in the etiology of diabetic nephropathy, a global health issue. We 

observed a significant reduction in the renal expression of fibroblast growth factor 1, a known 

mitogen and insulin sensitizer, in patients with diabetic nephropathy and in mouse models 

implying that fibroblast growth factor 1 possesses beneficial anti-inflammatory and renoprotective 

activities in vivo. To test this possibility, we investigated the effects of chronic intraperitoneal 

administration of fibroblast growth factor 1 into both the streptozotocin-induced type 1 diabetes 

and db/db type 2 diabetes models. Indeed, recombinant fibroblast growth factor 1 significantly 

suppressed renal inflammation (i.e., cytokines, macrophage infiltration), glomerular and tubular 

damage, and renal dysfunction in both type 1 and type 2 diabetes mice. Fibroblast growth factor 1 

was able to correct the elevated blood glucose levels in type 2 but not in type 1 diabetic mice, 

suggesting that the anti-inflammatory effect of fibroblast growth factor 1 was independent of its 

glucose-lowering activity. The mechanistic study demonstrated that fibroblast growth factor 1–

mediated inhibition of the renal inflammation in vivo was accompanied by attenuation of the 

nuclear factor κB and c-Jun N-terminal kinase signaling pathways, further validated in vitro using 

cultured glomerular mesangial cells and podocytes. Thus, fibroblast growth factor 1 holds great 
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promise for developing new treatments for diabetic nephropathy through countering inflammatory 

signaling cascades in injured renal tissue.
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Diabetes mellitus has become a worldwide public health problem. Uncontrolled 

hyperglycemia in patients with diabetes can lead to a host of diabetic complications 

including diabetic nephropathy (DN), retinopathy, and neuropathy. DN is a serious and 

common complication of type 1 diabetes (T1D) and type 2 diabetes (T2D) and leads to end-

stage renal disease in as many as 30% of individuals with diabetes.1,2 DN is characterized by 

glomerular hypertrophy, thickened basement membrane, podocytopenia, increased 

extracellular matrix protein synthesis/deposition, and fibrosis.1,3,4 The etiology of DN is 

multifactorial, with hyperglycemia, oxidative stress, advanced glycation end products, and 

angiotensin II as leading factors, each of which can activate nuclear factor-κB (NF-κB), the 

master transcription factor controlling the expression of a host of proinflammatory genes.4–8 

NF-κB regulates expression of a host of adhesion molecules, proinflammatory cytokines, 

and chemokines that are associated with chronic inflammation, fibrosis, and tissue 

remodeling in DN.8,9 In addition, evidence indicates that stress-activated protein kinases 

(i.e., c-Jun NH2-terminal kinase [JNK] and p38) of the mitogen-activated protein kinase 

family may contribute significantly to DN progression.7,9,10 In particular, JNK activation is 

correlated with macrophage interstitial accumulation, fibrosis, and loss of renal function in 

human subjects with DN and in a rat model of kidney obstruction.11–13 JNK activation is 

induced by various factors of the diabetic milieu, including hyperglycemia, advanced 

glycation end-products, angiotensin II, oxidative stress, and proinflammatory cytokines.14–16 

Hence, upregulation of proinflammatory signaling pathways is considered to be a key 

contributor to the progression of DN.7,9

As an autocrine/paracrine regulator, fibroblast growth factor 1 (FGF1) is known to be 

βmitogenic on cells from a variety of tissue origins including the liver, vasculature, and skin.
17–19 Recombinant human FGF1 has been clinically used to facilitate wound/burn repair and 

ulcer regeneration for decades. Due to its classic mitogenic activity, FGF1 has also 

therapeutic potential for cardiovascular disorders in coronary artery bypass graft surgery, 

ischemia, and nerve repair.20–22 Recently, Jonker et al.23 discovered an unexpected 

metabolic role for FGF1 as a critical transducer of peroxisome proliferator–activated 

receptor-γ signaling that mediates the proper coupling of nutrient storage to adaptive 

remodeling of adipose tissue. In a follow-up study, we showed that administration of 

exogenous FGF1 stimulates glucose uptake in an insulin-dependent fashion and suppresses 

the hepatic production of glucose to achieve whole-body insulin sensitization in a mouse 

model of T2D.24 Moreover, FGF1 administration suppresses plasma levels of 

adrenocorticotropic hormone and corticosterone, reducing lipolysis and hepatic glucose 

production in a rat model of T1D.25 These findings indicate that FGF1, in addition to its 

mitogenic activity, is capable of impinging on multiple pathways mediating homeostatic 

control of normal glycemia.
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Several reports have previously implicated FGF1 in kidney pathology.26–28 Importantly, with 

relevance to our study, FGF1 was shown to be downregulated in renal tissue from diabetic 

subjects.27 Suh et al.24 observed that long-term treatment of ob/ob mice with FGF1 

decreased serum levels of several inflammatory cytokines, including eotaxin, keratinocyte 

chemoattractant, macrophage inflammatory protein-1β, and interleukin (IL)-3. These 

findings suggest that FGF1 may have the potential to reduce the severity of inflammatory 

injury of DN; however, it remains unclear whether the anti-inflammatory effects of FGF1 are 

dependent on its glucose-lowering capability.

In this study, we investigated the hypothesis that FGF1 can attenuate the development of DN 

by treating mouse models of T2D (db/db) and T1D with recombinant human FGF1. Our 

findings indicated that FGF1 significantly reduced renal inflammation, morphologic 

damage, renal dysfunction, as well as blood glucose levels in T2D mice. Unexpectedly, 

FGF1 also significantly prevented the renal inflammation and dysfunction, but did not 

correct hyperglycemia in T1D mice. To our knowledge, this finding is the first direct 

evidence of the protective effects of FGF1 on DN.

RESULTS

Endogenous levels of FGF1 in diabetic human subjects and mice

Reduced levels of endogenous FGF127 and FGF229 have been previously correlated with 

disease progression in human T2D and T1D patients. Consistent with the previous literature, 

we also found that the serum FGF1 concentration (ng/ml) in T2D and T1D human subjects 

were, respectively, ~45% and ~20% lower than that in the control nondiabetic group (Figure 

1a and c). We further tested the serum and kidney tissue levels of FGF1 in T2D and T1D 

mice. The results showed that the serum FGF1 concentration (ng/ml) in T2D and T1D mice 

was significantly reduced compared with the nondiabetic control, which is consistent with 

the observation in the human subjects (Figure 1b and d). Immunofluorescent imaging of 

renal tissue from T2D and T1D mice also showed reductions in FGF1 expression in both 

glomeruli and tubules relative to wild-type mice (Figure 1e and f), which was further 

confirmed by the Western blot analysis (Figure 1g–j). To find out whether the reductions in 

FGF1 expression is secondary to the failing kidney function, we next measured the serum 

FGF1 levels of experimental mice at an early stage of diabetes. The data showed that the 

serum FGF1 levels in both db/db (7 weeks of age) and streptozotocin (STZ)-induced T1D 

mice (4 weeks after STZ induction) were significantly lower than those in the control 

nondiabetic group (Supplementary Figure S1A and B). We next carried out 

immunofluorescent double-staining using FGF1 antibody and cell-type specific markers to 

identify FGF1-expressing renal cell types in normal C57L/B6 mice. As shown in 

Supplementary Figure S2A and B, FGF1 expression was detected in 2 major renal cells 

including smooth muscle actin–positive mesangial cells and Wilms tumor 1–positive 

podocytes in normal mice. Compared with the normal C57L/B6 mice, in STZ-induced 

diabetic mice, FGF1 expression was reduced in both mesangial cells and podocytes. 

However, FGF1 expression was markedly low in the tubular cells of both normal and STZ-

induced diabetic mice (Supplementary Figure S2C). In addition, FGF1 was not observed in 

the infiltrating macrophages in both normal and STZ-induced diabetic mice (Supplementary 
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Figure S2D). The in vivo observations were thus validated in vitro using mesangial cells 

(SV40) and conditionally immortalized mouse podocytes that were exposed to high glucose 

(HG). As shown in Supplementary Figure S3, HG incubation for 3 hours significantly 

inhibited FGF1 expression in these 2 cell lines, consistent with our in vivo results 

(Supplementary Figure S2A and B).

FGF1 prevents DN in db/db T2D mice

Potential protective effects of FGF1 on T2D-related kidney injury were evaluated using a 

treatment protocol (Figure 2a) in which FGF1 was administered by i.p. injection (0.5 mg/kg 

body weight) to db/db T2D mice for 8 weeks. The db/db T2D mice had significantly 

increased blood glucose compared with the control db/m mice (Figure 2b). Consistent with 

the previous findings,24 FGF1 significantly reduced blood glucose levels in db/db mice 

(Figure 2b). We tested the level of FGF1 in kidneys of diabetic mice with or without FGF1 

treatment. As expected, FGF1 treatment enhanced the level of FGF1 in kidneys of db/db 
mice, and the renal FGF1 level in FGF1-treated diabetic mice was similar to that in control 

mice (Supplementary Figure S4A and B). Because albuminuria reflects renal dysfunction at 

the early stage of DN,30 we measured urinary excretion of albumin levels after treatment for 

8 weeks. As shown in Figure 2c, urinary albumin excretion was markedly increased in db/db 
mice compared with nondiabetic db/m mice, whereas FGF1 treatment significantly 

decreased the urinary albumin excretion. In addition, FGF1 treatment resulted in minimal 

changes in body weight (Figure 2d), but significantly reversed the increased mass of kidney 

in db/db mice (Figure 2e). Serum creatinine and blood urea nitrogen are another 2 hallmarks 

of renal injury.31 The mean serum creatinine and blood urea nitrogen level of the db/db 
group was higher than that of the db/m group; however, this diabetes-induced increase in 

serum creatinine and blood urea nitrogen was significantly attenuated in the FGF1-treated 

db/db group (Figure 2f and g).

Hematoxylin and eosin and polysaccharide matrix deposition (periodic acid–Schiff) staining 

demonstrated that, compared with the db/m mice, the db/db mice had notable glomerular 

hypertrophy and mesangial matrix expansion, whereas the mesangial expansion and 

hypertrophic changes were markedly reduced in FGF1 treatment groups (Figure 2h and i). 

Masson trichrome (blue) revealed significant increases in renal fibrosis in db/db mice, 

whereas these renal changes were not observed in FGF1-treated db/db mice (Figure 2h and 

Supplementary Figure S5A). The electron microscope images also showed that FGF1 

treatment prevented diabetes-induced glomerular injury, such as disruption of podocyte foot 

processes and basement membrane thickening (Supplementary Figure S5C and E). 

Consistent with our histologic findings, the mRNA expression levels of the profibrotic 

molecules transforming growth factor (TGF) β1 and type IV collagen were significantly 

elevated in the kidneys of db/db mice compared with db/m control mice; however, FGF1 

treatment prevented these increases (Figure 2j). Moreover, FGF1 treatment induced parallel 

decreases in the protein expression of the profibrotic markers in renal tissue (Figure 2k and 

l).
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FGF1 prevents DN in STZ-induced T1D mice

Next, we investigated the effects of FGF1 on DN in STZ-induced T1D mice that were 

treated with FGF1 for 3 months according to the treatment protocol (Figure 3a). Results 

showed that a significantly increased level of blood glucose developed in the mice with STZ 

induction, indicating that in the model of T1D (Figure 3b), however, FGF1 treatment did not 

reduce the elevated blood glucose level in the T1D mice (Figure 3b), consistent with 

previous report.24 Similar to db/db mice, FGF1 treatment compensates for the decreased 

FGF1 level in the STZ-induced diabetic kidney (Supplementary Figure S4C and D). 

Similarly, FGF1 was able to decrease the T1D-induced elevated urinary albumin level 

(Figure 3c), kidney-body weight ratio, and serum creatinine and blood urea nitrogen levels 

(Figure 3d–f). Hematoxylin and eosin staining of kidney tissue from STZ-induced T1D mice 

showed pathologic changes in glomeruli (Figure 3g), indicative of mesangial expansion 

(Figure 3h), accompanied by increased periodic acid–Schiff and renal fibrosis (Masson 

trichrome stain) (Figure 3g and Supplementary Figure S5B). However, in T1D mice treated 

with FGF1, these STZ-induced histopathologic alterations were significantly reduced 

(Figure 3g and h and Supplementary Figure S5B). Electron microscopic evaluation of 

glomeruli from the T1D mouse kidney indicated similar ultrastructural podocytic disruptions 

and basement membrane thickening, as observed in the T2D mouse kidney tissue, and FGF1 

treatment prevented these ultrastructural changes (Supplementary Figure S5D and F). 

Similar to findings from T2D mice, increased mRNA and protein levels of the profibrotic 

markers TGF-β1 and collagen IV were observed in kidney tissue from T1D mice, but these 

increases were significantly decreased by FGF1 treatment (Figure 3i–k).

In summary, FGF1 exhibited comparable abilities in attenuating renal tissue injury in both 

T1D and T2D mouse models, but could only normalize high blood glucose levels in T2D 

mice. These results indicated that FGF1 likely ameliorates the DN via a mechanism 

independent of its insulin-sensitizing effects.

FGF1 prevents diabetes-induced renal inflammation in both T1D and T2D

Inflammation is believed to be a crucial factor in the pathogenesis of DN.9 We investigated 

the hypothesis that the protective action of FGF1 against DN is attributed to its anti-

inflammatory capability. Consistent with previous reports,9,24 our findings indicated that the 

db/db (T2D) mice exhibited high levels of TNF-β and IL-6 in serum protein and renal tissue 

content of mRNA, whereas FGF1 treatment significantly reduced the levels of these 

inflammatory mediators (Figure 4a–d). Moreover, protein and mRNA expression levels of 

plasminogen activator inhibitor-1 and monocyte chemotactic protein-1 were significantly 

elevated in the kidney tissue of db/db mice compared with db/m control mice, whereas this 

increased expression of inflammatory mediators was markedly inhibited by FGF1 

(Supplementary Figure S6A and B). Immunohistochemical stain (Figure 4e) and Western 

blot analysis (Figure 4f) indicated that FGF1 effectively prevented increases in F4/80+ 

macrophage infiltration and CD68 protein expression in the renal tissue of db/db mice. The 

transcriptional factor NF-κB is a master regulator of inflammation, controlling the 

expression of hundreds of proinflammatory genes and playing a fundamental role in innate 

immune and inflammation.32 We determined the regulation by FGF1 on the nuclear 

translocation of the NF-κB p65 subunit, which reflects NF-κ B activation.33 Compared with 

Liang et al. Page 5

Kidney Int. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the normal control, the nuclear p65 protein level was increased in renal tissue of db/db mice, 

whereas FGF1 administration markedly reduced this increased nuclear translocation (Figure 

4g). The c-Jun N-terminal kinases are other key regulators of inflammation and are 

important upstream regulators of transcription factors in a variety of cell types.34,35 

Therefore, we examined whether FGF1 treatment modulates JNK activity in diabetic mice. 

In renal tissue of db/db mice, JNK phosphorylation (indicating activation) was increased; 

however, FGF1 treatment prevented increased JNK phosphorylation (Figure 4g).

Consistent with the results in db/db mice, FGF1 also significantly reduced the renal 

inflammation in STZ-induced T1D mice. As shown in Figure 4h–k and Supplementary 

Figure S6C and D, FGF1 treatment significantly inhibited the increased levels of TNF-α, 

IL-6, plasminogen activator inhibitor-1, and monocyte chemotactic protein-1 in T1D mice. 

Similarly, FGF1 reduced the extent of CD68+ macrophage infiltration and abrogated the 

increased CD68 protein expression in kidney tissue of T1D mice (Figure 4l and m). Nuclear 

NF-κB p65 protein level as well as JNK phosphorylation was increased in renal tissue of 

STZ-induced T1D mice; however, FGF1 administration markedly abolished both of these 

increases (Figure 4N). These results indicated that FGF1 significantly reduced renal 

inflammation in both T2D and T1D mice, which is associated with the inhibition of JNK 

and NF-κB activation.

FGF1 prevents HG–induced inflammatory responses by suppressing HG-induced 
activation of JNK and NF-κB in renal cells

Because intraglomerular mesangial cells are often used to investigate DN36 and show high 

FGF1 expression (Supplementary Figure S2A), at first we used an experimental in vitro 
model of HG-challenged glomerular mesangial cells to evaluate the anti-inflammatory 

activity of FGF1. TGF-β1 is known to be largely responsible for fibrosis in the diabetic 

kidney37 as well as an important inflammatory mediator in the pathogenesis of DN. 

Mesangial cells were pretreated with FGF1 (1, 10, or 100 ng/ml) for 2 hours, followed by 

treatment with HG (25 mM) for an additional 24 hours. The results showed that the dramatic 

upregulation of TGF-β1 gene expression at both mRNA and protein levels in mesangial cells 

was induced by HG stimulation (Supplementary Figure S7A and B), which was 

accompanied by a significant increase in mRNA expression of the proinflammatory 

cytokines TNF-α, IL-6, and IL-12 (Figure 5a–c). However, FGF1 pretreatment prevented the 

HG-induced increases of TGF-β1 and the inflammatory cytokines in a dose-dependent 

manner (Supplementary Figure S7A and B and Figure 5a–c). These data indicate that FGF1 

is a potent inhibitor of HG-induced overexpression of inflammatory cytokines in mesangial 

cells, providing further evidence of its anti-inflammatory capability.

Inflammation is a key driving factor in the pathogenesis of DN, and NF-κB is a central 

regulator controlling expression of a host of proinflammatory genes encoding cytokines, 

growth factors, and adhesion molecules.8 In the classic activation of NF-κB, the 

phosphorylation and activation of upstream IKK (inhibitor of NF-κB [IκB] kinase) are 

required to phosphorylate and degrade κB that is bound with NF-κB in the cytoplasm, 

thereby releasing the NF-κB p65 subunit for translocation to the nucleus.7,8 To pursue the 

anti-inflammatory mechanism, we first determined the effects of FGF1 in the regulation of 
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the NF-κB activation cascade in mesangial cells. Our results indicated that HG treatment for 

2 hours increased phosphorylation of IKKα/β and the phosphorylation and degradation of 

IκBα, whereas FGF1 pretreatment dose-dependently reduced the HG-induced IKKα/β 
phosphorylation and IκB phosphorylation and degradation. Moreover, FGF1 dose-

dependently reduced the HG-induced increases of nuclear NF-κB p65 levels and 

concomitant decreases of cytosolic NF-κB p65 levels (Figure 5d). Immunofluorescent 

localization of NF-κB confirmed the Western blot data in that FGF1 prevented the HG-

induced nuclear translocation of the p65 subunit in dose-dependent manner (Figure 5e). 

Mannitol, as an osmotic control for HG, did not activate JNK or NF-κB (Figure 5d and e). 

We also determined the effects of FGF1 in the regulation of JNK, an important upstream 

regulator of transcription factors.38 The importance of JNK in the regulation of the HG-

induced inflammatory responses in mesangial cells was confirmed by use of the JNK-

specific inhibitor SP600125. We found that SP600125 significantly inhibited the HG-

induced increased TNF-α mRNA expression, JNK phosphorylation, IκB degradation, and 

NF-κB p65 nuclear translocation (Supplementary Figure S7C and D). Similarly, in 

mesangial cells with FGF1 pretreatment, the HG-induced JNK phosphorylation was 

inhibited in a dose-dependent manner (Figure 5d).

In addition to the mesangial cells, the podocytes were also found to express FGF1 at high 

levels, and therefore we evaluated the anti-inflammatory activity of FGF1 on podocytes by 

pretreating them with FGF1 (1, 10, or 100 ng/ml) for 2 hours, followed by exposure to HG 

(25 mM) for an additional 24 hours, respectively. FGF1 dose-dependently inhibited the HG-

induced expression of proinflammatory cytokines TNF-β and IL-6 in podocytes (Figure 6a 

and b). The immunoblotting data showed that FGF1 pretreatment was able to dose-

dependently reduce the HG-induced IKKα/β phosphorylation and IκB phosphorylation and 

degradation (Figure 6c), and the immunofluorescent localization of NF-κB also showed that 

FGF1 prevented the HG-induced nuclear translocation of the p65 subunit (Figure 6d). Not 

deviating from the data obtained from mesangial cells, the HG-induced JNK 

phosphorylation was inhibited by FGF pretreatment in a dose-dependent manner in 

podocytes (Supplementary Figure S6C).

FGF1 suppresses TNF-α–induced activation of JNK and NF-κB signaling in mesangial 
cells

In the in vivo setting of DN, mesangial cells and other cells of the kidney are exposed to a 

wide array of inflammatory mediators (e.g., cytokines) in addition to high levels of glucose, 

of which most if not all can activate NF-κB.8,9 We determined the anti-inflammatory effects 

of FGF1 on TNF-α–activated mesangial cells. Our results indicated that TNF-α treatment 

for 30 minutes increased phosphorylation of JNK and IκB phosphorylation, which was 

accompanied by IκBα degradation and NF-κB p65 nuclear translocation (Supplementary 

Figure S8). However, FGF1 pretreatment effectively inhibited the TNF-α–induced activation 

of JNK and NF-κB signaling (Supplementary Figure S8). Not surprisingly, treatment with 

SP600125 in a parallel experimental group resulted in similar inhibition of the TNF-α–

induced activation of JNK and NF-κB signaling (Supplementary Figure S8). The findings 

suggest that the anti-inflammatory activity of FGF1 appears to be protective against an array 

of extracellular inflammatory stimuli.
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DISUSSION

DN, a major microvascular complication of both T1D and T2D, is an important cause of 

end-stage renal disease. In this study, we demonstrated that FGF1 treatment decreased 

urinary albumin excretion and mitigated the glomerulosclerosis that was likely primarily 

attributed to the reduced renal inflammation in mouse model of T1D or T2D.

FGF1 and related isoforms are well established as proliferative agents, and, as such, the 

prevailing direction in FGF research has focused on the biological processes of 

transformation, mitosis, and cellular development. Nonetheless, a collection of biochemical 

reports emerged early in the past decade suggesting potential links of FGFs to metabolic 

homeostasis. The role of FGF1 in adaptive adipose remodeling was recently reported in 

which a high-fat diet given to mice deficient in FGF1 led to an aggressive diabetic 

phenotype, suggesting a physiologic role for this growth factor in managing a metabolic 

challenge.23 These gene-based studies were confirmed by pharmacologic studies using 

biosynthetic FGF1. In particular, Suh et al.24 found that pharmacologically relevant FGF1 

doses (0.5 mg/kg) to T2D mouse models (i.e., ob/ob or db/db) with impaired insulin 

sensitivity led to impressive changes in several measures of metabolism in which blood 

glucose was nearly normalized and long-lasting (35 days). The kidney is the main target 

organ involved in the major complications caused by diabetes mellitus.39 We asked the 

important question of whether FGF1 could ameliorate kidney complications in diabetes as 

well as normalizing the metabolic activity. We found that FGF1 is expressed in the renal 

tissues of normal control mice, and both T1D and T2D led to downregulation of FGF1 in the 

kidney (Figure 1e and f). Additionally, we observed that FGF1 was expressed in DN-related 

cell types, including mesangial cells and podocytes at high levels and to a very low extent in 

tubular epithelial cells but was not expressed in macrophages (Supplementary Figure S2) 

and that it mediates the anti-inflammatory actions on mesangial cells and in podocytes 

(Figures 5 and 6). Taken together, we speculate that these 2 cell types primarily contribute to 

the renoprotective effects of FGF1 in DN mice.

Further, we found that FGF1 treatment enhanced the level of FGF1 in kidneys of both STZ-

induced mice and db/db mice, and the renal FGF1 level in FGF1-treated diabetic mice was 

similar to that in control mice (Supplementary Figure S4A–D). Consistent with this notion, 

i.p. injected recombinant FGF1 protein showed the highest distribution in the kidney among 

all organs tested (Supplementary Figure S4E). These results indicate that FGF1 may play an 

important role in DN. In this study, our results clearly showed that FGF1 significantly 

improved kidney function and reduced the pathologic severity of DN in db/db mice (Figure 

2). However, surprisingly, we observed that FGF1 ameliorated DN in STZ-induced T1D 

mice (Figure 3), without any effect on the glucose level of T1D mice (Figure 3b). These data 

indicated that the protective effect of FGF1 on DN occurred independently of its glucose-

lowering activity. We also noted that the glucose-lowering effect of FGF1 will benefit its 

renoprotection in T2D; however, the degree of improvement of kidney damage was similar 

in db/db mice and STZ-induced mice despite different effects of FGF1 on blood glucose 

levels. Thus, we speculate that the anti-inflammatory effect of FGF1 is as strong and able to 

block renal inflammation in STZ-induced mice, resulting in similar renoprotective effects in 

both models.
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Among the many potential pathogenic mechanisms responsible for the development of 

diabetic kidney disease, the inflammation mechanism is recognized as a central factor 

driving the pathogenesis of DN.7,9,40 Our mouse models of T2D and T1D presented with a 

robust inflammatory profile of the kidney, indicated by upregulated expression of 

proinflammatory cytokines such as TNF-α and IL-6 as well macrophage infiltration, all of 

which were significantly inhibited by FGF1 (Figure 4). Thus, FGF1 ameliorated DN in both 

T1D and T2D mice, which is associated with its anti-inflammatory actions and not through 

exerting its insulin sensitization activity and impinging on glucose homeostasis.

Among the intracellular signaling systems that regulate inflammatory and immune 

responses, NF-κB is of particular important because it is recognized to be the master 

transcription factor controlling expression of a host of proinflammatory genes.7 Moreover, 

multiple factors of the diabetic milieu (i.e., hyperglycemia, oxidative stress, advanced 

glycation end-products, and angiotensin II) can activate NF-κB.8,32 Our findings confirm 

that activation of NF-κB occurred in kidney tissue of T2D and T1D mice, as indicated by 

increased nuclear translocation of the NF-κB p65 subunit and degradation of IκBα, and 

importantly, FGF1 prevented NF-κB activation. Direct treatment of glomerular mesangial 

cells and podocytes with HG also activated NF-κB, and FGF1 effectively prevented the HG-

induced activation (Figures 5 and 6). This suggested that in the diabetic environment, NF-κB 

could be activated in multiple cell types, indicating that the anti-inflammatory actions of 

FGF1 are strongly linked to transcriptional suppression of the NF-κB pathway. HG-induced 

inflammation further induces renal cell injury and final apoptosis. As expected, we noticed 

that the podocyte apoptosis induced by 24-hour incubation with HG could be ameliorated by 

FGF1 treatment in a dose-dependent manner (Supplementary Figure S9).

In addition to NF-κB, HG can also activate JNK,41 which is an important player in 

inflammation and regulates the transcription of a number of inflammatory cytokines.35,42 

We observed that not only HG activated JNK in mesangial cells, podocytes, tubular cells, 

and macrophages, but renal tissue from T2D and T1D presented with activated JNK as well, 

and FGF1 prevented JNK activation in each of those cases. Although JNK can function as an 

upstream regulator of transcription factors,38 it is not clear whether the NF-κB activation 

was a consequence of JNK activation in our experimental models. Our observation that the 

JNK inhibitor SP600125 prevented the TNF-α–induced activation of NF-κB suggests that 

JNK acted as upstream of NF-κB. This also suggests that the anti-inflammatory action of 

FGF1 was through inhibition of JNK in the early stages of a sequential pathway to inhibit 

NF-κB (Figure 7). However, it remains to be determined whether JNK regulation of NF-κB 

was by a direct or indirect interaction. An alternative anti-inflammatory mechanism 

regulated by FGF1 is activation or preservation of the phosphatidylinositol-3′-kinase/AKT 

signaling.24,43 In diabetes, JNK is known to decrease AKT activation, thereby promoting 

insulin resistance.44 Conceivably, FGF1 may act to prevent the loss of AKT activation in 

kidney tissue of the T2D and T1D mice. However, the specific role of AKT in countering the 

inflammation remains unclear, and it is a limitation of the current study. In addition, FGF1 is 

a ligand for FGF receptors 1–4. It is very difficult to define which FGF receptors play a role 

(or a more important role) in the anti-inflammatory and renal protective effects of FGF1. 

This is another limitation of this work. We will further investigate the role of FGF receptors 

in the pathogenesis and development of DN in the future.
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In summary, our findings indicated that FGF1 was highly effective in preventing the 

development of DN and activation of inflammatory signaling cascades in renal tissue of T2D 

and T1D mouse models, which was independent of its glucose-lowering activity. This 

corresponded to the anti-inflammatory effects of FGF1 in its ability to prevent the HG-

induced inflammatory responses. We conclude that because FGF1 is already in clinical trials 

(e.g., for wound/burn repair, ulcer regeneration, and spinal cord injury repair), it can be 

considered as an attractive therapeutic target to prevent the development of DN in both T1D 

and T2D.

METHODS

Protein expression and purification

The cDNA fragment encoding full-length wild-type human FGF1 (residues 1–155) was 

subcloned into the expression vector pET30a using the cloning sites NdeI and HindIII. 

Competent BL21 (DE3) Escherichia coli cells were transformed with an expression 

construct for FGF1 and were cultured at 37 °C to an A600 of 0.8 (Beckman DU530 UV-

visible spectrometer, San Diego, CA) and induced with 1-mM isopropyl-L-thio-B-D-

galactopyranoside (IPTG) for 4 hours. The cells were then lysed using the Emulsiflex-C3 

(Avestin, Inc., Ottawa, Ontario, Canada) high-volume homogenizer, and the FGF1 was first 

purified by heparin affinity chromatography (GE Health-care, Little Chalfont, UK) followed 

by size-exclusion chromatography (Superdex-100, GE Healthcare). The protein purity was 

estimated to be >98% based on 12% sodium dodecylsulfate-polyacrylamide gel 

electrophoresis analysis. As previously reported, size-exclusion chromatography has been 

used for separating endo-toxin from proteins and plasmid DNA,45 so it means that size-

exclusion chromatography is an available method that could be applied to eliminate 

endotoxin. In this study, we further tested the endotoxin in our experimental samples using 

the tachypleus amebocyte lysate method, as previously reported,46 and the results showed 

that the amount of endotoxin in our protein samples is ~3.2 endotoxin unit/mg, which is 

significantly less than the US Food and Drug Administration requirements.

Animals and experiment protocol

Eight-week-old male db/db (C57BLKS/J-leprdb/ leprdb) mice and their nondiabetic db/m 
littermates and male C57BL/6 mice 5 weeks old were purchased from the Model Animal 

Research Center of Nanjing University (Nanjing, China). The animals were acclimatized to 

the laboratory before use. For T2D, the db/db mice were i.p. injected with FGF1 (0.5 mg/kg 

body weight) every other day for 8 weeks from 10 weeks of age. The db/m and db/db 
control groups received 0.9% physiologic saline on the same schedule as the control groups. 

For the T1D mice model, diabetes was induced in C57BL/6 mice by a single i.p. injection of 

150 mg/kg STZ (Sigma-Aldrich, St. Louis, MO) diluted in 0.1 M citrate buffer (pH 4.5), 

whereas the control animals received the same volume of citrate buffer. At 7 days, mice with 

a blood glucose level ≥300 mg/dl were diagnosed as T1D mice. Next, STZ-induced T1D 

mice were treated with FGF1 for 12 weeks at a dose of 0.5 mg/kg every other day. During 

the experiment, all mice were housed in a controlled environment (22 ± 2° C, 50%–60% 

humidity, 12-hour light/dark cycle, lights on at 7 AM) with free access to food and water. 

Blood glucose levels and body weight were measured weekly. The plasma glucose levels 
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were measured using the Precision G Blood Glucose Testing System (Abbott Laboratories, 

Abbott Park, IL).

At the time that the mice were killed, blood and tissue samples were harvested and 

processed for various studies. The mice were placed in individual metabolic cages for 24-

hour urine collection. Blood was collected from the right ventricle using a heparin-

containing syringe with a needle at the time of death. Blood glucose, total triglyceride, blood 

urea nitrogen, serum creatinine, and daily urinary albumin excretion were measured by an 

automatic biochemical analyzer (Hitachi Auto Analyzer 7020, Hitachi Co. Ltd., Tokyo, 

Japan). All experiments were conducted in accordance with the National Institutes of Health 

guidelines and with approval of the Wenzhou Medical University Institutional Animal Care 

and Use Committee.

FGF1 assay

Human subjects—Eleven normal human subjects, 6 subjects with diagnosed type 2 

diabetic nephropathy, and 3 subjects with diagnosed type 1 diabetic nephropathy were 

recruited for blood draws (Supplementary Table S1). Human blood sampling had been 

performed as part of routine clinical diagnostic investigation. These investigations were 

conducted in accordance with the principles of the Declaration of Helsinki and were 

approved by the Research Ethics Committee of Wenzhou Medical University after informed 

consent was obtained from the patients. The collected blood samples were placed in a serum 

separator tube and allowed to clot for 2 hours at room temperature. The samples were 

centrifuged for 20 minutes at ~1000g, and the serum collected by aspiration. For 

determination of FGF1 content, the serum was initially diluted 150-fold with 0.01 M 

phosphate-buffered saline (PBS) (pH = 7.0–7.2) and was assayed using a human FGF1 

enzyme-linked immunosorbent assay kit (Cloud-Clone Corp., Houston, TX) in accordance 

to the manufacturer’s protocol, and absorbance measured at 450 nm.

Mice—Blood samples were collected from 9 each of the 20-week-old db/m mice, 20-week-

old and 7-week-old db/db (T2D) mice, 18-week-old normal C57BL/6 mice, and T1D mice 

induced by treatment with STZ for 13 weeks and 4 weeks, respectively. The samples were 

placed into an EP tube and allowed to clot overnight at 4 °C. The samples were centrifuged 

for 10 minutes at ~3000g, and the serum collected by aspiration. For FGF1 determination, 

the serum was diluted 100-fold with 0.01 M PBS (pH 7.0–7.2) and was assayed using FGF1 

Mouse ELISA kit in accordance to the manufacturer’s protocol, and absorbance measured at 

450 nm.

Cells—Mesangial cells podocytes were cultured in 60-mm plates (1×105 cells per plate 

with 1 mL PRMI-1640 medium) and incubated overnight at 37 °C in a 5% CO2-humidified 

air. Cells were HG incubated (25 mM D-glucose) for 3 hours. The medium was collected 

and diluted 5-fold with 0.01 mol/l PBS (pH = 7.0–7.2) and assayed using mouse FGF1 

enzyme-linked immunosorbent assay kit (Cloud-Clone Corp.), in accordance to the 

manufacturer’s protocol, and absorbance measured at 450 nm.
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Tissue distribution of FGF1 by i.p. injection in SD rats

FGF1 was marked with isotope labeling. Thirty Wistar rats were randomly divided into 5 

groups, with half male and half female rats, and were administered 0.5 mg/kg FGF1 by i.p. 

injection. Protein concentration was measured in the kidney, liver, heart, spleen, muscle, 

pancreas, lung, stomach, brain, testis, plasma, and uterus samples at 0, 1, 2, 4, 8, and 16 

hours after injection. Those tissue samples were weighed and homogenized with a tissue 

balance and a homogenizer, respectively. Two hundred microliters of 10% tricarboxylic acid 

were added to the tissue samples, which were centrifuged for 10 minutes at 4000 rpm, after 

which the supernatant was discarded. The radioactivity of the precipitate was determined by 

a gamma counter. Plasma drug concentration was detected as previously reported.47

Histopathology, immunohistochemistry, and immunofluorescence

The kidney tissue samples were harvested for pathologic examination, and some sections 

were fixed overnight in 4% paraformaldehyde and embedded in paraffin. After 

deparaffinization and rehydration, the paraffin sections (5 μm) were stained with Masson 

trichrome, Sirius red, hematoxylin and eosin, respectively, according to the manufacturer’s 

instructions. Glomerular mesangial expansion was scored semiquantitatively, whereby the 

percentage of mesangial matrix occupying each glomerulus was rated on a scale from 0 to 4 

as follows: 0, 0%; 1, <25%; 2, 25% to 50%; 3, 50% to 75%; and 4, >75%.40

For immunohistochemistry, after deparaffinization and rehydration, the kidney tissue slides 

were treated with 3% H2O2 for 10 minutes and with 1% bovine serum albumin in PBS for 

30 minutes, and incubated overnight at 4 °C with anti-FGF1 antibody (Abcam, [Cambridge, 

UK] ab207321, 1:200; anti-CD68 antibody (Abcam, ab955, 1:200); or anti-F4/80 antibody 

(Abcam, ab6640; 1:100). For immunofluorescence, the slides were incubated with Alexa 

Fluor– labeled secondary antibody (Abcam, ab150075, 1:500) for 1 hour at 37 °C, and the 

cell nuclei were stained with 4′,6-diamidino-2-phenylindole (Beyotime, Beijing, China) for 

10 minutes.

For immunofluorescent double-staining, frozen sections (5 μm thick) of renal tissue were 

washed 3 times with PBS at room temperature, and each wash was carried out for 5 minutes. 

Slides were blocked using 5% bovine serum albumin for 30 minutes and then incubated 

overnight at 4 °C with both FGF1 antibody (Abcam, ab207321, 1:200) and an antibody of a 

specific marker (anti-smooth muscle actin, Abcam, ab7817, 1:200; anti-Wilms tumor 1 

[Novus Biologicals, Littleton, CO], NBP2-44607, 1:200); and anti-aquaporin 1 [Santa Cruz 

Biotechnology, Inc., Dallas, TX, sc-32737, 1:200; anti-CD68 from Abcam, ab955, 1:200), 

respectively. Slides were then correspondingly incubated with 2 kinds of secondary antibody 

(TRITC-labeled antibody from Abcam, ab6786, 1:500; Alexa Fluor–labeled antibody from 

Abcam, ab150075, 1:500) at 37 °C for 1 hour, and washed by PBS for 4 times. The cell 

nuclei was stained with 4′,6-Diamidino-2-phenylindole for 10 minutes, and all stained 

sections were viewed by fluorescent confocal microscopy (Nikon, Tokyo, Japan).

Transmission electron microscopy—Mice were perfused with 2.5% glutaraldehyde in 

0.1 M sodium phosphate buffer at pH 7.4. Kidneys were removed, cut into small pieces, and 

immersed in 2.5% glutaraldehyde containing 1% tannic acid in 0.1 M phosphate buffer for 2 
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hours at 4 °C. They were postfixed with 1% osmium tetroxide, dehydrated, and embedded in 

epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate and 

examined under a Philips CM10 electron microscope (Eindhoven, the Netherlands). The 

average podocyte foot process width was FPW = (π/4) (Σ glomerular basement membrane 

length/ Σ number of foot process).48

Cell culture—Mesangial cells (SV40 MES 13, ATCC-CRL-1927) were obtained from 

American Type Culture Collection (ATCC, Manassas, VA). The cells were maintained at 

37 °C under humidified 5% CO2 in Dulbecco’s modified Eagle’s medium (Gibco, 

Eggenstein, Germany) containing 5.5 mM D-glucose (low glucose [LG]) supplemented with 

10% fetal bovine serum (Gibco, Grand Island, NY), 100 U/ml penicillin, and 100 U/ml 

streptomycin. For experimental setup, cells were grown to subconfluence and subsequently 

made quiescent in serum-free LG Dulbecco’s modified Eagle’s medium for 24 hours before 

changing to the experimental medium (serum free). Dulbecco’s modified Eagle’s medium 

with 5.5 mM D-glucose with the addition of 19.5 mM D-mannitol served as an osmotic 

control. Cells were then stimulated with 25 mM glucose (HG) or 1 μg/ml TNF-α with or 

without pretreatment with different concentrations of FGF1 (1, 10, 100 ng/ml) or SP600125 

(10 μM) at 37 °C.

Mouse podocytes (a gift from Dr. Stuart Shankland, University of Washington) are a 

conditionally immortalized cell line. Podocytes were grown in collagen I (BD Biosciences)–

coated Primaria plates (VWR, Chicago, IL) in RPMI (Roswell Park Memorial Institute 

medium) 1640 medium (Sigma-Aldrich) containing 10% heat-inactivated FBS (Gibco) with 

interferon gamma (50 U/ml) at 33 °C. Cell differentiation was promoted by incubation at 

37 °C without interferon gamma for 10 to 12 days. Podocytes were placed in RPMI with 

reduced FBS (0.5%) for 1 day before exposure to experimental conditions in the same 

media. Cells were then stimulated with 25 mM glucose (HG) with or without pretreatment 

with different concentrations of FGF1 (1, 10, 100 ng/ml) at 37 °C.

RNA extraction, cDNA synthesis, and quantitative reverse transcription 
polymerase chain reaction—Total RNA was extracted from renal tissue and cultured 

cells with TRIzol reagent (Invitrogen, Shanghai, China) and further purified using RNeasy 

Mini Kit (Qiagen, Valencia, CA). Reverse transcription and quantitative polymerase chain 

reaction were carried out using a 2-step M-MLV Platinum SYBR Green Qpcr SuperMix-

UDG kit (Invitrogen). To normalize for differences in the amount of total RNA added to 

each reaction, we performed amplification of glyceraldehyde 3-phosphate dehydrogenase as 

an endogenous control. The primers were synthesized by Invitrogen (Invitrogen).

Western blot analysis—Lysate homogenates of renal tissues or cells were prepared, and 

Western blotting was performed, as previously described unless otherwise indicated.49 Each 

nitrocellulose membrane was incubated with antibodies to phospho–JNK (4668, 1:1000, 

Cell Signaling Technology, Danvers, MA), NF-κB p65 (sc-7151, 1:500, Santa Cruz 

Biotechnology), phospho-IκB (sc-8404, 1:500, Santa Cruz Biotechnology), IκB (sc-371, 

1:500, Santa Cruz Biotechnology), IKKα/β (sc-7607, 1:500, Santa Cruz Biotechnology), 

phospho-IKKα/β (sc-2697, 1:500, Santa Cruz Biotechnology), laminin B (sc-6216, 1:500, 

Santa Cruz Biotechnology), FGF1 (Abcam, 1:2000), or glyceraldehyde 3-phosphate 
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dehydrogenase (1:5,000, Santa Cruz Biotechnology). The immunoreactive bands were then 

detected by incubating with secondary antibody (sc-2004, Santa Cruz Biotechnology) 

conjugated with horseradish peroxidase and visualized using enhanced chemiluminescence 

reagents (Bio-Rad, Hercules, CA). All Western blots were repeated at least 3 times. The 

density of the immunoreactive bands was quantified using ImageJ software (NIH, Bethesda, 

MD). For densitometric quantification of JNK, the total amount of both 46 kD JNK1 and 

54kD JNK2 was calculated.

Assay of cellular NF-κB p65 translocation—Immediately after stimulation, cells were 

fixed with 4% paraformaldehyde and permeabilized with 100% methanol at −20 °C for 5 

minutes. After fixation and permeabilization, cells were washed twice with PBS containing 

1% bovine serum albumin and then incubated with primary antibodies for transcription 

factor p65 (Santa Cruz Biotechnology, 1:200) overnight at 4 °C, followed by 

tetramethylrhodamine-labeled secondary antibody (1:500, Abcam). Then the cells were 

counterstained with 4′,6-diamidino-2-phenylindole for 10 minutes. The stained cells were 

viewed under a fluorescence microscope (original magnification ×400, Nikon, Japan).

Terminal deoxynucleotidyl transferase–mediated deoxyuridine-triphosphate 
nick end-labeling assay—The paraffin samples (5 μm) were removed from the sections 

with xylene, rehydrated in graded alcohol series, subjected to antigen retrieval in 0.01 M 

citrate buffer (pH 6.0) by microwaving, and then placed in 3% hydrogen peroxide in 

methanol for 30 minutes at room temperature. Sections were then incubated with 20 mg/ml 

proteinase K for 15 minutes. The sections were washed several times in PBS and then 

incubated with terminal deoxynucleotidyl transferase enzyme, fluorescein-deoxyuridine-

triphosphate, and TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine-

triphosphate nick end-labeling assay) extract (1:24:25) at 37 °C for 1 hour (Beyotime). Then 

the sections were viewed under the Nikon fluorescence microscope (original magnification 

×400).

Statistical analysis

The in vitro experiments were performed 3 times with triplicate samples for each individual 

experiment. Data obtained from the animal study were obtained from 7 to 9 mice. All data 

were expressed as the mean ± SEM and subjected to analysis of variance and the Student t 
test using the statistical software NASDAQ (SPSS Inc., Chicago, IL). Statistical significance 

was set at P < 0.05, P < 0.01, and P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Endogenous levels of FGF1 in diabetic human subjects and mice
(a) FGF1 concentration in human serum collected from 11 normal human subjects and 6 

human subjects with T2D. Data are presented as the mean ± SEM; **P < 0.01 versus normal 

human subjects. (b) FGF1 concentration in mouse serum from 20-week-old db/m (Ctrl) and 

db/db (T2D) mice. Data are presented as the mean ± SEM; **P < 0.01 versus Ctrl; N = 9. (c) 

FGF1 concentration in human serum collected from 7 healthy human subjects and 3 human 

subjects with T1D. Data are presented as the mean ± SEM; **P < 0.01 versus normal human 

subjects. (d) FGF1 concentration in mouse serum from 18-week-old C57BL/6 mice (Ctrl) 

and mice with T1D induced by treatment with STZ for 13 weeks. Data are presented as the 

mean ± SEM; *P < 0.05 versus Ctrl; N = 9. (e,f) Immunofluorescent detection (red) of FGF1 

in kidney tissue isolated from 20-week-old db/m Ctrl and db/db T2D mice (e), normal 

C57BL/6 mice, and mice with T1D induced by treatment with STZ for 13 weeks (f); shown 

are representative 6 mice from each group. Bar = 100 μm. (g,h) Representative Western blot 

analysis and densitometric quantification of FGF1 expression in renal tissue from 20-week-

old db/m and db/db mice; data are normalized to GAPDH and presented as mean ± SEM; 

**P < 0.01 versus the db/m group; N = 6. (i,j) Representative Western blot analysis and 

densitometric quantification of FGF1 in kidney tissue from normal C57BL/6 mice and mice 
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with T1D induced by treatment with STZ for 13 weeks; data are normalized to GAPDH and 

presented as mean ± SEM; **P < 0.01 versus normal Ctrl group; N = 6. Ctrl, control; DAPI, 

4′,6-diamidino-2-phenylindole; FGF1, fibroblast growth factor 1; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase; STZ, streptozotocin; T1D, type 1 diabetes; 

T2D, type 2 diabetes. To optimize viewing of this image, please see the online version of 

this article at www.kidney-international.org.
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Figure 2. FGF1 prevents DN in db/db T2D mice
(a) FGF1 treatment protocol for db/db mice. Arrows indicate when mice received i.p. 

injections of vehicle or FGF1 (0.5 mg/kg BW) for 8 weeks and then were killed at 18 weeks 

for study. (b,c) Blood glucose level (nonfasted) measured weekly and by 24-hour urinary 

albumin excretion from db/m, db/db, and db/db+FGF1 groups. The body weight (d), kidney 

weight (e), serum creatinine (f), and BUN (g) in mice from db/m (control), db/db (T2D), 

FGF1 (db/db+FGF1) groups. Mice were i.p. injected with 0.5 mg/kg of FGF1 or with 

physiologic saline every other day for 8 weeks and evaluated for biometric and biochemical 

parameters. (h) Representative image of renal tissue stained with H&E, PAS (indicating 

glycogen) for evaluation of mesangial expansion, and Masson trichrome for type IV 

collagen. Bar = 100 μm. (i) The glomerular mesangial expansion score determined from 

histology sections shown in (h). (j) Gene expression of TGF-β1 and type IV collagen in 

renal tissues of db/m, db/db, and db/db+FGF1groups. (k) Western blot analysis of TGF-β1 

and type IV collagen in renal tissue of db/m, db/db, and db/db+FGF1 mice. GAPDH 

expression was used for normalization of protein loading. (l) Quantification of Western blot 

by densitometric analysis; db/m, db/db, and db/db+FGF1 groups. (b-l) Data are shown as 
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the mean ± SEM; #P < 0.05, ## P < 0.01 and ###P < 0.001 versus db/m control; *P < 0.05, 

**P < 0.01, and ***P < 0.001 versus db/db mice (N = 7–9). BUN, blood urea nitrogen; BW, 

body weight; DN, diabetic nephropathy; FGF1, fibroblast growth factor 1; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase; H&E, hematoxylin and eosin; NS, not 

significant; PAS, periodic acid–Schiff; T2D, type 2 diabetes; TGF-β1, transforming growth 

factor β. To optimize viewing of this image, please see the online version of this article at 

www.kidney-international.org.
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Figure 3. FGF1 prevents DN in STZ-induced T1D mice
(a) FGF1 treatment protocol for mice with T1D. Arrows indicate that mice received i.p. 

injections of vehicle or FGF1 (0.5 mg/kg BW) for 12 weeks and then were killed at 18 

weeks for study. (b,c) Blood glucose level (nonfasted) measured weekly and 24-hour urinary 

albumin excretion from the normal control (Ctrl), T1D, and T1D+FGF1 groups. The kidney-

BW ratio (d), serum creatinine (e), and BUN (f) in mice from the Ctrl, T1D, and FGF1 (T1D

+FGF1) groups. Mice received i.p. injections of 0.5 mg/kg of FGF1 or physiologic saline 

every other day for 12 weeks and were evaluated for biometric and biochemical parameters. 

Data are shown as the mean ± SEM; #P < 0.05 versus vehicle control; *P < 0.05 versus T1D 

mice (N = 7–9). (g) Representative images of renal tissue stained with H&E, PAS 

(indicating glycogen) for evaluation of mesangial expansion, and Masson trichrome for type 

IV collagen. Bar 100 = μm. (h) The glomerular mesangial expansion score determined from 

histology sections. (i) Gene expression of transforming growth factor β1 and type IV 

collagen in renal tissue from the Ctrl, T1D, and T1D+FGF1 groups. (j) Western blot analysis 
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of TGF-β1 and type IV collagen in renal tissue from the Ctrl, T1D, and T1D+FGF1 groups. 

GAPDH expression was used for normalization of protein loading. (k) Quantification of 

Western blot by densitometric analysis. (b-k) Data are shown as the mean ± SEM; #P < 0.05, 
##P < 0.01, and ###P < 0.001 versus Ctrl; *P < 0.05, **P < 0.01, and ***P < 0.001 versus 

T1D mice (N = 7–9). BUN, blood urea nitrogen; BW, body weight; Ctrl, control; FGF1, 

fibroblast growth factor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H&E, 

hematoxylin and eosin; KW, kidney weight; PAS, periodic acid–Schiff; STZ, streptozotocin; 

T1D, type 1 diabetes; TGF-1β, transforming growth factor 1β. To optimize viewing of this 

image, please see the online version of this article at www.kidney-international.org.
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Figure 4. FGF1 prevents diabetes-induced renal inflammation in both T2D and T1D
(a,b) Plasma concentrations of inflammatory cytokines IL-6 and TNF-α in db/m, db/db, and 

db/db+FGF1 groups; db/db mice were treated with FGF1 (0.5 mg/kg body weight) for 8 

weeks. Plasma from untreated db/db mice and their littermates (db/m) served as controls. 

(c,d) mRNA level of TNF-α and IL-6 in renal tissue of the db/m, db/db, and db/db+FGF1 

groups. (a–d) Data are shown as the mean ± SEM; #P < 0.05, ##P < 0.01 versus db/m 
control; *P < 0.05, **P < 0.01 versus db/db mice (N = 7–9). (e) The renal macrophage 

infiltration in the db/m, db/db, and db/db+FGF1 groups was evaluated by 

immunohistochemical detection of F4/80. Bar = 50 μm. (f) Shown is a representative 

Western blot analysis of CD68 in renal tissue of the db/m, db/db, and db/db+FGF1 groups. 

(g) The activation of NF-κB and JNK was determined from the db/m, db/db, and db/db
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+FGF1 groups. Left panel: representative Western blot analysis of the nuclear content of 

NF-κB (p65), loading control lamin B, phosphorylated JNK, and total JNK in renal tissue; 

right panel: quantification of Western blot by densitometric analysis. Data are shown as the 

mean ± SEM; #P < 0.05 versus db/m control; *P < 0.05 versus db/db mice (N = 5). (h,i) 
Plasma concentrations of IL-6 and TNF-α in the Ctrl, T1D, and T1D+FGF1 groups; T1D 

mice were treated with FGF1 (0.5 mg/kg body weight) for 12 weeks. (j,k) mRNA level of 

TNF-α and IL-6 in renal tissue of the Ctrl, T1D, and T1D+FGF1 groups. (h–k) Data are 

shown as the mean ± SEM; #P < 0.05, ##P < 0.01 versus db/m control; *P < 0.05, **P < 0.01 

versus db/db mice (N = 7–9). (l) The renal macrophage infiltration in the Ctrl, T1D, and 

T1D+FGF1 groups was determined by immunofluorescent detection for CD68 (red dots). 

Bar = 50 μm. (m) Representative Western blot analysis of CD68 content in renal tissue from 

the corresponding experimental groups. (n) The activation of NF-κB and JNK was 

determined from the Ctrl, T1D, and T1D+FGF1 groups. Left panel: Representative Western 

blot analysis of nuclear content of NF-κB (p65), phosphorylated JNK, and respective 

loading controls lamin B and GADPH in renal tissue. Right panel: Quantification of Western 

blot by densitometric analysis. Data are shown as the mean ± SEM; #P < 0.05, ##P < 0.01 

versus Ctrl; *P < 0.05, ***P < 0.001 versus T1D mice (N = 5). Ctrl, control; FGF1, 

fibroblast growth factor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-6, 

interleukin-6; NF-κB, nuclear factor-κB; TNF-α, tumor necrosis factor-α. To optimize 

viewing of this image, please see the online version of this article at www.kidney-

international.org.
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Figure 5. FGF1 prevents HG–induced inflammatory responses in renal mesangial cells
(a–c) Mesangial cells were pretreated with FGF1 (1, 10, or 100 ng/ml) for 2 hours, followed 

by treatment with HG (25 mM) for an additional 24 hours, and mRNA of proinflammatory 

cytokines, TNF-β, IL-6, and IL-12 determined by reverse transcriptase polymerase chain 

reaction; values normalized to the housekeeping gene GAPDH and reported as the mean ± 

SEM. ##P < 0.01 versus LG control; *P < 0.05, **P <.01 versus HG; N = 3. (d) Effects of 

FGF1 pretreatment (1, 10, or 100 ng/ml for 1 hour) of mesangial cells on HG-induced (2 

hours) activation of NF-κB and JNK. (e) Immunofluorescent localization of NF-κB p65 

subunit (red) in mesangial cells: Ctrl, mannitol (osmotic control), HG, HG+FGF1 with the 

indicated concentration; nuclei stained with fluorescent DAPI (blue). Ctrl, control; DAPI, 4′,

6-diamidino-2-phenylindole; FGF1, fibroblast growth factor 1; GAPDH, glyceraldehyde-3-

phosphate dehydrogenase; HG, high glucose; JNK, c-Jun N-terminal kinase; LG, low 

glucose; NF-κB, p-JNK, phosphorylation of c-Jun N-terminal kinase; RT-PCR, reverse 

transcriptase polymerase chain reaction; TNF-α, tumor necrosis factor-α. To optimize 
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viewing of this image, please see the online version of this article at www.kidney-

international.org.
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Figure 6. FGF1 prevents HG-induced inflammatory responses in podocytes
(a,b) The expression of proinflammatory cytokines (TNF-α and IL-6) determined by 

enzyme-linked immunosorbent assay in murine podocyte cells (MPCs) that have been 

pretreated with FGF1 (1, 10, or 100 ng/ml) for 2 hours, followed by treatment with HG (25 

mM) for an additional 24 hours; values reported as mean ± SEM, ##P < 0.01 versus LG, *P 
< 0.05, **P < 0.01, and ***P < 0.001 versus HG (N = 3). (c) Effects of FGF1 pretreatment 

(1, 10, or 100 ng/ml for 1 hour) of MPCs on HG-induced (2 hours) activation of IKKα/β and 

JNK. (d) Immunofluorescent localization of NF-κB p65 subunit (red) in MPCs: Ctrl, 

mannitol (osmotic control), HG, HG+FGF1 (100 ng/ml); nuclei stained with fluorescent 

DAPI (blue). Ctrl, control; DAPI, 4′,6-diamidino-2-phenylindole; FGF1, fibroblast growth 

factor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HG, high glucose; p-IKKα/

β; JNK, c-Jun N-terminal kinase; IL-6, interleukin-6; LG, low glucose; NF-κB, nuclear 

factor-κB; p-IKKα/β, phosphorylation of inhibitor of nuclear factor kappa-B kinase subunit 

alpha/beta; p-JNK, phosphorylation of c-Jun N-terminal kinase; TNF-α, tumor necrosis 

factor-α. To optimize viewing of this image, please see the online version of this article at 

www.kidney-international.org.
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Figure 7. A working model of the potential protection mechanism of fibroblast growth factor 1 
against diabetic nephropathy
FGF1, fibroblast growth factor 1; IL-6, interleukin-6; JNK, c-Jun NH2-terminal kinase; 

TGF-β, transforming growth factor-β; TNF-α, tumor necrosis factor-α.
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